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INSTITUTE OF SCIENTIFIC INSTRUMENT: AN OVERVIEW PRESENTATION 

Vladimír KOLAŘÍK, Martin ZOBAČ, Tomáš FOŘT, Ivan VLČEK, Libor DUPÁK, Šárka MIKMEKOVÁ, 
Eliška MIKMEKOVÁ,Libor MRŇA, Miroslav HORÁČEK, Jaroslav SOBOTA 

ISI AS CR, v. v. i., Brno, Czech Republic, EU, KolariQ@IsiBrno.cz 

Abstract 

The aim of this contribution is to present the Institute of Scientific Instrument of the Academy of Sciences 
of the Czech Republic, mainly from the potential of applied research viewpoint. It covers mainly the six 
application fields including material study of metals and alloys, nano layer residual stress observation 
methods, 2 kW fibre laser, impact testing of hard coatings, e-beam welding, machining and engraving, and 
finally e-beam lithography. Recently achieved results as well as the new application potential are 
presented. Furthermore, each topic is assumed to have a separate presentation prepared in more details 
within this event. A brief overview follows. Scanning low energy electron microscopy (SLEEM) is 
increasingly becoming recognized as a valuable analytical tool in the field of materials science. The SLEEM is 
also used for observation of compressive stress in nano layers that leads to wrinkling and film delamination. 
Using the fibre laser, we can offer 3D laser welding and cutting of various type of materials and laser 
surface hardening too. For the hard coatings testing and evaluation of their impact resistance a new 
method was suggested (Dynamic Impact Wear Test). During testing the specimen is cyclically loaded by 
tungsten carbide ball that impacts of the coating/substrate surface. In house e-beam welding machine 
allows for welding, machining, engraving and other utilizations of intense electron beam. The group of 
micro lithography is able to prepare micro and nano structures in thin layers of metals and other materials; 
including the characterization of the realized structures 

Keywords: E-beam microscopy, welding and lithography; laser cutting; impact test; wear resistance; hard 
coatings 

1. SCANNING LOW ENERGY ELECTRON MICROSCOPY (SLEEM) 

Scanning low energy electron microscopy (SLEEM) presents a new approach to materials research, which 
has several potential advantages over the traditional scanning electron microscopy (SEM) currently in use 
in research institutes and laboratories across the world. 

1.1. Study of metals and alloys using SLEEM 

This technique enables us to observe specimens at arbitrary landing energy of primary electrons and by 
means of slow and very slow electrons reflected from the sample and effectively detected in their full 
angular distribution the structure is imaged at high spatial resolution and high contrast is obtained between 
differently oriented grains in polycrystals, between areas with different chemical composition and also with 
decreasing landing energy of primary electrons increase the topographic contrast. Good prospect of the 
SLEEM in materials science follow from many opportunities the method provides not only in fundamental 
but also in analytic study of materials important for practice. 
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1.2. Observation of compressive stress in nano layers using SLEEM 

One of the key factors for wider use of the films in industry is a thickness greater than a few nanometers, 
which is a problem due to a high value of residual stress. Basically, two different types of stress can be 
identified in thin films: compressive stress and tensile stress. Compressive stress leads to wrinkling and film 

 
Fig. 1: SLEEM images of AZ 96 alloy. The electron impact energy are 9 keV (a), 8 keV (b), 7 keV (c), 6 keV (d), 

5 keV (e), 4 keV (f), 3 keV (g), 2 keV (h), 1 keV (i) and 0.5 keV (j). A — Atomic %: Mg=5.50 Al=55.40 
Mn=31.06 Zn=6.45; B — Atomic %: Mg=72.49 Al=22.24 Mn=0.07 Zn=5.86; C — Atomic %: Mg=58.21 

Al=27.03 Mn=0.04 Zn=15.25; D — Atomic %: Mg=89.91 Al=7.69 Mn=0.08 Zn=1.95; E — Atomic %: 
Mg=68.03 Al=24.74 Mn=0.23 Zn=6.96. 

delamination, and tensile stress can cause the fracturing of thin films. For observation of the consequences 
of residual stress, we used Scanning Low Energy Electron Microscopy (SLEEM). Experiments were made in 
the Tescan TS 5130 MM and FEI Megallan XHR SEM equipped with the Cathode Lens system (CL), which 
enable us to observe samples at arbitrary landing energies of the illuminating electrons. Operation of a SEM 
at low energies offers several advantages: an increase of materials contrast via low energy, high ratio SE, 
BSE signal and noise, smaller interaction volume and elimination of charging effects. 

2. DYNAMIC IMPACT TESTER OF HARD THIN COATINGS 

An impact test has been used to evaluate the impact wear resistance of nano structured hard coatings 
using a system developed at the Institute of Scientific Instruments in collaboration with the Brno University 
of Technology. After the test, wear scars were evaluated by means of scanning electron microscope, 
spectral analyses and profilometer. The impact test offers an important new method for the determination 
of both the fracture toughness and wear behavior of hard thin coatings. 

Many investigators have used conventional erosion tests to measure the erosion rates of coatings, in the 
same manner as for bulk materials. The need is obvious for both a standardized test procedure and 
standard methodology in order to assess the dynamic resistance and toughness of thin coatings. Our 
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approach is based on a dynamic impact tester and a very promising approach towards a solution of this 
task. 

The basic principle of the dynamic impact tester is the cyclic loading by an indentor, which impacts upon 
the surface of the coatings/substrates. A mechanical diagram is shown in Fig. 2.  

The most important part of tester is the moving part, carrying the indentor, which is in the ball shaped and 
made of a standard tungsten carbide material having a diameter of 5 mm and of a defined surface shape 
and roughness. The effect of a variable electromagnetic field causes repetitive impacts of the indentor with 
a constant frequency and given impact force onto the tested surface. The resulting elastic-plastic surface 
deformation is proportional to the dynamic wear of the coatings. Synchronization of the dynamic 
movements of the indentor is controlled by a computer program, as are the adjustments of the impact 
force as well as the total number of impacts. 

 

  
Fig. 2: Mechanical diagram of the dynamic impact tester Fig. 3: Dynamic tester in climatic chamber 

 

Tab. 1.: Technical parameters of the tester 

Range of impact force (150 ~ 600) N 

Frequency of impacts 8 Hz 

Total number of impacts 1 ~ 105 impacts 

Distance of indentor´s travel 2.4 mm 

Measurement temperature (25 ± 5) °C 

Adjustable relative humidity with accuracy (0 ~ 97) % ±2 % 
 

The results that can be achieved with these dynamic impacttests for different coatings for ,substrates and 
treatments cannot be accomplished by static tests. Their application, especially in the case when the 
coatings are locally and periodically loaded, cannot be replaced by other types of tests. In the case of 
testing at the indentor´s higher loads, the results are achieved in a relatively short time frame and are 
altogether sufficient for a rough evaluation of the proposed structure of the coatings. So far tens of millions 
of impacts have been done on the existing equipment with reproducibility in range of a few percent.  
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3. CENTRE OF ADVANCED LASER TECHNOLOGY  

The workshop is equipped by fiber laser from 
IPG photonics with cw power 2 kW, 6 axe 
robotics arms ABB IRB 2400 (accuracy of 
positioning better 0.1 mm), 2 axe rotary 
positioner IRBP 250, laser welding head 
Precitec YW30 and laser cutting head Precitec 
YRC and clamping table — Fig. 4. Aim of our 
research is study of dynamics of laser welding 
process, its active stabilization and 
optimization. Within the bounds of 
contractual research we offer 3D laser welding 
— Fig. 5. —and cutting various type of 
materials and laser surface hardening too. 
Welding depth is 6 mm, cutting thickness 5 mm (in dependency of cutting method), depth of hardening 
approx. 1 mm — Fig. 6.  

4. ELECTRON BEAM TECHNOLOGIES GROUP 

The group is concerned with both the development of technologies and the design and construction of 
technological equipment in the fields of electron beam welding and micromachining, vacuum brazing, 
development and manufacturing of vacuum electric feedthroughs, etc. [2]. 

4.1. Electron Beam Welding 

Our laboratory utilizes an Electron Beam Welding Machine 
(EBWM), with cylindrical chamber with diameter 600 mm 
and depth 490 mm and two desk-top EBWM, with 
chamber diameter 230 mm and depth 160 mm. All 
welders are equipped with 60 kV / 2000 W electron guns 
[3], [4]. We can do standard weld joints for vacuum 
systems, as well as for automotive, nuclear or any other 
industry. Most common welds are circular, both radial and 
axial. 

However, the welding trajectory can be arbitrary (e.g. 
rounded square, ellipse). Electron beam welds are 
characteristic by their knife-like shape, with depth-to-
width ratio going up to 15:1. We can weld stainless steel 
up to 15 mm. Wide range of materials can be welded by 
electron beam: stainless steel, copper or aluminum, 
reactive (e.g. titanium) and high melting point metals 
(tungsten), as well as combinations of materials with 
considerably different metallurgical properties, e.g. 
stainless steel-Al, stainless steel-Mo, Ti-Al. 

Fig. 4: Workshop with laser, robotic arms and clamping 
table 

Fig. 5: Cross 
section of 

weld duplex 
steel 5 mm 

(left) 

Fig. 6: Surface hardening 
of driveshaft (right) 
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4.2. Vacuum Brazing 

We provide vacuum brazing using various solders. Most commonly used are copper, silver and nickel 
brazing fillers. For joining metals with brittle non-metallic materials, ductile active brazing solders have 
been introduced. For this purpose our laboratory utilizes two vacuum furnaces, used also for annealing. The 
first is laboratory vacuum furnace of our design for batch size diameter 150 mm and height 200 mm. For 
objects not exceeding 18 mm in diameter the height can be extended. Maximum working temperature is 
1100 °C. The second is a modernized vacuum furnace PZ 810 by former company Tesla. Maximal batch size 
is 350 mm in width and 490 mm in height. Maximum long term temperature is 1400 °C. 

4.3. Vacuum Feedthroughs 

In our department we develop and produce vacuum feedthroughs based on glass-to-metal seal (matched 
kovar-glass or compression seal). So far we have developed several types for different purposes like seven 
and twelve pin feedthroughs for temperature range –196 °C to +400 °C or high current or high pressure 
feedthroughs (suitable also for nuclear industry) for temperature range –60 °C to +300 °C. Apart from 
already developed types we are able to design and produce feedthroughs according to customer 
requirements. The feedthroughs can be welded to custom flanges. 

  
Fig. 8: Vacuum feedthroughs Fig. 9: Examples of e-beam welded parts 

Fig. 7: E-beam welding machine 
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Fig. 10: E-beam pattern generator 

5. ELECTRON BEAM LITOGRAPHY 

The group of micro lithography runs the laboratory equipped with a shaped beam electron writer BS600 — 
Fig. 10. — and the basic technology for the lithographic process [1]. The group is able to prepare micro and 
nano structures in thin layers of metals and other materials; including the characterization of the realized 
structures (using AFM, SEM, and CLSM). Within a few months (in the frame of the 'ALISI' project) a new 
e-beam writer with a higher resolution will be installed; it will enable the realization of the actual structures 
in a better quality and the development of new structures with a very high innovation potential. 
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WBCMM: NEW MODEL OF COOPERATION BETWEEN INDUSTRY AND RESEARCH SECTOR  

Libor KRAUS, Zbyšek NOVÝ, Jan Šuba 
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Abstract 

This paper gives a description of the project entitled “West-Bohemian Centre of Materials and Metallurgy – 
WBCMM”. It details key aspects of the project and new strategies for collaboration between manufacturing 
companies and the research sector. Project activities carried out in the last year and newly adopted 
laboratory research methods and tests are recapitulated. Finally, the paper presents information on the 
equipment of the new metallurgical hall and on WBCMM research programmes that will be launched this 
year.  

Keywords: COMTES FHT, WBCMM, West-Bohemian Centre of Materials and Metallurgy, applied research, 
metal forming 

1. INTRODUCTION  

One of the key efforts in supporting and enhancing the competitiveness of Czech manufacturing companies 
is building specialized centres that will provide comprehensive services to industrial companies in adopting 
new materials and technologies.  

One of such centres is built by COMTES FHT a.s. [2], a private non-profit research organization, in Dobřany, 
Czech Republic, as part of the project “West-Bohemian Centre of Materials and Metallurgy – WBCMM” [1]. 
The company focuses of applied materials research and development of materials, predominantly metals. 
These include structural and tool steels, aluminium, nickel, titanium, copper and special alloys. The services 
offered by COMTES FHT are listed in [1] and [3]. They are used by a wide range of clients, including research 
and development organizations, manufacturing companies and universities. COMTES FHT has 
57 employees and its turnover in 2011 exceeded CZK 72 million. The company has its headquarters on its 
own research premises in the town of Dobřany. Over the eleven years of its existence, it built a stable team 
of 38 researchers, state-of-the art laboratories and acquired specialist renown on both domestic and 
foreign markets.  

The WBCMM project was launched in January 2011 and is planned to end at the end of the year 2014. It is 
part of the National Programme for Research and Development and is co-funded from the Operational 
Programme Research and Development for Innovation.  

2. PROJECT 

Shortly after COMTES FHT was founded, it became clear that manufacturing companies, rather than settling 
for limited solutions that stem from separate specialized manufacturing areas, require comprehensive 
materials and technology-oriented solutions developed by multi-disciplinary teams of specialists. COMTES 
FHT, an initially engineering company, therefore began to increase the extent and diversity of cooperation 
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with other organizations. However, gradual expansion of the company, building own testing shops, 
laboratories and new departments proved to be a more effective and flexible solution to this demand. 

Figure 1 presents a diagram of fields of service provided by departments of COMTES FHT alone in its first 
years.  

 

Fig. 1 Services provided by COMTES FHT s.r.o. 

As customers’ requirements soon began to exceed the capacity and range of services offered by the 
company, some contracts were outsourced and the company continuously expanded its volume and range 
of services. COMTES FHT thus began to transform into a research organisation. The transformation, which 
included the organizational form as well, was completed in 2008, when COMTES FHT a.s. acquired the 
status of a research organization according to the European Community Framework.  

At the time, the transfer of results o research and innovation efforts to industrial practice was slow and 
costs of building independent research and development facilities in manufacturing companies were 
enormous in the whole of the country. This situation inspired a new concept of applied materials research: 
building top-level specialised centres that would answer the needs of manufacturing companies.  

COMTES FHT felt that its role would be to establish a centre of this type. However, in order to make this 
happen, the company had to expand the range of its services to cover the largest possible extent of 
requirements of manufacturing companies. These included materials-related problems with quality, 
reliability and lifetime of products, combined with reducing production costs. This was the starting point of 
the WBCMM project [1] [3].  

By completing this project, COMTES FHT will almost double the extent of services it offers. It will add 
a number of new activities unique to the region of West Bohemia and elsewhere. A majority of project 
costs will be used for building laboratories and procuring instruments and process equipment. Although the 
construction commenced this year, a number of instruments and machines were purchased last year and 
put into operation on the existing premises. In 2011, the company’s range services included the following 
new items: 

� Microhardness measurement 

� Fully automatic optical microscope mapping 

� Automatic preparation of metallographic specimens 

� Induction heating laboratory 

� High-temperature dilatometry 

� Calorimetry 
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� Tribometry 

� Thermal diffusivity measurement using LF method 

� Measurement of chemical composition of solid specimens 

� Testing of gases in metals 

 

Fig. 2 Services provided by COMTES FHT before the project         , services that began to be offered last year 
as part of WBCMM project          and activities to be offered this year under the WBCMM project     

3. NEW EQUIPMENT AND SERVICES IN 2011 

3.1. Semi-Automatic Preparation of Metallographic Specimens 

The equipment of the metallographic laboratory was supplied by 
Struers GmbH. It includes Discotom-6, a disc cutter, Accutom-50 
automatic precision cutter, CitoPress-10 automatic metallographic 
mounting press, Tegramin 300 mm automatic metallographic 
grinder/polisher, Lectropol-5 electrolytic polisher, Movipol-5 
portable metallographic instrument and GitoVac, vacuum 

2012 
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metallographic mounting device.  

3.2. Microhardness Measurement 

DuraScan70 microscope by EMCO-TEST Prüfmaschinen GmbH was put 
into operation 

� Fully automatic testing cycle  

� Load range: 0.098 – 98.1 N 

� Microhardness and hardness testing 

� Automatic stage with 0.008 mm precision  

3.3. Fully Automatic Optical Microscope Workstation 

ZEISS Axio Observer Z1m  

� Motorized stage offer motion along Z-axis and specimen 
positioning with 10 nm precision. 

� Magnification of 50 – 1000× 

� Observation in polarized light with a rotatable analyzer 
and a rotatable wave plate 

� ZEISS AxioVision image analysis tool  

3.4. Development Design 

An autonomous department was established within the organization to 
provide consultancy and perform engineering design and calculations 
of tools for the mechanical testing shop and to prepare models for 
simulation of manufacturing processes. The department uses 
SolidWorks, Solid Edge, GibbsCAM and AutoCAD software packages. 

3.5. Laboratory for Heat Treatment by Means of Induction Heating  

Induction heating equipment that was purchased and put into 
operation allowed a laboratory for heat treatment of metals with the 
aid of induction heating to be established. The processes conducted at 
the laboratory include induction annealing and hardening. Heating 
sources include a medium-frequency system (7 – 20 kHz/25 kW) and 
a high-frequency system (100 kHz/5 kW). Induction coils and auxiliary 
equipment are produced in-house.  

3.6. High-Temperature Dilatometry 

A new item was obtained for the laboratory of dilatometry: high-
temperature dilatometer LINSEIS L75HS1600C PT offering a range of 
temperatures of 20 – 1600 °C and inert atmosphere or vacuum (10-2 
Pa) operation. The instrument will be used predominantly for 
measuring phase transformation temperatures.  
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3.7. Calorimetry 

Calorimetric measurement is performed in the LINSEIS DSC HDSC 
PT1600 instrument. The available temperature range is 25 - 1400 °C; 
and heating and cooling rates range from 0.1 to 50 °C/min. 

3.8. Tribometry 

Friction and wear data can be obtained using a high-temperature 
tribometer by CSM Instruments, which is equipped with 
a profilometer. Equipment parameters:  

� Maximum testing temperature: 800 °C  

� Load range: 1 – 10 N 

Profilometer: 

� Range (profile depth) 250 μm  

� Resolution 0.02 μm  

3.9. Measurement of Thermal Diffusivity, Conductivity and Specific 
Heat Capacity  

The measurement is carried out in LINSEIS Laser Flash LFA-I 000/1400 
°C instrument, which operates in the range of 25 – 1400 °C. It also 
offers testing in inert atmosphere or vacuum at 10-2 Pa. 

3.10. Measurement of Chemical Composition of Metals and Testing 
of Gases in Metals 

A new laboratory is intended primarily 
for chemical analysis and inspection of 
materials. Its equipment includes 
a BRUKER Q4 TASMAN optical 
spectrometer and a BRUKER G8 
GALILEO combustion analyzer for 
measuring the content of oxygen, 
nitrogen and hydrogen in materials.  

4. METALLURGICAL PROCESSING EQUIPMENT PLANNED FOR 2012  

The following equipment is planned to be purchased this year: 

� Equipment for taking very small samples (for small punch testing) 

� MARC software 

� Metallurgical laboratory for in-house manufacturing of materials 

� Universal forming press  

� Reversing rolling mill  
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4.1. Equipment for Taking Very Small Samples (for Small Punch Testing) 

The special equipment will be used for taking microsamples and samples for the small punch test, with 
a diameter of 8 mm and a thickness of 0.5 mm. 

4.2. Vacuum Melting and Casting Furnace 
 

� Medium-frequency induction furnace  

� Melting temperature of up to 1600 °C 

� 50-litre capacity, testing melts of 5 – 10 litres 

� Atmosphere: nitrogen, vacuum 

4.3. Universal Forging Press 

� Maximum force 2500 tonnes of force  

� Table and ram dimensions 800×800 mm 

Open-die Forging 

� Maximum stroke   500 mm  

� Clearance    900 mm  

 

Closed-Die Forging - force 2 500 tonnes, - velocity 150 mm/s  

4.4. Reversing Rolling Mill 

TWO-HIGH MILL for hot rolling 

� Max. reduction     100 mm 

� Max. temperature of material 1250 °C 

� Minimum exit thickness: 2 mm 

FOURH-HIGH MILL for cold rolling 

� Max. reduction:    1 mm 

� Minimum exit thickness: 0.2 mm  

5. RESEARCH PROGRAMMES 

At the end of 2012, once the experimental facilities of the WBCMM are completed, pilot operation will be 
launched. The following research project will run until the end of 2014. 

� Thermomechanical Treatment of Advanced Steels 

� Metallic Materials for Special Applications 

The research projects are described in more detail in [3]. 

 

 

Stroke/min Force Stroke Penetration 

50-100 300 tonnes 20-50 mm. 2-10 mm. 

50-100 1600 
tonnes 

50-100 mm. 10-30 mm. 
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6. HUMAN RESOURCES DEVELOPMENT 

The project is tied directly to the National Development Plan of the Czech Republic. It will bring new jobs 
for research and development employees. As of 1st July 2014, WBCMM should be employing at least 55 
members of staff, including 33 researchers (in positions of heads of departments and senior and junior 
staff) and 17 assistants. WBCMM already meets the requirements of this monitoring criterion, as it hired 10 
new employees in the last year alone. A new activity consists in preparing topics for Bachelor’s and 
Master’s theses for students of the University of West Bohemia and the Czech Technical University.  
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Abstract 

The new approach to the pneumatic powder injection process analysis was presented in the article. The 
experiments with the high speed camera recording of the pneumatic powder injection process were carried 
out. The results were analysed and some interesting conclusions appeared. The two-phase jet character as 
well as some of its parameters were analyzed. They were compared with literature data as well as with 
some previously made by authors experiments. The commonly used indexes (e.g. slip velocity during two-
phase jet movement) calculated in a typical way were compared and verified with these obtained during 
experiments described in the article. 

Keywords: two-phase jet, powder injection, injection lance, pneumatic conveying 

1. INTRODUCTION 

The use of the powder injection into metal bath technology has been known as an efficient method for 
metallurgical processes intensifying since many years and a lot of articles have been published [1,2,3]. 
Some authors described the phenomena during various kind of powdered materials introduction e.g. 
recarburizers [4], some grades of ferroalloys [5,6], reagents introduced for sulfur, phosphorus and other 
impurities removal [7,8]. However, not many experiments were focused on the problems appearing when 
the gas-solid jet goes out the lance outlet and introduces liquid, through its surface. Some initial 
experiments were conducted [9,10] but the recording equipment, computers and software were not good 
enough to carry out the precise analysis of the gathered data. The experiments described in this article 
were based on the high speed camera recording which outstanding feature i.e. recording speed and high 
resolution jointly with professional software for recorded material analysis made possible the observations 
of the phenomena which were earlier beyond the reach of the scientists. The authors prepared quite 
a complex experimental plan based on the previously made experiments described among others in [11,12] 
and the initial stage of it was described here in the article. The experiments with high speed camera 
following by the recorded material analysis were conducted to find the main parameters of two-phase gas-
powder jet. The same parameters were traditionally calculated and both results were compared. The 
authors were mostly interested in a solid particles velocity or actually so-called slip velocity, which is the 
difference between gaseous and solid phase velocity of the two-phase jet. The recorded films were 
analyzed visually, too, what drawn to the interesting in the authors’ opinion conclusions, which were 
described further in the paper. Some remarks for further experiments were made, too. The next stage of 
the researches should finally prove that the two-phase jet character has a significant influence on the 
powder injection into liquid alloys process efficiency. 

 

 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

41 

2. RESEARCH STAND AND EXPERIMENTAL PROCEDURE 

The experiments were prepared analogically to those described in the previous authors’ works cited earlier. 
The only significant but crucial modification was high speed camera recording of the two-phase jet going 
out the injection lance. Both the research stand and experimental procedure were shortly described below.  

2.1. Research stand 

The research set-up used in these experiments was similar one to those used in previously reported works. 
Its outlook was shown in the Fig. 1 below. The most important part of it is the high speed camera Phantom 
v210 by Vision Research with the maximum speed of 300,000 frames per second (with low resolution). This 
equipment was good enough to record the powder particles movement on the lance outlet with proper 
picture quality and then to process it in professional software. The TEMA Lite package which allows 
automatic selected points of the recorded area tracking and movement parameters estimation was used 
for image analysis purpose. 

  
Fig. 1. The research set-up for two-phase jet recording 

The main elements of the set-up are: 1- pneumatic powder feeder, 2- carrier gas flow meter, 3- carrier gas 
pressure reducer, 4- gas shut-off valve, 5- gas pressure inside feeder reducer, 6- halogen lamp, 7- powder 
injection lance, 8- high speed camera, 9- powder receiver 

2.2. Experimental procedure 

Two powdered materials: polypropylene powder of fraction 0.4 – 0.8mm and ferrosilicon Si75 of fraction 
0.2 – 0.4mm were used during the experiments. The installation shown in the Fig. 1 is equipped with high-
pressured chamber feeder with bottom unloading. Its construction allows to regulate two-phase jet 
parameters by means of changing of two pressures values: p1 – pressure of carrier gas (compressed air) 
supplying feeder’s mixing chamber, p4 – pressure of gas inside the feeder above the powdered material 
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which role is to regulate transportation efficiency. The p1 pressure range was 0.1 – 0.3 MPa and p4 pressure 
0.02 – 0.1MPa for comparison with earlier works. This resulted in 15 experiments for each powdered 
material. The mass of material used in every single test was set 200 g. 

The single test was performed as follows: 

� pneumatic feeder charging, 

� carrier gas flow open and its parameters adjusting, 

� high speed camera calibration: exposure time, recording buffer start and trigger adjusting (to be sure 
the whole process will be successfully recorded), 

� start the injection process together movie recording, 

� recording the additional measurements e.g. gas flow and injection time, 

� injection stopping, switching off the recording and carrier gas supply cut-off. 

Recording was performed with use of dedicated PCC Control Software which perfectly cooperates with 
TEMA software used in further analysis. 

3. RESULTS DISCUSSION 

After recording all the experiments (15 tests for each material) thorough analysis was performed to find 
velocity, acceleration and displacement of the selected and representative particles. Below in Fig. 2 the 
snapshots set of the particles jet for the polypropylene injection example and various pneumatic process 
parameters were shown.  

     
Fig. 2. The snapshots of two-phase air-polypropylene powder jet for p1 = 0.1 MPa and various p4, from left 

to right p4 = 0.02, 0.04, 0.06, 0.8, 0.1 MPa 

During the powder material injection into molten alloy probably the most important parameter is velocity 
of the solid particles. It depends mainly on the gas velocity on the lance outlet. The difference between 
carrier gas and particles velocity so-called slip velocity sometimes is described as the quotient c/w, where c- 
solid phase velocity and w- gaseous phase velocity. On the experimental basis it is estimated that in the 
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pneumatic conveying the ratio c/w (so called slip coefficient) equals 0.5 – 0.8. For the powder injection 
processes because the mass concentration μ < 10 slip coefficient is determined close to the highest 0.8 
value. After the movies were recorded the powder particles were tracked and the graphs showing velocity 
of selected particles were prepared. The velocity changings of polypropylene grains for the experiments 
which were shown as the snapshots in Fig. 2 (for p4 = 0.02, 0.06 and 0.1 MPa) were shown in Fig. 3 below. 

 

 

 
Fig. 3. Polypropylene particles velocity changings for the following pneumatic parameters: p1 = 0.1MPa and 

various p4, from top to bottom p4 = 0.02, 0.06, 0.1 MPa 
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Common analysis of Fig. 2 and 3 shows that particles velocity increases with the pressures p1 and p4 
increase. It is visible both from the particles velocity analysis and from their movement recorded on films 
that particles jet is non-uniform in terms of the velocity. It is a result of the gas velocity profile (the highest 
velocity in the jet axis and zero at the walls) but the dynamic phenomena occurring between particles what 
is visible on recorded films, too. The bounced back grains go slower and their track change what causes the 
particles jet cone expands. 

The comparison of the velocity of gas and particles on the lance outlet calculated using standard formulas 
and average velocity of the polypropylene particles read from the films gave interesting results. The graph 
in Fig. 4 shows three values together: 

vg – calculated carrier gas velocity, m/s, 

vp – calculated particles velocity vp = 0.8vg, m/s, 

vp avg – average particles velocity read from the films, m/s. 

 
Fig. 4. Comparison of the calculated and read from films gas and polypropylene particles velocities; vg – 

calculated velocity of the carrier gas, vp – calculated velocity of the solid particles, vp avg – average velocity 
of the solid particles read from the films 

The analysis drawn to the conclusion that real polypropylene particles velocity is merely 34.0 – 64.8 % of 
the calculated gas velocity on the lance outlet, so the slip coefficient c/w = 0.34 – 0.65 what is the value 
much lower than this mentioned in the literature for powder injection and used by authors, too. 

4. CONLUSIONS 

The results of the experiments described in this article presented the first initial stage of the complex 
experimental plan launched by authors. Its realization should significantly widen the knowledge in the 
character of the two-phase gas-solid particles jet in powder injection into liquid alloys process. The results 
shown the significant differences between real particles movement parameters and the values calculated 
using the formulas. This is particularly visible for so-called slip velocity what indicates that carrier gas 
flowing accelerates the material particles to a much lesser extent that was previously thought. The next 
step is computer modeling (just started) in which on the basis of data gathered during described 
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experiments (and previously made, too) the jet introducing the liquid alloy model will be analyzed. For the 
numerical models validation purposes they will be compared to the model powder injection into water 
experiments previously made by authors. Only after the models are correct the modeling for the liquid 
alloy conditions will be launched. The last experimental stage will be set of laboratory melts with the 
powder injection and high speed camera recording of the jest introducing the liquid metal bath. The 
technological process indexes such an efficiency or introduced material yield will be linked to two-phase jet 
parameters. The authors hope that it will give the full view of the two-phase jet character and the on-
surface phenomena during powder injection influence on the efficiency of the carried on processes. 
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Abstract 

Combustion process is closely related to metallurgical technologies which are essential for heating of 
materials. This article builds on research on the influence of electric fields on the combustion process of the 
methane and oxygen mixture. There were observed apparent interaction between the flame and the 
electric field in terms of affecting its size. The literature shows that the flame has a tendency to behave as 
a conductor. For this reason it is important to understand the behaviour of the flame for more application-
driven research in the field of combustion and the influence of electric fields on the combustion process. 
The aim of this study was the observation of conductivity of the flame from a mixture of methane and 
oxygen by means of electrodes inserted into the flame. On the both electrodes was applied voltage from 
the DC source. These measurements were performed on an experimental device intended for application 
of an electric field to the combustion process. The article gives a description of the experimental facility 
with a description of its parts. There are also settings of the experiment. For the combustion process has 
been used gas mixture of methane and oxygen with a purity of 99.95% of both gases with the performance 
of the burner 0.5 kW, which take into account the required maximum size of the flame up to 250 mm. The 
required size of the flame has been set experimentally using gas mass flow controllers’. By measurement of 
insulators resistivity we determinate the values of electrical resistance of flame at both polarities 
connected to the burner and electrode from wire mesh under the burner. Based on measuring of the 
electrical resistance values, was calculated electrical conductivity of flame for both polarities of electrodes. 
Subsequently, values for both polarities was plotted on a graph and then compared. 

Keywords: flame, electric resistance, electric field, burning, ions 

1. INTRODUCTION 

Combustion processes is closely related with metallurgical technologies, such as heating of material. 
Currently, it is also great pressure to reduce emissions that occur during flame heating. There is still effort 
to improve metallurgical processes. One of the ways to improve these processes is to use the interaction 
between the flame and the electric field. Using this interaction we might be able to accelerate processes of 
cutting and heating, reduce the heat affected zone and finally reduce the emission at heating of materials, 
which could then have an affect on their mechanical properties. For example, using appropriate focusing of 
flame influenced by the effects of electric field it could have lead to more rapid heating of materials or 
faster cutting, coupled with fewer emission products in the flame, which could have a significant effect on 
the heat affected zone.  
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From this perspective it is apparent that the understandings of the processes which are affecting the 
combustion by an electric field have a sense from the point of view of material, technological and 
metallurgical applications. 

The basic principle is that DC or AC electric fields have an affect on the ions generated in the flame by the 
ionization process [1]. Generally there are observed affects on flame stabilization [2], [3], reduce of 
pollutants such as soot and CO [3], [4], [5], increasing of the speed of flame propagation [5], affect on flame 
geometry [6] [5], changing in the distribution of flame temperature field [5], [6].  

The conductivity of the flame is well-known property. To understand the interaction between electric field 
and the flame, it was necessary to verify and study the electrical properties of the flame. In this article, the 
research of behaviour of the flame is focused on the monitoring of conductivity of the burning column of 
gas formed by burning a mixture of methane and oxygen. Electrical properties - conductivity is observed at 
the different states of a mixture - a rich mixture (coefficient of excess oxygen λ < 1), stoichiometric mixture 
(coefficient of excess oxygen λ = 1), and lean mixture (coefficient of excess oxygen λ > 1). 

2. EXPERIMENTAL ARRANGEMENT 

The experimental device consisted of two pressure bottles which are used as sources of medium, mass flow 
controllers, burner, combustion chamber with a condenser and throttle valve in the flue pipe, insulator 
resistance meter CEM DT-6605 (which is also used as a source of voltage from 0 to 5 kV). The combustion 
chamber of 200 mm diameter was designed and constructed for experiments with an influence of electric 
field on the emission values. The experimental device is shown in Fig. 1. 

 
Fig. 1 Experimental Scheme 

As can be seen from the diagram, the sources of medium are two pressure bottles, from which the first 
contained methane with a purity of 99.95%, the second oxygen with a purity of 99.95%. This mixture of the 
pure gases was chosen because of the repeatability of the experiment. The high pressure from the pressure 
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bottles is reduced to 3.5 bar (using regulating valves), which is requiring by mass flow controllers for precise 
control of gas flow into the mixing chamber of the burner. Here are the pure gases mixed to the mixture, 
which is flowing through the burner nozzle. The lower electrode is part of the burner. The upper electrode 
is placed in the top of the flame so that the flame is touching of her. The distance between electrodes was 
100 mm. The insulator resistance meter CEM DT-6605 is connected on 
these electrodes, see in Fig. 2, through which are applied different 
electrical voltages between the electrodes. Based on the measured 
electrical currents in flame, there are calculated values of electrical 
resistances. Insulator resistance meter is controlled by 
a microprocessor and can measure the insulator resistance for four 
different ranges for AC / DC voltage (500 V, 1000 V, 2500 V, 5000 V). 
Ranges for measuring insulator resistance are 0.1 MW - 60 GΩ, 0.1 Ω - 
6 kΩ. For this experiment was chosen DC voltage. 

 

The entire process is enclosed in the combustion chamber, to avoid influencing the process of burning the 
surrounding atmosphere. Throttle valve is used to faster heating of the combustion chamber to operating 
temperature. Combustion chamber during measurement is shown in Fig. 3.  

 
Fig. 3 Combustion chamber in progress 

3. RESULTS AND DISCUSSION 

Measurements were performed for 500 V, 1000 V, 2500 V, 5000 V DC (the exact values of the voltages from 
a display of insulator resistance meter are indicated in the graph) in three types of flames - flame 
stoichiometric (λ = 1), poor flame (λ = 1.2 ), a rich flame (λ = 0.8). For each voltage were performed 10 
measurements. From the results of measured electrical resistances for each voltage was calculated mean 
value of electrical resistance, which was subsequently plot on graph, see in Graph 1. a Graph 2. 

3.1. Results for both polarities 

As it is evident from a comparison of both graphs, the value of electrical resistances is growing in both 
cases with increasing applied voltage. Furthermore, there is observed dependence of the electrical 

Down electrode 
which is a part of 
the burner 

Burner 

Burned gas 
pipe 

Up electrode 
with mesh 

Flame 

Cooler 

Fig. 2 Insulator resistance meter 
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resistance of the flame on two factors. The first factor is the polarity of the electrodes and the second 

factor is the coefficient of excess air λ ( ). 

With the increasing voltage is evident increasing of the value of electric resistance when comparing the 
both two graphs. But in comparison of both polarities applied on electrodes, the values of electrical 
resistances of the flame differed significantly on a range of values and also on values of flame conductivity 
G (G = 1 / R) which are increased by the involvement of a negative potential of voltage to the electrode on 
burner head and positive potential of the voltage on electrode above the burner. 

 
Graph 1. Influence of voltage on electric resistance in flame at determined polarity of electrodes 

 
Graph 2. Influence of voltage on electric resistance in flame at determined polarity of electrodes 

From the Graph 1. there is apparent increasing values of electrical resistances with increasing values of 
voltage. There is also apparent differences in the values of electrical resistances between rich and lean 
mixture, the values of electrical resistances in lean mixture are already higher at the low voltage and 
increase with the increased voltages much more than for a rich mixture. 
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At the reverse polarity, see in Graph 2., there are apparent values of electrical resistances of the order of 
magnitude higher. There is also observed increase of electrical resistances depending on the increasing 
voltages, but the difference between the electrical resistances of the poor, stoichiometric and rich mixtures 
is there a minimum at a given polarity. 

4. DISCUSSION 

The principle of flame conductivity depending on the polarity of the electrodes is shown in Fig. 4 – on the 
left. The electrons and negative ions are attracted to electrode with a positive potential of voltage located 
above the burner, while positive ions are braking and attracted to the electrode with negative potential of 
voltage connected to the burner.  

  

Fig. 4 Principe of interaction between electric field and flame for both polarities 

Fig. 4– on the right is a scheme of the movement of ions and electrons in the flame at reverse polarity. 
When applied voltage on the electrodes, the negative electrode is attracted to positive ions, which are 
heavy compared to electrons, have poor mobility and significantly smaller acceleration, depending on their 
weight, that is much higher than weight of electrons. The main ions arising at process of ionization by 
separation of electron from atomic electron shell are positively charged [7], the direction of their 
movement is in the direction of flow of the flame; they are accelerated to the upper electrode with 
a negative voltage potential. However, these positively charged ions are during their journey converted to 
CO2 and H2O, therefore they can’t flow to the tip of the flame. Therefore, major differences between the 
values of electrical resistances in this polarity can be explained by the braking of electrons and their 
attraction to the positive voltage potential placed on the burner. This creates a region of low conductivity 
between the electrodes, where the upper electrode repels electrons. Therefore, there are major 
differences in the values of electrical resistances in the reversal polarity. When on the upper electrode area 
must be incurred a high concentrations of negative charges in order to overcome the area caused by low 
conductivity and this way started conducting of electrical current through an electric discharge in flame.  

Region of low 
conductivity 
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The increase of electrical resistances in the context of increasing electrical voltages can be caused by 
a limited number of charge carriers, which is based on inter alia values of the final gas mixture flow. The 
conductivity of the flame depends on the amount of charge carriers, which are present in the mixture.  

Graph 1., shows that the values of electrical resistances depends on the coefficient of excess air λ. For each 
mixture is the maximum values of currents that flows through the flame are given by the shape of 
regression line. Probably due to the limited number of charge carriers as it seen from the Graph 1., that the 
slope of the straight line for each combustion mixtures reaches a constant values regardless of the growing 
voltages. On the basis of this phenomenon, we can assume that increasing of voltages does not increase 
the number of charge carriers, therefore the current is constant and therefore increases the measured 
resistance. 

5. CONCLUSION 

From the results of the measurements, see in Fig. 4., are evident two phenomena: 

� The difference in order of the values of electrical resistances between cases where is applied 
a negative potential of voltages on the burner head electrode and the positive potential of voltages 
at the electrode at the top of the flame and for the opposite case,  

� The increase in electrical resistances in the context of increase voltages.  
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Abstract 

Heavy forging ingots are used in metallurgy engineering e.g. for the production crankshafts for marine 
engines, production of special parts for conventional, hydro and power engineering, rotor shafts, steam 
generators, heat exchangers and collectors for both conventional and nuclear power engineering. 
A production of heavy forging ingots is usually accompanied by a segregation of elements in the structure 
of steel. The segregation of the elements causes anisotropy of mechanical properties. But these mechanical 
parts must meet the strictest criteria, and therefore must be practically free of defects. In order to achieve 
the best possible quality of heavy forging ingots, the project focused on improving the useful properties of 
special machine parts in VÍTKOVICE HEAVY MACHINERY a.s. together in cooperation of Technical University 
of Ostrava was started. The experimental ingot 8K91SF weighing almost 90 tons was cast due the 
performance a detailed analysis of the current state of casting and solidification. The ingot was cut and 
macrostructure and chemical heterogeneity of the ingot was evaluated in detail. This article describes 
performance of the experimental ingot casting, the way of cutting, the methodology of chemical analysis 
and the results of that investigation. The gained knowledge is also used to specification of the setting of 
boundary conditions of the numerical simulations, which should help to optimize the production 
technology of casting heavy forging ingots and minimize the range of segregation in ingots.  

Keywords: heavy steel ingot, macro - segregation, chemical heterogeneity 

1. INTRODUCTION 

VÍTKOVICE HEAVY MACHINERY a.s. is traditional producer of large engineering components with a strong 
position in selected segments of machinery production. Heavy forging ingots weighing up to 200 tons are 
used for this production. These are mainly carbon, low and medium-alloy structural steel as well as tool 
steel. Due the fact that production of these heavy forging ingots is usually accompanied by a segregation of 
several elements it was decided to initiate work focused on reducing of the occurrence of these undesirable 
segregations. 90-ton forging ingot was cast and cut for the determination the current state of distribution 
of segregation of individual elements in the cast ingot. This project has been solved mainly in cooperation 
VHM and FMMI VŠB. An integral part of the project is numerical simulations of casting and solidification of 
the ingots. [1 - 3] 
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2. DESCRIPTION OF PRODUCTION AND CUTTING OF THE EXPERIMENTAL INGOT 8K91SF 

An experimental ingot 8K91SF was cast at steel plant VHM a.s. so that the extent of the chemical 
heterogeneity can be determined. It is octagonal forging steel ingot weighing 87.5 tons. The whole 
production process was completely monitored. The steel for this production was melted at EAF followed by 
processing at LF and VD. The EAF capacity is approximately 70 tons so the experimental ingot was 
cumulated from two heats. Structural carbon manganese steel (S355J2G3 according to EN 10 250) was 
chosen for this trial. Each of these two heats had intentionally different content of copper and nickel in 
order to determine mixing of these two heats in solidified ingot. Content of the other elements was target 
at the same level. Chemical analyzes of both heats and the weighted average of the both heats are shown 
in Tab. 1. The course of ingot casting and solidification was monitored using thermal camera. Ingot was 
removed from the mold in hot conditions as usual. Stress relieving annealing was carried out due to the 
elimination of occurrence of possible cracks during cutting.  

 Tab. 1 Chemical analysis of both used heats and the weighted average of these both heats 

To obtain a longitudinal cross section of the experimental ingot was at first considered on the technology 
band-saw cutting to save processing time. Unfortunately band saw can hold a maximum dimension of work 
piece 1700 mm because the spacing of its columns, which is insufficient for our case because the maximum 
diameter of ingot is 1935 mm. Milling technology was finally chosen for cutting of the experimental ingot. 
The conventional horizontal boring machine WD250 was chosen for this procedure. The maximum speed of 
this machine is 630 min-1. Special roughing milling with replaceable cutting edged was bought due to 
accelerate receive of large amounts of excess material. Cutting parameters were set with regard to the 
state of machine and clamping components. The processing time does not exceed 80 hours. The required 
quality of the machined surfaces was Ra 3,2 μm.  

3. EVALUATION OF INGOT HETEROGENEITY  

The evaluation of chemical composition, Baumann imprint and penetration test were carried out on the 
cross section of the experimental ingot in order to find the extent of heterogeneity.  

3.1. Macroscopic examination by sulfur prints and fluid penetration testing  

Macroscopic examination by sulfur prints (Baumann imprint) is used to detect macroscopic distribution of 
sulfur in iron alloys. Sulfur in steel is excreted in the form of sulfides FeS and MnS. The principle of the 
imprint is based on the reaction of sulfides with sulfide acid (1). This reaction is accompanied by the 
formation of hydrogen sulfide. If it operate at photographic paper surface, silver bromide is decomposed 
and silver react with sulfur and form very stable compound Ag2S which is brown. (2) 

FeS + H2SO4 = FeSO4 + H2S          (1) 

H2S + 2AgBr = Ag2S + 2HBr          (2) 

Performed Baumann imprint showed isolated significant sulfide segregations length up to 2 mm. These 
sulfides formed locally clusters or were directed into lines. The stronger lines of sulfides were occurred 

Heat No. weight (tons) C Mn Si P S Cr Cu Ni
52522 53,1 0,194 1,30 0,26 0,008 0,0008 0,11 0,13 0,51
52523 34,5 0,200 1,27 0,27 0,009 0,0010 0,14 0,46 0,12
w.average 87,6 0,196 1,28 0,26 0,009 0,0009 0,12 0,26 0,36
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mainly in the head of ingot and in the quarters of the width, ie. in expected areas of “A” segregations. In 
the lower third of the ingot height were sulfide segregations very weak and quite uniform.  

Liquid penetration testing (further LPI) is a widely applied inspection method used to locate surface-
breaking defects in all non-porous material. LPI is based upon capillary action, where low surface tension 
fluid penetrates into clean and dry surface-breaking discontinuities. Penetrant may be applied to the test 
component by dipping, spraying or brushing. After adequate penetration time has been allowed, the excess 
penetrant is removed and developer is applied. The developer helps to draw penetrant out at the flow 
where an invisible indication becomes visible for the inspection. Inspection is performed under ultraviolet 
or white light depending upon the type of dye used – fluorescent or nonfluorescent (visible). 

The small cavity especially in the upper half of the ingot in the central area and in the area of expected 
“A” segregations were detected after the performed penetration test. Dimension of identified cavity was 
relatively small.  

3.2. Evaluation of chemical heterogeneity  

Chemical analyses were performed on half the area of cut ingot as the ingot can be considered as rotation 
solid and the second half is the mirror image of the first half. Chemical analysis had two main aims. Firstly, 
determine the extent of segregation of the individual elements and secondly, mixing of both heats needed 
for experimental ingot casting. To achieve these aims has been chosen determination of the following 
elements: carbon, sulfur, manganese, copper, nickel, phosphorous and silicon. Chemical composition was 
analyzed along the height of the real axis of the ingot and then in the next four straight lines that were 
parallel to the axis. The distance of these parallel lines were 200, 450, 650 and 850 mm far form the central 
axis. Two main vertical lines to the ingot axis were chosen; at the interface of the body of the ingot and its 
head and at the interface of the body of the ingot and its heel. Other seven vertical lines were analyzed 
between these two main vertical lines. Other three vertical lines were analyzed through the head of the 
experimental ingot and other three vertical lines were analyzed through the heel of the ingot. Chemical 
analyses were performed totally at 15 vertical lines. Coordinate system was established due to a clear 
description of places that were analyzed. This system’s starting point is at the intersection of ingot axis and 
the plane dividing the body and heel of the ingot. Analyzed places are shown in Fig. 1. 

The standard method used in metallurgical analytics – analyses using 
optical emission spectrometers – was not applicable due to the large 
number of required analyzes. Thus, the mobile optical spectrometer 
SPECRTOTEST was used for analysis of Mn, Si, Cu a Ni content. Its great 
advantage was that the analysis could be carried out directly on the 
ingot without sampling. Due to the low content of sulfur was evident 
from the very beginning that there is no other alternative than to 
laboratory analysis of a combustion analyzer, with the lowest possible 
detection limit and the greatest accuracy. Sample of chips weighting 
from 0,5 to 2,0 g was need for this method.  

 

Fig. 1. Analyzed lines throughout the ingot 
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Thus the surface of ingot cross-section was drilled and chips were analyzed on an automatic analyzer LECO 
CS-600. Sulfur and carbon were analyzed on this unit.  

Phosphorus content was also determined on samples taken from the chips. The larger sample weight of 
chips was needed for this analysis, at least 2 gramms. For all the elements of each method was determined 
experimentally possible accuracy achieved by measuring the control sample under repeatability conditions. 
Tab. 2 shows the values of accuracy of the method that were calculated as half of the difference between 
the upper and lower quartile.  

4. DISCUSSION OF RESULTS  

A total of 1279 points were analyzed. Copper and nickel were analyzed on the cross-section of the ingot to 
find mutual mixing of both used heats. These analyses were performed on half of ingot and are shown in 
Fig. 2 and Fig. 3. These Fig. s shows that there is already layer of solidified steel during the casting of the 
first heat at the wall of the mould. Layer thickness decreases with the distance from the bottom part of 
ingot as is evident from the right part of Fig. 2. The copper content is in the contrast with the nickel content 
near the wall of the mold. However, a very good mix of both heats is achieved in the middle of ingot as 
show in Fig. 2 and Fig. 3. 

 

 Tab. 2: Average concentration of element in sample and accuracy of each used method 

 

 

 

 

 

 

 

 

 

 

The second aim of this investigation was to determine the extent of segregation of the individual elements 
on the ingot cross section. The evaluation was mainly focused on the content of C, Mn, S and P. Fig. s 4 – 7 
shows the courses of content of these elements along the height of the ingot axis. In the case of carbon 
were found only very minimal negative segregation at the bottom part of ingot. The maximum carbon 
content in the ingot body, 0,30 %, was found at the interface ingot body – ingot head, while carbon content 
in the ladle was 0,20 % (see Fig. 4). Manganese content in the ladle analysis was 1,28 %. The lowest content 
of manganese, 1,18 % was detected at the bottom part of ingot. The highest Mn content in the axis of the 
ingot body was 1,42 %, extremely high value, 1,62 %, was found in the head of the ingot (see Fig. 5).  

 

 

Element Method
Average concentration of 

element in the control 
sample (wt %)

Accuracy of 
method

C LECO CS-600 0,175 ± 0.0015
C OES - Spectrometry 0,175 ± 0.01

Mn Chemical determination 1,15 ± 0.003
Mn OES - Spectrometry 1,15 ± 0.01
Si OES - Spectrometry 0,26 ± 0.01
P Chemical determination 0,0087 ± 0.0006
S LECO CS-600 0,0007 ± 0.0001

Cu OES - Spectrometry 0,11 ± 0.01
Ni OES - Spectrometry 0,18 ± 0.01
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Fig. 2 Ni content on the half of ingot cross section   Fig. 3 Cu content on the half of ingot cross section 

     

Fig. 4 Carbon content in the ingot axis      Fig. 5 Manganese content in the ingot axis 

 

In case of sulfur and phosphorus was found only positive segregation in the ingot axis. The highest content 
of sulfur which was found in the axis of the ingot body was 0,0018 % while sulfur content in the ladle was 
0,0009 % (see Fig. 6). The highest content of phosphorus was 0,013 % while ladle analysis was 0,009 % (see 
Fig. 7). 

According to expectations, content of elements, mainly such as carbon, manganese, sulfur and phosphorus 
increased towards the axis of the ingot and towards from bottom to top part of the experimental ingot.  

 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

58 

      

Fig. 6 Sulfur content in the ingot axis         Fig. 7 Phosphorus content in the ingot axis 

5. CONCLUSION 

It was performed detailed analysis of heterogeneity the 90-ton experimental ingot that was produced at 
steel plant VÍTKOVICE HEAVY MACHINERY a.s. The main aim of this work was to obtain information about 
current state of distribution of macro-segregations. Mutual mixing of two heats needed for the production 
of this ingot was verified. The extent of segregation of individual elements was determined. These results 
are also used for improving numerical simulations of casting and solidification of heavy steel ingot. The final 
aim is minimize occurrence of macro-segregations.  
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Abstract 

The paper is devoted to verification of parameter-setting of a numerical simulation of filling and 
solidification of a 90-ton heavy steel ingot in the ProCAST simulation programme. The aim of numerical 
modelling realized under the conditions of the Department of Metallurgy and Foundry and Regional 
Materials Science and Technology Centre (RMSTC) at VSB-TU Ostrava is the optimization of the production 
of heavy steel ingots produced in VÍTKOVICE HEAVY MACHINERY a.s. (VHM). Input parameters of 
computation were determined by the real conditions of parallel experimental casting of a 90-ton steel 
ingot. Material properties of the individual components of the ingot casting system were defined by the 
COMPUTHERM calculating module, by selection from own database of ProCAST, using datasheets of 
refractory materials of the manufacturer, and finally checked by calculation of the equations generally used 
to determine liquidus and solidus temperatures. To obtain more complete information about the 
temperature fields of the ingot casting system, the process of filling and solidification was monitored using 
thermal imaging cameras. Primary results of the numerical simulations were compared with the results of 
thermography measurement and with the real time of filling and solidification. Based on the comparison of 
the results, the initial temperatures of the casting system and heat transfer coefficients were modified. The 
character of the filling and the RUN PARAMETERS were also changed. Now, the attention is also focused on 
the verification of liquids and solidus temperatures of steel, and heat capacity of mould material using 
methods of thermal analysis. 

Keywords: heavy steel ingot, macro-segregation, numerical modelling, heat transfer coefficient, ProCAST 

1. INTRODUCTION 

The paper follows the works of authors [1, 2], which are devoted to verification of filling and solidification 
of 90-ton steel ingot using numerical modelling in the ProCAST simulation programme. The primary aim of 
the numerical simulations is the minimization of the volume defects in heavy steel ingots, especially 
macrosegregation, depending on boundary conditions of the casting. Based on available literature [e.g. 
3,4], it was confirmed that the macrosegregation is a function of chemical composition of the steel, of the 
method and time of solidification. This means that in order to minimize the extent of the segregation it is 
not sufficient to change only the geometry of the mould, but it is also necessary to optimize the regime of 
the casting and primarily the control of solidification. In order for the default version of the numerical 
model of the filling and solidification of the steel ingot aimed to predict the extent of the macrosegregation 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

60 

to correspond to real solidification conditions as accurately as possible, it was important to define the 
parameters of the calculation correctly. 

Determination of some boundary, operating and initial conditions is usually not relatively difficult. In our 
case, the modelled area was clearly defined by the geometry of the casting system of the 90-ton ingot [2], 
The character of the filling, or the casting temperature of the steel were defined according to real casting 
conditions of the experimentally cast ingot in VHM. The properties of refractory materials were determined 
as indicated in the data sheets provided by the manufacturer. The quality of the results of the numerical 
simulation of the volume defects in ingots, especially macrosegregation of elements, is mainly determined 
by the quality of the thermodynamic properties of steel and of mould material, respectively by the applied 
conditions of heat transfer among the individual parts of the casting system and by the definition method 
of the heat losses. And here is where the first difficulties can be encountered. First, the grade of the steel or 
the cast iron of the mould may not be included in the basic material database of the ProCAST software. To 
solve this issue the Computherm above-standard module needs to be used. Based on the definition of 
chemical composition of the steel, the thermodynamic database Computherm, allows the user to calculate 
thermodynamic parameters for any new material, or to follow the changes of the thermo-physical data 
relating to changes of chemical composition [5]. 
Another way is to use the experimental method of 
thermal analysis [6, 7], or it is also possible to use 
information from literature. Also, the definition of 
the heat transfer coefficients among the individual 
components of the casting system is not simple. The 
constant values in the range of 100 to 1,000 Wm-2.K-1 
are usually given in literature. To be sure that the 
heat transfer conditions are set correctly, the 
thermography measurement of temperature fields 
and heat flux of the individual parts of the casting 
system during the experimental casting of 90-ton 
ingot was ensured. 

2. THERMOGRAPHY MEASUREMENT 

The conditions of thermography measurement have 
been published in the paper [2]. During the 
thermography measurements, images were taken 
at 10-minute intervals from the moment of casting 
system preheating, through the casting itself until 
the moment when it was found that the 
temperature does not change. After this, the 
intervals of the sampling were extended to about half to one hour. The temperature was monitored for 24 
hours at selected points (see Fig. 1) on the surface of the head (hot top), of the mould, of the stool and of 
the sprue. 

a) Hot.top b) Mould 

c) Stool d) Sprue 

Fig. 1 View of the screen of imaging thermal 
camera when scanning temperatures using marked 
points on the surface of a) hot top b) mould c) stool 

d) sprue 
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Thermography measurement results were 
processed by software GORATEC 
Thermography Studio version 4.5 [8]. In Fig. 
2 there is an example of the processing of 
the selected image of thermography 
measurement on a mould surface. As 
shown in Fig. 2, the temperature scale is 
adjusted with regard to the range of 
measured values. The proper surface 
temperature can be calculated only when 
the right emissivity value is known. It must 
take into account that in most cases an 
infrared imaged contains objects with 
different emissivity values. The ambient (background) temperature also affects scanned temperature value. 
As further shown in Fig. 2, SW offers the possibility to analyse the point, line or selected area. During the 
point analysis the software evaluates the expected temperature on the surface at the selected location. In 
our case we analysed 8 points - four temperatures in the concave and four temperatures in the convex part 
of the mould wall.  

If we choose evaluation of the temperature on the surface using the line analysis, then we can obtain the 
temperature profile in the selected horizontal (or vertical) plane. The example of the temperature profile 
for the selected planes 1 and 2 (note: in Fig. 2 plane 1 is closer to a stool of mould) is shown in Fig. 3. 
Another option is a thermal analysis of a selected area of the examined surface. Again, as shown in both 
previous cases, both the emissivity and ambient temperature can be individually adjusted during the 
analysis. In Fig. 3 two rectangular fields were selected (left - area 1 and then area 2). 

 

  
Fig. 3 Temperature profile in the horizontal plane 1 and 2 (see Fig. 2) on the surface of the mould 

 

Thermal data of selected areas are generated in the form of a histogram (see Fig. 4). From the histogram in 
Fig. 4, the information about temperature distribution in a selected area can be received, but we also can 
find the density of heat flux. The values are automatically exported into a Tab. – see Tab. 1. 

 

Fig. 2 Temperature field image with marked points, lines 
and areas 
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Fig. 4 Histograms of selected areas on the mould surface 

 Tab. 1: Summary temperature information of selected areas on the surface of the mould 

 

For each area, in Tab. 1 the determined minimum and maximum values of the temperatures, the average 
temperature, the used emissivity, the ambient temperature, the size of the analysed surface and heat flux 
of the radiations (P2) as well as heat flux of the radiation in the specific selected area �P2� are listed. Heat 
flux of the radiation P2 is defined as: 

            (1) 

where � is Stephan Boltzmann constant, � emissivity, T – determined temperature on the analysed surface, 
T0 - ambient temperature, S - selected area. And the heat flux by radiation of the specific selected area 
�P2� is defined as: 

�P2� = S . P2             (2) 

In this way, all images of surface of mould taken during the thermography measurement from the start of 
casting up to the actual stripping were processed. In the case of evaluation of thermal images of the head, 
and of the stool and casting sprue, and eventually the temperature of the wall 
of the casting pit, the evaluation was simplified to obtain information 
regarding the temperature distribution on the surface and the character of the 
temperature profiles in the horizontal planes of individual elements of the 
casting system. 

3. DUSCUSSION OF RESULTS - INTERFACE OF NUMERICAL MODEL 

The obtained information about the heat fluxes was then used to refine the 
settings of the heat transfer coefficients of the numerical model of the filling 
and solidification of a 90-ton steel ingot in SW ProCAST. Heat transfer 
coefficients are defined individually for each of the contact interfaces of 
components in the INTERFACE menu, i.e. such as heat transfer coefficient 
between the ingot and ingot mould, between the ingot and insulation, etc., as 
shown in Fig. 5.  

Fig. 6 shows the comparison of the temperature field on the surface of the 
mould in the selected time a) with the original setting of heat transfer 

Fig. 5 View of the 
contact between the 

inner wall of the mould 
and the ingot body 
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coefficients of numerical simulation b) measured during the thermography measurement c) and 
temperature field obtained from numerical simulations with adjusting of the coefficient of heat transfer 
according to the results of thermography measurement. Both, the temperature scale and colour scale of 
the results of the numerical modelling of the temperature field were adapted to display the results of 
thermography measurement. As it is obvious from Fig. 6, the adjustment of the coefficients contributed to 
obtaining the more realistic results of the temperature fields on the surface of the mould. Because even the 
post-processor ProCAST called Visual Viewer offers a possibility of analysis of the temperature changes over 
time at a selected point or the analysis of the temperature profile of the analysed area, the specific 
temperatures at selected points and planes in the mould wall were detected, similar to thermography 
measurements. But there is a difference between the point analysis of results obtained from thermography 
measurements and numerical simulation in the method of scanning the temperature. While the results of 
thermography measurements are based on the detection of temperature on the surface of 2D images of 
the temperature field (not considering curvature geometry or analysis of the temperature in the volume), 
for the results of numerical modelling the analysis of a point or line is carried out directly at a given point or 
defined segment. This means that if the chosen point or line extends to the volume of mould wall, then the 
temperature change is plotted on a graph in exactly the same place, thus possibly in the volume, as shown 
on the wire-frame view of mould of the selected segment in the wall of 
the mould in Fig. 7. It was also a reason why the lines ultimately 
selected in the results of numerical modelling intersect a shorter part of 
the mould wall, and therefore show only a limited section of the 
temperature profile in the selected plane. Because if a longer part was 
selected, then the profile intruded into the volume of the mould wall, 
where the temperature was already influenced by the temperature of 
the filled metal (the wall of the mould warms up) and therefore it was 
higher. Further difference between the analysis of the temperature 
from the numerical modelling and from the thermography 
measurement is the definition of a position of the point or profile in the 
plane. As for the images from thermography measurement, the location 
of point is "random" – providing no information about the location of 
the point or line. Whereas, the results of numerical modelling show the position of the point or line 
accurately defined. Therefore, the temperature can be repeatedly detected in the same point especially if 
we simulate different boundary conditions. Fig. 6 d, e, and f show the temperature profiles obtained in the 
selected planes. Tab. 2 shows a summary of observed temperatures at selected points on the surface of the 
mould wall. 

 Tab. 2: Temperatures using the point analysis [in °C] (points from the bottom up: 1, 2, 3, 4 – concave; 5, 6, 
7, 8 – convex) 

Point NMinitial T NMnew Point NMintial T NMnew 
4th 93 302 295 8th 87 209 208 
3th 94 325 302 7th 87 227 230 
2nd 102 353 343 6th 85 244 237 
1st 76 262 185 5th 83 249 223 

 

Fig. 7 Example of the mould 
wall intersection during the 
temperature analysis of the 

profile 
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a)  d)  

b)  e)  

c)  f)  

Fig. 6 Comparison of the temperature field on the surface of the mould and temperature profiles in 
a selected time step between the variants a), e) numerical simulations with the original setting of heat 

transfer coefficients; b) image of thermovision measurements; c) numerical simulations after adjusting the 
heat transfer coefficients according to the results of thermovision measurements 

4. CONCLUSION 

The paper deals with the comparison of the results of temperature field on the surface of the mould 
obtained from the numerical simulation of filling and solidification of a 90-ton ingot produced in VITKOVICE 
HEAVY MACHINERY a.s. with the results of the thermography measurement. The numerical simulations are 
performed in the ProCAST software at the Department of Metallurgy and Foundry under the auspices of 
the Regional Material Science Centre and Technology of the VSB - Technical University of Ostrava. The aim 
of the simulations is to optimize the conditions of casting and solidification of heavy forging ingots with an 
emphasis on minimizing the macrosegregations. In order for the default version of the numerical model of 
filling and solidification of the steel ingot to correspond with the real solidification conditions as accurately 
as possible, the temperature on the surface of the mould was verified using the thermography 
measurement during parallel experimental casting of the real 90-ton steel ingot in VHM a.s. From the 
comparison of the temperature profiles of the numerical modelling and thermography measurements in 
individual time steps it was found that the profiles agree until approximately 4 hours after the end of the 
casting. But then the results begin to diverge. While the real temperature on the surface of mould 
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stabilized until the stripping, in the results of the numerical modelling the gradual decline of the 
temperature was identified. This can be explained by either inappropriately defined dependencies of the 
change of the heat transfer coefficient over time, or it can be justified by improperly defined heat capacity 
of the cast iron mould. For this reason, additional attention will be focused on verifying the heat capacity of 
a sample of the mould material and its thermal conductivity. 
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Abstract 

Development of offshore oil and natural gas production requires seawater corrosion resisting materials. 
Duplex stainless steels represent a group of materials that show an interesting combination of strength 
properties and resistance to stress-corrosion cracking initiated by chlorides. 

The production of duplex stainless steel in ZDAS Inc. includes primary and secondary metallurgic processes. 
For production of the basic liquid metal, the electric arc furnaces are used. The processing of liquid metal 
takes place in the secondary metallurgy equipment. For successful realization of heavy forgings made by 
open-die forging technology it is necessary to observe the specific conditions of forming and heat 
treatment. 

The achieved microstructure of duplex stainless steel then shows a uniform proportion of ferritic and 
austenitic grains without undesirable inter-metallic phases. 

Keywords: Duplex Stainless Steel, Mechanical Properties, Forgings 

1. INTRODUCTION 

Verification of possibilities of production of smith forged forgings from duplex steels in conditions of the 
company ŽĎAS, Inc. started on the basis of market requirements and in the effort for enlargement of 
production assortment in 2010. Progress of experimental works was realised in accordance with the plan of 
solution of the research project FR-TI1/222 PROGRESTEEL. 

2. MAKING OF STEEL AND CASTING OF INGOTS  

Production of duplex steels in conditions of ŽĎAS, Inc. assumes use of primary and secondary metallurgy 
units. Electric arc furnaces with capacity of 14 and 20 tons are used for production of the basic melt. The 
subsequent processing on the secondary metallurgy unit requires at production of duplex steels processing 
in Ladle Furnace (LF) and in the units of Vacuum Oxygen Decarburisation (VOD) and Vacuum Degassing 
(VD). 

Within experimental works the possibilities of production of the duplex steel X2CrNiMoN2253 according to 
the EN10088-3 were verified [1]. Chemical composition of the steel X2CrNiMoN2253 according to the 
EN10088-3 is given in Tab. 1. 
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 Tab. 1: Basic chemical composition of the steel X2CrNiMoN2253 acc. EN10088-3 [1] 

 
 

From the perspective of the required chemical composition specified in Tab. 1, the duplex steel 
X2CrNiMoN2253 belongs to the group of high alloyed Cr – Ni – Mo steels with very low carbon 
concentration and with increased nitrogen content. Requirements for chemical composition include also 
achievement of a Pitting Resistance Equivalent PRE = Cr + 3.3 . Mo + 16 . N > 35. Tab. 2 documents the 
achieved chemical composition of the experimental melt with the mass of 16.4 tons. 

 
 Tab. 2: Basic chemical composition of experimental heat - steel X2CrNiMoN2253 

 
 

The resulting basic chemical composition of the experimental melt of duplex steel given in Tab. 2 
documents fulfilment of requirements for concentrations of alloying and tramp elements. At the same time 
the required value of the PRE was achieved as well. 

Produced steel was poured into moulds for casting of forging ingots of the type 8K with mass from 1000 to 
3100kg. Schaeffler’s diagram [2] was used for control of chemical composition in relation to the expected 
steel structure, which was performed on the basis of calculation of Cr and Ni equivalents according to the 
equations (1) and (2): 

WTiNbAlVMoSiCrCrekvivalent 	
	
	
	
	
	
	
� 75,05,175,15,555,12    (1) 

CNCuMnCoNiNiekvivalent 	
	
	
	

� 30253,05,0       (2) 

 

Schaeffler’s diagram in Fig. 1 shows the expected share of ferritic 
and austenitic phases in the forging made of duplex steel with 
chemical composition given in Tab. 2. 

 

As it is evident from Fig. 1, the expected structure of duplex steel 
with chemical composition according to Tab. 2 will be formed by 
the share of more than 40% of ferritic phase in prevailing 
austenitic structure. 

Verification of properties of real products made of duplex steel 
was made by forming of cast ingots and by evaluation of the 
achieved mechanical properties and structure in pre-defined 
testing across the cross-section of the forging. 

Fig. 1: Schaeffler’s diagram: expected  
structure of experimental material [2] 
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3. FORMING AND HEAT TREATMENT OF FORGINGS  

The issues related to forming of duplex steels concern thermal mode of the forging and assuring of 
sufficient deformations without risk of formation of fissures and cracks. Thermal mode of forming of duplex 
steel must take into account a posy of occurrence of undesirable inter-metallic phase in temperature 
interval below 950°C. Duplex steel X2CrNiMoN2253 shows precipitation of undesirable phases in the 
temperature interval according to the precipitation diagram in Fig. 2 [3]. 

 

As it is evident from Fig. 2 it is necessary to 
maintain the temperature of the forging in 
the temperature interval above 950°C. 
When temperature of the forging drops 
below this value its structure is changed 
and inter-metallic phases are created. 
Presence of inter-metallic phases in 
structure of duplex steel then causes 
a distinct drop of the level of mechanical 
properties and corrosion resistance of the 
final product. 

 

 

Fig. 2: Precipitation diagram of the steel X2CrNiMoN2253 acc. EN10088-3 [3] 

 

In spite of the fact that in the temperature interval above 950°C according to the diagram shown in Fig. 2 it 
is impossible to assume a possibility of formation of inter-metallic phases, due to operational conditions of 
production of large forgings the issue of influence of long-term dwell of the forging in the interval of forging 
temperatures on the structure of the forging was investigated.  

Experimental works focused on these issues were performed on the forgings made of steel from the 
experimental melt with chemical composition given in Tab. 2. Preparation of ten samples for testing with 
dimensions of 100x100x150mm was made by forming of the ingot 8K1.1 with mass of 1000kg in the 
temperature interval from 1150 to 950°C with subsequent cooling on air. Verification of influence of long-
term dwell at forging temperature consisted in the subsequent heating of testing samples to the 
temperature of 1180oC (furnace temperature) with dwells from 2 to 20 hours. The samples were during 
this dwell at this temperature taken from the furnace every 2 hours. 

Fig. 3 to 6 document the obtained resulting structures of the forgings made of the steel X2CrNiMoN2253 
for selected times of dwell at the top forming temperature. Analysis of micro-structure was performed on 
the samples from axial part of the forgings and metallographic polished sections were made in longitudinal 
direction in respect to the axis of original ingot. 
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Fig. 3: Structure X2CrNiMoN2253 dwell at the top 

forming temperature 4 hours/air (500 x) 
 

Fig. 4: Structure X2CrNiMoN2253 dwell at the top 
forming temperature 8 hours/air (500 x) 

 

  
Fig. 5: Structure X2CrNiMoN2253 dwell at the top 

forming temperature 16 hours/air (500 x) 
 

Fig. 6: Structure X2CrNiMoN2253 dwell at the top 
forming temperature 20 hours/air (500 x) 

 
 

As it is evident from Figs. 3 to 6, micro-structure of all the analysed samples is practically identical. The 
structure is formed by ferritic and austenitic grains without obvious presence of inter-metallic phases. 

With respect to operational conditions, where ingots of various mass and cross-section are processed, it is 
possible to state on the basis of results of this experiment that influence of duration of dwell of material at 
the top forming temperature on the risk of occurrence of undesirable inter-metallic phases is negligible. 

4. RESULTS OF EVALUATION OF EXPERIMENTAL FORGING MADE OF DUPLEX STEEL 

Experimental works aimed at verification of the obtained mechanical properties and structure of the 
forging made of the steel X2CrNiMoN2253 were performed on the forged bar with diameter of 345mm and 
length of 605mm. Tab. 3 summarises the basic requirements to the level of mechanical properties of the 
steel X2CrNiMoN2253 according to the EN 10088-3. 
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 Tab. 3: Specification of mechanical properties of duplex steel X2CrNiMoN2253 acc. EN 10088-3 

 
However, the above requirements to mechanical properties of the forgings made of duplex steel 
X2CrNiMoN2253 according to the EN 10088-3 are related to the maximum dimension of the forging of 
160mm. The standard does not specify the required mechanical properties for the forgings of larger 
diameters. 

At production of forgings for applications for offshore oil and gas extraction the forgings of larger diameters 
are required and mechanical properties are then specified by customers. Tab. 4 gives a concrete example of 
standard requirements to the forgings made of duplex steel X2CrNiMoN2253 determined for the segment 
of offshore oil and gas extraction. 

 Tab. 4: Specification of mechanical properties of forgings made of duplex steel X2CrNiMoN2253 according 
customer specification 

 

Contrary to the requirements to the level of mechanical properties of forgings made of steel 
X2CrNiMoN2253 according to the standard EN10088-3 the customers for offshore oil and gas applications 
require also evaluation of steel toughness at the temperature of –46°C. These conditions were therefore 
defined as the basic criterion for evaluation of successful production from the viewpoint of achievement of 
the required mechanical properties. 

Forging ingot of the type 8K1.7 with the mass of 1390kg served as input blank for manufacture of the 
experimental forging. The ingot was processed by smith forging in the temperature interval from 1150 to 
950�C. Technology comprised stamping and forging to the dimension with an allowance for machining. The 
achieved deformation ratio was 5,6. After completion of the forming process the forging was cooled on air. 
The processing followed by machining and heat treatment – solution annealing. The standard EN10088-3 
specifies for solution annealing the temperature interval from 1020 to 1100°C. The experimental forging 
was heat treated at the bottom temperature of solution annealing equal to 1020°C with subsequent 
cooling in water. 

Evaluation of mechanical properties and structure of the forging was made at the places distant from the 
frontal of the forging in the depth of ½ and ¼ of the forging diameter in longitudinal and transverse 
directions. Tab. 5 gives the obtained values of mechanical properties according to the place and direction 
of testing. 

It follows from Tab. 5 that satisfactory strength properties of the experimental forging were achieved at 
both places and directions of testing according to the specification given in Tab. 4. Yield point and ultimate 
strength surpasses substantially the required minimal values specified both ion the standard EN100088-3 
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and in the customer material specification. The values of impact energy at the testing performed at the 
temperature of–46°C satisfy the customer requirements. 

 

 Tab. 5: Mechanical properties - Forging made of steel X2CrNiMoN2253 

 
Other qualitative parameters of the forgings made of duplex steel comprise evaluation of structure and 
determination of the share of ferritic phase. The structure may not show presence of inter-metallic phases.  

Analysis of structure of the forging and share of ferrite was performed at the place corresponding to a ½ 
diameter of the forging. Fig. 7 and Fig. 8 documents the structure of the experimental forging. 

  

Fig. 7: Structure of the forging made of duplex steel - 
½ T – 100x 

Fig. 8: Structure of the forging made of duplex 
steel - ½ T – 500x 

Image analysis performed with use of LECO IA32 showed that the two-phase ferritic-austenitic structure 
contained 50.0 % share of ferritic phase. 

Results of measurement thus confirmed the possibility of production and of achievement of the required 
mechanical and structural properties large forged products formed by smith forging from duplex steel 
X2CrNiMoN2253 according to the EN 10088-3 and satisfying the customers’ specifications for applications 
in conditions of offshore oil and gas. 

5. LABORATORY ANALYSIS OF INTER-METALLIC PHASES IN DUPLEX STEEL X2CRNIMON2253 

Development of technology for production of duplex steel X2CrNiMoN2253 forgings concerned also the 
issues related to occurrence of inter-metallic phases (�phase, ��phase). The principle objective of the 
experiment consisted in artificial creation of inter-metallic phase in two-phase ferritic-austenitic structure 
in order to obtain thus knowledge about state of material in case of unsatisfactory structure of duplex 
steel. 
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Conditions for formation of inter-metallic phases in original satisfactory ferritic-austenitic structure of the 
forging made of experimental melt with the chemical composition given in Tab. 2 consisted in heating of 
the sample of duplex steel with dimensions of 25x25x25mm to the temp. of 750°C with a dwell of 48 hours 
with subsequent cooling on air. 

Afterwards metallographic analysis of structure was made with focus on quantitative and qualitative 
evaluation of inter-metallic phases. Micro-structure was developed with use of the agent Beraha II + 
K2S2O5. Fig. 9 and Fig. 10 shows the resulting structure. 

Fig. 9: Beraha II + K2S2O5, 100x Fig. 10: Beraha II + K2S2O5, 500x 

As it is evident from Fig. s 9 and 10, individual phases are sufficiently contrast, inter-metallic phases (-
phase, �-phase) have white hue at use of the agent Beraha II + K2S2O5, ferrite is blue of brown, and 
austenitic grains are grey.  

Crystallographic data on investigated sample were obtained by technique of Electron Backscattered 
Diffraction (EBSD), which is based on analysis of the Kikuchi’s lines rising from the surface of strongly 
inclined sample in the SEM chamber. The EBSD analysis was used for determination of the share of 
individual phases from the area with dimensions of 400x200μm. 

 
 

 

 

Fig. 11: EBSD analysis: Ferrite - red, � 
phase yellow, austenite – acc. 

Orientation 

Fig. 12: Structure of duplex steel with 
occurrence of inter-metallic phases – EDX – 

oxalic acid 
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Fig. 11 presents an illustration of a map from the EBSD analysis, from which the share of inter-metallic 
phases was evaluated. Values of the share of phases as determined by the EBSD analysis were the 
following: 12.5% of ferrite, 72.8% of austenite, 14.7% of inter-metallic phases. 

 
In the next step structure of steel was evaluated in the area of occurrence of inter-metallic phases with use 
of EDX analysis. Fig. 12 documents appearance of structure and points of measurement used for 
determination of chemical composition. 

 
Results of EDX analysis in Tab. 6 document significant deviations of chemical composition at the points of 
measurement in comparison with the chemical composition of steel as specified in Tab. 2. 

 Tab. 6: Chemical composition of inter-metallic phases in duplex steel – EDX 

 

Occurrence of inter-metallic phases distributed on the austenitic grain boundary and touching the ferritic 
grain changes principally character of duplex steel structure. In connection with the occurrence of inter-
metallic phases (�phase, ��phase), chemical composition of which is similar, based on presence of iron, 
chromium and molybdenum, it is possible to assume a substantial drop of service properties of the final 
product, particularly of mechanical properties and resistance to corrosion.  

6. CONCLUSIONS 

Experimental works focused on possibilities of production of smith forged forgings made of duplex steel sin 
conditions of the company ŽĎAS, Inc. proved successful fulfilment of the requirements to mechanical 
properties of the final forging made of the duplex steel X2CrNiMoN2253 according to the EN 10088-3. 
Satisfactory two-phase structure of large smith forged product made of duplex steel was also achieved 
thanks to observation of specific conditions for forming and heat treatment. The works performed in the 
area of analysis of inter-metallic phases in duplex steel contributed to broadening of knowledge about 
appearance of structure of inappropriately processed blank. On the basis of documentation of results it is 
possible to make in industrial conditions metallographic evaluations of structure of forgings with stress on 
control of occurrence of inter-metallic phases. Qualification of ŽĎAS, Inc. for the market segment with 
products made of duplex steels requires respecting of conditions of existing customers and assumes 
continuation of collaboration with universities and research working sites. 
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Abstract  

Production of spheroidal graphite cast iron is today quite mastered technology. There are many methods 
achieving the globular graphite morphology. Each of these methods have specific characteristics and 
requirements to technical support, properties and the type of applied modificator. Selection of the 
modification method is dependent on foundry disposition, production character, economic balance, quality 
requirements, etc. In case of centrifugally casting the core, which fills body and neck of the roll, is created 
by ductile iron. Considering the sophisticated production of centrifugally cast rolls for hot rolling mills it is 
necessary to ensure a high reproducibility and reliability of ductile cast iron production quality in the bulk 
range of 9-18t per tapping. These conditions are in the Roll foundry in Vítkovicke slevarny, spol. s r.o. 
provided and verified mastered overpour method and the newly injection of core wire in the melt. 

Keywords: Ductile iron, method of modification, core wire, ICDP iron, high speed steel HSS 

1. INTRODUCTION 

Rolls manufactured by centrifugal casting are called two-layer cylinder. The working layer of the roll is from 
a technological point called shell layer. Second layer which fills the roll body and roll necks is called "core". 
The rolls are designed for hot rolling mills. Working layer is made from iron with high chromium content 
(HiCr), chromium-molybdenum-nickel iron (ICDP), steel with high chromium and molybdenum contents, or 
high speed steel (HSS) with regards to application rolls and working stand on mills. The core layer is cast 
from grey iron or spheroidal graphite cast iron. The core iron is alloyed with nickel, chromium, manganese 
and molybdenum [1]. Fig. 1 shows schematic draw of the roll and the distribution of layers. Production of 
two-ply rolls by centrifugal casting 
is a highly sophisticated 
technology, which uses perfect 
knowledge of material and 
properties of the melt. This 
knowledge is important for 
perfect conditions for production-
quality and to assure bonding 
between layers. Raw weights of 
cast are in the range 9000 to 
25 000 kg.  

Fig. 1. Sketch of two-layer roll, view shell layer (purple) and the 
core layer (green-white) 
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Core iron is melted in induction furnaces with a capacity of 2 x 9000 kg. The modification is made by 
overpour method or core wire method. After modification the ladle is moved to the cleaning place, where 
are removed the slag and other contaminants from surface of melt. After that is done casting in the mold. 

The timing and casting speed are precisely defined in a process of centrifugally casting. The final test of 
chemical composition is always taken from the ladle after slagging. The tests for mechanical properties, 
metallurgical analysis of graphite’s shape and basic metallic materials are removed from cast. The Melt is 
controlled by chemical composition analysis, thermal analysis and analysis of the oxygen activity during of 
all process. Tab. 1 summarizes informative chemical composition of spheroidal graphite cast [2]. 

Tab. 1. Informative chemical composition of the spheroidal graphite iron. 

C Mn Si Pmax Smax Crmax Ni Mo Mg 

2,8 
3,5 

0,1 
1,0 

1,5 
2,5 

0,100 0,020 0,5 0,60 
1,0 

0,02 
0,20 

0,030 
0,080 

2. PRINCIPLE AND CONDITIONS FOR MODIFICATION 

Fundamental of modification is influence of the graphite morphology during its crystallization from lamellar 
to a globular shape. This modification of graphite morphology is related to changes of functional 
characteristics base cast iron. As a modifier is most often used magnesium. The final content of Mg in the 
cast should be in the range from 0.025 to 0.60% [3]. 

Modification mechanism is described in many theories, which can be according to [3] summarized in next 
several points: 

� Magnesium which enters during the modification at atomic state is absorbed on the surfaces of the 
existing graphite crystal, thus is changed the rate of growth of crystal surfaces; 

� The modification is deoxidation, desulphurization and degassing of the melt, its refining; 

� The modification changes the graphitization nucleation conditions, ie., undercooling is increased, 
there are changed eutectic temperature and length of delay. 

Dissolution of Mg in the melt has its difficulties. We 
have to mind, that the boiling point of Mg is much 
lower than the temperature of molten iron. The 
boiling temperature of Mg is 911 °C. Therefore, the 
reaction of Mg with the melt leads to spontaneous 
release of magnesium fume. The reaction is very 
dependent on the method of modifications and the 
state of modifier. Magnesium is used in pure form 
or in the form of master alloys such as Fe, Si, Ni, 
etc. according to the type of method. The basic 
overview and comparison of methods with respect 
to the use of Mg and type of modifier and the 
evolution of the fume is in Fig. 2. [4]. 

Fig. 2. The basic overview and comparison of 
modification methods 
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The starting contents of oxygen and sulfur in the melt have the primary role in the process of modifications. 
Mg has a high affinity to oxygen and sulfur. Therefore it leads to deoxidation of the melt. Part of Mg is 
consumed by desulfurization. These elements are entered into chemical reactions according to equations 
(1) and (2) [3].  

2Mg+O2-2MgO -∆G=1000 [KJ.mol-1]        (1) 

2Mg+S2=2MgS -∆G=620 [KJ.mol-1]         (2) 

where is ∆G free enthalpy. 

The range of the final sulfur content is generally from 0.007 to 0.011%. Higher sulfur content makes low Mg 
yield, increases quantity of modifier, slag formation and costs etc. On the other hand low starting contents 
O and S can lead to absence of nucleuses [2]. 

Vitkovicke slevarny, spol. s r.o. performs modification of iron of the rolls by overpour method and injection 
of core wire into melt. The Selection of modification method is given by technological conditions of 
production of each casting. Advantages and disadvantages of these methods are described below. 

2.1. Overpour method 

This is a simple method which is performed in an open ladle at atmospheric pressure. Modifier and 
inoculation ingredients are put on the bottom of the ladle. Everything is carefully covered with cast iron 
turnings. The location of these ingredients is oriented to the opposite side of the ladle than the flow of 
liquid metal. These steps ensure to delay reaction modifier with liquid metal. Rolls foundry uses a modifier 
based on Ni-Mg. Mg content on this master alloys is in range 10-20% Mg. 

2.1.1. Advantage of overpour method 

The master alloys NiMg is heavier than the liquid metal. The reaction takes place on the bottom of the 
ladle. The modification is stable with a high reproducibility of results residual of magnesium Mgres in the 
narrow interval from 0.040 to 0.060 %. The Mg yield is around 40-50%. The temperature decrease is during 
modification around 50-60 °C. Thermal loss and manipulation whith melt during trhe precesses tap-casting 
is shown in Fig. 3. 

2.1.2. Disadvantage of overpour method 

The reaction is intense and effervescence. The price of modifier is high, because it contains up to 85% 
nickel. This nickel from modifier limits the use of returns. If the quantity of melt is higher than the capacity 
of the one furnace, it is made tapping from second furnace during the modification. Inoculation is made 
during modification and then in the flow during pouring. 

2.1.3. Core wire method 

It is a relatively simple method of modification too. The principle of the method is based on the injection 
core wire in melt of cast iron. Injection‘s speed is set so that core wire was melted on the bottom of the 
ladle. The ladle is covered with a lid during the modification to increase modification pressure. The literary 
sources state, that the Mg yield is 35 to 70% depending on the content and design modifications. 
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2.1.4. Advantage of core wire method 

Injection of core wire is made by feeder, which can continuously regulate the injection speed. The feeder is 
multiple, it can inject two core wires at a same time. It can combine modification and inoculation. The core 
can be changed according request to modifier from pure Mg to combination of elements such as rare earth 
metals, Ca, Si, etc. In case of higher quantities of melt than the capacity of the one furnace the tapings are 
carried out from both furnaces before the modification. The reaction is not as effervescence as during 
overpour method. Process of modification is divided until time of injection. Core wired doesn’t contain 
allow element Ni, it is higher yield of returns. 

2.1.5. Disadvantage of core wire method  

The time of modification process is longer. The temperature decrease is around 90-100 °C during 
modification and the temperature of tapping is used higher than that of overpour method. Thermal loss 
and manipulation with melt during the processes tap-casting is shown in Fig. 3. Next disadvantage is lower 
Mg yield (from 25 to 40 %) for required interval of Mgres (0.040 to 0.060 %). 

 
Fig. 3. Thermal loss and manipulation whith melt during the precesses tap-casting for different modification 

methods inspired by [5] 

3. RESULTS, COMPARED 

Classification of methods of modification is done with respect to the Mg yield. Mg yield is calculated 
according to equations (3, 4). 
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Where are: 

∆S diference of sulfur befor and after modification 

�Mg  yield of magnesium in % 

Mgres residual Mg after modification in % 

Mgus used Mg for modification in % 

Formula (3) is acceptable for processes where the values of S have high variance. Therefore, calculations 
are made according to formula (4).  

Overpouring method is higher magnesium yield than the core wire method. Core wire method is divided by 
the type of wire that is used for modification. There are wires: 

� Ø13 mm with Mg 137 g/m 

� Ø 9 mm with 65 g/m 

� Ø 9 mm with 56 g/m. 

The influence of modifier is well illustrated in Fig. 4. There is showing the graphical dependence Mgres and 
Mg yield. Next Fig. 5 describes the Mg yield and Mgus required for modification, for the condition of the 
final content Mgres is in the range 0.040 to 0.060 %. The medians of Mg yield are shown in Tab. 2. 

 
Fig. 4. Mg yield by the type of modifier, depending on the magnesium residual [%] 

 
Fig. 5. Mg yield and Mgus for necessary the final content Mgres in the range (0.040 to 0.060) [%] 
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 Tab. 1. The medians of Mg yield. 

Type of modification Median of Mg yield [%] 

NiMg 42,2 

Core wired 56 37,8 

Core wired 65 28,3 

Core wired 137 23,1 

 

Core wire method is analysed for reasons of 
injection’s speed. These analyses are shown 
in Fig. 6. Here you can see the change of Mg 
yield with depending on the injection’s speed. 
For core wire method is very important to set 
the speed, so that core wire was melted on 
the bottom of the ladle. 

Next indicator is the economic analysis of 
consumption of raw materials and returns. In 
the advantages and disadvantages were 
mentioned, that by the core wire method is 
higher returns yield then overpour method. 
This is very well evidently on the doughnut 
charts in Fig. 7. 

 
Fig. 7. Compare returns yield of modifications methods [%] 

4. CONCLUSIONS 

By the overpour method is a higher Mg yield than the core wire method. This difference is caused by the 
thermophysical proces. The master alloys NiMg is heavier than the liquid metal. The Reaction place is on 
the bottom of the ladle. Overpour method is a method at atmospheric pressure. Therefore the 
modification’s pressure is the same as metallostatic pressure. In the case of core wire method is very 
important injection’s speed. The speed must be set so that the melting of the modifier is on the bottom of 
the ladle. In this case, the conditions are approaching to the conditions of overpouring methods. For apply 
increased pressure between the surface of melt and cover of ladle, it must be ensured tightness of cover. 

Fig. 6. Influence of injection’s speed and Mg yield [%] 
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For the core wires was found the best Mg yield is by core wire with low Mg chart. In Fig. 6 influence of 
injection’s speed and Mg yield it can be concluded that core wire of higher weight of Mg in the melt should 
be injected higher speed. But it is not possible for practical reasons. 

Increasing the Mg yield for the core wire method can be under the conditions to ensure increased of 
modification pressure with combination of chosen core wire charge. 

By the core wire method is higher returns yield, then overpour method. It can be seen in Fig. 7. Increase is 
27%. This fact refund costs decrease Mg yield. 

Both methods are reliable methods. The reproducible results of narrow range of Mgres values is ensured by 
well knowledge of the Mg yield, temperature’s loss and properties of iron core in the production of 
centrifugally cast rolls in Vitkovicke slevarny, spol. s r.o. 
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Abstract  

One of the main factors affecting the quality of cast products is the amount of non-metallic inclusions, 
which form the mechanical properties, art, the presence of internal defects, machinability, etc. Obtaining 
high-quality casting gives us a filtration process that traps pollution, and regulates the flow of a stream of 
liquid metal a filter. This process slightly increases the costs associated with the production, while the 
selection of suitably optimized gating system, method and conditions of flooding, type and location of the 
filter has a significant impact on the degree of purity of the casting and foundry capacity. 

In this paper, is rated the effectiveness of structural steel filtration using filter SteelexPro Foseco company, 
through quantitative analysis of non-metallic inclusions in samples taken from the gating system 
immediately before and after the filter. 

Keywords: Steel cast, Filtration, Ceramic foam filter, Non metallic impurities, Quantitative analysis 

1. INTRODUCTION  

The retention of metallic particles by a filter, presented graphically in Fig. 1 are: 

� Capturing of impurities on the filter surface pore larger than the diameter of a ceramic foam filter - 
so called. sieve filtration. 

� Deposition by adhesion (followed by coagulation) of inclusions smaller than the filter pore, as 
a consequence of clogging of pores - it creates a so-called filter pie. 

� Capturing very small particles that entered the filter by the walls of the filter - deep filtration. 

There are many different interpretations of deep filtration mechanism, but this can be simply explained by 
the fact that the inclusions in contrast to the liquid alloy wet the walls of the filter which helps to glue them 
to the walls of the filter, the liquid metal does not usually have such abilities. This is the most intense phase 
of the filtration, and this occurs because of the many turbulence occuring in the liquid alloy with impurities, 
which contributes to their contact and interception by the walls of the filter (Fig. 2). According to this view 
it is also logical that the thicker the filter, the degree of purity of the metal increases. [1, 2] 

Until the metal completely fills the cavity of the mold, filters must effectively remove metallic particles 
from the feed material, refractory crucible and ladle, mold material, flux residues and other products 
formed during melting and casting. 

Filters must be sufficiently mechanical and heat resistant to withstand the sudden contact with hot metal 
without cracking or additional metal contamination. 

The cost of filters must be compensated by improving the quality of castings. [3] 
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Selection and use of filters in the filtration of 
steel depends on the conditions in the foundry 
and casting quality requirements, the basic 
selection parameters are: the conditions of 
casting, casting time, metal material type, 
filtration efficiency, yield [3]. 

Ceramic materials that build the filters should 
meet several basic requirements: chemical 
stability, no reaction with the liquid metal 
material, thermal shock resistance, no change 
in shape and size at the time of contact with 
the liquid metal, mechanical strength in the 
temperature range of 20 to 1650°C, 
determined resistance during the execution, 
transportation and installation of filters at 
ambient temperature, as well as resistance to 
deformation, fracture and fracture occurring 
in the course of pouring liquid metal [3]. 

Filter rating is conducted on the basis of: 
geometrical parameters describing the 
dimensions and mass, weight, porosity and 
density, physico-chemical designed to control 
the chemical composition, the evaluation of 
phase transformations occurring during the 
change of temperature, strength at ambient 
temperature. [3] 

The main factors affecting the filtration process are: the geometry of the casting, the position of the inlet 
cap relative to the mold cavity, the wall thickness of the casting, pouring temperature, pouring techniques 
(manual, mechanical, automatic), the production of gases in the form and manner of venting [4] 

Filtration efficiency can be defined by: an assessment of the ceramic filter; section after pouring liquid 
metal - free from damage which proves the required thermal and mechanical strength, and thus 
guarantees reliable filtration process, radiology, ultrasound and magnetic fields, evaluating the internal and 
surface defects (non-metallic inclusions), microscopic examination [3] and a visual assessment. 

2. MATERIAL AND RESEARCH SCOPE 

To evaluate the effectiveness of filtration eight castings made in the four melts were used [6]. In test 
casting a classical side gating system equiped with a Foseco foam filter was used. The casting geometry was 
modeled after industrial castings used for determining the mechanical properties. Square filters placed just 
before the form cavity in the infusion inlet were used in the study (Fig. 3). The filters dimensions were 50 x 
50 x 20 mm and the porosity was 10 ppi (average number of pores per inch). Selection of filter size was 
adapted to the weight of castings and other factors associated with casting. 

Fig. 1. Schematic of non-metallic particle retention by the 
filter [2] 

 
Fig. 2. Schematic of deep filtration using ceramic foam 

filter [5] 

filter 

small 
impuritie

slag particle 

filter wall 

filter pie 

metal flow 
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small 
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The filter is designed for castings weighing 55 - 70 kg of liquid steel, depending on the amount of 
deoxidation products, it is the smallest filter offered by Foseco. From the gating system of each of the eight 
castings two samples, before and after the filter were cut (Fig. 3) and consequently 16 specimens for 
metallographic quantitative analysis of inpurities were prepared.  

 

 

Fig. 3. Casting gating system and filter position and size of samples 

Quantitative analysis of nonmetallic inclusions was performed using automatic image analyser NiS - 
Elements BR by Nicon. Quantity of all nonmetallic inclusions on 5 images per sample was calculated. Mean, 
standard deviation, minimum and maximum value of characteristics such as area, perimeter, length and 
width of the non-metallic inclusions. These calculations were made for each of the five images of the 16 
samples. Based on the results for the quantitative analysis the two histograms for each sample were 
prepared. One of them presented the dependency of number of inclusions occurring in 1 mm2 [Na 
(1/mm2)] as a function of area logarithm [log (P)], while the second volume of dependence of the 
percentage of inclusions [Vv (%)] as a function of surface area logarithm [log (P)]. Then, for each histogram, 
approximating regression function was statistically stepwise adjusted, what gave us this formula (1). These 
activities enabled the obtaining of important factors that helped to estimate the efficiency of filtration. 
Approximating curve was prepared for all obtained histograms: 

        (1) 

 

where: 

U – indicator of total number of objects, 

W – variation in size of objects, 

Z – the logarithmic mean of surface area of objects. 

3. RESULTS 

Sample histograms with approximating curves and cast microstructures for sample cast 4.1 were shown in 
Figs 4-13. 

10mm 10mm 
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 Fig. 4. Microstructure of 4. 1. p sample 

 

 Fig. 5. Microstructure of 4. 1. z sample 

 
  

  Fig. 6. Distribution of the nonmetallic  

  inclusions in cast size classes 4. 2. p 

 

  Fig. 7. Distribution of the nonmetallic  

   inclusions in cast size classes 4. 2. z 

 
  

  U = 21,373, W = 0,52393, Z = 2,0276  

Fig. 8 Approximating curve of the percentage 
distribution of nonmetallic inclusions in cast size 

classes 4. 1. p 

   U = 17,204, W = 0,20700, Z = 2,1392 

Fig. 9. Approximating curve of the percentage 
distribution of nonmetallic inclusions in cast size 

classes 4. 1. z 
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Fig. 10. Distribution of the nonmetallic 

inclusions in cast size classes 4. 1. p 

Fig. 11. Distribution of the nonmetallic  

  inclusions in cast size classes 4. 1. z 
  

U = 0,00014774, W = 1,3744, Z = 3,8162 

Fig. 12. Approximating curve of the percentage 
distribution of nonmetallic inclusions in cast size 

classes 4. 1. p 

U = 0,000096591, W = 1,4073, Z = 3,4412 

Fig. 13. Approximating curve of the percentage 
distribution of nonmetallic inclusions in cast size 

classes 4. 1. z 

4. SUMMARY AND CONCLUSIONS 

Statements of the coefficients U, W, Z, of the approximating function of distribution histograms of the 
undesirable components of structure are presented in Tables 1 and 2. Also the value of calculated changes 
in individual coefficients of the value obtained for the sample taken after („z“) the filter by subtracting the 
value obtained for the sample taken before („p“) the filter the way, that the negative value indicates the 
difference in the rate reduction as a result of the filter use. 

Based on the results the following conclusions: 

� Use the filters reduced the amount of pollution in the form of nonmetallic inclusions, both in number 
and surface participation by about 33%. 

� This resulted in the reduction of size variation by analyzing the number of inclusions by 35.5%, and 
analyzing surface share about less than 1%. 

� The result is also increasing the average size of inclusions analyzing the number of inclusions by 
14.3%, and analyzing surface share a decrease of 16.6%. 
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� The effectiveness of the Foseco Stelex Pro Filters can be estimated at 33% in terms of reduction of 
pollutants in the form of nonmetallic inclusions, with a similar degree of homogenisation of 
unfiltered impurities. 

� In terms of the obtained results it can be concluded that if the applied filters, steel and melting and 
casting technology filtration mechanism involving "sticking" of minor impurities to the surface of the 
filter prevails. 

 Tab. 1. The results for quantity distribution of "Na" of nonmetallic inclusions in the surface area size classes 
No  Before After Variation 

U W Z U W Z �U �W �Z 
1.1 52,095 0,0265 3,1819 58,215 0,0269 3,5326 6,12 0,0004 0,3507 
1.2 49,029 0,1522 2,685 14,901 0,3597 3,0294 -34,128 0,2074 0,3444 
2.1 28,07 0,2573 1,9475 23,865 0,1353 3,2031 -4,205 -0,122 1,2556 
2.2 37,655 0,1333 2,1915 19,347 0,2321 2,7818 -18,308 0,0988 0,5903 
3.1 28,687 0,4537 2,4868 19,335 0,2437 2,5458 -9,352 -0,2099 0,059 
3.2 46,736 0,3185 2,3403 28,652 0,1245 2,5551 -18,084 -0,1939 0,2148 
4.1 21,373 0,5239 2,0276 17,204 0,207 2,1392 -4,169 -0,3169 0,1116 
4.2 38,08 0,318 2,3134 20,884 0,0796 2,1344 -17,196 -0,2383 -0,179 
Avg. 37,715 0,2729 2,3967 25,300 0,1761 2,7401 -12,415 -0,0968 0,3434
STD. 10,355 0,1560 0,3704 13,042 0,0989 0,4647 12,244 0,1819 0,4337

 Tab. 2. The results for the area percentage distribution "Vv" in the surface area size classes 
No Before After Variation 

U W Z U W Z �U �W �Z 
1.1 0,00023 1,3786 3,4118 0,00021 1,1048 2,3753 -0,00002 -0,2738 -1,036 
1.2 0,00021 1,143 2,8088 0,00011 1,2955 2,8971 -0,0001 0,1525 0,0883 
2.1 0,00014 1,3816 3,6544 9,4E-05 1,1129 3,1176 -0,00005 -0,2687 -0,536 
2.2 0,00013 1,0861 3,5735 0,00011 1,222 2,8971 -0,00002 0,1359 -0,676 
3.1 0,00015 1,1506 3,7077 7,9E-05 1,1204 3,3235 -0,00007 -0,0302 -0,384 
3.2 0,00018 1,1275 4,671 0,00013 1,2125 2,4386 -0,00005 0,085 -2,232 
4.1 0,00015 1,3744 3,8162 9,7E-05 1,4073 3,4412 -0,00005 0,0329 -0,375 
4.2 0,0002 1,2974 3,6471 0,0001 1,38 3,9467 -0,0001 0,0826 0,2996 
Avg. 0,00017 1,2424 3,66131 0,00012 1,23193 3,05464 -5.7E-05 -0,0105 -0,606 
STD. 3,2E-05 0,1127 0,45248 3,5E-05 0,10539 0,46093 3,1E-05 0,1706 0,7787 
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Abstract 

The paper is focused on experimental study of viscosity of melted inorganic systems based on oxides, which 
form the basis of metallurgical slags and casting powders. Viscous behavior of slags is important factor, 
which influences processes during refining metallurgical processes and processes taking place in the mould 
of continuous casting machines (CCM). Emphasis was put on the theoretical analysis of structural 
regularities of slag melts and finding connections between their microstructure, which depends on 
temperature, chemical composition and viscosity. For experiments high-temperature viscometer Anton 
Paar was used. This device is primarily intended for research of oxidic melts viscosity at temperatures of 
1600°C in a rotary and vibratory mode with the declared precision of 0.5%. To verify the functionality of 
this device the test was carried out for standard glass at the temperature of 1200°C. The following 
experiments were conducted with oxidic materials consisting mainly of CaO-Al2O3-SiO2. The influence of 
temperature and chemical composition on viscosity of researched melts was investigated. Tests to obtain 
optimum setting of torque were carried out using flow curves before each experiment. 

Keywords: melt, CaO - SiO2 - Al2O3 slag systems, viscosity 

1. INTRODUCTION 

Processes running during refining metallurgical processes together with processes running in CCM moulds 
depend on qualitative properties of molten slag and casting powders. Attention is focused namely on their 
physical-chemical properties, which comprise also viscosity, among others. Its value determines efficiency 
of reactions at the phase interface slag-metal, and they ensure in the mould a perfect lubrication of contact 
surfaces of continuously cast blanks with the mould [1, 2].  

It is generally valid that good fluidity of metallurgical slags is ensured at viscosity lower than 0.6 Pa.s-1. This 
condition is fulfilled at higher temperatures, usually at temperatures exceeding 1350°C. In proximity of this 
temperature a solid phase already begins to coexist in the melt and consequent reduction of temperature 
brings a steep increase of viscosity. These conclusions were presented for example in the works of 
Nakamoto, M. et al. [3]. Their results point out to the necessity of choosing optimal proportions of the 
components SiO2 – CaO - MgO - Al2O3 from the viewpoint of low melting point with subsequent transition 
to a liquidus phase with absence of heterogeneities, which cause increase of melt viscosity. Author 
Sugiyama [4] investigated a similar system from the perspective of viscosity. Apart from experiments he 
made also an attempt to formulate mathematical dependence of FeO content on viscosity of oxide melts.  

 

Viscosity of slag systems is moreover influenced by presence of fluorides. Addition of fluorides causes 
further thinning of molten slag, since number of free ions 2F-increases [5] 
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Obtaining of the values of viscosity of oxide molten systems can be approached on theoretical level by 
mathematical models. Temperature dependence of viscosity may be generally expressed by the Arrhenius 
equation in the form: 

RTEA /lnln 
��            (1) 

where �  is dynamic viscosity, A  is pre-exponential factor, E  is activation energy, R is universal gas 

constant and T is absolute temperature. According to G. H. Zhang [6] a linear relation exists between lnA 
and E. Linear relation for melts with dominant content of SiO2 is expressed in the following form: 

� � 47.17572216ln ��� EkA          (2) 

where k is constant for specific binary system MexOy – SiO2. It is possible to calculate k for a multi-

component system of the type � � 2SiOOM yx from the values of all binary systems MexOy – SiO2 

according to the molar fraction of SiO2 and the values of activation energies are obtained on the basis of 
number of bridging oxygen and deformation abilities of bonds. 

This model may be applied on molten slag systems in a limited extent only due to difficult obtaining of 
input data, and also due to considerable heterogeneities in real slag systems. For this reason our attention 
was focused on experimental investigation of viscosities of molten oxide systems with use of rotary 
viscometer. The main objective consisted in verification of functionality and accuracy of the equipment on 
standards at low temperatures and of reproducibility of experiments at the temperatures corresponding to 
metallurgical technologies. Last, but not least objective consisted in testing of the equipment on oxide melt 
in various operation modes. 

2. SELECTION OF EXPERIMENTAL SYSTEM AND METHOD OF MEASUREMENT  

A ternary system with the following contents of individual components: SiO2 47.12 wt. % – CaO 36.92 wt. % 
– Al2O3 15.92 wt. % was chosen for experimental research of viscosity. Individual components of this 
system were chosen as dominant components of majority of commonly used casting powders and refining 
slags. Their proportional representation corresponds equivalently to the composition of real casting 
powder, which is ready for further investigation. This ternary system was prepared synthetically from the 
components of analytical purity and it was homogenised by grinding in a ball mill.  

Experiment was performed with use of high temperature viscometer made by Anton Paar Rheoplus. The 
viscometer is primarily designated for experimental investigation of viscosities of oxide and particularly slag 
melts. This equipment is able to determined viscosity of these melts with high precision in rotary and 
vibratory modes in temperatures up to 1600°C. Measurement range declared by the manufacturer is from 
0.1 μNm to 200 mNm and it may be combined with extensive variability of temperature modes. Experiment 
was performed in a graphite crucible with graphite spindle during heating and cooling of oxide melt. The 
system was tempered to the temperature of 1400°C, and it was maintained at this temperature for 1 hour 
in order to ensure temperature homogeneity. Afterwards flow curves were plotted and the system was 
further tempered. Heating rate chosen for the experiment was 2.2°C.min-1 till achievement of the maximal 
required temperature of 1600°C. Cooling rate of 3.3°C.min-1 was chosen for cooling back to the 
temperature of 1400°C. The experiment was then concluded.  
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The equipment was prior to the experiment tested on silicon oil standards Brookfield. The tests were 
performed on the oil with viscosity of 4980 mPas and 9.5 mPas. We choose purposefully oil with high 
viscosity and oil with low viscosity for testing of accuracy and stability of experiments with use of materials 
with very different viscosity. In both cases we used crucibles with inner diameter of 300 mm. A spindle with 
diameter of 15mm was chosen for high viscosity oil, and spindle with diameter of 25 mm was chosen of low 
viscosity oil. Replacement of spindles was necessary in order to ensure the maximum accuracy of the 
obtained experimental data and to prevent turbulences in the investigated liquid. Due to the fact that 
absolute values of the tested oxide system approach viscosity of the low viscosity oil we choose for its 
investigation also a spindle with diameter of 25mm. These tests were performed at various shear rates in 
defined time intervals, at which the values were recorded in time steps of approx. 2s. 

3. RESULTS 

In the first stage of experiments the equipment was tested on oil standard with viscosity of 4980 mPas. Fig. 
1 shows dependence of viscosities on speed of rotation. Speed of rotation was changed in steps of 30, 60, 
90, 120 and 150 rpm. Dwell at each speed was 140 min. The obtained data indicate dependence of 
equipment accuracy for initial revolutions of the spindle.  

Afterwards tests on low viscosity oil followed (9.5 mPas). In this case the shear rate was continuously 
smoothly increased (1 – 100 s-1) during 234 min. in order to achieve a complex knowledge of influence of 
shear rate on viscosity. The experiment was performed twice (see two curves in Fig. 2). 

The experiment with molten ternary oxide system was made in several stages. In the first instance the 
softening point and melting of oxide system was observed. These data were recorded with use of normal 
force acting on the spindle fitting the surface of ternary system at solidus-liquidus transition. Dependence 
of change of normal force on time is shown in Fig. 3. It is obvious from the evolution of the recorded curve 
that at first volume dilatation of the system took place, which is related to an increase of normal forces up 
to the temperature of approx. 950°C acting on the spindle with their subsequent reduction in the 
temperature interval of 950 – 1100°C. At the temperature exceeding 1380°C the normal force dropped 
towards zero, it is therefore possible to assume full transition of the system to the liquid phase. 

 

Fig. 1. Dependence of viscosity on the speed of rotation for the oil standard 4980 mPas 
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Fig. 2: Dependence of viscosity on the shear rate for the oil standard 9.5 mPas 

 
Fig. 3: Dependence of normal force acting on the spindle at the temperature of investigated system 

 
Fig. 4. Dependence of the shear rate on the shear stress 
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Fig. 5: Dependence of viscosity on time at gradual increase of the shear rate from 0 to 100 s-1 

 

The system was further tempered to the temperature of 1400°C, at which flow curves were constructed.  

On the basis of dependence of the shear stress on the shear rate it is then possible to categorise the liquid 
as newtonian liquid or non-newtonian liquid. This experiment was made five times for verification of 
reproducibility and the shear rate was increased from 1 to 100 s-1 always during 10 min. The obtained 
results are presented in Fig. 4, which shows dependence of the shear rate on the shear stress, and in Fig. 5, 
which presents the same experiment as dependence of viscosity on time. 

In the last stage of experiment the ternary system was continuously heated during 90 min. from the 
temperature of 1400°C to 1600°C and the value of viscosity with the chosen slip rate of 85 s-1 was recorded. 
At 1600°C a dwell at this temperature was made for 1 hour and afterwards the system was again cooled 
down for 60 min. to the temperature of 1400°C (Fig. 6). During heating and cooling always 1000 values of 
variable quantities were recorded.  

 
Fig. 6: Dependence of viscosity on temperature during heating and cooling 
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4. DISCUSSION AND CONCLUSIONS 

During previous experiments stability and accuracy of the high temperature viscometer were tested with 
use of two oil standards. During tests at high viscosity oil high stability of experiments was established at 
spindle revolutions exceeding 30 ot.min-1, which corresponds to the shear rate of 5.26 s-1. During the next 
increase of revolutions no important changes of absolute values of viscosity occurred, nor any greater 
fluctuation of the values in time. Deviations of absolute values of viscosities from the declared value of the 
oil viscosity were recorded, the error was almost constant at all different revolutions of the spindle and it 
was approx. 3 % (Fig. 1). Experiments with low viscosity oil (Fig. 2) lead to similar conclusions. At increase 
of the shear rate from 0 to 220 s-1 the values of viscosity got stabilised above the value of approx. 20 s-1, 
and they almost did not change anymore with the following increase of the shear rate, even at the 
repeated experiment. Very high agreement (error of the order of tenths of percent) was found between 
the experiments realised afterwards.  

Nevertheless, a deviation of the absolute value of viscosity from the values of standard was determined 
again, the error was approx. 8%. 

At investigation of flow curves of the ternary system CaO-SiO2-Al2O3 a linear dependence was found 
between the shear rate and shear stress, 
and it is therefore possible to consider the 
liquid as Newtonian liquid (Fig. 4). Fig. 5 
purposefully presents the outputs of the 
previous experiment as dependences of 
viscosity on time, whereas within one 
experiment the shear rate was increased 
within the interval from 1 to 100 s-1. In this 
way we obtain information not only about 
an optimum slip rate, but at the same time 
also about chemical stability of the 
investigated system at the temperature of 
1400 °C. Reproducibility can be in this 
case, when the experiment was repeated 

five times, considered to be outstanding. In the last stage of experiment the system was tempered to 
1600°C, afterwards a dwell at this temperature was made and then gradual cooling down to the original 
temperature. For clear illustrative presentation of chemical stability of the investigated melt and for 
simultaneous prediction of stability of the measurement equipment the outputs presented in Fig. 6. are 
presented also as dependence of viscosity on time (Fig. 7). 

We can see from this presentation high agreement not only between the values of viscosity during heating 
and cooling, but also constant values of viscosities during the temperature dwell at the temperature of 
1600°C. 

On the basis of the performed experiments it is therefore possible to draw the following conclusions: 

� Testing experiments on oil standards were completed successfully. Ability of the equipment to work 
in extensive range of viscosities with high reproducibility was verified. 

 
Fig. 7.: Dependence of viscosity on time at various 

temperature modes 
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� Function of the equipment was verified at high temperatures on the selected oxide system. Again, 
high reproducibility of the obtained values was confirmed. 

� Values of viscosities of the ternary oxide system, which served as a basis of slag compositions, were 
obtained in various temperature modes. 
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Abstract 

During steel treatment at secondary metallurgy units, fluxing agents for steel slags are used from the 
viewpoint of effective steel refining. Their basic task is formation of active slag for improvement of kinetic 
conditions of refining processes at the interface steel – metal. The aim is especially steel desulphurization 
and absorption of non-metallic inclusions. Refining slags are poly-componential melts. Their properties are 
influenced by temperature, oxygen activity in slag and in steel, but mainly by their chemical composition. 
This paper presents plant results and experience with the utilization of briquetted agents based on Al2O3 

under different technological conditions on the secondary metallurgy aggregates in the conditions of 
steelwork TŘINECKÉ ŽELEZÁRNY, a.s. The paper shows assessment of influence of different properties of 
slag-making agents (lime and briquetted fluxing agents) on efficiency of steel desulphurization in the plant 
conditions. In the frame of experiments analysis of chemical composition of steel and slag was continuously 
made, temperature and activity of oxygen in steel was measured. Further, the influence of the method of 
steel desoxidation on chemical composition of slag in the ladle and on the efficiency of steel 
desulphurization was studied. 

Keywords: fluxing agents, slag, steel, desulphurization, secondary metallurgy 

1. INTRODUCTION 

Requirements to steelmaking industry concerning quality and service properties of steel are continuously 
growing. One of the possibilities for fulfilment of these requirements within the scope of secondary 
metallurgy is optimisation of slag mode in ladle. Process of formation of ladle slag is rather demanding and 
it depends on quantity of slag-making agents (CaO and synthetic slags based on Al2O3), method of steel 
desoxidation, intensity of stirring, corrosion (wear) of ladle lining and quantity of furnace slag that overflew. 
Formed mixture of individual oxides represents a slag, the composition of which distinctly influences 
viscosity, as well as its refining abilities. During steel treatment by secondary metallurgy chemical 
composition of slag is modified by other additions of slag-making agents, but also content of easily 
reducible oxides is decreased in order to create sufficiently basic, liquid slag with low melting point, which 
contributes to acceleration of physical-chemical processes at the interface slag-metal, by which it 
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influences efficiency of metallurgy processes [1]. It was found from literature [2, 3, 4, 5] that optimum 
composition of refining slag for steel desoxidised by aluminium and designated for secondary metallurgy 
treatment should contain the following proportions of oxides: approx. 60 % CaO, 30 % Al2O3, less than 6 % 
SiO2 and less than 1 % FeO.  

The paper relates to works of the authors [6, 7], which were focused on optimisation of ladle slag by 
briquetting fluxing agents (based on Al2O3) in plant conditions. Plant experiments were aimed at 
comparison of various variants of proportions of slag-making agents and of desoxidising agents with focus 
on evaluation of achievement of optimum chemical composition of slag, enabling enhancement of kinetic 
conditions of refining ladle slag during treatment on secondary metallurgy units. 

2. CHARACTERISTICS OF PLANT EXPERIMENTS 

Plant experiments with briquetting fluxing agents were realised at treatment of steel on secondary 
metallurgy units in conditions of steel-shop of TŘINECKÉ ŽELEZÁRNY, a.s. Evaluation of influence of fluxing 
agents and method of desoxidation of steel on chemical composition and refining abilities of slags was 
made at treatment of steel in the homogenisation station (HS) and in ladle furnace (LF).  

Altogether 21 melts were realised in plant conditions, namely at making of unalloyed structural steel S355 
in various modifications, the chemical composition of which is given in Tab. 1. It should be mentioned that 
plant experiments ran at making of 3 modifications of the steel S355, while different maximal contents of 
sulphur were required (0.012 and 0.015 wt. %). 

 Tab. 1 Basic chemical composition of steel S355 

Grade Range Chemical composition (wt. %) 
C Mn Si P S Al 

S355 
Min. ××× ××× ××× ××× ××× 0,010 
Max. 0.22 1.60 0.55 0.035 0.035 0.060 

 

During treatment of steel in secondary metallurgy units (HS and ladle furnace LF) samples of steel and slag 
were taken at the following technological places: in ladle after tapping from the basic oxygen furnace (BOF) 
and after arrival to the homogenisation station (sample HSstart), before departure from the homogenisation 
station to the ladle furnace (sample HSend), at the beginning of treatment on ladle furnace (sample LFstart) 
and at the and of treatment in the ladle furnace (sample LFend). In case of taking of samples of steel an 
analysis of sulphur contents was made, and analysis of samples of slag was focused on basic types of oxides 
and slag.  

3. BASIC PARAMETERS OF INDIVIDUAL VARIANTS OF EXPERIMENTS 

Different variants of experiments were proposed for creation of active slag in ladle for treatment in 
secondary metallurgy units. These variants differ mutually not only by used slag-making agents, but also by 
quantity of additions charged into the ladle. Altogether four variants were proposed, in which the following 
additions were used: lime (CaO), calcium carbide (CaC2), granular aluminium (Algranular) and two types of 
fluxing agents (A55C15BW and A65C11VS) based on Al2O3 and developed by the company JAP TRADING, 
s.r.o. Tab. 2 gives the basic characteristics of individual variants. 
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 Tab. 2: Characteristics of individual variants of industrial experiments 

Variant of 
experiment 

Additions of slag-making agents (kg) 
A55C15BW A65C11VS CaC2 Algranular CaO 

A 400 ××× ××× 150 1200 
B ××× 300 100 150 1200 
C 400 ××× 100 300 1200 
D ××× 300 100 200 1500 

It follows from Tab. 2 that two fluxing agents (A55C15BW or A65C11VS) based on Al2O3 were chosen for 
plant experiments in all proposed variants. These fluxing agents contain the same basic components, but 
they differ mutually by different content of Al2O3, CaO and by type of the used bonding agent. Tab. 3 gives 
their basic chemical composition. Moreover calcium carbide (CaC2) was added in order to reduce the 
contents of easily reducible oxides in case of penetration of furnace slag from the BOF. Granular aluminium 
(Algranular) was used for ensuing deep desoxidation, while this desoxidation agent was added also in order to 
reduce influence of alloying additions and transition of the formed oxides into slag in the ladle. The last 
item is represented by two different doses of lime (CaO), which served as basic component for the ladle 
slag. 

 Tab. 3:Basic parameters of the used fluxing agents 

Type of fluxing 
agent 

Chemical composition (wt. %) Used binder Strength 

(MPa)Al2O3 CaO MgO Fe2O3 SiO2 
A55C15BW 55 15 4 1.5 2 organic 8 – 15 
A65C11VS 65 11 6 ××× 3.5 sodium silicate 8 – 15 

4. EVALUATION OF OBTAINED RESULTS  

Assessment of influence of individual variants of slag-making agents and desoxidation agents on chemical 
composition of slags was realised in several stages. The first assessment dealt with evolution of chemical 
composition changes of ladle slags on the basis of analysis of the samples that were taken during treatment 
on two secondary metallurgy units (unit HS and ladle furnace LF). The obtained results of chemical 
composition changes were for individual variants processed into ternary diagrams presented in Fig. 1a to 
Fig. 1d [8, 9]. 
 

 

 

 

a) Variant A b) Variant B 
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c) Variant C d) Variant D 

Fig. 1 Parts of ternary diagram of CaO-Al2O3-SiO2 composition of ladle slag [8] 

Note: yellow – BOF slag (sample LDend), red – slag for homogenisation station (sample HSstart), green – slag for 
homogenisation station (sample HSend), blue – slag for ladle furnace (sample LFstart), violet – slag for ladle furnace 
(sample LFend) 

 

It follows from the ternary diagrams CaO-Al2O3-SiO2 that in case of the variant A (Fig. 1a) the temperatures 
of slag melting in ladle vary during the whole treatment in the area above 1800°C. This may be explained by 
low contents of Al2O3, approx. 15 wt. % in slag with simultaneously increased contents of SiO2 in the range 
from 18 to 20 wt. % and with content of CaO approx. 49 wt. %. It may be assumed that remelt loss of FeSi 
or FeSiMn, used at tapping as alloying addition, might have contributed to the increased contents of SiO2. It 
furthermore follows from the ternary diagram that in the course of treatment chemical composition gets 
slightly modified and ladle slags approach the boundary area of melting temperature 1600°C. This 
phenomenon may be explained by addition of aluminium (Algranular) in the ladle furnace, when content of 
easily reducible oxides was reduced. 

In the variant B (Fig. 1b) a more distinct evolution of chemical composition changes of slags is visible, but in 
this case as well the temperature of slag melting varies in the area above 1800°C. This change may be 
explained by low contents of Al2O3 in slag - approx. 13 wt. %, while contents of SiO2 were lower than in the 
preceding variant - approx. 17 wt. %, and contents of CaO varied within the interval from 51 to 54 wt. %. In 
this case it may be stated that lower addition of fluxing agent A65C11VS had negative impact on quantity of 
Al2O3 in slag, although this fluxing agent contains higher contents of Al2O3. However, in case of several heats 
the area of melting temperature was achieved in the range from 1600°C up to 1800°C, namely in slags 
departing from the ladle furnace. This phenomenon may be explained by additions of lime (CaO), fluxing 
agent (A65C11VS) and aluminium (Algranular), which lead to modification of chemical composition of slag. 

In case of the variant C (Fig. 1c) it may be stated that chemical composition of slags varies from the 
beginning in the area of melting temperatures from 1600°C to 1800°C. In this variant the following contents 
of basic oxides were achieved: Al2O3 approx. 21 wt. %, SiO2 approx. 15 wt. % and range of CaO from 45 to 
50 wt. %. In this case a positive influence of bigger additions of the fluxing agent A55C15BW was apparently 
confirmed, as well as double quantity of aluminium (Algranular) for ensuring deep desoxidation. Some heats 
move, however, at the boundary of melting temperature from 1400 to 1800°C. This may be explained by 
gradual dissolution of individual components of ladle slag, but also by additions of lime (CaO), fluxing agent 
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(A65C11VS) and aluminium (Algranular) in ladle furnace with the aim of modification of chemical composition 
and creation of refining slag. 

The last variant D (Fig. 1d) shows the biggest changes of chemical composition of slags during treatment. 
The main part of individual components varies, however, in the area of melting temperatures above 
1800°C. This may be explained by low contents of Al2O3 - approx. 13 wt. %, and by simultaneously increased 
content of SiO2 - approx. 21 wt. %, while CaO varies within the range from approx. 46 up to 52 wt. %. In this 
case it may be stated that lower contents of Al2O3 in slag represent really lower addition of the fluxing agent 
A65C11VS that was added during tapping. It may also be assumed that remelt loss of FeSi or used at 
tapping as an alloying element, as well as possibly also lower addition of aluminium (Algranular) during 
tapping, contributed to the increased content of SiO2. It also follows from the ternary diagram, that several 
“departure” slags from ladle furnace reach the low level of the melting points 1600°C. This phenomenon 
may be explained by additions of fluxing agent (A65C11VS) and of aluminium (Algranular), that were added in 
the ladle furnace in order to increase content of Al2O3 in slag and to reduce contents of easily reducible 
oxides. 

Apart from evaluation by chemical composition of slags in ternary diagrams also an evaluation was made 
with use of the achieved degrees of desulphurisation (ηs) and basic parameters of slags. Tab. 4 gives results 
of investigated parameters of degrees of desulphurisation and they represent degrees of desulphurisation 
for individual technological operations, which took place during treatment of steel. 

It is evident from Tab. 4 that degrees of desulphurisation had different values for individual variants. Total 
degree of desulphurisation (ηS Σ) varied within the range from approx. 49 to 57 % (Tab. 4). This is related to 
lower initial contents of sulphur in metal in the range from approx. 0.025 up to 0.036 wt. %, and to the 
required sulphur contents in steel within the range from 0.012 and 0.015 wt. %. It is appropriate to point 
out that plant experiments ran in the heats, which were not designated for treatment in the vacuum 
station (RH) and that their working temperatures varied within the interval from 1572 up to 1582°C.  

 

 Tab. 4: Degree of desulphurisation during treatment of steel in secondary metallurgy  

Variant of 
experiment 

Degrees of desulphurisation during treatment of steel (%) 

ηS LD ηS HS ηS LP ηS LF ηS Σ 

A 27.54 ××× ××× 16.58 56.72 

B 13.79 5.53 18.57 26.65 50.97 

C 17.07 12.09 15.99 29.91 55.97 

D 11.57 4.63 4.91 37.15 49.47 

Note: ηS – degree of desulphurisation: ηS=[Sstart.]-[Send]/[Sstart.]·100, ηS LD – degree of desulphurisation at tapping from 
LD convertor, ηS HS – degree of desulphurisation in the homogenisation station, ηS LP – degree of desulphurisation in 
ladle at transport between HS and LF, ηS LF – degree of desulphurisation in the ladle furnace, ηS Σ – overall degree of 
desulphurisation  

 

The variant C (Tab. 4) achieves the best results of continuous desulphurisation. It may be assumed that in 
this variant gradual dissolution of slag-making agents takes place during individual technological 
operations, which is accompanied by creation of liquid refining slag, which successfully participates in steel 
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desulphurisation (CaO 45 to 50 wt. %, Al2O3 approx. 21 wt. % and SiO2 approx. 15 wt. %). This trend is 
confirmed also by the results from the ternary diagram, which represent temperatures of slag melting – see 
Fig. 1c. 

Apart from degrees of desulphurisation also evaluation of investigated parameters of slags was made. Their 
results are presented in Tab. 5 and they represent basicity, contents of easily reducible oxides, proportion of 
CaO/Al2O3 and Mannesmann’s index. 

 

 Tab. 5: Investigated parameters of slags during secondary metallurgy treatment of steel  

Variant of 
experiment 

Place of taking 
of samples 

Basic parameters of ladle slags 

B1 ERO C/A MM 

A 

HSstart 2.30 2.91 3.15 0.15 

HSend 2.56 4.72 3.07 0.17 

LFstart ××× ××× ××× ××× 

LFend 2.64 1.32 3.45 0.18 

B 

HSstart 2.97 8.77 4.51 0.26 

HSend 3.09 5.56 4.41 0.25 

LFstart 2.89 4.44 4.0 0.22 

LFend 2.93 1.75 3.73 0.21 

C 

HSstart 3.14 9.62 2.38 0.16 

HSend 3.68 3.39 2.40 0.18 

LFstart 3.23 2.42 2.13 0.14 

LFend 3.70 2.17 2.47 0.18 

D 

HSstart 2.29 14.27 4.25 0.21 

HSend 2.39 7.01 4.40 0.20 

LFstart 2.34 5.70 3.20 0.15 

LFend 2.44 1.85 2.37 0.12 

Note: B1 – basicity: B1=(CaO)/(SiO2), ERO – contents of easily reducible oxides: ERO=(FeO)+(Fe2O3)+(MnO)+(Cr2O3) 
+(V2O5)+(P2O5), C/A – proportion C/A=(CaO)/(Al2O3), MM – Mannesmann’s index: MM=((CaO)/ (SiO2))/(Al2O3) 

 

It follows from comparison of individual basicities B1 (Tab. 5), that variants A and D may be included into 
the group of medium basicity, and variants B and C belong to the group of strongly basic slags. The 
achieved values are related with the contents of CaO and SiO2. The resulting degree of desulphurisation (ηS 
Σ) in individual variants cannot be, however, substantiated only on the grounds of basicity. That’s why 
evaluation also of other parameters was started.  

Moreover the content of easily reducible oxides was investigated in ladle slags (Tab. 5). In this case their 
significantly higher content was determined, in the variants B, C and D. These higher contents prove that 
furnace slag penetrated into the ladle at the end of tapping. Addition of calcium carbide (CaC2) in the 
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variants B, C and D was manifested by gradual reduction of these oxides during its dissolution. This process 
was supported in ladle furnace by additions of aluminium (Algranular). It may be presumed that certain 
quantity of easily reducible oxides is created by partial desoxidation and by alloying of steel.  

In the case of calcium-aluminous proportion it is evident that all the variants (Tab. 5) achieve the values 
exceeding normal values of this parameter (approx. 2.0 to 2.5). The variant C achieves the most stable values, 
when this parameter varies within the range of 2.1 to 2.5. In the case of variant A this proportion varies within 
the range of approx. 3.1 to 3.4, which is caused by low contents of Al2O3 in slag - approx. 15 wt. %. Variants 
B and D achieved at the beginning of experiment the values > 4, which is again confirmed by low contents of 
Al2O3 in slag - approx. 12 wt. %. Values in these variants afterwards during treatment decrease, which is 
caused by gradual dissolution of fluxing agents (A65C11VS) and of aluminium additions (Algranular), while only 
the variant D approached the optimal value. 

The last investigated parameter was the Mannesmann’s index (Tab. 5), the optimal value of which varies 
within the range from 0.15 to 0.30. It follows from the results that in the variants A and C it slightly 
increases, which is caused by gradual dissolution of the fluxing agent (A55C15BW) and aluminium additions 
(Algranular) for reduction of easily reducible oxides accompanied by formation of Al2O3 in the slag. The 
achieved values vary in the range from approx. 0.15 to 0.18, and they correspond to the lower stages of 
desulphurisation 57 and 56 %. In the remaining variants B and D, however, the values decrease in the 
course of treatment, which is caused by increasing contents of Al2O3 in the slag. This increase is caused by 
important additions of the fluxing agent (A65C11VS) containing Al2O3 and aluminium (Algranular) for reduction 
of easily reducible oxides. As a result of this increase the values of MM index decrease, which was 
manifested by the achieved degree of desulphurisation 51 and 49 %. 

5. CONCLUSIONS  

In plant conditions of TŘINECKÉ ŽELEZÁRY, a. s. a comparison of influence of different quantities of slag-
making agents and of desoxidation agents on formation of the refining ladle slag was made. The aim of 
these experiments was to obtain relevant information not only about behaviour of fluxing agents 
developed by the company JAP TRADING, a.s., but also about influence of additions of calcium carbide 
(CaC2) and aluminium (Algranular) on chemical composition of ladle slags. It is possible to draw following 
findings from the obtained results of plant experiments: 

� it follows from ternary diagrams CaO-Al2O3-SiO2 that the variant C approached the optimum 
composition of slag according to findings from literature, in which the following contents were 
achieved: 45 to 50 wt. % CaO, approx. 21 wt. % Al2O3 and approx. 15 wt. % SiO2,  

� the lowest areas of melting temperatures of ladle slags were achieved in the variant C, namely within 
the range from 1600 to 1800°C, while some heats varied at the boundary of melting temperature of 
1400°C, 

� it follows from results of degree of desulphurisation, that the variant C approached the best creation 
of liquid refining slag, which would participate in desulphurisation during independent technological 
operations,  

� on the basis of results of basicity B1 it is possible to classify the variants A and D into the group of 
slags with medium basicity, while the variants B and C belong to the group of strongly basic slags. 
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Evaluation of desulphurisation only on the basis of basicity B1 proved to be insufficient – as 
presumed, 

� evaluation of contents of easily reducible oxides in individual variants has confirmed the positive 
influence of addition of calcium carbide (CaC2) on reduction of contents of easily reducible oxides, 

� it follows from the results of calcium-aluminous proportion and from the Mannesmann’s index that 
bigger contents of Al2O3 in ladle slag, thanks to the increased quantity of fluxing agent (A55C15BW) 
added during tapping, has positive effect,  

� ensuring of deep desulphurisation of steel by aluminium (Algranular) reduced at tapping the remelt loss 
of the alloying additions of FeSi and FeSiMn, which was manifested by lower contents of SiO2 in the 
ladle slag,  

� in the next stage of research the attention will be focused on confirmation of these plant results at 
making of different steel grades, with use of an increased quantity of fluxing agent (A65C11VS) to the 
level of the fluxing agent (A55C15BW) in order to achieve the same contents of Al2O3 in ladle slag. 
Higher additions of aluminium (Algranular) will also be used for ensuring deep desulphurisation of steel 
during tapping. It is also possible to consider additions of calcium carbide (CaC2), if important 
penetrations of BOF slag will occur in tested steel grades. 
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Abstract 

This paper deals with determining the temperatures of phase transformations in real steel grades. The 
study of phase transformations in the high-temperature area was realized by dynamic methods of thermal 
analysis in the newly formed Laboratory for Modelling of Processes in the Liquid and Solid Phases. The 
scientific team consists of following members: Department of Metallurgy and Foundry and Department of 
Physical Chemistry and Theory of Technological Processes. Experiments were carried out using direct 
methods of thermal analysis (large samples – approx. 23 g) and differential thermal analysis - DTA (small 
sample – approx. 200 mg) for different rates of heating and/or cooling. 

The paper mainly discusses the possibility of determining the solidus and liquidus temperatures under 
precisely defined conditions of heating and/or cooling. A series of experimental measurements were 
carried out to obtain temperature "equilibrium" (near the equilibrium temperature) as well as experiments 
with settings that are close to real operating conditions. 

The discussion is focused on comparison of characteristic temperatures of phase transformations obtained 
using different methods of thermal analysis with clearly defined and controlled experiments (experimental 
conditions). The basic mathematical and statistical analysis of the data was also carried out. 

This paper was created in the project No. CZ.1.05/2.1.00/01.0040 "Regional Materials Science and 
Technology Centre" within the frame of the operation programme "Research and Development for 
Innovations" financed by the Structural Funds and from the state budget of the Czech Republic. 

Keywords: steel, thermal analysis, phase transformation, solidus, liquidus, heating, cooling 

1. INTRODUCTION 

Modern steel production technology needs to keep better control of the entire production cycle – from 
selection of quality raw materials, through proper control of primary and secondary metallurgy processes, 
and finally, the optimum settings of casting and solidification conditions. In the refining processes, 
optimizing the slag regimes [1, 2], thermal and chemical homogenization of the melt [3] or filtration of steel 
[4, 5] is very important to solve. In the casting and solidification of steel studies, works toward optimizing 
the process of solidification of heavy forging ingots [6] are currently being implemented. 

The methods of study of metallurgical processes are also based on knowledge of thermodynamic 
properties of materials occurring in a given technology nodes. Knowledge of solidus and liquidus 
temperatures of the studied steels is one of the most important factors - especially in dealing with the 
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processes involved in the casting and solidification. These temperatures are critical parameters for proper 
adjustment of models (physical or numerical) or in the final stage of applied research of the real process. It 
is significantly affecting the final quality of the as-cast steel (billets or ingots). 

Therefore, this paper is devoted to discussion of findings obtained during the utilization of dynamic thermal 
analysis methods to identify the solidus and liquidus temperatures. 

2. EXPERIMENTAL EQUIPMENT, USED METHODS 

As already mentioned in previous work [7], new Laboratory for Modelling of Processes in the Liquid and 
Solid Phases within the project RMSTC was formed at the Faculty of Metallurgy and Materials Engineering. 
This laboratory has also acquired new equipment for high-temperature thermal analysis - JUPITER (Fig. 1). 
The conditions for initiation of intensive research activities in the field of dynamic thermal analysis methods 
for steel are based on years of experience of team members with the issue of laboratory studies of 
metallurgical processes and the ability to use other equipment of this type - SETSYS 18TM (Fig. 2) create. 

 

 

Fig. 1. Netzsch STA 449 F3 Jupiter  Fig. 2. Setaram SETSYS 18TM 

In less than a year after the installation of new equipment JUPITER, dozens of measurements to define and 
subsequently to use the practical potential of this device - especially given by the opportunity to study the 
thermodynamic properties of the material on the "big" steel samples (over 20 g) - have already been done. 

This paper discusses methods and results of thermal analysis of samples (Tab. 1) taken from two grades of 
tool steels (A and B), with an approximate carbon content of 0.6 / 0.5 wt. %, [Cr] = 5 or 8 wt. %, and up to 
2 wt. % of other alloying elements (Ni, V).  

Two methods for dynamic thermal analysis were used to measure the solidus (TS) and liquidus (TL) 
temperatures: 

� Differential Thermal Analysis (DTA) - SETSYS 18TM, 

� Direct Thermal Analysis - JUPITER. 

The principles of both methods are described for example in [8]. 
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 Tab. 1: Steel samples with dimensions specified for each analysis 

Sample for 
method: 

NETZSCH STA 449 F3 Jupiter SETARAM Setsys 18TM 

Dimensions: 

 Ø14 mm 

20
 m

m
 

 

 

3. METHOD OF DIFFERENTIAL THERMAL ANALYSIS (DTA) 

S type measuring rod for TG / DTA (thermocouple: Pt / PtRh 10%) was used to acquire temperatures of 
phase transformations at the SETSYS 18TM equipment. Samples were analysed in alumina (Al2O3) crucibles 
with a capacity of 0.100 ml. Weight of analysed steel samples was approximately 200 mg. Measures based 
on comparison of steel sample with an empty crucible were done. Constant dynamic atmosphere - inert 
argon with purity (99.9999 %) - was maintained during measuring. Such high purity gas is accomplished by 
using a gas filtering device (SAES Getters system). 

Differential thermal analysis was used to determine the temperatures of solidus and liquidus temperatures 
close to equilibrium in the frame of studied steel grades. This method and equipment was proved for 
determination of equilibrium temperatures in the past. Small sample size limits the negative effects 
including processes related to the complex structure of the studied steels. The heating rate 10 and 15 
°C.min-1 in the critical temperature range was used to obtain the relevant temperature. Liquidus 
temperatures were then corrected according to generally accepted methods [9]. Example of the DTA curve 
obtained and analysed for the steel grade A is shown in Fig. 3. 

 

Fig. 3 DTA curve for measured steel A ([C] = 0.6 wt. %, [Cr] = 5 wt.%), heating rate 10 °C.min-1 
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4. DIRECT THERMAL ANALYSIS 

S type measuring rod for TG (thermocouple: Pt / PtRh 10%) was used for to obtain temperatures of phase 
transformations at the STA 449 F3 Jupiter equipment. Samples were analysed in the corundum (Al2O3) 
crucible with a capacity of about 4 ml. Weight of analysed samples was about 23 g. Constant dynamic 
atmosphere - inert argon with purity (99.9999%) - was maintained during measuring. 

Direct thermal analysis was used to determine the solidus and liquidus temperatures for the conditions 
corresponding to the solidification process of studied real steel grades. This method was chosen 
intentionally, it allows studying the behaviour of complex structures contained in "large" samples of steel. 

Measurements were carried out for the cooling rate 1, 2 and 6.5 °C.min-1. Example of measured and 
subsequently analysed curve obtained from direct thermal analysis measurement for steel B is shown in 
Fig. 4. 

 

Fig. 4 Curve from direct thermal analysis for steel B ([C] = 0.5 wt. %, [Cr] = 8 wt.%), cooling rate 6.5 °C.min-1 

5. DISCUSION OF THERMAL ANALYSIS RESULTS 

  
a) steel A b) steel B 

Fig. 5 Liquidus and solidus temperatures of “large” samples in dependence on cooling rate (lines are 
“equilibrium” temperatures – corrected values obtained from heating of small samples) 
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Fig. 5 summarizes the obtained solidus and liquidus temperatures for both analysed steel grades.  

Another phase transformation was identified for both types of steels and both methods in the temperature 
interval between solidus and liquidus temperatures (Fig. 3, 4). This phase transformation is not discussed in 
this paper.  

Fig. 5 shows that the solidus and liquidus temperatures (horizontal lines) determined using the DTA (close 
to equilibrium values) define the temperature range for temperatures obtained for different cooling rate 
on large samples. Processes occurring at cooling rates 1, 2 and 6.5 °C.min-1 in large samples significantly 
narrow two-phase region between the TL (liquidus temperature) and TS (solidus temperature). 

The temperature interval between the "equilibrium" TL (1464.8 °C) and TS (1340.6 °C) is 124.2 °C for steel A. 
Among its most significant narrowing occurs at cooling rate 2 °C.min-1 (59.4 °C). Non-equilibrium solidus 
and liquidus temperatures (due to the complex mechanism of steel solidification depending on cooling 
rate) obtained using direct method of thermal analysis were then determined for each cooling rate as 
follows: 

For cooling rate 1 °C.min-1:  TS = 1348.8 °C,  TL = 1436.2 °C; 

For cooling rate 2 °C.min-1:  TS = 1379.4 °C,  TL = 1438.8 °C; 

For cooling rate 6.5 °C.min-1:  TS = 1357.0 °C,  TL = 1437.2 °C. 

The temperature interval between the “equilibrium” TL (1457.8 °C) and TS (1338 °C) is 119.8 °C for steel B. 
Among its most significant narrowing occurs at cooling rate 1 °C.min-1 (60.8 °C). Non-equilibrium solidus 
and liquidus temperatures obtained using direct method of thermal analysis were then determined for 
each cooling rate as follows: 

For cooling rate 1 °C.min-1:  TS = 1381.5 °C,  TL = 1442.3 °C; 

For cooling rate 2 °C.min-1:  TS = 1374.1 °C,  TL = 1438.0 °C; 

For cooling rate 6.5 °C.min-1:  TS = 1372.6 °C,  TL = 1440.5 °C. 

6. CONCLUSION 

A number of methodological experiments and measurements under various operating conditions in the 
frame of applied research have already been done in the Laboratory for Modelling of Processes in the 
Liquid and Solid Phases (RMSTC) for a period of one year after installing of new equipment for high-
temperature thermal analysis (JUPITER). This paper was aimed to determine "equilibrium" solidus and 
liquidus temperatures and such temperatures under conditions of large samples cooling. Two different 
dynamic thermal analysis methods were used (direct and differential). 

Lower temperatures TL and higher temperatures TS measured at cooling rates 1, 2 and 6.5 ° C.min-1 in large 
samples (compared to results for "equilibrium" conditions - small samples) are probably caused by complex 
factors affecting the of the process of solidification of multi-componential system - steel. The shift to lower 
temperature values (TL) could also be related to the degree of super-cooling of the melt, with the formation 
of first critical germs of solid phase, and also with the kinetics of phase transformations. The influence is 
most likely attributable to the additional other phenomena taking place during cooling, such as formation 
of microstructure forming outside or inside the metal matrix. 

The aim of the work is to find temperatures that are relevant to real steel systems and may differ from the 
one value that is characteristic for equilibrium states. It is evident that solidification process is affected not 
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only by chemical composition but also by structure and metallographic cleanliness of steel. Deeper 
understanding of such effects will require more detailed study involving also other sophisticated analytical 
methods. 
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Abstract 

The presented paper is focused on the study of interfacial tension between selected oxide and metal 
phases. Interfacial phenomena play essential role in many metallurgical processes, in which two immiscible 
liquid phases co-exist. Experimental study of these phenomena is very difficult and this is the reason why 
there are not commonly accessible literary data to predict the interfacial effects in the interface oxide 
phase/metal. In this work the influence of SiO2 on temperature dependence of interfacial tension was 
researched. As a representative of the metal phase low alloyed steel was chosen. Because of wide variety 
of oxide systems used in the industry, characteristic system of casting powder was chosen for study. Except 
for dominant components, which mainly are SiO2, CaO, Al2O3 and MgO, these systems also contain a range 
of attendant mixtures, such as for example Fe2O3, TiO2 and Na2O. Further, for prediction of influence of 
attendant mixtures on interfacial tension the synthetic system with equivalent representation of dominant 
components was created. Experimental research of interfacial tension was performed in horizontal resistive 
graphite Tamman furnace using original method of measuring. This method consists in fixing both liquid 
phases in horizontal position using the mandrel made of tungsten wire in a corundum cover.  

Keywords: interfacial tension, molten casting powder, steel 

1. INTRODUCTION 

Interfacial phenomena between molten slag and metal have big influence on many phenomena in 
ironmaking and steelmaking processes. Interfacial tension is important for example from the perspective of 
removal of non-metallic inclusions, and moreover it influences also reaction velocity for example in 
consideration of desulphurisation and dephosphorisation, and it may influence also the shape of meniscus 
at the metal-slag interface during continuous casting of steel. For these reasons it is necessary to know the 
properties of interphase, which – similarly as other physical-chemical properties [1, 2] – form the properties 
of the resulting product.  

Measurement of interfacial tension using method of sessile drop due to its complexity encounters 
numerous problems. The most frequent scatter of experimental data may occur for example due to 
formation of bubbles on the surface of drops, as well as due to change of composition of metal during 
measurement caused by the running reaction, or by the change of composition of slag caused evaporation 
[3].  

Values of interfacial tension are strongly influenced among others also by composition of oxide system. 
Nakashima K. presents in his work [4], that interfacial tension between liquid iron and molten slag is slightly 
changed by addition of CaO, BaO, SiO, and Al2O3, however addition of FeO, MnO, Na2O and P2O5 causes big 
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drop of interfacial tension. Within this work an influence of SiO2 on interfacial tension between molten 
steel and oxide system was researched.  

2. EXPERIMENT 

System of casting powder, the composition of which is given in Tab. 1, was chosen for experimental 
research of interfacial tension. Moreover a synthetic system was created for this system, consisting of six 
dominant components in the same proportions as in the initial system of the casting powder. 

Metallic phase was formed by low-alloyed steel with the chemical composition presented in Tab. 2.  

Due to research of influence of SiO2 content on interfacial tension a concentration series was created with 
gradual additions of SiO2 (3, 6, 9 and 15 wt. %) for basic and synthetic oxide system.  

 

 Tab. 1: Chemical composition of casting powder   Tab. 2: Chemical composition of used steel 

 Real casting 
powder 

Synthetic casting 
powder   Steel 

component wt.% wt. %  component wt. % 
SiO2 37.10 41.452  C 1.190 
CaO 29.00 32.402  Si 0.348 
MgO 1.70 1.899  Mn 0.656 
Al2O3 12.50 13.966  S 0.027 
TiO2 0.50 -  P 0.020 

Fe2O3 0.64 -  Cu 0.060 
MnO2 0.10 -  Ni 0.029 
Na2O 5.10 5.699  Cr 0.077 
K2O 0.40 -  Mo 0.004 
P2O5 0.10 -  Ti 0.010 

F- 4.10 4.582  Al 0.030 
Ctot 7.20 -  V 0.006 
Cvol. 6.00 -  Co 0.008 
CO2 4.40 -  As 0.040 

    Fe 97.420 

Experimental research of interfacial tension was performed in v horizontal resistance graphite Tamman’s 
furnace. Its control and principle of imaging of the measured samples during heating was described in 
detail in the work [5].  

The following relation was used for calculation of interfacial tension (1): 

cosθ(g)(o)σ(g)(s)σ22
(g)(o)σ2

(g)(s)σ(o)(s)σ 	�	�	��
���        (1) 

Calculation of interfacial tension according to the relation (1) required experimental determination of 
surface tension of the oxide system σ(o)-(g), surface tension of the molten steel σ(s)-(g) and wetting angle of 
liquid phases Θ. Sessile drop method, which is based on recognition of geometric shapes of a drop of melt, 
which is sessile on a non-wettable plate was used for measurement of surface tension of oxide system and 
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of steel [6]. A corundum plate coated with a layer of a boron nitride was used as a non-wetting pad for 
steel. Graphite pad was used for oxide systems. 

Original methodology of measurement [7], shown schematically in Fig. 1, was used for determination of 
wetting angles of both liquid systems. Principle of this methodology consists in fixing both liquid phases in 
horizontal position using mandrel made of tungsten wire in corundum cover.  

After melting of both systems a wetting angle is calculated by the software specially developed for this 
methodology on the basis of determined contours of steel and of oxide system – as shown in Fig. 2. 

  

Fig. 1: Schematic diagram of experimental method Fig. 2: Image of molten phases 

3. RESULTS 

3.1. Surface tension  

For calculation of interfacial tension according to the relation (1) in the first stage of experiment surface 
tension of the used steel and of oxide systems was measured. Fig. 3 shows the obtained temperature 
dependence of steel surface tension. Temperature dependences of surface tension of real and synthetic 
oxide systems are shown in Fig. 4.  
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Fig. 3: Temperature dependence of surface tension 

of steel 
Fig. 4: Temperature dependence of surface tension 

of real and synthetic casting powder 

 

3.2. Wetting angle  

In the second stage of experiment wetting angles between steel and oxide systems were measured. For 
clarity Fig. s 5 and 6 show temperature dependences of wetting angles between steel and oxide system 
without addition of SiO2, and with addition of 9 wt. % of SiO2. 
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Fig. 5: Temperature dependence of wetting angle of 

systems without addition of SiO2 
Fig. 6: Temperature dependence of wetting angle of 

systems with addition of 9 wt. % SiO2 

 

3.3. Interfacial tension  
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Fig. 7: Comparison of interfacial tension steel/real 

oxide system and steel/synthetic oxide system 
without addition SiO2 

Fig. 8: Comparison of interfacial tension steel/real 
oxide system and steel/synthetic oxide system with 

addition of 3 wt.% SiO2 

1250

1350

1450

1550

1650

1280 1330 1380 1430

in
te

rf
ac

ia
l t

en
sio

n 
[m

N
/m

]

temperature [°C]

real CP+6wt.% SiO2
synthetic CP+6wt.% SiO2

 

1250

1350

1450

1550

1650

1280 1330 1380 1430

in
te

rf
ac

ia
l t

en
sio

n 
[m

N
/m

]

temperature [°C]

real CP+9wt.% SiO2
synthetic CP+9wt.% SiO2

 
Fig. 9: Comparison of interfacial tension steel/real 

oxide system and steel/synthetic oxide system with 
addition of 6 wt.% SiO2 

Fig. 10: Comparison of interfacial tension steel/real 
oxide system and steel/synthetic oxide system with 

addition of 9 wt.% SiO2 
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Fig. 12: Dependence of interfacial tension on 
molar fraction of SiO2 at temperature of 1360 °C 

After completion of measurement of all experimental data calculation of interfacial tension according to 
the equation (1) was made. Figs. 7 – 11 show temperature dependences of interfacial tension. Individual 
Fig. s show always comparison of interfacial tension steel/real oxide system and steel/synthetic oxide 
system.

Due to unavailability of data on surface tension of 
synthetically prepared oxide system with addition 
of 15 wt. % of SiO2 it was impossible to calculate 
interfacial tension. During experimental 
measurements of surface tension of this system the 
melt repeatedly foamed, which significantly 
influenced the final values. For this reason Fig. 11 
shows only temperature dependence of interfacial 
tension between steel and real casting powder with 
addition of 15 wt. % of SiO2.  

 

 

4. DISCUSSION AND CONCLUSION 

In this work are presented results of experimental research of interfacial tension between steel and oxide 
system, which was in our case represented by real casting powder and by synthetically prepared six-
component system with the same representation of dominant components as in initial casting powder.  

 

In the first stage of research surface tension of the 
used steel and of all prepared oxide systems was 
experimentally measured. Surface tension decreased 
with increasing content of silica oxide both in real 
system and in synthetically prepared system with 
addition of SiO2. In this way the theory of function of 
SiO2 as network former was confirmed. Values of 
surface tension of melts are closely related to their 
internal structural changes. If the melt contains ions 
Si4+, it is generally valid that they will have a decisive 

influence on its structure, since silicon is the most 
electro-negative of all elements of the system, and it 
creates with oxygen stable complexes with strong 

covalent bond. Ions Al3+ also play an important role, since they can participate in formation of poly-anion 
networks. Approximate estimate for determination of influence of these cations on structure of melt is 
given by criteria O/R (O is total amount of substance of oxygen in the system, R total amount of substance 
of Si and Al atoms) and 3O2AlMeO x/x . According to the work of V.P.Smoljarenko [8] the condition for 

formation of isolated tetrahedrons of SiO4
4- is share of O/Si ≤ 4. In our case the basic system achieves this 

1250

1350

1450

1550

1650

1280 1330 1380 1430

in
te

rf
ac

ia
l t

en
sio

n 
[m

N
/m

]

temperature [°C]

real CP+15wt.%SiO2

 
Fig. 11: Temperature dependence of interfacial 
tension steel/real oxide system with addition of 

15wt.% SiO2 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

114 

value equal to 3.06. According to this assumption it is evident that SiO2 also participates in formation of 
network structures.  

In the next phase of experimental measurement the wetting angles were determined between steel and 
individual oxide systems. All experimentally obtained values were used for calculation of interfacial tension 
according to the equation (1). It is apparent from the Fig. s 7-11 that interfacial tension in all investigated 
real and six-component concentrations decreases with temperature. Interfacial tension values of all studied 
systems range from 1400 mN/m to 1550 mN/m. Dominant influence on these values has the surface 
tension of steel, which is much higher than the surface tension of oxide systems. Fig. 12 illustrates clearly 
influence of SiO2 on interfacial tension. This Fig. shows the dependence of interfacial tension on SiO2 
content at the temperature of 1360 °C. It is evident from this Fig. that interfacial tension decreases with the 
increasing content of SiO2 in the order of 10 mN/m. 

The obtained results may be summarised in the following manner: 

� Interfacial tension between low-alloyed steel and casting powder, with dominant components SiO2, 
CaO, Al2O3 and MgO, decreases with temperature. 

� Presence of minority components (Fe2O3, TiO2 and Na2O) in the oxide system influences surface 
behaviour of all systems. It was established on the basis of comparison of real and synthetic systems, 
that accompanying admixtures decrease values of surface tension. 

� Calculation of interfacial tension of all systems was influenced by high value of surface tension of 
investigated steel. 

� Interfacial tension slightly decreases with the increasing content of SiO2. 
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Abstract  

The paper deals with investigation into segregation behavior of selected elements in longitudinal cut of 
steel slab, in the breakout area. The breakout occurred after a flying tundish change at a steel grade 
changing. Altogether 11 samples were taken from the part of a solidified slab. Samples were taken both 
from the breakout areas and from the areas not affected by the breakout. On these samples concentrations 
of selected elements (Al, Si, P, S, Cr, Mn, Ni and Mo) were measured using scanning electron microscope 
and energy dispersive spectroscopy. Concentration data were measured on each sample in 101 points 
along selected line of 1000 μm. Concentration data from the individual samples were then subjected to 
basic statistical analysis. Using the original mathematical models the basic micro-segregation characteristics 
were further determined for each analyzed element. The parameter of macro-heterogeneity was also 
determined for individual elements from the measured concentration data. Results – the segregation 
characteristics - were interpreted with respect to the known technological parameters of casting.  

Keywords: micro-segregation, continuously cast slab, steel, breakout, intermixing 

1. INTRODUCTION  

Increasing the production efficiency of the continuous casting process requires casting of longer sequences 
of ladles without stopping and restarting the caster. As the demand for wider ranges of steel products 
increases at the same time, the intermixing of dissimilar grades is becoming a problem of growing concern.  

Several different procedures exist to handle the casting of dissimilar grades. One of them is the “flying 
tundish change”, which completely prevents mixing in the tundish. The tundish is changed at the same time 
the ladle containing the new grade is opened, so mixing occurs only in the strand. To further minimize 
intermixing, a “grade-separator” plate can be inserted into the mold. This method is capable of completely 
preventing mixing in the strand. However, physical insertion of the “perfect grade separator” requires 
significant slowdown or even stoppage of strand, which incurs the risks of excessive bulging and cracks in 
the strand, breakouts, and even damaging the caster machine [1].  

Inhomogeneity (concentration, temperature) in the area of intermixing zone can be the reason for the 
breakout in the secondary-cooling zone, where a coexistence of solid and liquid phases exists.  

The aim of the present work is to study experimentally the concentration distribution of selected elements 
in micro-volumes and the concentration differences in macro-volumes in the breakout area of continuously 
cast steel slab. Breakout at casting of slab with cross-section dimensions of 1530x250 mm occurred at the 
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places where after the flying tundish exchange a smooth mixing of melts of two different steels with 
dissimilar chemical composition took place. It happened at the distance of 14.15m from the meniscus in the 
crystallizer, after 20 minutes of casting of new steel. 

2. EXPERIMENT 

Samples for analyses were taken from longitudinal cut of the 
solidified steel slab (1530x250 mm), in which a breakout 
occurred at the change of chemical composition. The 
breakout occurred at the places, where after the flying 
tundish exchange the melt of steel A from the previous heat 
got mixed with the steel B from the following heat. Taking of 
samples was performed in accordance with the diagram 
shown in Fig. 1, melt analyses of both steels are given in Tab. 
1. The heats differ namely by contents of C, Mn, Cr and Mo. 
Altogether 11 samples were taken from the mixed zone, both 
from the area of the breakout itself, and also from its vicinity.  

Concentration of selected elements (C, Si, Mn, P, S, Cr, Ni, 
Mo, Al a Fe) was measured on individual samples by 
spectrometry with use of the instrument SpectroMaxx made 
by Spectro, software Spark analyser MX. At least 4 analyses 
were made on each sample in the area beyond the strand 
shell. 

Concentration profiles of the elements Al, Si, P, Cr, Mn, Ni, 
Mo and Fe were experimentally determined on the samples 1-3 and 9-11 [2]. The samples were prepared 
by standard metallographic method. Micro-analysis of element composition was made with use of scanning 
electron microscope VEGA II XMU (TESCAN) with X-ray energy dispersive micro-analyser QUANTAX 800 
(BRUKER) with detector of SDD type. Measurements were performed on each sample in straight line of 101 
points with a step of 10 μm. 

Furthermore a quantitative measurement of inclusions (“microcleanness”) [3] was performed on the 
samples 1-3 and 9-11 [3]. Metallographic microscope Neophot 32 and digital camera Olympus C-3030 were 
used for observation and photo documentation. Micro-purity was evaluated on the image analyser 
Olympus CUE4 at standard conditions of measurement (i.e. applied magnification 100x, an area of approx. 
1cm2 was evaluated on each sample).  

 

 Tab. 1 Melt analyses of the steels A and B in wt.% (selected elements) 
Steel C Si Mn P S Cr Ni Mo Al 

A 0.416 0.28 0.70 0.013 0.0064 0.95 0.03 0.206 0.037 
B 0.174 0.23 1.46 0.017 0.0058 0.07 0.02 0.005 0.048 

 

 

 

Fig. 1 Taking of samples and their marking 
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3. RESULTS AND THEIR DISCUSSION  

Results of analyses of average chemical composition of the samples 1-3 and 9-11 determined by 
spectrometer are given in Tab. 2 (results for all taken samples – see work [4]). From these samples we can 
see very uneven mixing of both steels, namely in the samples 9-11.  

 Tab. 2 Analysis of average chemical composition of the samples determined by spectrometer (wt.%) 
Sample C Si Mn P S Cr Ni Mo Al Fe 

1 0.274 0.252 1.15 0.018 0.0090 0.364 0.037 0.069 0.045 97.70 
2 0.197 0.240 1.23 0.014 0.0083 0.199 0.031 0.031 0.050 97.90 
3 0.265 0.250 1.15 0.016 0.0087 0.373 0.033 0.069 0.044 97.70 
9 0.408 0.284 0.73 0.016 0.0091 0.930 0.039 0.190 0.043 97.20 

10 0.201 0.241 1.23 0.015 0.0075 0.219 0.031 0.036 0.048 97.90 
11 0.382 0.276 0.76 0.016 0.0094 0.870 0.040 0.177 0.042 97.30 

These findings are confirmed also by results from micro-analytical measurements. Concentration sets 
obtained by micro-analysis were subjected to the basic statistic analysis and the following characteristics of 
the analysed elements for individual samples were determined: average concentration of the element Cav 
and its standard deviation σn-1, maximal Cmax and minimal Cmin concentration of the element. Out of all the 
analysed samples for presentation of micro-segregation behaviour and chemical micro-heterogeneity the 
elements Mn and Cr were chosen, as their concentration differed in melts of the steels A and B. The 
characteristics mentioned above are for the elements Mn and Cr given in Tab. 3.  

 

 Tab. 3 Basic statistic parameters of micro-analytically measured concentrations of Mn and Cr in the 
samples and determined indices of micro-heterogeneity and macro-heterogeneity 

 Mn Cr 

sample Cav σn-1 Cmin Cmax IH IP Cav σn-1 Cmin Cmax IH IP 

1 (n=96) 1.619 0.155 1.287 1.998 0.096  

 

0.343 

0.721 0.072 0.543 0.919 0.100  

 

0.760 

2 (n=98) 1.730 0.162 1.340 2.224 0.094 0.553 0.077 0.368 0.788 0.139 

3 (n=99) 1.633 0.215 1.213 2.280 0.132 0.718 0.092 0.522 0.930 0.129 

9 (n=96) 1.224 0.126 0.895 1.559 0.103 1.230 0.137 0.959 1.549 0.111 

10 (n=99) 1.633 0.141 1.257 2.040 0.086 0.561 0.076 0.364 0.790 0.135 

11 (n=99) 1.238 0.140 0.857 1.635 0.113 1.222 0.131 0.938 1.554 0.107 

Note: Concentrations are given in wt.%, n is number of the measured points minus number of the points 
that were excluded on the basis of the Grubbs’ test. 

 

It follows from comparison of the values of average concentrations of Mn and Cr determined by micro-
analysis (Tab. 4, parameter Cav) and concentration values of these elements determined by melt analysis 
(Tab. 1) and by spectrometer (Tab. 2), that the values obtained by energy dispersive micro-analysis are 
distorted by certain error (overestimation). For this reason we will not take into account in future 
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interpretation of the results the absolute values of thus measured concentrations (and of other parameters 
determined from those concentrations), but only the differences between individual samples. Due to the 
fact that micro-analytical measurements were performed for all the samples under the same working 
conditions [2], it is possible to make such differential comparisons. 

From statistically processed concentration files indices of micro-heterogeneity IH were moreover calculated 
for individual elements, which characterise chemical heterogeneity of the given element in the measured 
section, i.e. on the abscissa of 1000 μm. Index of micro-heterogeneity for the given element is determined 
as a ratio of standard deviation σn-1 and average concentration Cav of the element in the measured section 
on the sample. The values IH for Mn and Cr are given in Tab. 3, which contains for these elements also the 
so called indices of macro-heterogeneity IP; IP = dc/cm, where dc = Cmax – Cmin and cm = (Cmax + Cmin)/2. Index 
of macro-heterogeneity characterises chemical heterogeneity of the given element within the whole area 
of the cross-section, from which the samples were taken for analyses. 

Several findings ensure from the results given in Tab. 3. Concentration distribution of Mn and Cr within 
individual samples is on the measured sections (1000 μm) comparatively homogenous, as it follows from 
the values of standard deviations of concentrations σn-1. This means that chemical micro-heterogeneity 
within the frame of the measured sections, caused by segregation of elements, is not too high. This 
conclusion has been confirmed also by calculated values of indices of micro-heterogeneity IH. Values of this 
parameter do not differ too much for individual samples and they do not differ too much even between 
both elements. It means that segregation behavior of elements in micro-volumes is very similar in all the 
analysed samples.  

Courses of micro-segregation of both elements on individual samples were processed also graphically in the 
form of the so called distribution curves of dendritic segregation (Figs. 2 to 5). These curves represent 
dependence of the element concentration on the fraction of the solidified phase at crystallisation and 
solidification of the given material. Details about formation of curves from micro-analytically measured 
concentration data are given in the work [5]. 

It follows from Tab. 3 that chemical macro-heterogeneity across the slab section is very high. It is 
manifested by differences of the values of average concentrations of Cav calculated for individual samples. 
Differences are obvious namely in the samples 9-11 and particularly for Cr. High chemical heterogeneity is 
documented also by the values of indices of macro-heterogeneity Ip, which are higher than indices of micro-
heterogeneity, especially for Cr. Chemical macro-heterogeneity was here unequivocally caused by 
penetration of steel from the next heat into the steel from the previous heat, which was contained in 
crystallizer during the flying tundish exchange. 

Curves in Figs. 2-5 also confirm that concentration differences of Mn and Cr are very high between 
individual samples. The sample 10 particularly distinguishes itself from the whole set of the analysed 
samples, as it is characterised by high concentration of Mn and low concentrations of C, Cr and Mo in 
comparison with adjacent samples 9 and 11 (see Tabs. 2 and 3 and Fig. 2-5). 

Different behavior of the area, from which the sample 10 was taken, is confirmed also by analyses of 
inclusions in individual samples. In all the evaluated samples, regardless of the place of their taking, the 
same types of inclusions are present – oxi-sulphides of globular shape prevail, and sulphides of rounded 
and polyhedral shapes are also present, as well as oxides [3]. Tab. 4 presents selected results – size and 
number of inclusions in the analysed samples 1-3 and 9-11. 
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Tab. 4 Size and number of inclusions in the analysed samples  
 

Sample Average number of inclusions with the areas > xxx ��m2 
(inclusions/mm2) 

Size of inclusions 
 (�m2) 

�/ �� sx  >5 >10 >15 >20 >25 >50 >100 Max � �� sx  
1   24.5 � 8.0  24.5  17.8  10.8  5.5  3.0  0.5  0.1  366  17 � 14 
2   21.6 � 9.5  21.6  17.9  14.0  9.6  6.7  1.8  0.4 1290  26 � 41 
3   26.1 � 8.7  26.1  19.9  13.1  7.4  4.5  1.1  0.3 4688  22 � 90 
9   17.7 � 6.1  17.7  12.6  7.8  4.1  2.2  0.4  0.1  366  18 � 15 
10  39.1 �17.8  39.1  32.2  23.1  15.5  10.6  3.7  1.1 1377  28 � 51 
11  24.4 � 7.9  24.4  18.1  11.1  5.9  3.6  0.6  0.1  152  18 � 13 

 

The following order of the samples from the viewpoint of microcleanness was established from 
observations according to the global contamination of the sample by inclusions (Tabs. 4 a [3]): 

� sample 9 → sample 1 → sample 11 → sample 2 → sample 3 → sample 10; 

  
Fig. 2 Distribution curves of dendritic segregation 

of Mn for the samples 1-3 
Fig. 3 Distribution curves of dendritic segregation 

of Mn for the samples 9-11 

  

Fig. 4 Distribution curves of dendritic segregation 
of Cr for the samples 1-3 

Fig. 5 Distribution curves of dendritic segregation 
of Cr for the samples 9-11 
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� at the same time it is possible to divide the samples from the perspective of the level of global 
contamination approximately into three groups – samples 1, 9 and 11 (up to 0.04 %), samples 2 and 3 
(0.06 %), and the sample 10 (0.11 %).  

It follows from the above that even from the perspective of contamination by inclusions a big difference 
exists between individual analysed samples. The smallest contamination was in the sample 9, and the 
biggest one was in the sample 10. Asymmetric contamination of the continuously cast slab results from 
asymmetric flow, which could be induced by nozzle clogging, by turbulence and by excessive argon jet 
injection [6].  

It may be stated on the basis of the above facts that the breakout occurred most probably as 
a consequence of strongly uneven mixing of the melts of the steels A and B in the crystallizer. In the area of 
mushy zone the differentially enriched melt was already caught in bigger solidified lumps, which prevented 
its homogenisation. The created temperature and stress gradients together with surface defects of the 
solidified strand shell evidently caused the breakout. Substantially uneven mixing of the melts of both 
steels was obviously one of the main causes of occurrence of the breakout, segregation actions in this case 
may have a secondary influence.  

4. CONCLUSIONS 

The work investigated the micro-segregation behavior of selected elements (Cr, Mn) across the longitudinal 
section of the continuously cast slab, the casting of which had to be stopped due to the breakout. The 
samples for analyses were taken from the cut of the slab, in vicinity of the breakout. Moreover chemical 
macro-hetorogeneity of selected elements (C, Si, Mn, P, S, Cr, Ni, Mo, Al and Fe) in the area of this cross-
section was investigated. On the basis of extensive experimental measurements the following main results 
were determined: 

� segregation behavior of the elements Cr and Mn in micro-volumes (i.e. micro-segregation) is very 
similar in all the analysed samples, 

� magnitude of segregation of these elements on the measured sections of 1000 μm is approximately 
the same on all analysed samples, 

� chemical macro-heterogeneity is very high across the analysed slab section, elements with different 
concentration in the melts of the steels A and B are along the longitudinal axis distributed very 
unevenly, 

� from the viewpoint of contamination by inclusions big difference exists between individual analysed 
samples, which might have been caused by asymmetric flow in the crystallizer, 

� very uneven mixing of melts of both steels was probably one of the main causes of formation of the 
breakout.  
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Abstract 

In the process of continuous casting of steel the secondary cooling zone plays a crucial role in extraction of 
heat from the casting. In general, solidification processes in secondary cooling zone are described by 
nonlinear partial differential equations. Nowadays, these equations are being solved by numerical methods 
in various virtual casting environments. In systems and control theory, dynamical systems described by 
partial differential equations are considered as distributed parameter systems; for control purposes being 
conveniently formulated as lumped input and distributed output systems. 

The aim of this paper is to show new possibilities for control of temperature field in secondary cooling 
zone, utilizing the results of engineering control theory for distributed parameter systems. Basic dynamical 
characteristics are identified by means of distributed parameter step responses, generated in numerical 
casting software environment ProCAST. For the formulation of control tasks, dynamics of temperature field 
is decomposed into time and space components, respectively. Control synthesis in space is solved as an 
approximation problem whereas control synthesis in time is solved by lumped parameter systems theory. 
The proposed approach will be demonstrated in the temperature field control process of a continuously 
cast billet. Along with essential dynamical characteristics obtained in ProCAST, Distributed Parameter 
Systems Blockset for MATLAB & Simulink will be utilized as well, providing an easy way to design, set up 
and simulate distributed parameter control loops. 

Keywords: continuous casting, secondary cooling zone, distributed parameter system, control, numerical 
model 

1. INTRODUCTION 

Today’s powerful capabilities of personal computers provide rich possibilities for numerical dynamical 
analysis of technological and manufacturing processes described by non-linear partial differential 
equations. This holds also for a continuous casting technology, which could serve as a typical representative 
of such processes. Various casting simulation software packages, devoted to both shape as well as 
continuous casting technology are currently available on the market (see Tab. 1). All software packages 
implement one or more numerical discretization schemes, well-known to engineering community [1]. 
Except standard practices performed in these software products, various possibilities to apply a control 
strategy for already developed numerical models emerge as well. 

The aim of this paper is to propose the control strategy for secondary cooling zone along with presented 
distributed parameter systems theory and basic simulation results. Slovak University of Technology in 
Bratislava in cooperation with Železiarne Podbrezová Research and Development Centre is currently 
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developing the numerical model of a continuous casting process in ProCAST software environment [2]. On 
this model, simulation control study has been realized in MATLAB & Simulink, utilizing Distributed 
Parameter Systems Blockset for MATLAB & Simulink [3]. 

 

 Tab. 1 List of numerical casting software packages 

Software Producer URL 

ProCAST / QuikCAST 
MAGMASOFT 

SOLIDCast 
CASTech 
CAPCAST 
StarCAST 
NovaCast 

AnyCasting 
Flow-3D Cast 

AutoCAST 
SUTCAST 

ADSTEFAN 
THERCAST 
WinCAST 

MAVIS FLOW 
JSCAST 

CASTFLOW/THERM 

ESI Group 
Magma GmbH 

Finite Solutions Inc. 
CT-Castech Inc. Oy 

EKK, Inc. 
CD-adapco 

NovaCast Systems AB 
AnyCasting Co. Ltd. 

Flow Science Inc. 
Advanced Reasoning Technologies Pvt. Ltd. 

SUTCAST Software Technology, Inc. 
Hitachi America Ltd., R&D 

TRANSVALOR S.A. 
RWP GmbH 

Alphacast Software Ltd. 
QUALICA Inc. 

Castec Australia Pty. Ltd. 

www.esi-group.com/ 
www.magmasoft.de/ 

www.finitesolutions.com/ 
www.castech.fi/ 

www.ekkinc.com/ 
www.starcast.org/ 

www.novacastfoundry.se/ 
www.anycastsoftware.com/ 

www.flow3d.com/ 
www.autocast.co.in/ 
www.sutcast.com/ 

www.hitachi-hap-la.com/DM/ 
www.transvalor.com/ 
www.rwp-simtec.de/ 

www.alphacast-
software.co.uk/ 

www.jscast.com.cn/ 
www.castecaustralia.com/ 

2. BASIC CONTROL PROBLEMS 

High demands on quality and production rate of continuous casting machines require casters to operate 
under controlled cooling conditions. Unlike the cooling in the mould, which is not possible to influence in 
a significant scale, it is endeavoring to optimally set and control the cooling conditions in the secondary 
zone. 

Control systems of a secondary cooling can be divided virtually into two categories, static and dynamic. In 
the static case, flow rates into individual subzones are automatically adjusted according to the cooling 
curves or tables, usually being piecewise linear functions with the constraints from the top and the bottom. 
The control strategy consists in keeping the specified quantity of water that impinges on the unit weight of 
a strand. The requirements placed on the secondary cooling may be contradictory and it is necessary to 
look for compromises, always considering crucial (and often limiting) metallurgical and technological 
parameters (metallurgical length, breakout safety margin etc.). The final decision must be made by the 
technologist and material engineer, while the task of service technicians and specialists of the 
measurement and control is to keep the desired cooling parameters. 

The dynamic control algorithms of the secondary cooling are designed to meet the specified criterion of 
automatic control. To define this criterion or objective in the chosen operating mode is a fundamental 
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problem, whose formulation is primarily within the competence of production engineers and metallurgists. 
The objective may be, for example, keeping requested metallurgical length, minimizing the temperature 
gradient in strand subdomains or trying to control the intensity of the secondary cooling to achieve 
maximum possible similarity of the strand temperature field to the standard casting conditions 
temperature field. Advanced dynamic control systems for the secondary cooling differ by the method used, 
the objective and success. In this paper, engineering method for strand secondary cooling control as 
distributed parameter system will be presented [4]. 

3. SECONDARY COOLING ZONE AS DISTRIBUTED PARAMETER SYSTEM 

Let us consider a continuous casting machine with secondary cooling zone (SCZ) divided into five 
independent subzones with controlled water flow rates, Fig. 1. Cooling processes that take place in SCZ are 
described by partial differential equations. In systems and control theory, such systems are known as 
distributed parameter systems (DPS), [4]. State/output variables of such systems are given as variable 
fields. For particular SCZ, relation between water flow rates and temperature field of a billet can be 
considered in the form of a structural scheme, Fig. 2. 

In this scheme, the cooling water flow rates in all subzones are represented by input quantity vector 

{ ( )}i iU t . Time dynamics of controller valves in all subzones is represented by the set of transfer functions 

{SA }i i . Time-space dynamics of water nozzles in all subzones is represented by the set of transfer 

functions {GU }i i . Temperature field of a billet ( , )Y x t  represents the distributed output quantity as a 

response to distributed input (cooling water sprays), hence distributed input and distributed output system 
(DDS). 

  
Fig.1 Cooling sub-zones of a caster  Fig.2 LDS internal structure 

 

Although all relations and procedures presented here remain fully valid for 1D, 2D as well as 3D definition 
domain, it is natural to demonstrate all relations and characteristics on 1D definition domain. In particular, 
we can consider dimensional reduction of a casting domain. 
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4. ANALYSIS OF DYNAMICS 

The relation between { ( )}i iU t  and ( , )Y x t , Fig. 3, is generally nonlinear; therefore the analysis of dynamics 

is performed in a linearized neighborhood of selected operating mode. For this purpose, all system 
responses were calculated on a discrete-time 2D finite element (FEM) model in ProCAST. Particular 

responses 1,5{ ( , )}i iY x k �  to water flow rate step changes 1,5{ ( )} �i iU k  were calculated for all cooling 

subzones. Normalizing these responses to unit step changes { ( ) 1( )}i iU k k�  we obtain distributed 

transient characteristics 1,5{ H ( , )}i ix k �HH (Fig. 3). 

 
Fig. 3 Temperature field evolution as a response to cooling intensity unit step change in i-th cooling 

subzone 

Subtracting the time-shifted responses 1,5{ H ( , )}i ix k �HH  we obtain the set of impulse characteristics 

� � � � � �� � 1,5
H , H , H , 1i i i i

x k x k x k
�

� �==G H H  (1) 

Using (1) it is now possible to compute overall system response 

� � � � � �
5 5

1 1
, , H ( , )i i i

i i
Y x k Y x k x k U k

� �

� � �� �GG  (2) 

where �  marks discrete convolution. Relation (2) determines the relationship between changes in cooling 
water flow rates and overall change in the temperature field of the casting. 

4.1. Dynamics decomposition 

Let’s select particular nodal points 1,5{ }i ix �  such that the partial distributed transient characteristics in 

those points 1,5{ H ( , )}i i ix k �HH  exhibit maximum gains. To all these characteristics a set of discrete transfer 

functions 1,5{ H ( , )}i i iS x z �  is assigned. Similarly for 1,5{ H ( , )}i ix ��HH  we can assign a set of reduced 

steady-state characteristics 
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� � � �
� �

1,5
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H ,
i

i
i i i
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x
�

� �� ���  
�

�
�

� �! "

H
H

H
 (3) 

Therefore, considering distributed transient characteristics, the system dynamics can be decomposed into: 

Time components of dynamics – 1,5{ H ( , )}i i iS x z �  for given i-th input and corresponding node 1,5{ }i ix �  

Space components of dynamics – 1,5{ HR ( , )}i ix ��HH  for given i-th input in steady state ( k #� ). 

5. CONTROL SYNTHESIS 

Control scheme for casting temperature field control is 
shown in Fig. 4. Following the system dynamics 
decomposition mentioned earlier, control synthesis is 
decomposed into space and time components as well. 

 

HLDS block represents controlled cooling process in 
SCZ. SS blocks solve the approximation problem, using 

the set of functions 1,5{ HR ( , )}i ix ��HH , thus minimizing 

quadratic norms 

 

 
Fig. 5 Simulink control scheme with ProCAST co-simulation block 

 

� �
5

1

min ( , ) ( ) HR ,
i

i iE i
Y x k Y k x

�

� �� H ,     � � � �
5

1

min ( , ) HR ,
i

i iE i
W x W x

�

� � � �� H  (4) 

by means of optimum coefficients � �( )i i
Y k  and � �( )i i

W �  , respectively. TS block contains a set of SISO 

controllers 1,5{ ( )}i iR z � , tuned to the lumped models 1,5{ H ( , )}i i iS x z � . ( , )W x �  is reference quantity, 

Fig. 4 Distributed parameter control scheme 
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( , )Y x t  is controlled quantity and ( , )V x t  represents disturbance quantity. We assume that ( , )W x �  was 

found in initial process optimization, using off-line numerical model to meet all technological requirements. 

6. PROCESS CONTROL SIMULATION 

Distributed parameter feedback control loop can be seen in Fig. 5. Overall controlled system response is 
calculated by means of co-simulation in ProCAST; both environments (ProCAST and Simulink) share data via 
inter-process communication. It is thus possible to design and test various control schemes conveniently in 
Simulink environment without sacrificing accuracy of controlled system (lumping model parameters, 
linearizing model dynamics). Control process for 10 °C temperature decrease from steady state in three 

measurement points jx  (virtual pyrometers behind sub-zones: 1, 2, 3j � ) are given in figures 6.1, 6.2 and 

6.3, respectively. 
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Fig. 6.1 Controlled variable ( , )jY x k    Fig. 6.2 Manipulated variable ( )iU k  
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Fig. 6.3 Quadratic norm of control error 
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Abstract  

Two types of nozzles were tested to find out the influence of the water temperature on cooling intensity. 
The first type was a mist nozzle used in the secondary cooling area of a steel slab casting machine. The 
second type was a flat fan nozzle usually used during hot rolling and heat treatment process of rolled strips. 
These laboratory measurements of cooling intensity were performed in a temperature range of water 
temperature from 20 °C to 80 °C. A strong influence of the water temperature on cooling intensity was 
found. Changing the water temperature from 20 °C to 80 °C caused a change of heat transfer coefficient. 
For mist nozzle was found slightly increasing cooling intensity with growing water temperature. The 
difference was about 30 W m-2 K-1. For flat fan nozzle was found the decreasing cooling intensity with 
growing water temperature. The difference was about 110 W m-2 K-1. The main effect was not the change 
of heat transfer coefficient but the shift of Leidenfrost temperature to a lower temperature area. The 
change of water temperature from 20 °C to 80 °C caused the change of Leidenfrost temperature about 130 
°C for both nozzles. This can be a significant change of cooling and can affect the cooling character in 
industrial applications..  

Keywords: Heat transfer coefficient, Leidenfrost temperature, cooling intensity, hot rolling, continuous 
casting, water temperature, mist nozzle, flat fan nozzle 

1. INTRODUCTION  

The basic influence of coolant temperature is already known from the convection equation where there is 
a difference between water and surface temperature multiplied by the heat transfer coefficient. This paper 
deals with the influence of water temperature on the heat transfer coefficient. Fig. 1 shows the typical 
dependence of the heat transfer coefficient on surface temperature. The change of water temperature has 
an influence on the shape of this curve. Cooling water temperature is usually changing during the year 
between 10 °C and 45 °C. The heat transfer coefficient is strongly dependent on the surface temperature 
(Fig. 1 on the left). The Leidenfrost effect [1] [2] started at around 470 °C (in this case). The steam layer 
between the droplet and surface is broken and the water wet the surface and evaporated. A huge amount 
of energy is used for this phase change. It is obvious to think what happen if the coolant has a different 
temperature.  

The influence of the coolant temperature on the cooling intensity is rarely described in the literature. The 
research of the University of British Columbia in Canada [3] showed interesting dependences for an 
increasing temperature of the cooling medium. For measuring, a 7 mm thin carbon plate embedded by 16 
thermocouples was used. Half of the thermocouples was positioned 1 mm under the surface. The second 
half was welded to the surface. The test plate was heated to the initial temperature of between 700 – 
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900 °C, and then positioned under the full cone nozzle. A comparison of the results (Fig. 1 on the right) 
showed that an area between 50 °C and 70 °C, where the cooling is effective, exists. The heat transfer 
coefficient reaches higher values for water temperature Tw = 50 °C than for the water temperature Tw = 70 
°C. On the other hand the heat transfer coefficient differences for the water temperature 50 °C and 40°C is 
not significant. These results are very interesting and showed a substantial dependence of the cooling 
medium temperature on the spray cooling efficiency.  

  
Fig. 1 Dependence of heat transfer coefficient on the surface temperature 

 

In the Heat Transfer and Fluid Flow Laboratory two types of nozzles were measured. The first type was 
a mist nozzle used in the secondary cooling area of a steel slab casting machine. The second type was a flat 
fan nozzle usually used during hot rolling and heat treatment process of rolled strips. Both experiments 
were performed on measuring equipment developed by the laboratory (2). 

2. EXPERIMENTAL EQUIPMENT AND TEST PROCEDURE 

In laboratory conditions it is necessary to be as close as possible to actual cooling conditions in mills.  

Because of this two laboratory stands described in 2.1 and 2.2 were developed in laboratory. 

2.1. Linear stand 

The linear stand is a six meter long rotatable frame on which a trolley with a tested sheet (Fig. 2) is 
positioned. This trolley can be moved on the frame in both directions (backward and forward) through the 
cooling section. For cooling flat fan nozzles were used. For experiments 1.5 mm thick sheets made of 
austenitic steel were used. Five thermocouples were welded to the bottom side of the sheet. Measured 
temperatures were recomputed to surface temperatures, heat fluxes and heat transfer coefficient by the 
inverse task.  

Experiment procedure started by the heating of the sheet to its initial temperature (here 900°C). Then the 
stand is rotated into position, for example: bottom cooling, side cooling or upper cooling, and the sheet 
was moved through the cooling section by the requested velocity. The surface of the sheet was protected 
by the inert atmosphere during heating to prevent occurring of scales. 
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Fig. 2 Linear stand 

3. Experimental stand high temperature and low velocity cooling test  

This experimental stand comprised the lift, test plate, heater and the linear driving mechanism with the 
nozzle (Fig. 3). 18 thermocouples were embedded into the test austenitic steel plate. They were put in 
holes 2 mm under the surface. The test plate was heated to its initial temperature and lifted into position. 
Then the bidirectional driving mechanism moved with the nozzle under the surface. A pneumatically driven 
deflector was between the nozzle and the surface. When moving forward the deflector was opened and 
the water sprayed on the surface. When moving backward the deflector was closed because of the 
stabilization of the temperature field on the surface. The measured temperatures were recomputed to 
surface temperatures, heat fluxes and heat transfer coefficient by the inverse task [4]. 

 
Fig. 3 Experimental stand developed for testing nozzles used during continuous casting 

4. INFLUENCE OF WATER TEMPERATURE ON HEAT TRANSFER COVEFFICIENT OF MIST NOZZLES 

4.1. Experiment configuration 

For these tests a couple of small mist nozzles, which are usually used for cooling in continuous casting, 
were used. The nozzles had a spray angle of 110° and their pitch was 430 mm. The flow rate and pressure 

Tested sheet  

Nozzle 
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conditions are described in 0. All tests were carried out with constant velocity of the sample 1 m/min. Each 
experiment was conducted with a different constant temperature, which increased by 10 °C from 20 °C to 
80 °C.  

 Tab. 1: Table of experiments for mist nozzles 

Experiment 
Water Flow 

Rate  
[L/min] 

Water 
Temperature 

[°C] 

Air Flow 
Rate 

[m3/h] 

Spray 
Height   
[mm] 

Pitch 
 

[mm] 

Casting Velocity 
 

 [m/min] 
T35 - 41 4.5 20 to 80 8.1 239 430 1 

T43 8 40 °C 6.3 239 430 1 

4.2. Results 

The results shown in Fig. 4 – Fig. 5 are the average values of the heat transfer coefficient in the impacting 
area from -150 mm to +150 mm in the longitudinal and transversal directions. The results shown in Fig. 4 
demonstrate a significant shift of the Leidenfrost temperature. Changing the water temperature from 20 °C 
to 80 °C causes the shift of Leidenfrost temperature of 130 °C to lower temperatures. The heat transfer 
gradient is almost the same for all experiments. But in the high temperature area (Fig. 5) it is possible to 
see that with the increasing coolant temperature the heat transfer coefficient increased. The difference is 
about 30 W m-2 K-1. This finding can be explained by the positive effect between the water temperature and 
boiling point that allows faster setting of the boiling regime with higher heat transfer rates [5].  

 
Fig. 4 The influence of coolant temperature to a heat transfer coefficient 

 
Fig. 5 High temperature area 

Surprisingly high differences in the Leidenfrost temperature were found for intensive cooling (fig. 6) where 
a difference of only 20 °C in coolant temperature makes a difference of about 120 °C in the Leidenfrost 
temperature. In addition the cooling intensity changed in the high temperature area (above Leidenfrost 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

133 

temperature). In this case it was found that decreasing the coolant temperature increases heat transfer 
coefficient. 

 
Fig. 6 Changes of cooling intensity for experiment with bigger flow rate (20°C – blue line, 40°C – green line) 

 

5. INFLUENCE OF WATER TEMPERATURE ON HEAT TRANSFER COVEFFICIENT OF FLAT FAN NOZZLES 

5.1. Experiements configuration  

For these tests flat fan nozzles were used. The nozzles were positioned in five rows with a pitch of 300 mm. 
The nozzle span in each row was 120 mm. All tests were carried out with constant velocity of the sample 
0.8 m/s. Each experiment was conducted with a different constant temperature, which increased by 20 °C 
from 20 °C to 80 °C. (experiments T20 – T80). 

5.2. Results 

In Fig. 7 the dependence of the heat transfer coefficient on the surface temperature for the water 
temperature 20°, 40°, 60° and 80° is shown. The results (Fig. 8) showed again the shift of Leidenfrost 
temperature. The change of water temperature of 60°C caused the change of 130 °C of the Leidenfrost 
temperature. The results in the high temperature area (above Leidenfrost temperature) are compared in 
Fig. . When the water temperature increases the cooling intensity slightly decreases. 

 

 
Fig. 7 Dependence of heat transfer coefficient on surface temperature 
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Fig. 8 Heat transfer coefficient in high temperature area (above Leidenfrost temperature) 

6. CONCLUSION 

A high influence of water temperature on the cooling intensity was found. The main effect of this is the 
shift of Leidenfrost temperature to low temperatures for mist and water jet nozzles. The effect is more 
significant for intensive cooling. Even a temperature difference of 20 °C (between 20 °C and 40 °C) makes 
a significant change of the Leidenfrost temperature. This finding can explain some of the problems of 
cooling devices used during continuous casting and heat treatment processes in winter and summer when 
the temperature of cooling water varies significantly. 
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Abstract  

Continuous casting machines produce dozens of various steels that are divided into classes according to 
norms or standards and further sorted into groups with respect to the carbon content. In steel classes, the 
chemical composition and its allowed range are prescribed and they significantly affect thermophysical 
properties of steel, e.g. the thermal conductivity, specific heat, density, enthalpy, contractility and viscosity. 
The chemical composition and its change have also an impact on temperatures of phase and structural 
changes, e.g. temperatures of solidus and liquidus. The thermophysical properties of steel can be 
determined by experiments that is, however, in case of many steel grades fairly difficult and expensive, and 
therefore numerical solidification models are often used. The aim of paper is the study of the chemical 
composition influence on thermophysical properties of steel as well as on the final temperature field of cast 
billet for three grades of steel from a particular class having various carbon contents. For this purpose the 
IDS Solidification Software and the dynamic 3D model of temperature field have been utilized. The results 
of temperature fields are presented for the 200 x 200 mm billet cast in Železiarne Podbrezová, a.s. The 
paper demonstrates the software tools developed for described purposes in Matlab and Delphi. The 
presented study can be utilized for the determination of the chemical analysis precision for numerical 
models of temperature field and for further optimization of cast billet quality.  

Keywords: diverted chemical composition, numerical model, temperature field, continuous casting 

1. INTRODUCTION 

Nowadays, numerical models and simulation tools of a transient temperature field of continuously cast 
slabs, billets or blocks are commonly being used in steelworks over the world in order to control, monitor 
and to optimize the production of steel. Many various grades of steel with a different chemical composition 
and particularly with a different content of carbon are usually cast, and therefore the numerical models and 
other simulation tools have to be easily adaptable to a particular grade of steel being cast. This is usually 
accomplished by input parameters to the numerical model of temperature field that consist among other 
inputs of thermophysical parameters of steel, chiefly of the enthalpy, thermal conductivity, specific heat 
and density. It has been proven [1] that the chemical composition and particularly the carbon content of 
steel considerably influence courses and dependences of mentioned thermophysical properties on the 
temperature, temperatures of phase and structural changes of steel (e.g. liquidus and solidus 
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temperatures, the temperature of peritectic transformation, etc.), and therefore also the formation of the 
entire transient temperature field of continuously cast steel. Owing to a deflection of chemical composition 
or its wrong determination, a prospective difference between the temperature field of cast steel calculated 
by a numerical model and the real temperature field of cast steel can be a reason of poor quality, different 
structure, loss of material and mechanical properties or even defects of cast steel and final products. 

The aim of the article is the investigation of an influence of diverted chemical composition on the 
temperature field formation and the thermal behaviour of continuously cast steel. The analysis deals with 
three different grades of steel according to the carbon content, particularly with the 0.08 %, 0.18 % and 
0.47 % of carbon that are cast in Železiarne Podbrezová, Slovakia. For this purpose the in-house 3D dynamic 
solidification model is utilized and the thermophysical properties of cast steel are determined by the 
solidification analysis package IDS [2] according to a particular chemical composition. 

2. DYNAMIC MODEL OF TEMPERATURE FIELD OF CAST STEEL BILLET 

The analysis of influence of diverted chemical composition is performed by utilizing the transient numerical 
model that is able to calculate the temperature field of entire cast billet from the meniscus inside the 
mould to the cutting torch where billets are cut to a desired length. The solidification of steel blank is 
driven by the transient heat and mass transfer. In the case the mass transfer is neglected and the heat 
transfer in the blank via the conduction is considered to be dominant, the temperature field of cast blank is 
governed by the Fourier-Kirchhoff equation  
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where H is the volume enthalpy, T represents the temperature, λ is the thermal conductivity, vz denotes 
the velocity component of cast billet in the longitudinal direction, t is time, and x, y and z are spatial 
coordinates. The volume enthalpy H, which is a thermodynamical function dependent on the temperature, 
includes the latent heat of phase changes and is defined as follows [3]  
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where ρ is the density, c is the specific heat, Lf denotes the latent heat and fs is the solid fraction.  

The numerical model is then established by applying the control volume method and the explicit 
discretization scheme [4] and the unknown volume enthalpy in a node (i, j, k) at time t + Δt is given by  
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where QX, QX1, QY, QY1, QZ and QZ1 are the heat flows through the control volume. For the heat flow 
QZ in the direction of casting, the QZ also has to include the volume enthalpy of an incoming melt that 
enters to the control volume through the control surface and is proportional to the casting velocity vz. 

Since the problem is symmetric with respect to the longitudinal vertical plane, only one half of billet is 
considered. In order to correctly complete the model, the initial and boundary conditions [4] (at the level of 
cast steel in the mould, at the plane of symmetry, inside the mould, within the secondary and tertiary 
cooling zones and beneath the rollers) must be provided. For details of the numerical model, see [4]. 
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3. INVESTIGATED GRADES OF STEEL 

For the analysis three grades of steel, which represent a main part of steel production cast in Železiarne 
Podbrezová, Slovakia, were chosen: the grade S235JRH with the 0.08 % of carbon (unalloyed steel for 
constructions and welding), the grade S355J2G3 with the 0.18 % of carbon (unalloyed fine-grained steel for 
constructions and welding) and the grade C45 with the carbon content of 0.45 % (carbon steel for 
constructions, refining and surface hardening). For all three grades of steel, three chemical compositions of 
each are considered: the real chemical composition (REAL) of cast steel given by the chemical analysis of 
a particular meltage and the minimal (MIN) and maximal (MAX) chemical composition given by the 
standards and norms. The investigated steel grades and their chemical composition of main elements are 
summarized in Tab. 1.  

 Tab. 1 Real, minimal and maximal chemical composition of investigated steel grades 

Grade  
of steel 

Chemical composition of cast steel [%] 

C Si Mn P S Cr Ni Cu Al Ti V 

S2
35

JR
H REAL 0.07 0.21  0.44 0.011 0.007 0.06 0.05 0.17 0.026 0.002 0.004 

MIN 0.07 0.17  0.4 0 0 0 0 0 0.02 0 0 

MAX 0.09 0.25  0.5 0.015 0.015 0.1 0.15 0.25 0.03 0.01 0.02 
 

S3
55

J2
G

3 REAL 0.187 0.22 1.17 0.016 0.012 0.06 0.09 0.26 0.022 0.002 0.004 

MIN 0.17 0.15 1.15 0 0 0 0 0 0.02 0 0 

MAX 0.2 0.25 1.3 0.025 0.02 0.3 0.25 0.3 0.03 0.01 0.02 
 

C4
5 

REAL 0.455 0.23 0.63 0.009 0.011 0.05 0.05 0.19 0.017 0.021 0.004 

MIN 0.44 0.17 0.6 0 0 0 0 0 0.01 0.015 0 

MAX 0.5 0.35 0.8 0.025 0.025 0.25 0.25 0.3 0.03 0.025 0.02 

4. THERMOPHYSICAL PROPERTIES OF STEEL 

A proper and precise determination of thermophysical properties is a necessary condition to obtain the 
accurate and reliable prediction of the temperature field of cast billets by using the dynamic model. From 
Eq. (1) and (2) it is obvious that the crucial role of thermophysical properties mainly play the volume 
enthalpy H, specific heat c, thermal conductivity λ and the density ρ.  

The thermophysical properties of all grades of steel were determined numerically by using the solidification 
analysis package IDS whose results were validated [2]. The calculated dependences of the volume enthalpy, 
specific heat, thermal conductivity and the density on the temperature for the steel grade S235JRH (REAL) 
are shown in Fig. 1. The phase fraction diagram for the steel grade S355J2G3 (REAL), which can be used for 
the determination of steel structure and fractions of particular phases at a desired temperature, is shown in 
Fig. 2. The influence of diverted chemical composition on the temperature-dependent courses of the 
volume enthalpy (steel grade C45, the temperature range of mushy zone), specific heat (steel grade 
S355J2G3, the temperature range of structural change in a solid state) and the thermal conductivity (steel 
grade S235JRH, the entire temperature range) are presented in Fig. 3, Fig. 4 and Fig. 5, respectively.  
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Fig. 1 Volume enthalpy, specific heat, thermal conductivity and density for the steel grade S235JRH 

 

The performed analysis proved that there exists a significant influence of diverted chemical composition on 
the thermophysical properties: a higher content of alloying elements causes a shift of temperatures of 
phase changes in both the liquid-solid (solidus and liquidus temperatures) and solid (e.g. temperatures of 
proeutectoid ferrite and pearlite formations) states to lower temperatures, see Fig. 3, Fig. 4 and Fig. 5. 

 
      Fig. 2 Phase fractions for steel grade S355J2G3  Fig. 3 Influence of chemical composition 
           on volume enthalpy for steel grade C45 

 

    Fig. 4 Influence of chemical composition        Fig. 5 Influence of chemical composition on 
    on specific heat for steel grade S355J2G3                  thermal conductivity for steel grade S235JRH 

 

Moreover, the chemical composition also affects the temperature ranges of these phase changes, 
particularly the higher content of alloying elements makes the wider temperature range between solidus 
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and liquidus temperatures, see Fig. 3. The perturbation of chemical composition also influences the 
particular values of thermophysical properties dependent on the temperature. However, it is difficult to 
state this influence generally, since the dependence differs from a particular thermophysical property and 
from a temperature range, see Fig. 3, Fig. 4 and Fig. 5. 

5. ANALYSIS AND RESULTS 

The analysis of influence of diverted chemical composition was performed by utilizing the transient 
numerical model for mentioned three steel grades (see Tab. 1) that are cast in Železiarne Podbrezová, 
Slovakia [5]. For the study the 200 x 200 billet with the casting speed 0,9 m/min were chosen. The radial 
slab caster includes the secondary cooling that consists of three cooling zones (in figures denoted by S-0, S-
1 and S-2) with 96 cooling water nozzles in total, and two straightening mills (in figures denoted by SM-1 
and SM-2). 

Fig. 6 Surface temperatures on the top surface (small radius) for the steel grade C45 

 

The developed temperature field on the top surface (small radius) for the steel grade C45 (REAL) is shown 
in Fig. 6. The detail of surface temperatures in the middle of top surface along the blank (corresponding to 
Fig. 6 with the width equalled to 0 mm) for the steel grade C45 (REAL) and its minimal (MIN) and maximal 
(MAX) chemical compositions (see Tab. 1) are pictured in Fig. 7. 

It can be seen in Fig. 7 that the chemical composition has an influence on the courses on the surface 
temperatures of cast billet. Particularly, the steel composition with the minimal content of elements (MIN) 
leads to the higher surface temperatures (a rise about 3 °C) with respect to the real composition of steel 
grade C45 (REAL). On the contrary, steel with the maximal chemical composition (MAX) leads to the lower 
surface temperatures (a drop about 6 °C) with respect to the steel grade C45 with the real chemical 
composition (REAL), see Fig. 7 and Tab. 1. 

Fig. 7 Surface temperatures on the top surface (small radius) for the steel grade C45 
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The thermal behaviour in the core of cast billet (a horizontal longitudinal cross-section of billet) for the 
steel grade S235JRH is depicted in Fig. 8. The curves made by a coloured solid line represent the isosolidus 
curves where the last rest of liquid steel (meltage) is transformed to the solid phase. The maximal length of 
isosolidus (i.e. for the width equalled to 0 mm) is called the metallurgical length that is an important 
parameter of continuous casting. Further, the curves made by a coloured dash line represent the 
isoliquidus curves where the first grain of steel is solidified. As can be seen in Fig. 8 the higher content of 
elements in the steel composition (MAX) causes a shift of isosolidus curve to the right (becomes longer) 
thereby the metallurgical length increases from 12,9 m (REAL) to 13,3 m (MAX). Furthermore, steel with the 
maximal content of elements also brings about a shift of isoliquidus curve to the left (becomes shorter), 
and therefore the mushy zone is enlarged (the width of mushy zone in the broadest position for the MAX 
chemical composition of S235JRH is about 3,4 m and for the REAL chemical composition of S235JRH is 
about 2,7 m), see Fig. 8.  

Fig. 8 Isoliquidus a isosolidus curves for the steel grade S235JRH 

On the contrary, the minimal chemical composition of S235JRH (MIN) causes a shift of isosolidus to the left 
(becomes shorter) and a shift of isoliquidus to the right (becomes longer) thereby the mushy zone is 
reduced with the width in the broadest position of about only 1 m, see Fig. 8. 

Periods of solidification (the local width of mushy zone related to the casting velocity) for the steel grade 
S355J2G3 (REAL) and its MAX chemical composition are shown in Fig. 9 and Fig. 10, respectively. From the 
figures it can be seen that the chemical composition has a great influence on the solidification process 
through the entire cross-section of cast billet. In the case of REAL the solidification on surfaces of billet is 
very fast and it slows down when approaching the core of billet, see Fig. 9. However, in the case of MAX the 
longest local period of solidification is not in the core but in four points out of the core, see Fig. 10. 

 

 

 

 

 

 

 

 

Fig. 9 Period of solidification for S355J2G3 (REAL)  Fig. 10 Period of solidification for S355J2G3 (MAX) 
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6. CONCLUSION 

The influence of chemical composition and its deflection on the temperature field of continuously cast slabs 
was investigated by utilizing the numerical model of temperature field of cast steel and the results of the 
solidification analysis package IDS. The results showed that the chemical composition of steel has an impact 
on courses of thermophysical properties in the temperature range of the mushy zone and of the phase 
change in the solid state. Due to a diverted chemical composition the final temperature field of cast billet is 
also influenced through the transition of thermophysical properties. The analysis confirmed that the higher 
content of elements in steel causes lower surface temperatures of cast blank and shifts the temperatures 
of phase changes to lower values. Moreover, the chemical composition with the higher content of elements 
also enlarges the mushy zone and makes the metallurgical length longer. In addition, the chemical 
composition has a considerable influence as well on the local period of solidification through the cross-
section of cast blank. Relevant conclusions can be also made for steel with the minimal chemical 
composition. All the described information gained by using the transient numerical model of temperature 
field can be utilized for the control, setting or quality optimization of continuous casting and final products. 
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Abstract  

Original numerical model was applied to the simulation of the transient temperature field of concast steel 
slab of two different chemical composition. The model solves the Fourieor-Kirchhoffs equation of the 
temperature field of slab- crystallizer system respectively slab-ambient system with these main 
thermophysical parameters: thermal conductivity, specific heat capacity, density and enthalpy. When both 
melts follow closely after each other, the critical state of so called break out occurs at a certain point 
secondary cooling zone of a caster. It is probably a combination of surface defects. However different 
chemical composition of two steels and their mixing is apparently decisive. Therefore the temperature 
model has simulated the temperature history of every point of a cross-section of a slab during its 
movement through the whole caster from the level of the melt in the crystallizer to the cutting torch for 
both melts and and for their mixture. Calculation of the temperature field of a slab has focused mainly on 
the part of the slab before the break out and its surroundings. Calculation results were compared 
graphically by means of a graph of temperatures in characteristic points of the cross section, a graph of 
isotherms in the critical cross-section passing through the break out including isoliquidus and isosolidus, 
a graph of isotherms in longitudinal sections and a graph of increase in thickness of a solidified shell. The 
results of the temperature field can establish a model of the chemical heterogeneity of steel supported by 
material expertise on samples taken from the break out. 

Keywords: concast slab, temperature field, chemical composition, heterogeneity, numerical model, 
breakout 

1. INTRODUCTION 

The authors follow the publication of the of study on the causes of the breakout of continuously cast steel 
slabs 250x1530 mm [1-3]. This is a defect that can not be repaired .  

The break was detected in the unbending point of the slab, at a distance of 14.15 m away from the level of 
the melt inside the mould, there occurred a breakout between the 7th and 8th cooling segments of the 
secondary cooling zone. The difference in height between the level inside the mould and the breakout 
point was 8.605 m. This tear in the shell occurred on the small radius of the caster. Here the slab is 
beginning to straighten out, the breakout of the steel can occur in points of increased local chemical and 
temperature heterogeneity of the steel. Especially dangerous are the changes in the chemical composition 
of the steel during the actual concasting. This change in the chemical compositions of the steels of two 
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qualities A and B was carried out very quickly by changing the tundish. Inside the mould, steel B mixed with 
steel A of the previous melt. Therefore, the results of the calculation of the temperature field of the slab of 
the chemical composition A, B and the mixed composition A + B will be presented. Mix content of each 
element is considered as the average value of the composition of A and B.  

2. THE ASSIGNMENT AND PREPARATION FOR SIMULATION VIA A 3D NUMERICAL MODEL 

Solidification and cooling of continuously cast blank passing through the radial continuous casting machine 
(CCM) with large curve radius has been described by the Fourier-Kirchhoff’s equation, which takes into 
account only the vector component identical with direction of the blank movement through individual 
zones of the CCM, and which contains a term comprising an internal source of latent heats of phase or 
structural transformation.  
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The velocity vector components perpendicular to the direction z of the blank movement are negligible.  

c.ρ
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T SOURCE++=                                 (2) 

This equation must comprehend the blank’s thermal field in all its three stages, i.e. above the liquidus 
temperature (melt), within the liquidus and solidus temperature interval (so called mushy zone), and also 
below the solidus temperature (solid phase). For this reason a thermo-dynamic function of specific volume 
enthalpy has been implemented into the equation. 

 Qz
vizwTΔλτ

vi  SOURCE++=                                    (3) 

Other thermo-physical properties of cast materials contained in the equation and dependent on their 
chemical composition, i.e. heat conductivity, specific heat capacity and density, are also a function of 
temperature [4]. Function of enthalpy is not known as an analytical function, but as a set of tabular values, 
which means that reverse determination of temperature is numerically highly demanding task. 

Chemical composition of steel A in wt%: C=0,416 Cr=0.95 Ni=0.03 Mn=0.7 Mo=0.206 Si=0.28  

Chemical composition of steel B in wt%: C=0,174 Cr=0.07 Ni=0.02 Mn=1.46 Mo=0.005 Si=0.23  

 

  

Fig. 1 Heat conductivity of steels a and b and its 
dependence on temperature 

Fig. 2 Specific heat capacity of steels A and B and 
its dependence on temperature 
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Fig. 3 Density of steels A and B and its dependence 
on temperature 

Fig. 4 Enthalphy of steels A and B and its 
dependence on temperature 

Dependences of the main thermophysical properties on temperature – heat conductivity, specific heat 
capacity, enthalpy and density of both steels are shown in Fig. 1 to 4. 

It is therefore a solution of distinctly non-linear task, since even for boundary conditions their dependence 
on surface temperature of the contcast slab is respected. All boundary conditions were derived, which 
were then divided to the areas of the mold (primary cooling) and of the secondary and tertiary cooling. 
Heat transfer coefficients were determined also under air-water cooling jets and in contact of the slab with 
the guide rollers. Zero heat flow perpendicular to the symmetry plane is the boundary condition that is 
common for all the zones of of the caster [5]. The definition of the boundary conditions for all three 
variants of calculation were identical in all cooling zones. 

The initial condition for solution is setting of the temperature in individual points of the computational 
mesh. The maximum possible temperature, i.e. casting temperature is a suitable value. An explicit 
differential method is used for solution of the Fourier-Kirchhoff’s equation. It follows from its principle that 
stability of calculation depends on the magnitude of time step. That’s why a method of adaptive change of 
calculation step was implemented into the model, i.e. the calculation step defined by the user is considered 
as recommended one and software changes it in the course of calculation. The model is equipped with an 
interactive graphical environment for automatic generation of the mesh and for evaluation of results, it 
means by so called pre-processing and post-processing. Heat model solves temperatures at the nodes of 
the calculation 3D mesh of the whole object (from meniscus of the melt in the mold to the flame cutter) 
with a number of nodes exceeding 106 on symmetrical half of cross-section of rectangular profile. The 
system of coordinates is chosen in such a way that the beginning is at the half of the profile width on the 
small radius, x is in direction of the width, y is in direction of the height and z is in direction of casting. The 
advantage of this selection is the fact that all coordinates are positive, which simplifies the software 
realisation. Rectangular coordinates are in the area of radius transformed into cylindrical ones, i.e. y is 
a radius and z is an angle. Thanks to universality of the code it is possible to apply the model of the 
temperature field, after modification and adjustments, to any caster with rectangular cross-section. 

3. NUMERICAL RESULTS 

Off-line version of the original temperature model was used now to simulate the temperature field of the 
steel slab of quality A, the steel slab of quality B and the steel slab of A and B quality (with an average 
chemical composition). After the computation, it is possible to obtain the temperatures at each node of the 
network and at any time during the process. Very useful is the temperature history graph (Fig. 5), which 
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shows the temperature at defined points of the cross-section of the slab. The course of the temperatures 
can also be displayed in any other user-defined point. 

 
Fig. 5 The temperature history in the selected points of the cross-section (quality A) 

 

The course of the calculated isotherms in the cross section of the breakout, for example for a slab of B 
quality at a distance of 14.15 m from the level of the melt in the mold is in Fig. 6. 

 
Fig. 6 Isotherms in the cross section of the breakout for the steel slab of B quality 
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The courses of the calculated isoliquividai and isosolidai as characteristic isotherms in one half of the cross 
section of the breakout for the steel slab of A, B and A+B qualities are in Fig. 7. Isoliquidai and isosolidai in 
both longitudinal axial sections for the steel slab of A, B and A+B qualities are plotted in Fig. 8 and 9.  

  

 

 

Fig. 7 Isoliquidai and in the cross section of the breakout for the steel slab of A, B and A+B qualities 

 

 

Fig. 8 Isoliquidai and isosolidai in the horizontal 
longitudinal axial section for the steel slab of A, B 

and A+B qualities 

Fig. 9 Isoliquidai and isosolidai in the vertical 
longitudinal axial section for the steel slab of A, B 

and A+B qualities 
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4. CONCLUSIONS 

In the secondary-cooling zone, where the slab is beginning to straighten out, the breakout of the steel can 
occur in points of increased local chemical and temperature heterogeneity of the steel, from increased 
tension as a result of the bending of the slab and also a high local concentration of non-metal, slag 
inclusions. Especially dangerous are the changes in the chemical composition of the steel during the actual 
concasting. The consequences of this operational immediate change in the chemical composition of the 
steel, which are not prevented by a breakout system directly inside the mould, could lead to immediate 
interruption in the concasting and a breakout at a greater distance from the mould than usual, thus leading 
to significant material loss and downtime.  

During continuous casting of the slab 250x1530 mm after quick changing the tundish the change in the 
chemical composition of steel A and B occured. Inside the mould, steel B thus mixed with steel A of the 
previous melt. After 20 minutes of casting of steel B with different chemical composition the caster stopped 
as a result of the breakout at a distance of 14.15 meters from the level of melt in the mold. Therefore, this 
critical state of continuous casting was analyzed via the temperature model which may be followed by the 
analysis of chemical heterogeneity in the plain of the breakout. The results of the formation of the 
temperature field of steel slab of quality A, B, and A + B (with an average chemical composition) were 
obtained. The visual graphic results of the temperature field of all three variants differ considerably, as 
experimental investigation of the chemical heterogeneity of samples taken from the breakout confirmed 
[6]. Similarity theory will be applied in order to generalize the obtained findings, and these critical states of 
a caster to to predict and to prevent.  
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Abstract  

The paper presents heterogeneous chemical composition of the steel slab, which was determined during 
short-time operation of continuous casting machine after flying tundish change. Before this exchange the 
steel A was cast (0.41 wt.% C and 0.95 wt.% Cr), shortly after the exchange continuous casting of the steel 
B (0.17 wt.% C and 0.70 wt.% Cr) started. After 20 minutes the continuous casting machine automatically 
stopped, because in the straightening zone, between the 7th and the 8th segment a breakout had occurred. 
Part of the slab was taken from the place of breakout for more precise determination of the position of 
breakout. It served also for taking the test samples for analysis of local chemical composition. It was 
expected that basic information on chemical heterogeneity of both steels A and B will be obtained, as well 
as information on exchange of mass between these two steels, which occurred some 20 minutes before 
stopping of the continuous casting machine. The reason was that structural state of both steels contained 
at the moment of breakout both solid and liquid phases. Intermixing zone enabled comparatively rapid 
mixing of masses of both steels A and B. Apart from obtaining basic experimental concept of chemical 
heterogeneity of continuous cast slab connected with breakout it was expected that it would be possible to 
make a semi-quantitative evaluation of the extent of mixing of both melts A and B in this very short time 
interval.  

Keywords: concast slab, chemical composition, heterogeneity, breakout 

1. INTRODUCTION 

The breakout at casting of the slab with dimensions of cross-section 1530x250 mm occurred at places, 
where after flying tundish change a smooth mixing took place of melt of the steel A from the previous heat, 
and steel B of different chemical composition from the next heat. It happened at the distance of 14.15m 
from the hot metal meniscus in the mould, after 20 minutes of casting of the steel B. The target chemical 
composition of the steel A in weight % of the main elements was C=0.416, Cr=0.95, Ni=0.03, Mn=0.7, 
Mo=0.206 and Si=0.28, and that of the steel B was C=0.174, Cr=0.07, Ni=0.02, Mn=1.46, Mo=0.005 and 
Si=0.23. A plate with thickness of 70 mm was cut by mechanical saw from the area of the slab, in which the 
breakout had occurred, see Fig. 1a., which shows also the diagram of taking of 11 samples (Fig. 1b). These 
samples in the form of prism were used for determination of chemical composition. The plate was finely 
machined, ground and etched. A distinct V-shaped notch is in the top part of the cut our plate, which faced 
the smaller diameter of the casting machine. On the basis of experience it is possible to assume that the 
breakout occurred very probably at the place of this sharp notch. The samples 1 to 3, and the samples 9 to 
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11 were chosen in such a way that they lay on the opposite sides of the breakout. The samples 4 to 8 were 
taken directly form the area of breakout.  

2. DETERMINATION OF CHEMICAL COMPOSITION OF THE SAMPLES 

Basic chemical composition of 11 
samples taken from the plate shown in 
Fig. 1b is for the set of ten elements 
summarised in Tab. 1, which shows 
heterogeneous composition of all 
eleven samples. The chemical 
composition differs in each 
determined element from the basic 
target composition both of the steel 
A before the flying tundish change, 
and of the steel B which was cast next. 
The analysis was therefore made for 9 
elements (C, Si, Mn, P, S, Cr, Ni, Mo, 
Al), only the Fe contents was 
determined by calculation to the value 
of 100 wt.%. It follows unequivocally 
from these facts that during those 
already mentioned 20 minutes from the flying tundish change, before the continuous casting machine was 
stopped due to breakout, mutual mixing of both basic melts must have taken place. In spite of the fact that 
detailed distribution of all ten analysed elements is available, we present in Figures 2 to 5 as an example of 
basic notion about the chemical heterogeneity of elements at least distribution of carbon, manganese, 
chromium and total content of iron. An extremely high heterogeneity of C, Cr and Mn is clearly visible from 
diagrams of their concentrations. Certain problem consists in the fact that it is impossible to obtain any, not 
even semi-quantitative, information about intensity of intermixing of both melts that lasted for 20 minutes.  
 

  

Fig. 2 Carbon contents in the samples 1 to 11 from 
the plate cut out from the slab after breakout 

Fig. 3 Manganese contents in the samples 1 to 11 
from the plate cut out from the slab after breakout 

 

  
Fig. 1 a) Macro-structure of breakout at the place of 

straightening, b) Positions of the samples in the places of 
breakout intended for analysis of chemical composition and 

heterogeneity 
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Fig. 4 Chromium contents in the samples 1 to 11 
from the plate cut out from the slab after breakout 

Fig. 5 Total contents of iron contents in the 
samples 1 to 11 from the plate cut out from the 

slab after breakout 

Tab. 1 Analysis of average chemical composition of the samples 1 to 11 taken from the slab at the place of 
breakout [wt.%] 

Sample No. C Si Mn P S Cr Ni Mo Al Fe 
1 0.274 0.252 1.15 0.018 0.0090 0.364 0.037 0.069 0.045 97.700 
2 0.197 0.24 1.23 0.014 0.0083 0.199 0.031 0.031 0.050 97.900 
3 0.265 0.25 1.15 0.016 0.0087 0.373 0.033 0.069 0.044 97.700 
4 0.229 0.248 1.19 0.015 0.0082 0.324 0.032 0.061 0.047 97.800 
5 0.228 0.245 1.26 0.015 0.0079 0.278 0.035 0.052 0.052 97.700 
6 0.232 0.25 1.35 0.017 0.0082 0.215 0.032 0.039 0.046 97.700 
7 0.171 0.24 1.26 0.014 0.0077 0.195 0.033 0.035 0.048 97.900 
8 0.326 0.268 0.96 0.015 0.0088 0.640 0.039 0.131 0.042 97.500 
9 0.408 0.284 0.73 0.016 0.0091 0.930 0.039 0.190 0.043 97.200 

10 0.201 0.241 1.23 0.015 0.0075 0.219 0.031 0.036 0.048 97.900 
11 0.382 0.276 0.76 0.016 0.0094 0.870 0.040 0.177 0.042 97.300 

arithmetic 
average x 0.265 0.254 1.115 0.016 0.0084 0.419 0.035 0.081 0.046 97.664 

standard 
deviation sx 

0.073 0.014 0.198 0.001 0.0006 0.257 0.003 0.055 0.003 0.227 

3. ASSESMENT OF KINETICS OF INTERMIXING OF THE STEELS A AND B 

It is, however, possible to obtain some qualitative to partly semi-quantitative idea about kinetics of mixing 
of both melts A and B on the basis of mass balance based on different chemical composition of carbon, 
manganese and chromium in the steels A and B. Let us first mark the dimensionless fractions of both steels 
A and B lower case letters a and b. The sum of dimensionless numbers c = a + b must be equal to 1. Let us 
now assume that both steels A and B are being mixed at continuous casting of slab. The following basic 
balance sheet equation is valid for each investigated element - chromium, manganese and carbon: 


�
 b ,                    (1) 


�
 ,                 (2) 


�
  .                  (3) 

The symbols a and b in these equations represent the already mentioned dimensionless fractions of mixed 

and already intermixed quantities of both melts, the symbols ,  represent for example in the 

equation (1) concentration of carbon in the steel A or B, (analogically for Mn and Cr) of basic composition, 
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and the symbols 
  represent the intermixed concentration of carbon in the sample n= 1 to 11 

(analogically for Mn and Cr). The dimensionless fractions a and b for Tab. 2 were determined from the 
equations (1) to (3) and from the data about chemical composition in Tab. 1.  

 

 Tab. 2 Calculated dimensionless fractions of the melts a and b mixed in the intermixing zone in the area of 
breakout for the samples 1 to 11 (see Fig. 1) 
Sample position 

Fig. 1 
for content of Cr for content of Mn for content of C 

(n) a b a b a b 
1 0.3340 0.6660 0.4079 0.5921 0.4167 0.5833 
2 0.1465 0.8535 0.3026 0.6974 0.0958 0.9042 
3 0.3443 0.6557 0.4079 0.5921 0.3729 0.6271 
4 0.2886 0.7114 0.2700 0.7300 0.2292 0.7708 
5 0.2364 0.7636 0.2632 0.7368 0.2250 0.7750 
6 0.1648 0.8352 0.1447 0.8553 0.2417 0.7583 
7 0.1420 0.8580 0.2632 0.7368 -0.0125 1.0125 
8 0.5700 0.4300 0.6579 0.3421 0.6333 0.3667 
9 0.9773 0.0227 0.9605 0.0395 0.9750 0.0250 

10 0.1639 0.8361 0.3026 0.6974 0.1125 0.8875 
11 0.9091 0.0909 0.9211 0.0789 0.8667 0.1333 
x 0.3888 0.6112 0.4456 0.5544 0.3778 0.6222 
sx 0.3014 0.3014 0.2771 0.2771 0.3207 0.3207 

 

It follows from Tab. 2, that chemical analyses of the elements differ not only by chemical heterogeneity, 
but also by dimensionless fractions of both melts. Apparently the continuously cast melts of the steels 
A and B were under effect of turbulence intensively mixed and significant heterogeneity of originally liquid 
phase took place. This turbulence of the liquid phase in the mould is moreover strongly supported also by 
the mould’s oscillations of the given amplitude and frequency, as well as by the differences in temperatures 
of both steels A, B, etc. [1]. 

Comparison of dimensionless fractions of the melts a and b, and of individual elements Cr, Mn and C was 
possible thanks to calculation based on balance sheet equations (1) to (3) for the set of eleven samples, as 
it lead to comparable mean values. Although the differences of dimensionless fractions for the steels A and 
B are comparatively high for individual elements Cr, Mn and C, the differences as between contents of 
elements (i.e. ΔCr %, ΔMn %, ΔC %) in the steel A before the flying tundish change, and in the steel B cast 
next, are not dramatic at all. For this reason they do not enable making of such sufficiently precise mass 
balance, which would conceal the errors of chemical analyses, deviations caused by chemical heterogeneity 
or by other influences [2 to 4].  

These deviations in chemical heterogeneity are for example for carbon in the sample (7) bigger than 
analytical error of determination of 0.003 wt.% C, which means that the value calculated for the 
dimensionless fraction of the heat A was negative, but on the other hand for the dimensionless fraction of 
the heat B this value was bigger than 1, which does not correspond with the reality (see Tab. 2). In spite of 
that the data presented in Tab. 2 show very convincingly, that steel with the composition B prevails in the 
area of the slab between the samples of the rows 1 to 3, and the samples 9 to 11.  
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Calculation of individual dimensionless fractions of the melts A and B according to the equations (1) to (3) 
was further divided to the transversal zone of the samples 1 to 3, to the zone of five samples 4 to 8, and to 
the zone of the samples 9 to 11. Values from those zones were summarised in Tab. 3, and they were also 
statistically evaluated. 

 

 Tab. 3 Calculated dimensionless fractions of the melts a and b mixed in the intermixing zone in the area of 
breakout for the zone of the sample 1 to 3, 4 to 8 and 9 to 11 (Fig. 1) 
Position (n) Calculated for content of Cr Calculated for content of Mn Calculated for content of C 

Fig. 1 a b a b a b 
1 0.3340 0.6660 0.4079 0.5921 0.4167 0.5833 
2 0.1465 0.8535 0.3026 0.6974 0.0958 0.9042 
3 0.3443 0.6557 0.4079 0.5921 0.3729 0.6271 
x 0.2749 0.7251 0.3728 0.6272 0.2951 0.7049 
sx 0.1113 0.1113 0.0608 0.0608 0.1740 0.1740 

Position (n) a b a b a b 
4 0.2886 0.7114 0.2700 0.7300 0.2292 0.7708 
5 0.2364 0.7636 0.2632 0.7368 0.2250 0.7750 
6 0.1648 0.8352 0.1447 0.8553 0.2417 0.7583 
7 0.1420 0.8580 0.2632 0.7368 -0.0125 1.0125 
8 0.5700 0.4300 0.6579 0.3421 0.6333 0.3667 
x 0.2804 0.7196 0.3198 0.6802 0.2633 0.7367 
sx 0.1720 0.1720 0.1961 0.1961 0.2324 0.2324 

Position (n) a b a b a b 
9 0.9773 0.0227 0.9605 0.0395 0.9750 0.0250 

10 0.1639 0.8361 0.3026 0.6974 0.1125 0.8875 
11 0.9091 0.0909 0.9211 0.0789 0.8667 0.1333 
x 0.6834 0.3166 0.7281 0.2719 0.6514 0.3486 
sx 0.4512 0.4512 0.3690 0.3690 0.4698 0.4698 

 

It follows from this division to individual zones that communication of the steel B, which was cast after the 
flying tundish change, dominates in the zone of the samples 1 to 3. Chemical composition of the steel 
B dominates very distinctly also in the zone of the samples 4 to 7. Let us repeat that the samples 4 to 7 
were taken form the place adjacent to the sharp notch, connected originally with very deep oscillation 
mark or hook on the slab surface (Fig. 1). On the other hand, chemical composition of the steel 
A dominates in the sample 8, which was also connected with the deep and narrow hook. Contents of 
elements of the steel A prevail similarly in the samples 8, 9 and 11. Contrary to that the composition of the 
steel B prevails in the sample 10 (situated between the samples 9 and 11).  

4. CONCLUSIONS 

At continuous casting of the slab 250x1530 mm after the flying tundish change the chemical composition of 
the steel grade A was changed to the chemical composition of the steel grade B. The steel B thus mixed in 
the mould with the steel A from the previous heat. The continuous casting machine stopped after 20 
minutes as a result of breakout, which took place at the distance of 14.15 m from the hot metal meniscus in 
the mould. Analysis of chemical composition was made altogether on 11 samples taken from the place of 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

153 

breakout and these samples were subjected to experimental research of chemical heterogeneity. The 
performed mass balance based on concentration differences between the steels A and B, as well as on 
chemical composition of the set of samples made it possible to explain kinetics of mixing of both steels A 
and B. At the place of breakout, in the zone between two notches connected with defects – oscillation 
mark and hook, chemical composition of the steel A dominates. Chemical composition of the steel B 
prevails in remaining zones of the samples. Research of causes of the breakout as critical and non-reparable 
defect will continue. 
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Abstract  

Nowadays the continuous casting is used for providing almost one hundred percent of world steel 
production. A wide range of steel grades is continuously cast with high-quality achievements. The 
solidifying steel, during its pass through the caster, is subjected to variable thermal conditions and 
mechanical loading, both of which contribute to the material stresses and strains, the main sources of the 
defects. Some of these defects might be eliminated by a preceding computer simulation, optimization and 
subsequent control of the casting process. This paper describes an original algorithm for obtaining such 
control parameters which ensure the high production rate and the high quality of products as well. This 
algorithm is based on the keeping surface and core temperatures in the specific ranges corresponding with 
ductility of steel. The core of the algorithm is our original three-dimensional numerical model of 
temperature field where heat and mass transfer phenomenon including phase changes is deal with. 
Geometry and specifications of the caster are taken from the real caster operating in EVRAZ VÍTKOVICE 
STEEL, a.s. This model is verified by pyrometers measurements. The optimization part lies above the 
numerical model and iteratively improves the input parameters (casting speed and cooling rates) in order 
to reach desired surface and core temperatures. The optimization algorithm is performed by our fuzzy-logic 
interface and runs in off-line version. Its results can be used as a preparation tool for the real casting 
process. 

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

1. INTRODUCTION 

In steel industry the continuous casting process provides the formation of solidified metal called slabs or 
billets that are obtained by the passage of liquid steel through several cooling zones. The quality of the final 
products plays one of the most significant roles for final customers, and thus to satisfy them and maintain 
the highest possible productivity are a key goals for each steelmaker. Emphasis on a quality control is 
a prerequisite and it cannot be achieved without a proper knowledge of the main physical influences in the 
casting process, i.e. the solidification [1], micro and macro segregations, the crack formation etc. Without 
loss of generality, we can assume that the final quality of solidified slab depends on its thermal history 
during its passing through different cooling zones. It is well documented that steel has a reduced ductility 
over specific temperature ranges dependent on a steel composition [2], which has important implications 
for crack formation. Therefore, it is necessary to lead the cooling according to the casting events, variations 
of thermal loss, casting speed, and different heat and mass dissipations.  
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From the physical point of view, the continuous casting is a transient coupled thermo-structural problem. 
Nevertheless we can use the assumption, that the relatively slow deformation speed does not influence the 
temperature distribution. Conducting of industrial trials is very expensive, time-consuming and in some 
cases even impossible, which makes the computer simulation the only suitable option. Numerical 
simulations and optimization algorithms are widely used tools for tuning of the casting processes. 
Mathematical and computer optimization can be done in many different ways and each of them has its 
advantages and drawbacks. Therefore, to ensure the correctness of the algorithm, it is highly required to 
validate the simulation output by the real measured data.  

Previous works dealing with the optimal control of continuous casting process were generally based on 
simplified 1D or 2D temperature field models and were optimized by mathematical programming or 
heuristic methods, e.g. genetic algorithm [3], firefly algorithm [4] or by neural networks [5]. Many of these 
models are based on simplified assumptions, and therefore they describe the casting process very roughly 
and not satisfactorily. We developed our original numerical model of the temperature field for the real 
caster geometry in 3D and its results have been validated by temperature measurements performed by 
pyrometers. This more precise model simulates the process controlled by several numerical parameters 
and the goal is to find their values such that the resultant temperature field is optimal. The algorithm is 
partly inspired by our previous research [4, 6]. This new algorithm is enhanced by a fuzzy logic inference 
mechanism which makes its behaviour more robust and its setting easier to adjust.  

2. PROBLEM DESCRIPTION 

The natural effort of every steelmaker is to cast as fast as possible but with a preservation of the required 
material quality. The properties of the final material are highly dependent on the course of temperatures 
reached during the casting. For instance the temperature stability is very important, especially for casting 
crack-sensitive steel grades. The temperature at the embedding point must be out of low ductility range [3, 
5] that is characterized by a high level of surface oxidation that generates a disturbance of the surface 
temperature. Hence we need to adjust the caster parameters in such a way that the temperature field is 
optimal in steel quality point of view.  

Casting process can be control by regulating many factors such as the speed of casting, rate of water flow 
through mold, the casting temperature control, changes of cooling intensities for each coolant circuit 
(a group of nozzles) etc. In order to simplify the problem, the control parameters (input parameters) in this 
paper are considered to be the casting speed and the cooling rates in the secondary cooling zone. 

Before the optimization starts, it is necessary to define the temperature field which leads to the optimal 
material and mechanical properties. This optimal temperature courses are defined by experts (casting 
operators, material scientists, etc.) and they differ with the chemical composition of steel. 

For finding the optimal cooling intensities and the highest possible casting speed, an original heuristic 
algorithm based on fuzzy-logic was created and it can be briefly sketched in the following manner. To 
describe the optimal temperature field, the experts define a set of points along of the caster and prescribe 
their optimal temperature ranges. Then the algorithm randomly generates values for all the variable 
parameters and simulates the temperature field for such casting process. After comparing the computed 
temperatures with the prescribed ones, the algorithm decides which nozzles need to be adjusted and how 
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to change the casting speed. Particular decisions for changing the values are taken by the fuzzy inference 
logic. These steps are iteratively repeated until the optimal temperatures are successfully reached.  

The simulation and optimization parts are described in the subsequent separate sections but for the 
detailed explanation of fuzzy logic and fuzzy inference we recommend to read a reference [7]. 

Investigations and verifications in this paper are provided on the steel grade S235J0. 

3. 3D NUMERICAL MODEL OF TEMPERATURE FIELD AND ITS VERIFICATION 

The 3D numerical model was developed which computes the formation of solidification and the distribution 
of temperature of strand. The temperature field is described by the Fourier-Kirchhoff equation [1, 2, 4, 6]  

,)(
z
HvTTkH

zeff $
$


��
$
$
.

          (1) 

that describes a transient heat and mass transfer, where keff [W/mK] is the effective thermal conductivity, 
T [K] is the temperature, H [J/m3] is the volume enthalpy and . [s] is time. The velocity component vz [m/s] 
is considered only in the direction of casting. Phase and structural changes are included in the model by the 
latent heat accumulation method [1, 4, 6] where the enthalpy is used as the primary variable and the 
temperature is calculated from a defined enthalpy-temperature relationship. 

Thermo-physical parameters such as the thermal conductivity, the density, the specific heat, the enthalpy 
and their temperature dependence are computed from a specific chemical composition of steel by using 
the solidification analysis package IDS. The results of IDS for steel grade S235J0 can be seen in Fig. 1. 

Fig. 1 Thermo-physical properties for steel S235J0 

In order to have a well-posed problem, initial and boundary conditions must be provided. The boundary 
conditions include the heat flux in the mould and under the rollers, the forced convection under the 
nozzles, and the free convection and the radiation in the tertiary cooling zone [2, 6]. The model in this 
paper obtains its heat transfer coefficients from measurements of the spraying characteristics of all nozzles 
used by the caster on a so-called hot plate in an experimental laboratory [8] and for a sufficient range of 
operational pressures of water and a sufficient range of casting speeds of the blank. 

The equation (1) is discretized by the finite difference method [1, 4, 6] using an explicit formula for the time 
derivative. The mesh for the finite difference scheme is non-equidistant in all direction and its nodes are 
adapted to the real rollers and nozzles positions.  
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The numerical results including the verification for steel S235J0 are shown in Fig. 2 – 4. Casting parameters 
were chosen according to the measurement: casting speed 0.79 m/min, casting temperature 1549 °C, heat 
flux in mould is 707.927 kW/m2 (wide size) and 669.038 kW/m2 (narrow size). Water flows are shown in 
Tab. 1. 

Tab. 1 Water flows in the secondary cooling zone 

1 2 3 4 5 6 7 8 9 10 11 12 13 
70.76 
l/min 

48.18 
l/min 

93.79 
l/min 

72.48 
l/min 

78.3 
l/min 

38.99 
l/min 

78.45 
l/min 

40.38 
l/min 

51.24 
l/min 

29.46 
l/min 

38.87 
l/min 

49.00 
l/min 

78.53 
l/min 

Fig. 3 illustrates the unrolled temperature field along the longitudinal cross-section through the entire 
blank, where the shades of blue represent solidified steel, the shades of dark red represent liquid steel and 
the light red represents the mushy zone. Fig. 4 shows the temperature history in six points of the cross-
section of the slab. Furthermore, the graph indicates two surface temperatures where the pyrometers 
were positioned (top side of strand). 

 

Fig. 2 Temperature distribution in 3D Fig. 3 Liquid and solid zones 

 

Fig. 4 Temperature distributions and verification by two pyrometers 

4. DESCRIPTION OF FUZZY ALGORITHM 

The algorithm searches for the optimal values of the control parameters. The inputs to the algorithm are 
the required temperature ranges in the points along the caster and the maximal metallurgical length. For 
each circuit the maximal possible cooling intensity is defined. The initial value for each control parameter is 

U-974.8 
X-955.8 
L-918.5 

U-941.7 
X-915.6 
L-837.7 
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uniformly distributed from the permitted range, put into the model and consequently evaluated by its 
simulation. From the computed result, errors are determinated as a difference between temperatures in 
the controlled points and prescribed values. The metallurgical length is computed as a distance between 
meniscus and the point where the liquid material is fully solidified. With this information the algorithm 
infer the modifications for all control parameters. 

The temperature courses at the controlled points are dominantly influenced by the two preceding coolant 
circuits. The closer circuit has a bigger influence. Therefore, each coolant circuit defines a numerical value 
for each controlled point that describes how much coolant circuit impacts temperature at the controlled 
point. These values are expertly estimated (range from 0 to 10) and they are strongly related to the 
distance from the controlled points. 

The fuzzy rules for the modification of cooling intensities have the following form: "IF error IS adj1 AND 
impact IS adj2 THEN modification IS adj3" and they are described in Tab. 2. These rules give the value of 
modification for each circuit. Sometimes one circuit can get several different modifications and if it 
happens the algorithm takes the one with the highest absolute value. The defuzzification method is the 
standard centre of the gravity function. If the maximal absolute value of all the temperature errors does 
not exceed the given limit the modification of the casting speed is computed. The reason of introducing the 
limit is that if the maximal error is too big (i.e. the solution is far from the optimum), we have no 
information whether the speed is high or not, and at first, it is better to stabilize the process and then to 
infer the speed modification. The rules for the modification of the casting speed are in the form: "IF 
maximal_error IS adj4 AND metalurgical_length IS adj5 THEN modification IS adj6" (Tab. 3). 

5. RESULTS OF SIMULATION 

The numerical model is designed and verified for the radial slab caster operating in EVRAZ VÍTKOVICE 
STEEL, a.s. The caster contains 13 coolant circuits and the cross-section of the investigated slab has 1550 x 
250 mm. The examined grade of steel was S355J0H. The expertly defined temperature ranges in the 
controlled points are depicted in Fig. 5 (the grey rectangles).  

 
Fig. 5 Temperature distributions after fuzzy regulation 

The crucial reason for defining these temperatures ranges in this way is that approximately first half of 
caster is curved, and therefore for decreasing of mechanical stresses it is better to keep the temperature 
above the certain level (1000 °C). The controlled points are placed on the top and bottom surfaces, and the 
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end of each coolant circuit. The value of impacts of each circuit to the controlled point is chosen to 8 for the 
closest previous circuit and 2 for the circuit placed one before (except the last controlled point where the 
distance to the second closest circuit is much longer and the values are 9 and 1, respectively). The value for 
the maximal metallurgical length is 20 m (came up from the practice) and the casting temperature 1550 °C.  

Reaching temperature courses on surface ensures that the mechanical and material qualities of the final 
material can satisfy required demands. The optimization results including the optimal values for control 
parameters can be seen in Fig. 5 - 6.  

Usually the most important indicator characterizing the efficiency of 
iterative optimization algorithms is the number of evaluations of the 
model. The computation of the numerical model is very time-
consuming, thus each repetition can significantly prolong the 
computations. Our algorithm is able to find the optimal input 
parameters in 50 evaluations in average. The tests ran several times for 
different grades of steel and the number of evaluations never exceeded 
65. Computation time takes approximately 17 hours in Intel® Core™ 2 
CPU 2.40GHz 4 GB RAM. 

6. CONCLUSION 

The problem of the optimization of continuous casting process and finding its optimal parameters can be 
efficiently solved by our algorithm. This algorithm based on heuristics and incorporating the fuzzy logic 
behaves very robustly and it is easily adaptable to any grade of steel and caster geometry. The number of 
evaluations of included numerical model is very low (approximately 50 iterations) thereby the algorithm 
proves its high efficiency. Further work will be focused on placing the algorithm into steel company system. 
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OPTIMIZATION OF SECONDARY COOLING IN ORDER TO ACHIEVE HIGHER SURFACE 
TEMPERATURES AT THE SLAB UNBENDING POINT 
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Abstract  

Surface temperatures of cast slabs at small radius segments in front of as well as at the unbending point 
belong to parameters that affect the surface quality of continuously cast slabs. Older machines for 
continuous casting were designed with regard to the performance (to amount of cast slabs) rather than to 
the quality. Therefore, the adaptation of secondary cooling is required in order to accomplish the desired 
surface temperatures. The modification consists in the dynamic control of secondary cooling, surface 
temperatures monitoring by means of the numerical model of temperature field as well as in a prospective 
replacement of cooling nozzles. In order to optimize and control the secondary cooling, characteristics of 
nozzles and especially the influences of water flow rate, air pressure, casting speed and surface 
temperatures to the heat transfer coefficient under nozzles have to be known. Moreover, the heat transfer 
coefficient can be also influenced by the age of nozzles. The paper deals with relationships of described 
influences and their impacts to the temperature field of cast slabs. The results are presented for the 1530 x 
250 mm slabs that are cast in Evraz Vítkovice Steel where the main author’s dynamic 3D solidification 
model is used to control the production interface and runs in off-line version. Its results can be used as 
a preparation tool for the real casting process. 

Keywords: optimization of temperature field, surface temperature of slab, characteristics of nozzles, 
continuous casting 

1. INTRODUCTION 

The presented in-house model of the transient temperature field of the blank from a slab caster (Fig. 1) is 
unique in that, in addition to being entirely 3D, it can work in real time. The numerical model covers the 
temperature field of the complete length of the blank (i.e. from the meniscus inside the mold all the way 
down to the cutting torch) with up to one million nodes [1]. 

The concasting machine (caster) for the casting of slabs (Fig. 1) has the secondary-cooling zone subdivided 
into thirteen sections, due to the convection of a greater amount of heat from the voluminous slab casting. 
The first section engages water nozzles from all sides of the slab. The remaining twelve sections engage air 
mist cooling nozzles, which are positioned only on the upper and underside of the concasting. It is 
therefore very important to determine the correct boundary conditions for the numerical model of the 
temperature field [2]. Regarding the fact that on a real caster, where there are many types of nozzles with 
various settings positioned inside a closed cage. Real caster contains a total 8 types of nozzles and 
geometrical layouts. The aim is to modify the secondary cooling zones 6, 8 and 10 so as to increase the 
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surface temperature of the slab in a small radius at point of straightening. Currently in cooling zones 6, 8 
and 10 nozzles installed air mist nozzles Lechler 100.638.30.24 (Fig. 3). 

 

 

            

Fig. 1 Positions of the nozzles along the slab caster in 13 individual zones 

2. THE HEAT TRANSFER COEFFICIENT OF THE NOZZLE 

The cooling by the air mist water nozzles has the main influence and it is therefore necessary to devote 
much attention to establish the relevant heat transfer coefficient of the forced convection. Commercially 
sold models of the temperature field describe the heat-transfer coefficient beneath the nozzles as 
a function of the incident quantity of water per unit area. They are based on various empirical 
relationships. This procedure is undesirable. The model discussed in this paper obtains its heat transfer 
coefficients from measurements of the spraying characteristics of all nozzles used by the caster on a so-
called hot plate in an experimental laboratory and for a sufficient range of operational pressures of water 
and a sufficient range of casting speeds of the slab (i.e. casting speed). This approach represents a unique 
combination of experimental measurement in a laboratory and a numerical model for the calculation of the 
non-linear boundary conditions beneath the cooling nozzle. 

This laboratory device enables the measurement of each jet separately. It comprises a steel plate mounted 
with 18 thermocouples, heated by an external electric source. The steel plate is heated to the testing 
temperature, than it is cooled by a cooling jet. On the return move the jet is covered by a deflector, which 
enables the movement of the jet without cooling the surface. This device measures the temperatures 
beneath the surface of the slab–again by means of thermocouples [3].  

The laboratory device allows the setting of: 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

162 

� The nozzle type. 

� The flow of water. 

� The air-pressure. 

� The distance between the nozzle and the investigated surface. 

� The surface temperature. 

� The shift rate. 

  
Fig. 2 Diagram of measurement configuration of the 

cooling effects of nozzle 
Fig. 3 Characteristics of nozzles Lechler 

100.638.30.24 and 100.528.30.24 

Since the cooling nozzle 100.638.30.24 for minimum water flow appears to be too intensive and 
measurements were made for such a small nozzle 100.528.30.24 (Fig. 3). 

Based on the temperatures measured in dependence on time, the HTCs are calculated by an inverse task. 
They are then processed further using an expanded numerical and an identification model and converted 
to coefficients of the function HTC(T,y,z) (Fig. 4), which expresses the HTC in dependence on the surface 
temperature, and also the position of the concasting with respect to the nozzle. The Lechler air mist nozzles 
have low dependence of heat transfer coefficient on the slab surface temperature. The value of the HTC 
coefficient on the surface of the 
slab, as it enters the secondary-
cooling zone, significantly affects 
the process simulation from the 
viewpoint of the temperature 
field, the technological length, 
and also other technological 
properties. It therefore affects 
prediction of the quality of the 
slab. 

 
Fig. 4 HTC over temerature 
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In order to be able to simulate this boundary condition within the numerical model as accurately as 
possible, it is necessary to conduct experimental measurement on each jet in the secondary-cooling zone 
individually. 

Each of the eight nozzles had been measured separately on the hot model, on which the hot surface of the 
slab, which is cooled by a moving jet, can be modelled. The temperatures measured on the surface of the 
model can be entered into an inverse task to calculate the intensity of spraying, which, in turn, can 
determine the HTC by a special mathematical method. 

 

  
a) Nozzle 100.638.30.24 water flow 2.2 l/min, air pressure 0,2 MPa 

  
b) Nozzle 100.528.30.24 water flow 2.2 l/min, air pressure 0,2 MPa 

 
 

c) Nozzle 100.528.30.24 water flow 1.5 l/min, air pressure 0,2 MPa 

Fig. 5 The heat transfer coefficient for the air mist nozzle Lechler 
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Fig. 5 presents the measured values of the heat transfer coefficients processed by the temperature model 
software. For nozzle configuration, there is a graph of the 3D graph of the heat transfer coefficient beneath 
the nozzle. These graphs are plotted for a surface temperature of 800 to 1000 °C. 

3. TEMPERATURE FIELD 

The setting of the secondary cooling and its optimization is a very complicated problem. The graph in Fig. 6 
shows the resultant temperature field for individual cooling curves. This basic set of graphs serves the user 
in that it is possible to assess which of the cooling curves is optimal for the given cast steel [4]. The Fig. 6a 
shows the surface temperatures of the slab in the caster using 100.638.30.24 nozzles and current setting 
secondary cooling to flow 2.2 l / min per nozzle. The following Fig. 6b shows the temperature for the same 
conditions only in zones 6, 8 and 10 is used 100.528.30.24 nozzle. The last Fig. 6c showing the surface 
temperature for the water flow 1.5 l / min per 100.528.30.24 nozzle in zones 6, 8 and10. These calculations 
show that the criteria of the new nozzles increase the surface temperature at the straightening point of the 
small radius about 100 °C, while at higher flow water rates and the new nozzle can be cooled as intensively 
as the original nozzle. The Fig. 7 shows the temperature field in the cross section at the straightening point 
using the new nozzle and water flow rate 1.5 l / min per nozzle. 

 
a) Nozzles 100.638.30.24 water flow per one nozzle 2.2 l/min 

 

 
b) Nozzles 100.528.30.24 water flow per one nozzle 2.2 l/min 
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c) Nozzles 100.528.30.24 water flow per one nozzle 1.5 l/min 

Fig. 6 Temperature history along caster for different configuration of secondary cooling in zone 6, 8 and 10 

 

 
Fig. 7 Temperature field cross section slabs at the straightening point nozzles 100.528.30.24 water flow per 

one nozzle 1.5 l/min 

4. CONCLUSION 

The value of the heat transfer coefficient on the surface of the slab, as it enters the secondary-cooling zone, 
significantly affects the process simulation from the viewpoint of the temperature field, the metallurgical 
length, and also other technological properties. It therefore enables the prediction of the quality of the 
slab. In order to be able to simulate this boundary condition within the numerical model as accurately as 
possible, it is necessary to conduct experimental measurement on each nozzle in the secondary-cooling 
zone individually. Each nozzle had been measured separately on the hot model, on which the hot surface of 
the blank, which is cooled by a moving nozzle, can be modelled. The temperatures measured on the surface 
of the model can be entered into an inverse task to calculate the intensity of spraying, which, in turn, can 
determine the heat transfer coefficient using a special mathematical method. 

The 3D numerical model of the temperature field is used for optimization of the surface temperature of the 
concast slab [5]. The results are presented for the 1530 x 250 mm slabs that are cast in Evraz Vítkovice Steel 
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where the main author’s dynamic 3D solidification model is used to control the production interface and 
runs in off-line version. 
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Abstract 

Authors present possibilities of graphical simulation of technological parameters of individual heats on 
continuous casting machine (CCM) with use of the model LITIOS, which is used on the slab CCM at EVRAZ 
VITKOVICE STEEL, a.s. This model makes it possible to observe on-line deviations of parameters at casting in 
individual technological nodes of the slab CCM. This enables prediction of individual types of defects on 
slabs and afterwards on final products – steel sheets. History of produced sequences may be also controlled 
and it is possible to model retroactively graphically their course. 

Keywords: Continuous casting machine (CCM), graphical simulation, software, prediction, slab 

1. ANALYTICAL SOFTWARE TOOL 

Evaluation of slab quality on the continuous casting machine for casting of steel is part of the slab 
continuous casting machine information system. A complex system for a long-term monitoring of casting 
parameters and their influence on slab quality was progressively implemented at the EVRAZ VÍTKOVICE 
STEEL, a.s. and it is part of the system LITIOS. This program system is organically linked to the on-line 
temperature model (TM), as well as to the on-line module for data acquisition. 

The system works with all the data that are available from the CCM process. The system comprises data 
acquisition and filtration, their sorting and saving into a database system. The data are moreover 
aggregated and their graphical interpretation is performed. Technological data, which are being measured 
with a period of 10 seconds, are saved and processed in the temperature model. Temperature model 
software [1] enters the data directly into the LITIOS system database. The program system LITIOS moreover 
loads all necessary data information about the sequence from the superior automatic control system of the 
steel shop, entitled FLS, and it stores in the database system. In this way it is possible to filter the data and 
perform the necessary aggregations of data. The aggregation is necessary for simplification of work and for 
handling large volumes of data. It has turned out that it is useful and sufficient to aggregate the data per 
one meter of the cast length of the strand (slab). The developed software is modular with use of the 
newest findings from database technology and methods of data analyses [4]. 

The system offer overviews and it is possible to view data related to a sequence, heat and primary slab. The 
selected data are interpreted graphically. Functions of data selection are available for analytical methods. 
User may transform the data into the matrix of causes – measured values and consequences – quality 
indices. The data thus simplified serve the employees of the steel shop for analyses of the course of casting. 
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The system makes it possible to export the selected data into other statistical programs for more detailed 
analyses. 

2. SYSTEM ARCHITECTURE 

Analytic software tool LITIOS is a super-structure over the running sub-systems of the automated control 
system (hereinafter ACS) in EVRAZ VÍTKOVICE STEEL, a.s.  

Acquisition, aggregation and storage of data into the application database are performed by the services of 
„Import“ and „Re-count“. These services run continuously on the server and their function consists in data 
updating at the moment of their entering into the sub-systems of technology. In this way the most rapid 
availability of all functions of the software is ensured. All the data are stored in data warehouse, in which 
they are accessible with use of the client application of the type client - server from the users’ computers. 
Fig. 1 presents a conceptual diagram. 

 Technology 
Temperature 

model   

 

System FLS 

 
   Database    Database 

Application server 

Import 
(service) 

Technological parameters 
Quality benchmarks 
Import of initial set of rules 

Recount 
(service) 

Recount of parameters per slab and meter 
Import of prediction rules of heat 
 

Application database 
Data warehouse 

             Application LITIOS 
Users 

  
Fig. 1. Diagram of creation of the data base for the analytical tool LITIOS 

The data stored in the data warehouse can be retroactively searched and displayed and it is thus possible 
to analyse any realised heat [2]. 

3. ALGORITHM OF DATA ASSIGNMENT PER METER OF SLAB ACCORDING TO THE FIELD OF ACTIVITY 

It was necessary to resolve how to store the data, how to aggregate them and assign to the slabs with an 
accuracy of one meter, and moreover how to file the effect of individual measured parameters from the 
mould till cutting of the slab on the flame cutter.  
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Solution of these tasks resulted in optimisation of data storage. Data aggregation has been proposed in 
a sophisticated manner in such a way that all the data are made available upon the request of the user, and 
particularly of the steel shop technologist. The data from the temperature model, saved every ten seconds, 
can be displayed in detail as they were created, and then in relation with the so called field of activity of the 
given measured value. The filed of activity is a length interval of the strand, where the given quantity 
influences the course of casting, i.e. where the quantity performs its effect. The monitored field of activity 
may be different for monitored parameters. It is especially important for casting rate, when technologists 
needs to know, what was the speed of slab in the mould, in the zone of secondary cooling or even under 
the selected cooling nozzle (field of activity at single place). 

The data are aggregated by the lengths of one meter and statistic characteristics are saved for each section 
of the field of activity. For statistical purposes related to evaluation of slab quality it is then possible to 
assign the data to slabs and then to the final products rolled from these slabs. 

The data stored in this manner make it possible to simulate in future the course of the slab through the 
casting curve and to display graphically the selected data. Another possibility of use of the program consists 
in analysing the data by mathematical and statistical methods. These analyses then serve as a basis for 
more precise specification of data in the Tab. of causes of defects. Classification of defects is performed 
directly at the rolling mill by commissional analysis in accordance with the catalogue of defect [4]. 

4. GRAPHIC SIMULATION 

During operation of the current system LITIOS very long responses of users accessing the data – typically 
trends of values of individual measured channels for long period – were registered. For this reason a 
solution was proposed, which divides the current uniform database to two parts. The first database 
contains only technological data sent from the temperature model system, the second part contains only 
aggregated data necessary for the user.  

The measured values of technological data are sent every 10 seconds to the database of real-time data, 
from which they are taken by the service realising aggregation recounts and stored in the database of user 
data. Both databases contain data always for a period of one year. That’s why another database exists, 
which contains time intervals of data in individual cycles of year and moreover also current setting of 
channels (technological parameters), which need not be stored in annual data.  

Program LITIOS forms also a final Tab. of prediction rules. Moreover some functions were programmed in 
this program for immediate and retroactive analysis of processes of casting, melting or sequence. It is 
namely visualisation of selected technological parameters in determined sections and intervals at travel of 
slab through the continuous casting machine. The application was thus extended by another possibility of 
viewing the data obtained during the process of slab casting. 

This concerns the module „Course of casting“, with use of which it is possible to do visualise in great detail 
values of selected quantities in relation to the current position during movement of sequence, heat or 
directly individual slabs in the casting channel. The application uses data of approx. 400 channels, used for 
calculation of temperature model. Values of these channels are measured at a constant period of 10 
seconds. These data are with use of data services of the program LITIOS processed on the application 
server and data of these channels are here connected with the information from the main database FLS. 
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Values of channels are thus assigned to heats and individual slabs. Afterwards the results are made 
accessible with use of the module „Course if casting“ in the user application LITIOS. Function of the module 
is obvious from Fig. 2. 

 

Overview of function of graphic simulation: 

� graphical visualisation of movement of sequence-heat-slab in the casting channel in relation to the 
whole casting route or only to the selected segment of the route, 

� visualisation of the values of selected channels for the whole course of sequence -heats-slab, 

� it is possible to regulate the movement in slow or quick steps,  

� current values of selected channels are assigned to each time moment during movement, that’s why 
it is possible to find possible cause of the problem within sequence-heat or slab, 

� graphic visualisation of resolution. 

 

 
Fig. 2 Passage of slab through the selected segment 

This graphic simulation serves to technologists and researchers and helps them setting of limits of 
prediction rules and their subsequent correction. 

Sequence and heat, for which the data are displayed 
after pushing the button “Data refresh” 

It is possible to choose display of the whole 
sequence or heat or one slab of the heat. 

Casting route. Movement of heats within a sequence 
is shown on this route 

The course is then shown for the time period, which 
corresponds to the travel through the whole casting 
route, or only through the selected segment. 

Viewing of the course can be done slowly (1 step = 10 s), 
or quicker – depending on the settings. 

Time period corresponding to passage of the selected 
sequence – heat – slab through the casting route or 
segment is highlighted by yellow colour. 

Selection 
of parameters for 
display. It is 
possible to assign 
a colour for each 
channel 

Current time indicator. It may be caught by 
mouse and course of casting may be 
quickly shifted to another time period by 
dragging.

Current values of 
channels 
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5. CONCLUSIONS 

After implementation of the program system LITIOS into industrial practice it serves also for operational 
control of production (the data and graphs are source for daily meetings of the continuous casting shop 
management). In case of analyses of causes of defects on sheets the program is valuable source of data for 
subsequent statistical analyses. Results of statistical searches enable to make the correction of selected 
casting parameters which should bring the decrease of the number or even elimination of deficiencies on 
slabs by selecting optimal values and limits of these parameters  

This program system therefore fulfils the function of a comprehensive analytical software tool for 
evaluation and optimisation of production on continuous casting machine. 
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Abstract 

The article summarises the knowledge of hydrogen behaviour in metals, and the basis of kinetics of 
hydrogen reduction. It discusses models of hydrogen reduction according to Bannenberg and Kleimt, which 
are based on the equation of first order. The models are compared with the final results of hydrogen 
content experiments, for caisson equipment, and for vacuum equipment RH. The results prove complete 
agreement between the experiments and the model, confirming the expected mechanism of reduction of 
hydrogen content. 

The paper mainy focuses on analysing the composition of process gasses on the Integrated System of 
Secondary Metallurgy equipment (ISSM). The analyses performed show the deviations from the theoretical 
composition of process gasses. The article explains the causes of these deviations, the importance of the 
quality of ingredients for the composition of process gasses, for the quality of steel produced, and for the 
safety of the equipment. 

1. SOURCES OF HYDROGEN 

The occurrence of hydrogen in the elemental form under normal conditions is considerably limited. 
Hydrogen is present in the air in very limited quantities. Composition of dry air, according to [1] is shown 
the following table: 

 
Gas Concentration (%) 

Nitrogen 78,08 
Oxygen 20,95 
Argon 0,93 
Carbon dioxide 0,03 
Neon 0,018 
Helium 0,00054 
Methane 0,00020 
Krypton 0,00011 
Hydrogen 0,00005 

 
Xenon 0,0000087 
Ozone 0,000001 
Iodine 0,0000000035 
Radon 0,000000000000000006 
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The main source of hydrogen on the surface of the Earth is liquid water, moisture (gaseous water in the 
atmosphere) and water bound in hydroxides, the example of which is rust, which is a product of corrosion 
of iron based metals. Rust forms hydrated iron oxide, which is generated by action of moist environment 
and oxygen. Another example is hydrated lime. 

In the manufacture of steel other sources of hydrogen include reaction of iron and possibly other elements 
with hydrocarbons. 

In the primary production of iron, hydrogen is continuously dissolved in the melt iron and increasing 
temperature results in the increasing of its solubility. During metallurgical processes, hydrogen is 
continuously removed from the melt, especially by carbon reaction. The final contents of hydrogen at the 
tapping from the main metallurgical units are the following: 

 
Electric arc furnace 4-8 ppm 
LD converter 2-4 ppm 
Bottom blown converter 6-12 ppm 
 

Other hydrogen enters the process during tapping. 
This occurs through the bare stream of steel, which is 
in contact with the surrounding atmosphere, 
deoxidation, alloying elements and slag-forming 
ingredients. The importance of individual inputs is not 
covered in literature. Their importance can be studied 
most from the vacuum processing on a device 
equipped with a process gas analyzer. There is a 
framework study of Electro-Nite Company [2] 
showing that the addition of materials to the melt 
increases hydrogen content in the melt. The authors 
unfortunately do not specify the amount and 
composition of additives.  

2. DEHYDROGENATION 

Favourable conditions for reducing the hydrogen content of molten steel spilled into the reaction ladle can 
be created in vacuum caisson. Creating a vacuum in the area above the melt level at concurrent injection of 
an inert gas through the bottom of the reaction ladle creates a large free surface of molten steel without 
slag. Slag is a partially emulsified by molten steel, partially driven off to the side of reaction ladle. Free 
surface, continuously renewed by mixing gas, eliminates hydrogen according to Sieverts´ Law. Mixing gas 
bubbles passing through the melt multiply the effect of hydrogen elimination. Increased effect also causes 
the metal to spatter, which occurs during bursting of bubbles of the mixing gas upon reaching the level of 
molten metal. In parallel, hydrogen is eliminated from the slag, which thus ceases to be a source of 
secondary hydrogen after vacuum extraction. 

Thermodynamic equation of hydrogen removal reaction has the form 1): 

[H] = 0,5{H2} �G0 = 36375 - 46,5T 1) 

Fig. 1: Hydrogen content in steel before and 
after administration of additives [2] 
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and the corresponding equilibrium constant and its temperature dependence is determined by relations 2): 
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The rate of hydrogen elimination is then described by the differential equation 3):  
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and its form after integration can be written as follows 4): 

 

4) 

hence the necessary time required for hydrogen elimination 5): 

 

5) 

 

Time dependence of the current content of hydrogen in the metal is given by equation 6): 

 

Where: 

[H] is the hydrogen content, 

KH is the equilibrium constant of hydrogen,  

p{H2} partial pressure,  

a[H],ƒ[H] activity, activity coefficient of hydrogen,  

Aeff area through which the hydrogen,  

Vtav volume of melt,  

kH rate constant, 

Ƭdhy dehydration rate of hydrogen. 

                          6) 

 

 

In the given volume of processed melt the hydrogen elimination rate is mainly influenced by areas between 
the bubbles of inert gas (Ar), in which the hydrogen is transferred, and the melt, respectively. melt surface 
area through which hydrogen passes into the gaseous phase (A eff). The hydrogen atoms reach this inter-
phase area by diffusion (diffusion coefficient of hydrogen is present in the reaction rate constant of 
elimination of hydrogen DH = 3,5 * 10-7 {m2/s} at 1600 ° C and desorption reaction of origination of 
hydrogen gas according to the reaction (1) takes place on the inter-phase area (A eff). 

Reducing the time of hydrogen elimination to a minimum is therefore a matter of achieving the greatest 
possible inter-phase reaction area at the given volume of metal and prevention of the flow of hydrogen 
from secondary sources, mainly from additives.  
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So far a brief theoretical mathematical description of the thermodynamics and kinetics of reaction of 
hydrogen elimination.  

Based on similar equations Bannenberg [3] bysed a denitrification and dehydrogenation model in the 
caisson equipment. The results of this model are also listed in the most current book on metallurgy [4]. 
Bannenberg calculated the final hydrogen content after vacuum treatment and compared the results with 
measurement. The comparison is shown in Fig. 2. 

 

The Fig. shows and Bannenberg 
explicitly states [3] that the addition 
of lime has no effect on 
dehydrogenation of melt.  

This finding may have two 
explanations: 

� Lime was dry  

� Influence of lime added at 
tapping does not differ from 
lime added in vacuum 

o Lime releases hydrogen 
from moisture into the 
metal in only a very limited 
manner 

o Humidity of the lime in the 
vacuum treatment process 
is released only from the 
surface of the slag. 

 

3. PROCESS GAS COMPOSITION, THEORY AND REALITY 

Bannenberg’s model or any model created according to the above equations clearly leads to a gradual 
reduction in the evolution of hydrogen into process gases. With a reasonable assumption that the flow of 
other gases is roughly constant, the concentration of hydrogen in process gas should be dropping 
exponentially, (flow rate of argon, nitrogen flow to protect the camera and aspiration of air through 
leakages is roughly constant). The exponential progress of dehydrogenation can be disrupted by the 
addition of materials with dissolved hydrogen or moisture. 

The ISSM device is equipped with continuous flue gas analyzer. This analyzer is allowed to closely monitor 
the process gas composition, see the recording of the composition of process gas in heat 29473, Fig. 3. Fig. 
3 also shows the moments and the amounts of added additives. 

Fig. 2: Bannenberg’s model - comparison of the hydrogen 
content measured and computed after vacuum treatment on 

equipment developed for degassing 
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The Fig. 3 clearly shows the progress of concentrations is not consistent with the theory of exponential 
decrease. It is further obvious from the Fig. that the addition of aluminium or lime leads to violent ejections 
of hydrogen and water vapour. The exponential progress of hydrogen con-tent is apparent from the chart 
only between 1:17 p.m. to 1:22 p.m. In the time of 5 minutes more than 50% of the initial hydrogen 
concentration of 7 ppm is eliminated according to Bannenberg. 

As there is a continuous record of flow of argon and argon concentration, it is possible to calculate the flow 
of other gases based on dilution equation. It is also possible to integrate these flows and calculate the mass 
removed hydrogen and other constituents. Record of the hydrogen concentration is shown in Fig. 4. Fig. 4 
is supplemented by the integral of the mass flow of hydrogen and water in process gases.  

Heat 29473 H2 dkg delta H2 kg Type m (kg) % H2 % H2O 
 4,706      
 5,298 0,0592 Al 59 0,10 0,90 
 5,68      
 6,36 0,068 Al 84 0,08 0,73 
 7,002      
 8,018 0,1016 CaO 219 0,05 0,42 
 8,984 0,0966 Al 59 0,16 1,47 
 9,038      
 13,419 0,4381 CaO 319 0,14 1,24 
 Average 0,8713 sum 740 0,12 1,06 
 H2O (kg) Delta H2O (kg)  m (kg)   
 16,57      
 24,32 7,75  740  1,047297 
 Total humidity (%)    2,11 

The summary of the performed analyzes implies that: 

� hydrogen is released at the beginning of the process - hydrogen from steel and primary slag, 

� water is concurrently released from the slag, especially at the beginning of the process and then 
continuously, 

� hydrogen is released after the addition of material and this addition induces significant hydrogen 
emanations that are manifested by sharp hydrogen peaks. 

 

In general, the source of hydrogen in metallurgy is moisture. 

� The balance implies that moisture additions in the above melt was about 2.1%.  

� The main source is CaO and aluminium granulated into water  

4. CONCLUSION  

The ISSM device is subject to extreme demands, which are often mutually exclusive. The technology 
supplied corresponds to the current and Know-How and in many ways is substantially enriched the 
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knowledge of metallurgical processes. State-of-the-art technologies require superior materials and used 
raw materials, in particular strict compliance with the moisture in the additives.  

Problems with ISSM device were mainly due to technical solution of the post-combustion chamber, which 
was not designed for extremely high hydrogen emanations, while adding additives. The article clearly 
shows that the progress of concentrations is not consistent with the theory of exponential decrease that 
exponential progress of hydrogen content is disturbed at the moment of addition of aluminum or lime.  
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Abstract  

Mechanical properties of steel during the production of liquid steel are mainly influenced by the emerging 
number of inclusions, their size, type morphology, and chemical composition. The paper deals with 
evaluating the quantity, size, and chemical composition of inclusions gradually emerging. Metallographic 
purity of steel was assessed during production in the electric arc furnace, the following ladle furnace, and 
during vacuum processing in a caisson using VD technology. The samples taken during the production of 
steel were processed by means of an electron microscope and evaluated metallographically.  

1. INTRODUCTION  

The requirements to improve all mechanical properties of steel are increasingly higher. The demands from 
the consumers of metallurgical products for better mechanical values such as ductility, strength or fatigue 
properties of steel make the producers to seek for procedures which would provide the required values. 
One of the main ways to achieve improved mechanical properties of steel is increasing its metallurgical 
purity. This can be accomplished through technologies using secondary metallurgy which enable to 
influence the sizes, quantity and morphology of inclusions generated in the steel production process [1]. At 
Vítkovice Heavy Machinery, a.s. steelworks the technologies include steel processing on ladle furnace (LF) 
and vacuum degassing (VD) of steel in ladle. A study to assess the metallographic purity of steel during the 
production in electric arc furnace (EAF), the following ladle furnace, and during vacuum processing in 
a caisson using VD technology was carried out at Vítkovice Heavy Machinery, a.s. steelworks in 2010. The 
purpose of the study was to get a general insight in the effect of the introduced detailed procedures 
intended to ensure the metallurgic purity and to correct the actual procedures based on the measured 
values, if necessary. The samples taken during the production of steel were processed by means of an 
electron microscope and evaluated metallographically.  

2. STUDY DESCRIPTION  

2.1. Sampling  

The samples were taken from the ladle manually using submersible disk-pin samplers. The first sample 
called LF1 represents the beginning of steel processing on ladle furnace as well as the result of preliminary 
deoxidation of steel in ladle after slag-free tapping from electric arc furnace. To standardize the sampling 
conditions each LF1 sample was taken as soon as 1580 °C temperature on LF had been reached. Because of 
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certain delay caused by the heating of the tapped and deoxidized melt necessary to reach this temperature 
a good concentration homogeneity of the melt as well as enough liquid and well mixed new basic slag can 
also be expected. LF2 sample represents the condition of melt at the end of heat processing on ladle 
furnace where the heat slag regime is the main focus. The melt which is prepared for the following steel 
vacuum degassing in ladle must meet the requirements for temperature before vacuum degassing, slag 
parameters, chemical composition of heat and oxygen activity set by the applicable regulation. VD1 and 
VD2 samples were taken at the beginning and end of steel vacuum degassing in ladle. VD2 sampling was 
followed by 15 minutes’ purification of steel. The samples were taken from heats made according to two 
procedures. In case of procedure 01/09 (TS 1/09) heats 58494, 58500, 58507, 58508, 58509 and 58555 and 
in case of procedure 02/09 (TS2/09) heats 58489, 58495 and 58527 (with at least 0.5 %C content) were 
sampled.  

The fundamental difference between the two procedures is the preliminary deoxidation of steel in ladle 
after slag-free tapping from electric arc furnace. The other heat control principles for ladle furnace and 
vacuum degassing unit are more or less the same.  

� TS 01/09  

o Into the ladle before tapping: CaC2 in the amount of 2 kg/t  

o 0.15 % of FeSi (steel in furnace without Si after oxidation)  

o Calcinated anthracite in case of production of carbon steels such as C45  

o Into the flow in the first third of tapping: Al in the amount of 0.3 - 0.6 kg/t depending on the 
produced steel type and C content in the melt  

o Then CaO + synthetic slag + FeMn (to 2/3 of production composition)  

o FeCr, if appropriate (not added in case of the heats analyzed by the present study)  

o In the last third Al in the amount of 0.3 - 0.6 kg/t again  

� TS 02/09 

o Into the ladle: CaC2 in the amount of 3.0 kg/t + calcinated anthracite in the amount of at least 3.0 
kg/t because of production of high carbon steels  

o During tapping: FeMn (to 2/3 of production composition) + CaO + synthetic slag before the end of 
tapping  

o Al in the amount of 0.5 - 0.7 kg/t Al depending on C content in the melt  

2.2. Description of Sample Analysis Using Microprobe  

The inclusions are automatically analyzed based on Pirelli standard procedure No. 18. V. 008 rev. 7 - 
Metallographic Test of the Microstructure and of the Defects of Rod Wires which was slightly modified for 
the measurement of disk pins.  

The device scans image in BSE (back-scattered electrons) mode, image size is 1024 x 1024 pixels at 500 
times magnification, field-of-view size is 0.25 x 0.25 mm and time for scanning of one pixel is 2,800 ns. 
Depending on the brightness threshold setting the inclusions are identified and then analyzed. The 
threshold is set so that all oxides and only some complex sulphides (those with oxidic core) are captured. 
The analysis is made for 5 seconds with about 25 % dead time of detector which corresponds to intensity of 
about 4,500 pulses per second. The electron beam is directed to the centre (of gravity) of the particle. The 
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set of results of the analyzed particles passes through a filter where the particles other than oxidic 
inclusions are excluded and plotted in ternary diagram showing silicates, aluminates and remaining oxides 
(Mn, Ca a Mg) in peak one, peak two and peak three, respectively. Particles from 1 μm size are measured. 
The total analyzed area for one sample was 80 fields, i.e. 5 mm2. One measurement takes approximately 1 
hour.  

3. ANALYSIS OF MEASURED VALUES, REVIEW OF ACHIEVED RESULTS  

The performed analysis does not fully correspond to the resulting composition of inclusions in the final 
product or semiproduct. The difference is caused mainly by a cooling rate of a relatively small sample 
different to that of an ingot weighing many tons. This implies the method does not simulate the 
composition of inclusions and, most importantly, their sizes in the final product, but indicates the inclusion 
sizes/types and steel purity in the specific process step – processing on LF and VD unit.  

3.1. Analysis of Inclusion Density during Processing  

The set of Fig. s below summarizes the results of analysis of the number of inclusions made using the 
microprobe. The analyzed area is 5 mm2.  
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analyzed heats 
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Fig. 3: Summary of density of 3 μm inclusions 

during the different processing operations for all 
analyzed heats 

[Number of inclusions of 4 μm size] 
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analyzed heats 
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The Figs above indicate the inclusion density in the 
different heats during the process gradually 
decreases. A remarkable decrease in the inclusion 
density occurs during the heat processing on ladle 
furnace. This trend is well manifested in inclusions 
of size up to 4 μm. In the following vacuum 
degassing the density of the smallest inclusions 
shows very little changes if any due to their 
relatively low concentration; some heats show 
slight increase. Inclusions larger than 4 μm can 
rarely be found in the samples their occurrence 
being random. Although no clear trend can be 
observed the occurrence can be expected to draw 
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near to 0 at the end of the VD process.  

3.2. Analysis of Inclusion Sizes in the Different Heats during the Process  

It should be stressed that the inclusion sizes in normal products will be different because steel is purer 
before the casting and the oversaturation necessitated by nucleation is much more difficult to achieve, the 
number of initiation nuclei is limited so the final sizes will be larger. The Fig. s provided below indicate the 
numbers of inclusions in the different size classes decrease relatively quickly. The heats on Fig. s 10 to 12 
produced according to TS 2/09 procedure show slower decrease and lower number of inclusions at the 
beginning of the process. In contrast, the heats produced according to TS 1/09 procedure show quicker 
decrease of the number of inclusions which is caused also by their remarkably higher initial number. The 
number of inclusions at the beginning and end of VD is almost the same and by up to 3/4 lower than at the 
beginning of LF process.  
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3.3. Composition of Inclusions during the Process  

To facilitate the analysis of chemical composition the inclusions were divided into three groups according to 
the scheme shown on Fig. 16. This division is incorrect to certain extent because the inclusions of MnS type 
are classified as MnO in the ternary diagram but this approach can be accepted as a kind of schematic 
simplification. Since a detailed analysis of the composition of the different inclusions could not be 
incorporated in this paper due to its limited extent only average composition is specified.  
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Fig. 16: Inclusion classification scheme 
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Fig. 21: Average composition of inclusions 
according to analysis from microprobe for heat 
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Fig. 22: Average composition of inclusions 
according to analysis from microprobe for 

heat 58495 
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[Average value of elements in %] 

Fig. 23: Average composition of inclusions 
according to analysis from microprobe for heat 
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Fig. 24: Average composition of inclusions 
according to analysis from microprobe for heat 

58494 
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Fig. 25: Average composition of inclusions 
according to analysis from microprobe for heat 
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Fig. 26: Average composition of inclusions 
according to analysis from microprobe for heat 
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The composition of inclusions in the different heats and stages is quite similar. It can be stated that:  

� almost no inclusions from zone A of the ternary diagram occur on LF;  

� inclusions from zone A occur in a small number on VD unit;  

� inclusions from zone B are a dominant group of inclusions;  

� the main constituents of the inclusions are Al, Ca and O;  

� sulphur occurs primarily in inclusions with Mn;  

� if Ti is present in an inclusion it is a dominant constituent;  

� sulphur content gradually decreases in most of the heats;  
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� manganese content fluctuates;  

� the number of inclusions with titanium increases;  

� the number of inclusions with magnesium decreases;  

� no modification of inclusions with calcium is observed.  

4. CONCLUSION  

Based on the measured and listed results it can be concluded the processes under TS 1/09 and TS 2/09 are 
very similar in their progress in terms of density and quantity of inclusions. In case of TS 2/09 there is 
a lower number of inclusions at the beginning of LF process. The number and size of inclusions, initially 
different between TS 1/09 and TS 2/09, is the same at the end of LF process; inclusions larger than 4 μm 
occur rarely and randomly. A great decline of the number of inclusions (up to 3/4) is observed during steel 
processing on LF while the processing on VD unit does not result in a remarkable change in the number of 
the smallest inclusions (not exceeding 2 μm in size) and the number of 3 μm and larger inclusions draws 
near to zero. From the viewpoint of chemical composition the inclusions from zone A do not occur in all the 
analyzed heats on LF. A slight increase is observed only during VD process. The inclusions from zone B are 
dominant although their quantity decreases from LF1 to VD2 in accordance with the conclusions drawn 
above. The area of zone C is in fact a half of the area of zone B where inclusions of CaO.Al2O3 will 
predominate and at the end of VD process very fine CaO.Al2O3 type and pure Al2O3 as well as CaO inclusions 
remain in the steel. Considering the explicit courses of the change in inclusion quantity and size in the 
process it can be stated the purity of steel in liquid phase identified in the analyzed heats is high thanks to 
the steel production technology which is subject to TS 1/09 and TS 2/09 at Heavy Machinery a.s. 
steelworks. Nevertheless there is still a question whether it is already an optimum technology. 

LITERATURE 

[1] Gerd Stolte: Secondary Metallurgy, Fundamentals Processes Applications.  
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Abstract 

The problems of computer modeling of heat up and dissolution of the carburizers particles in liquid ferrous 
alloys were presented in the article. The work was divided into two independent levels (model 1 and model 
2). The first contained the carburizer particle computer model developing and its dimensions and thermal-
physical parameters describing. It meant that each specific carburizer’s particle was described by the 
particular material (anthracite, graphite and petroleum coke). Next, the particle was theoretically 
introduced inside liquid metal. It corresponded with the cast steel or cast iron recarburization process in 
metallurgical furnaces. The results of the modeling with the carburizer’s particles in various positions inside 
molten metal regarding to direction and velocity of the molten metal flow and its temperature were 
presented in the paper. The metal surrounded the particle completely (top, bottom, both sides). Three 
molten metal flow velocities were used v = 0.1/0.05/0.01 m/s and liquid metal bath temperature 1723K. 

The second stage consisted of model which is similar to the situation, when carburizer was added directly 
onto the liquid metal surface. To make a calculation the area was modeled and divided into three layers 
(air, carburizer and liquid metal). During the calculations the molten metal velocity influence as well as 
temperature and carburizer grade on the heating up and solution processes were developed. All the 
calculation were made using ANSYS package. The results were shown in the form of pictures of the particle 
or layer being heated up and dissolved and on the graphs.  

Keywords: recarburization of liquid metal, computer simulation, dissolution of carburizer 

1. HEATING AND DISSOLUTION OF A PARTICLE PLACED IN LIQUID METAL  

In the production of steel and cast iron the process of liquid metal carburization ocuppies an important 
place. The authors of the paper carried out a series of tests to determine the factors influencing the 

performance and time of carburization. These studies 
included the carburizers (anthracite, natural and 
synthetic graphite and petroleum coke), which are 
characterized by different contents of carbon, different 
size and shape of grains. The mechanical properties of 
melted alloys were analyzed, as well as their 
structure.The calculations of computer simulation of 
heating and the dissolution of the particles were also 
carried out. Considering the geometric variety of 
carburizers, a model of „universal“ carburizer particle of 
defined size were designed, it has been given 
thermophysical properties assigned to a particular type 

 
Fig. 1. Dimensions of a particle used in 

calculations (a) and model of particle and 
measuring points in liquid metal (b) 
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of carburizer and has been placed in the surrounding of liquid metal. As a particle shape hexagon of side a = 
3.6 mm has been assumed. On Fig. 1a are shown both shape and size of the carburizer established with 
consideration of size a. The space in which the liquid metal and carburizers were placed has a dimension of 
20 x 20 mm (Fig. 1b). There have been placed 25 points allowing to precise calculation of the temperature 
and concentration throughout the area. The series of simulations were carried out with various carburizer 
particle location in consideration of a liquid metal flow's direction, as well as variable velocity of liquid 
metal flow. The particle has been flown over by a metal from each sides (the side, the top and the down). 
Three velocities of liquid metal flow: v = 0,1/0,05/0,01 m/s and the metal bath temperature of 1723 K has 
been used. 

By three sorts of carburizers applied in calculations (anthracite, synthetic graphite and petroleum coke), 
there has been created a basis of 27 simulation results, which - in consideration of limited range of this 
paper were presented only in a small part.  

The results of heating and melting of anthracite and synthetic graphite particle in the temperature of 1723K 
and liquid metal flow from left side to right (L-P) with velocity of 0.01 m/s were presented below. 

 

  

Fig. 2. Carburization of anthracite particle (on the left) and graphite (on the right) in the temperature of 
1723K in time of t=0.4 s and velocity of v=0.01 m/s 

 

  

Fig. 3. Mass fraction of carbon in liquid metal (on the left) and the image of anthracite particle’s melting (on 
the right) for T=1723 K, velocity of v=0.01 m/s after time of t =0.15 s 
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Fig. 4. Mass fraction of carbon in liquid metal (on the left) and picture of graphite particle’s melting (on the 
right) for T=1723 K, velocity of v=0.01 m/s after time t=0.15 s 

2. HEATING AND MELTING OF CARBURIZER LAYER 

In the next stage of calculations, there has been elaborated a model section of the space reflecting 
a situation of melting carburizer layer located on a surface of metal bath, that is classic carburization with 
a throwing a carburizer on liquid metal surface.  

To perform a calculation modeled area, which is divided into three layers (air, and liquid metal carburizers) 
- Fig. 5 size of analyzed area of 20 x 20 mm has been 
assumed. The thickness of carburizer layer was 1, 3 and 
6 mm. Three liquid metal flow velocities: 
v=0.1/0.05/0.01 m/s and the melt temperature of 1723K 
were used. As in previous simulations, three carburizers 
(anthracite, synthetic graphite and petroleum coke) 
were used.  

As a result of conducted calculations, a basis of results 
allowing to analyse the influence of particular 
parametres on melting was obtained. 

In both models, calculation process consisted of the 
stage of heating carburizer layer without its melting and after heating carburization simulation were carried 
out. 

The simulation results of melting anthracite (on the left) and synthetic graphite (on the right) on a surface 
of liquid metal were presented below.  

Obtained simulation results of anthracite melting of layer thickness of 1 mm (Fig. 6a) and 6 mm (Fig. 6b) 
were presented below, in which heating has been in progress for time of 5 seconds in temperature of 
1723K and liquid metal has flown with velocity of 0.01 m/s. 

 
Fig. 5. Model of carburizer located on a surface 

of metal bath 
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Fig. 6. The view of anthracite melting (on the left) and graphite (on the right) in defined time t=0,05 s for 
T=1723K and v=0.01 m/s as well as layer thickness: a) 1 mm, b) 6 mm 

3. ANALYSIS OF CALCULATIONS' RESULTS 

During the simulation of dissolution of carburizers the mass concentrations of carbon for points previously 
marked inside the workspace were recorded. These values allowed to generate graphs showing the 
relationship between average mass concentration of carburizer at these points at the right moment of 
time. Thanks to that, a performance of carburizers melting in the function of time can be compared. On 
a Fig. 7 an influence of liquid metal velocity on the process of anthracite melting for T=1723K was 
presented.  

 

Fig. 7. Graph presented the dependence of carbon content in function of time with T=1723K and three flow 
velocities for anthracite 

a 

b 
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Analyzing the presented results of calculations, it can be noticed that the increase of melt flow rate, results 
shortening the time of dissolution. The carbon content of 2.93% can be obtained for a velocity of 0.01 m/s 
at time 0.3 s, and at velocity of 0.1 m/s this time is 0.09 s. The influence of the carburizer type on the 
dissolution time of the melt is presented below (Fig. 8). 

 
Fig. 8. The graph presented dependance of carbon content in liquid metal during carburization with 
anthracite, synthetic graphite and petroleum coke in function of time for velocity of v=0.01 m/s for 

temperature of 1723K 

The calculations confirmed that the best carburizer is synthetic graphite, not only because of its low degree 
of contamination, but mainly because of its high rate of dissolution. For the synthetic graphite particles 
similar level of carbon content in the melt (2.93% C) can be obtained at time five times shorter than for 
anthracite. The calculation results show that the dissolution of the synthetic graphite particles at a flow 
rate of liquid metal v = 0.1 m/s occurs at 0.01 – 0.02 s. Achieving such coal concentration of particles 
overflowing the anthracite at 0.01 m/s is theoretically impossible to achieve even in the tens of seconds. 
For this model the process of heating the particles contained in the melt were also analyzed. Analysis of the 
heating process leads to the conclusion that, as in the process of dissolution, the increase of metal velocity 
causes that metal 
heating rate increa-
ses. The fastest 
carburizer to heat is a 
synthetic graphite. 

It can be also noticed, 
that particles heating 
is a process signifi-
cantly longer than 
melting. Heating time 
can last a few 
seconds, while mel-
ting lasts merely 
a tenth of second. 

Fig. 9. The influence of metal velocity on carbon content in lower layer of liquid 
metal with carburizer layer thickness (anthracite) of 6 mm 
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The second model included the computer simulation of the process of dissolution and heating carburizing 
layer of material of different thicknesses and different types of carburizers located on the surface of the 
liquid metal flow with variable speed. The analysis dealt with points located at the upper layer and the 
lowest level carburizer liquid metal (Fig. 5). Calculations show that the increase in flow velocity intensifies 
the dissolution of carburizing material. 

It is presented on Fig. 9, where it is apparent that sooner happens an increase of carbon content in the melt 
by a velocity of v = 0.1 m/s. 

 

With a lower thickness of carburizer layer, influence of liquid metal velocity on the rate of dissolution is less 
visible. In determining the thickness of carburizer layer no restrictions on the maximum solubility of carbon 
in iron were introduced, so the obtained values are higher. This does not change the course and character 
of changes in carbon concentration in the liquid cast iron. Analyzing the results presented in Fig. 9, it can be 
expected that in real conditions undissolved carburizer can exist in the upper layer, with thick carburizer 
layers. 

The calculations also show that the type of carburizer has no significant effect on change in carbon content 
in the melt and the carburizer layer. It does not confirm the results obtained in real conditions, where very 
fast dissolution of graphite in comparison with other carburizers is visible. The differences found are due to 
the fact that the solution is connected to the heating, which takes much longer for anthracite than 
graphite. 

Results of calculations show also that increasement of carburizer layer hardness cause reduction of melting 
rate. 

4. SUMMARY 

Performed calculations and observation of the process in real conditions lead to the conclusion that the 
melt flow rate affects both the heating process and the dissolution of carburizer. The higher is flow velocity, 
the faster is heating and melting. During analyzing heating process it can be claimed that the fastest to heat 
is graphite and the slowest – anthracite. It has been claimed by researches, where it has been noticed that 
by using the anthracite high carburization efectivenesses could be obtained, but it demands metal heating 
to higher temperatures and using longer times of process performance. Increasing the thickness of the 
layer of carburizer placed on the surface of liquid metal cause the reduction of heating and melting rate. 
During the implementation of melting it has been noticed that before melting, carburizer had heated up 
(change the colour) and then it has melted, which claims the validity of assumptions of two-stage process 
performance. 

It was also visible that thin carburizer layer changed colour in short time and on whole surface, and thick 
layer has not changed colour for long time.  

This means that one-off introduction of larger carburizer amounts on the surface can cause significant 
elongation of carburization and reduction of effectiveness of introduced carburizer’s utilization. In many 
cases introduction of carburizer in two smaller portions could turn out to be more beneficial than in one 
bigger. Performed numerical calculations allow to define the time of particles heating depending on many 
parametres. Upon them there can be designated such values as e.g. depth, which on the particle have to be 
introduced to a liquid metal, in order to make it heated and melted before it floats on the surface. 
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Abstract  

Production of pig iron and steel is inevitably associated with large-volume production of secondary slag. 
Slag from iron and steel metallurgy can be divided into the blast furnace and steel slag, which are further 
distinguished on the furnace and ladle slag. This by-product from metallurgical industry is the subject a lot 
of and solutions with a range of knowledge in its utilization. Slag cannot be considered as waste material. 
Due to its composition of the slag is a valuable resource. Next options processing of slag are limited by its 
parameters. Most of the slag is produced, although currently used material, but a significant proportion is 
still landfilled. There are many possibilities for transformation of slag materials with higher utility value. 
Currently, there are several ways of using blast furnace slag and steel slag. Material utilization of granulated 
blast furnace slag is satisfactory. Blast furnace slag is an important raw material for production cement or 
concrete. Use of steel slag is difficult and its applications bring a lower value. Slags from steel furnaces are 
usually processed in less valuable stones. For a specific application slag is besides her origin critical chemical 
and phase composition, method of processing but also other factors such as its time of landfiling. This 
article focuses on the different properties of individual types of slag from metallurgical industry with 
emphasis on the possibility of its further material utilization in building and the metallurgical industry. Next 
article will be also paid attention to the causes of instability slag volume. 

Keywords: metallurgical industry, blast furnace slag, steel slag, building, slag volume, slag utilization  

1. INTRODUCTION 

Slag arises from iron and steel making as a necessary by-product. From point of view metallurgy production 
of slag is on the one side unwanted in the other side technologically necessary. Slag increases the costs of 
energy (slag must be heated to a temperature of molten metal), further the costs of technological 
equipment (securing the working area of the melting aggregate, increased corrosion lining of melting 
furnaces) and finally increases the costs of its processing respectively its removal. A positive benefit of slag 
is active participation in the processes of metal production and slag as a protective layer reduces the 
radiation of heat into surrounding area and this way slow cooling of metal in melting aggregate. Slag in 
depends on the chemical and phase composition isn´t waste but on the contrary can be as s standard 
product from metallurgical plant. Slag from iron and steel metallurgy can be divided into blast furnace slag 
arising from production of pig iron and the steel slag. Steel slags are divided according to melting aggregate 
in they arised. There are furnace and ladle slags. Furnace slags arise in the primary furnace aggregate for 
steel refining. In this category are mainly slags of oxygen converter and electric arc furnace. To the group of 
steel furnace slags in the Czech Republic include slags from tandem furnace but in abroad this technology 
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of steel production absent. On the contrary in abroad or on dums of historic load in the Czech Republic can 
meet the Siemens – Martin slags. Ladle slags arise in the casting ladle during steel processing in plant of 
secondary metallurgy.  

 Tab. 1 Slag production in the Czech Republic (2006 year) 

Literature presents one-year worldwide production approximately 50,000 kt steel slags and from Europe 
12,000 kt. In a world is approximately 65% of this amount materially utilization. Remaining 35% is still 
stored on the dumps. This ratio is different in other countries, for example in Germany is used up to 93% 
steel slags. In Czech Republic is a one-year production of blast furnace slag around 2 million tonnes and in 
case steel it is about one-half, Tab.1. In the Czech Republic is blast furnace slag full used and similary is used 
majority steel furnace slag. For ladle slag is not find practical materials utilization yet. 

 

                                                            
1 Cast converter slag includingslopping from the converter. 
2 Ladle slag including slag from electric steel plant (about 3 kt) 
3 Data in year 2007. In 2006 the built new steel plant furnace and produciton was greatly influenced. 
4 Estimation of the produducer. The exact amount of the furnace and ladle slag is carried out. 
 

Company Production (kt) 
Specific production 

(kgslags/tiron) 
(kgslag/tsteel) 

ARCELORMITTAL OSTRAVA 
a.s. 

Bl
as

t 
fu

rn
ac

e Pig iron 3 159 
Slag 1 092 346 

St
ee

lw
or

ks
 Steel 3 006 

Sl
ag

 

Total 648 216 
Tandem furnace 580 193 
Ladle 68 23 

TŘINECKÉ ŽELEZÁRNY, a.s. 

Bl
as

t 
fu

rn
ac

e Pig iron  2 033 
Slag 874 430 

St
ee

lw
or

ks
 

Steel 2 514 

Sl
ag

 

Total 386 154 
Converter 1 336 134 

Ladle 2 50 20 

EVRAZ VÍTKOVICE STEEL, a.s. 

St
ee

lw
or

ks
 Steel 796 

Sl
ag

 Total 117 147 
Converter 88 111 
Ladle 29 36 

VÍTKOVICE HEAVY 
MACHINERY a.s.3 

St
ee

lw
or

ks
 Steel 190 

Sl
ag

 Total 32 168 
EOP 25 131 
Ladle 4 7 37 

HESCO, s.r.o. (Železárny 
Hrádek) 

 St
ee

lw
or

ks
 

 

Steel 131 
Total slag 11 84 

PILSEN STEEL s.r.o. 
Steel 92 
Total slag 19 206 

�� Czech Republic 
(calculated from these data) 

Bl
as

t 
fu

rn
ac

e Pig iron 5 192 
Slag 1 966 379 

St
ee

l 

Steel 6 729 

Total slag 1 213 180 
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Fig. 2 Illustration of used slag in equilibrium diagram CaO-Al2O3-
SiO2 

Exist some causes why the 
statistical value production 
of slags cannot be regarded 
as completely exact. One of 
the main argument is 
nonuniform methodology 
for monitoring presence of 
slags. The amount of slag 
which is produced in the 
melting aggregate is exactly 
recorded by the weighting 
system. During next 
processing of slag is reduces their weight thanks to separation of metal pieces and on the contrary increase 
weight as a consequence of increase amount of water in the slag. An important indication of the volume of 
production slag is its specific production (kg slag/ton of pig iron or kg slag/ton of steel). The values of 
specific production are different in each plant and depending on the level technology of production metals. 
Production of steel and pig iron in the world and in the Czech Republic shows Fig. 1. [1,2,3] 

2. CLASSIFICATION OF SLAGS BASED ON OXIDES  

From chemical analysis is evident 
composition of blast furnace and 
steel slag. They are formed the most 
significantly oxides CaO, SiO2, Al2O3. 
Their summary represent ration 77 
to 90 wt% in case majority slags. This 
allows expression of the composition 
slags just using proportional 
representation of these oxides. 
Recalculation of their content to 
theoretical basis 100% enable to 
representation proportional oxides 
in different types of slag in the 
ternary phase diagram of CaO - SiO - 
Al2O3 (citation). The position of 
points corresponding to the 
composition of the specific slags and 
with equilibrium phase association of 
three minerals. They can be obtained 
by ideally equilibrium (ie mostly 

slow) cooling of melt composition (ie, molten slag). On Fig. 2 the yellow field present to composition of 
blast furnace slags. Representation of CaO and SiO2 in them is the same 35 to 45 wt% and content Al2O3 is 
low. Due to high proportion of SiO2 have the slag melts high viscosity. Rapid cooling of melts support arise 

Fig. 1 Production of steel and pig iron in the world and CR 

Steel CZ Iron CZ Steel world Iron world 
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glass phase as the predominant phase in rapidly cooled of slags. Glass form is advantageous for latent 
hydratation of slags. The product is called as granulated blast furnace slag. 

Tab.2 Compound of slags 

Type of slag 
Component (wt%) 

CaO SiO2 Al2O3 MgO MnO FeO+Fe2O3 

BF 35-38 34-38 6-9 10-14 0,5-2 0,5-1 

BOF carbon steel 35-60 9-20 2-9 5-15 3-8 15-30 

BOF steel alloy 39-45 24-32 3-8 8-15 0,4-2 1-6 

BOF 30-55 8-20 1-6 5-15 2-8 10-35 

Ladle 30-60 2-35 5-35 1-10 0-5 0,1-15 

BF – blast furnace, BOF – basic oxygen furnace, EAF – electric arc furnace 

 

The blue field present to composition of steel slags. Cooling the slag melts of such chemical composition 
can be formed directly the hydraulic phases C3S, β-C2S (high temperature form), C3A, C12A7 or CA, or C2AS - 
gehlenit. The hydraulic system after crushing and reaction with water set, hardened and creating a stability 
composite of cement. Very slow cooling of slag is associated with the formed non hydraulic γ form of C2S, 
which does not allow formation of hydraulic binder phases. Very good latently hydraulic attribute exhibit in 
systems of steel slags after the rapid cooling melts. In case of representation glassforming SiO2 arise glass 
phase with less portion of crystallized mineral phases. Typical chemical composition of slags is presented in 
Tab. 2. This optimally cooled slag can be reactivated like granulated blast furnace slag with Ca(OH)2 or 
soluble compounds of alkali metal. Red field characterized the chemical composition of another kind of 
steel slags with Al2O3 content in the range of 20 to 30 weight percent with higher content of CaO and very 
low content of SiO2 and important is the usual presence of MgO. Due to composition are slags unsuitable as 
a hydraulic binder. High content of CaO and MgO change to volume stability. Free lime exothermically 
strongly reacts with water and disrupts hardening system. Similar process is in case MgO. Alumina involved 
in the hydration reactions gradually changing own volume, thereby contributing to instability of slags. 
Therefore slags with these composition cannot be used without modification as a itself binders or just like 
part of mixed binder systems or as an alternative aggregate for building [4-6]. 

3. UTILIZATION OF SLAGS 

The utilization of blast furnace slag is not a serious problem. One part of rapidly cooled slag is changed to 
granulated blast furnace slag, which is standardly used for the preparation cement, also this salg is added 
to concrete and find application in the glass industry. Know it its use for preparation of binders by alkaline 
activation. Next utilization of slag is processed to aggregates.The simplest way for producers of steel 
furnace slag is their disposal within their own operations, namely way their recycling into blast furnace 
charge or agglomeration lines, but also into the furnace in which incurred. From slag will be utilized iron 
and slag may be partly replaced by natural additive as lime, dolomite, manganese oxides and aluminium 
oxide. Recycled furnace steel slag in oxygen converters can allow easier dissolution by lime at the beginning 
of the refining process Building industry is interest in furnace steel slag. From steel furnace slag is prepared 
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aggregates for building purposes, especially as a base for road construction and for asphalt road surfaces. 
Difficult is utilization of ladle steel slag. These slags are deposit, or may be used for recultivation. In last 
year metallurgists are trying to rework slag on product labeled as synthetic slag for next using. Possibilities 
of material utilization different types of slag present Fig. 3.[3,4]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Summary of blast and steel slags utillization 

 

Recently developing way of using slag, showing latent hydraulic properties is their alkaline activation. The 
method of alkali activation of slag can be used for the preparation of inorganic binders with a wide range of 
properties that can be modified in the right direction. Possible to state the leading advantages: high 
compressive strength, long-term stability without loss of original properties, low shrinkage, fast or slow 
setting, high resistance to corrosive environments, resistance to high temperatures (up to 1200°C), low 
thermal conductivity, higher waterproofing and frost resistance, the ability to immobilize toxic wastes. The 
slag shows latent hydration in case, when after the addition of a suitable activator Ca(OH)2 or soluble alkali 
metal compounds, begin setting and hardening the same way as Portland cement. The condition of latent 
hydration is in the case of slag, the content of SiO2 and Al2O3 in the so-called active (energy-rich) form, 
which will guarantee their presence in the vitreous state. Satisfactory development of the hydration 
process activated slag is achieved granulometry similar as Portland cement which can be expressed value of 
specific surface 300 m2.kg-1or more.The quality of the hydravion reactions is strongly influenced by the 
presence of other important components namely - CaO. The amorphous form of the slag reaches rapid 

Slag 

Slag forms part of the 
charge to agglomeration 
and blast furnace. Granulated blast 

furnace slag is added 
to cement and 
concrete. Slag is 
suitable for alkali 
activated binder. 

Aggregates for 
concrete mixtures. 
Strengthen underlying 
layer. 

Solid artifical slag aggregate 

Granulated blast furnace 
slag 

The slag is fed into the 
furnace in which arise 

 Recycled 

Solid artifical aggregates 

Aggregates as reinforcing 
base can also be used in 
asfalt mixtures. Aggregates 
for water engineering.  

   
M

et
al

lu
rg

y 
 

Bu
lid

in
g 

in
du

st
ry

 

Additive to cement and 
concrete. 

 

Ladle slag 

Bu
ild

in
g 

in
du

st
ry

 

The slag is added 
to furnace in which 
arised. 

Slag is suitable for 
alkali activated 
binder. 

 

Ladle steel slag and 
furnace slag 

Recycled 

Bu
lid

in
g 

in
du

st
ry

 

 

Blast furnace 
 

Steel furnace 
 

M
et

al
lu

rg
y 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

200 

cooling to prevent crystallization. This situation is characteristic for granulated blast furnace slag which 
create glass structure due to high content of SiO2. The above mentioned slag is frequently used for alkaline 
activation. Products prepared in this way provide excellent strength parameters after 28 days of hydration 
are the values over 100 MPa. In the case of steel slag where the content of SiO2 is usually lower at the 
expense CaO is their glass form limited. Experiences prove that even fast-cooled steel slag is for methods 
alkaline activation utilization. The products made from selected steel slags after alkaline activation achieved 
compressive strength on the level 80 MPa [7-9]. 

4. VOLUME STABILITY OF SLAG 

Utilization of steel slags in the form agreggates for building construction often bring problems with their 
volume stability. The slags amenable to reactions are related with change of volume of reaction products 
compare to its original volume. The main problem of volume instability steel slags is presents free CaO or 
MgO and change of polymorphous phase of dicalciumsilicate (C2S) and hydration. Free CaO and MgO reacts 
with water to form hydroxides which can further react with air CO2 to form carbonate. From the point of 
view volume stability of slags is important polymorphous change of C2S during cooling of slag. High-
temperature form of 1- C2S is changed to low-temperature form of �- C2S. The process is associated with 
change of volume approximately 10%. Change of modification continue well in slow cooling of slag. 
Complete change come about after some days. The last cause of volume instability of slags is hydration. 
Reaction run in case, that C2S is present in form of 1 which is hydraulic. This situation coming in case that 
the slag is rapid cooled and not to transform on low-temperature form of �- C2S. This change of volume is 
usually aproximately 10% [10]. 

5. CONCLUSION 

The slags from production pig iron and steel making introduce large-volume secondary materials and in the 
near future expect any significant reduction of production. In the future will dominate the social interest in 
its utilization of valuable material. Utilization of slag for binder systems by method alkaline activation will 
be perspective. Availability of granulated blast furnace slag is a guarantee of its long-term utilization in the 
production of cement. Due to the widespread use of the slag in the form of aggregates for construction 
purposes, it is necessary to pay attention to their methods of prediction of volume stability. Is expected 
increasing proportion of recycled steel slag into the aggregates where primarily slag arised. 
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Abstract  

Production of constructional casting competitive for welded structure of high-strength steel first of all 
required high metallurgical quality of cast steel. Assumptions, methodology and results of investigation 
which the aim was determination of the most advantageous: configuration and parameters of metallurgical 
treatments and ways to modify, in aspects of reach the low-alloy cast steel of the highest quality as 
possible, are presented. A series of low-alloy cast steel melts modeled on cast steel L20HGSNM was 
performed, the way of argoning in laboratory induction furnace with a capacity of 50kg was worked out, 
modifications with additions of FeNb, FeV and master alloy MgCe were performed. During each melts 
samples of cast steel direct from metal bath were get and series of experimental casting was made. 
Chemical compositions of melted cast steel, contents of O, N and H were determined. Moreover in the 
article the influence parameters of quenching on mechanical properties of low-alloy structural cast steel, 
are presented. An attempt to quantify this relationship was made. 

Keywords: Construction cast steel, metallurgical processing, modification, argon, microstructure, 
mechanical properties 

1. INTRODUCTION, RESEARCH PLAN. 

Among the construction cast alloy (PN-90/H-83161) and resistant to abrasion steels (PN-88/H-83160) the 
highest mechanical properties i.e. Rm and Re has the L20HGSNM cast steel. High, according to the 
standards, Rm>1300 MPa and Re>1100 MPa, actually predisposes it to be used on heavily loaded machine 
parts. In contrast to steel, the only way to improve the properties and structure of cast steel is heat 
treatment with appropriate parameters, which makes this treatment extremely important in the case of 
construction castings. Not without significance is the chemical composition of metallic and non-metallic 
impurities and the structure of the original cast. The term "purity" in steelmaking is variable in time. It 
means something different for open-hearth process, another thing for the production of a few decades 
ago, and also something else for the present steel. Understanding of this term varies with the development 
of smelting and refining technology and materials used. The purity of steel is affected by such factors as: 

� the content of harmful components (additives), 

� chemical and metal phase inhomogeneity (segregation), 

� content, form, location, size and type of nonmetallic inclusions. 

Currently, the prevailing tendency is to consider the purity in two matters: 

� chemical purity, 
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� metallurgical purity. 

 Tab. 1. Melting plan 
Operation 1 2 3 4 

1 Taking sample 0 1 1 1 1 
2 Deoxidation 1 1 1 1 
3 Argon 0 1 1 1 
4 FeNb modification 0 1 0 1 
5 FeV modification 0 0 1 1 
6 Taking sample 1 1 1 1 1 
7 Pouring sample cast I 1 1 1 1 
8 Deoxidation 1 1 1 1 
9 Argon 1 0 0 0 

10 FeNb modification 0 0 1 0 
11 FeV modification 0 1 0 0 
12 Adding MgCe master alloy 0 0 0 1 
13 Taking sample 2 1 1 1 1 
14 Pouring sample cast II 1 1 1 1 

 
Chemical purity is bound to the chemical composition and the content of harmful elements. The concept of 
chemical purity increases with the increase of recycling of steel, particularly in the process carried out in an 
electric arc furnace. 

Metallurgical purity is associated with the occurrence of non-metallic inclusions, which have a negative 
impact on the process of casting, machining and the final properties. Of particular importance is whether 
the inclusions are "soft" or "hard" in comparison with the metallic matrix. 

The experimental plan included the implementation of four two-stage cast steel melts with the chemical 
composition of cast steel L20HGSNM. Planned activities within each melt from the overheating to the 
addition of ferro-alloys is presented in Tab. 1. 

2. MATERIAL 

As mentioned above the tested steel was based on the L20HGSNM cast steel with the chemical 
composition as set out in the Polish standard, which was presented in Tab. 2. Basic charge materials were 
the two, previously prepared steel melts, Tab. 3 presents the chemical compositions of the charge 
materials and auxiliary inputs defined as Cast I and Cast II. The aim was to determine the effect of the main 
input material constituting almost 98% of the entire charge on the chemical composition and impurity 
content of the test cast steel. 

 Tab. 2.Chemical composition of L20HGSNM cast steel [%] 

C Si Mn P S Cr Mo Ni 
0,18-0,25 0,7-1,0 0,8-1,1 <0,035 <0,03 0,6-0,9 0,1-02 0,9-1,2 
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 Tab. 3. Chemical composition of charge materials [%] 

 C Si Mn P S Cr Mo Ni Al Cu V Nb 
CeM

M 
Mg 

N 
[ppm

] 

O 
[ppm

] 

H 
[ppm

] 
C. steel I 0,18 0,6 0,18 0,02 0,0085 1,6 0,77 1,69 0,03 0,23     126 106 <0,6 

C. steel II 0,14 0,48 0,4 0,025 0,03 0,75 0,5 0,8 0,06 0,088     245 133 <0,6 

FeMn-HC 7,00 1,50 75,00 0,250 0,030             

FeMn-LC 1,31 1 79,93 0,1 0,001             
FeNb  1,04  0,12 0,1       65,2      
FeV 0,06 0,5 0,08 0,02 0,04    1  80,3       

MgCe  42,6       0,7    1,78 30    

3. RESEARCH 

Melts were carried out in an acid lining induction furnace with a capacity of 50 kg, the mass of melted cast 
steel was 40 kg. The individual melts were carried out in accordance with the adopted plan (Tab. 1) 
a detailed course of the casts was as follows. 

� The melting of the major charge materials Cast I and Cast II, together with slag-making materials, 

� The addition of FeMn-HC and Ni, start of the protective argon blast at liquid metal mirror, 

� Overheating of the melt above 1600oC, 

� Taking a sample with the “T.O.S” immersion probe from 
Heraeus Electro-Nite (Fig. 1),  

� Deoxidation of the melt by placing in the furnace 0.05 kg of AL 
and 0.06 kg FeMn-LC, 

� Purging out the melt with argon lance placed from the top at 
90 degrees angle to the liquid metal surface (excluding melt 
No. 1 where at this stage argon was not applied). 

Based on the analysis of argon process parameters used in 
steelworks ([1]) and several attempts it was decided to use argon for 
1 min with the flow of 10 l / min in all cases. In the melt No. 1 the use 
of argon was not performed to determine the impact of the 
deoxidation combined with argon and without argon, the decline the 
amount of O, N and H in the cast steel. The operation of argon use 
was conducted in small tanks as an independent refining process has 
a negligible effect on reducing the oxygen content. It reduces its 
content only when the initial amount of metal is high enough, in the 
other case the oxygen content increases as the nitrogen content [2]. 

� After overheating the melt above 1600 oC and the time of 2 
minutes, the next sample was retrieved, 

� The introduction of modifying additives,  

Fig. 1. A system for sampling of 
cast steel for the determination 

of the total oxygen content, 
Heraeus Electro-Nite company 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

205 

o Melt No.1 without additives, 

o Melt No. 2 addition of 0,04kg FeNb, 

o Melt No. 3 addition of 0,04kg FeV, 

o Melt No. 4 addition of 0,04kg FeNb and 0,04kg FeV. 

Ferro-niobium and iron-vanadium were used as additives, due to the relatively high so-called ‘modifying 
activity’ of niobium and vanadium [3], furthermore, even a small addition of these elements in combination 
with an appropriate heat treatment has a beneficial effect on the mechanical properties of low-alloy steel 
[4]. Alternating points 8bc and 14bc and at the same time point 8d, the introduction of additives, will help 
to determine their possible interactive activities. 

� Overheating of the melt above 1600 oC and the tapping of half of the metal in the ladle, plus 
deoxidation with 0.04 kg Al, 

� Casting the sample cast, 

Within each melt at a specific stage in the plan a sample casting was cast (Fig. 2). The weight of the casting 
was 15kg, and its geometry was based on industrial sample castings used in the test for determining the 
mechanical properties. It has been chosen so as to obtain maximum-proofness for casting defects of 
shrinkage origin, what was confirmed by computer simulation results presented in Fig. 3. 

� Overheating the remaining melt above 1600 oC, 

� Deoxidation of the melt through the addition of 0,03kg Al and 0,03kg FeMn-LC to the furnace, only 
cast No. 1, 

� Argon use on the melt, only cast No. 1, 

� The introduction of modifying additives,  

o Melt No. 1 no additives, 

o Melt No. 2 addition of 0,04kg FeV, 

o Melt No. 3 addition of 0,04kg FeNb, 

o Melt No. 4 addition of MgCe master alloy ca. 0,03kg Mg. 

In the fourth melt it was decided to use magnesium-cerium master alloy used as spheroidizator for cast 
iron, because of the value of 'modifying activity' of these elements. This value for both magnesium and 
cerium is nearly one hundred times higher compared to niobium, and compared to vanadium almost fifty 
times higher [3]. 

� After overheating the melt above 1600 oC and the time of 2 minutes, the next sample was retrieved, 

� The tapping of rest of the metal with deoxidation by 0,04kg Al in the ladle, 

� Casting the sample cast. 
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Fig. 2. Experimental casting geometry 

 

Fig. 3. Distribution of shrinkage defects in 
experimental casting, simulated 

The sample castings were cut for further testing, sampling location is shown in Fig. 2. From each casting 
after the initial selection, nine standard samples were obtained for testing the tensile strength, and nine 
pieces of standard V-shaped samples for the impact test. The samples obtained in this way were divided 
into three sets of three samples of each type from each melt. The prepared sets of samples were heat-
improved according to the following plan: 

I stage. Quenching 

� heating of all samples to the temperature of 920oC 

� austenitizing at this temperature for 20 min, 

� cooling in water. 

II stage. Tempering 

� heating of subsequent set of samples (three samples of impact resistance and 3 to test the tensile 
strength) respectively to a temperature of 600oC, 650oC, 700oC 

� soaking at this temperature for 20 min, 

� cooling in the air, 

4. RESULTS 

Analysis of chemical composition of tested steel was performed on samples from the sample castings. The 
results were presented in Tab. 4. Compared to L20HGSNM steel, chromium and nickel have been slightly 
raised. Molybdenum because of its beneficial effects on the mechanical properties was decided to be 
raised to the content of above 0.6%. Due to the acidic lining of the furnace it was difficult to control the 
content of manganese and silicon hence the relatively large fluctuations in the content of these elements. 
Their contents were pursued, as the lowest concentration of about 0.4% silicon, and manganese 
concentrations in the upper limit provided for L20HGSNM cast about 1.1%. The total oxygen, nitrogen, and 
hydrogen content was determined by melting the sample, placed in a graphite crucible for the nitrogen, 
oxygen and hydrogen content in analyzer measurement TCHEN600 by LECO using samples taken at specific 
phases of each of the melts. The results were presented in Tab. 5. For the third cast simultaneously with 
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taking the samples 0 and 1 the active oxygen content in liquid cast steel was measured with the use of 
CELOX system by Heraeus Electro-Nite, the measured values were given in parentheses.  

Heat treated samples were subjected to standard tests to determine the mechanical properties of the 
tested cast steel. Static tensile test was performed on the machine VEB Leipzig with a nominal measuring 
range up to 100 [kN]. To determine the impact resistance, the Charpy hammer was used with a measuring 
range up to 50 [J]. The hardness measurements were made three times for every impact resistance sample 
on a standard Brinnell stand using tungsten carbide balls with a diameter of 5 mm under the load of 750 [J]. 
The values of the results of the study were presented in Tab. 6. 

 

 Tab. 4. Chemical compositions of melted cast steel 
Cast 
No. 

C Si Mn P S Cr Mo Ni Al Cu 

1_1 0,27 0,35 0,80 0,029 0,029 1,02 0,67 1,31 0,06 0,16 
1_2 0,25 0,46 0,74 0,029 0,026 1,02 0,66 1,30 0,10 0,16 
2_1 0,22 0,47 0,86 0,027 0,022 1,08 0,64 1,33 0,19 0,17 
2_2 0,22 0,49 0,80 0,028 0,026 1,08 0,65 1,33 0,15 0,16 
3_1 0,22 0,44 0,96 0,028 0,022 1,05 0,63 1,30 0,20 0,16 
3_2 0,24 0,46 0,93 0,029 0,025 1,11 0,64 1,30 0,04 0,16 
4_1 0,23 0,47 0,92 0,030 0,023 1,11 0,65 1,35 0,02 0,17 
4_2 0,25 0,67 0,88 0,029 0,022 1,16 0,66 1,36 0,05 0,17 

Avg. 0,24 0,48 0,86 0,03 0,02 1,08 0,65 1,32 0,10 0,16 
STD. 0,018 0,088 0,075 0,001 0,003 0,048 0,013 0,024 0,069 0,004 

 

 Tab. 5. Contents of O, N and H in cast steel 
Cast No. SamplNo. N O H 

1 
0 200 128 <0,6 
1 211 37 <0,6 
2 231 31 <0,6 

2 
0 213 132 0,6 
1 234 43 <0,6 
2 241 40 <0,6 

3 
0 209 124 (56) 0,6 
1 202 34 (6) <0,6 
2 249 47 <0,6 

4 
0 192 95 0,6 
1 202 42 <0,6 
2 227 47 <0,6 

In parentheses is the active oxygen content 
measured directly in the melt with a CELOX 
equipment by Heraeus Electro-Nite 
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5. SUMMARY AND CONCLUSIONS 

 Tab. 6. Mechanical properties of investigated cast teel 

No. 
Rm 

[MPa] 
Re 

[MPa] 
HB 

Z 
[%] 

KCV 
[J/cm2] 

A5 
[%] 

1_1_600 941,7 872,1 298,3 43,3 25,4 4,1 
1_1_650 719,5 657,2 264,0 46,0 16,7 3,6 
1_1_700 659,8 508,6 242,3 30,8 18,9 7,6 
1_2_600 917,1 830,6 310,3 36,1 21,0 6,1 
1_2_650 799,0 701,2 285,3 52,6 25,7 6,2 
1_2_700 665,6 497,1 235,7 64,4 36,0 10,2 
2_1_600 616,7 0,0 331,7 7,6 2,5 1,2 
2_1_650 780,9 564,0 292,3 10,7 7,4 1,7 
2_1_700 631,6 511,3 261,7 16,0 2,5 2,6 
2_2_600 945,0 0,0 388,3 6,4 0,0 1,2 
2_2_650 969,9 941,0 348,3 8,3 2,5 2,0 
2_2_700 767,9 685,7 267,7 14,8 7,3 3,9 
3_1_600 567,0 0,0 358,0 8,0 0,0 1,5 
3_1_650 696,3 0,0 335,0 9,9 0,0 1,7 
3_1_700 662,5 613,5 267,7 10,2 2,5 2,9 
3_2_600 1034,5 933,0 355,0 6,8 0,0 0,5 
3_2_650 915,1 803,7 327,7 8,2 3,7 1,5 
3_2_700 762,6 647,2 288,7 17,1 11,3 6,6 
4_1_600 977,8 0,0 394,3 8,6 3,7 2,0 
4_1_650 880,3 775,9 342,7 14,9 3,7 1,5 
4_1_700 756,0 563,7 289,0 18,6 12,8 6,3 
4_2_600 0,0 0,0 363,3 7,3 0,0 0,0 
4_2_650 0,0 0,0 346,0 8,7 0,0 0,0 
4_2_700 761,0 666,5 274,3 11,2 7,3 4,3 

The chemical composition of the tested cast steel in each melt does not differ significantly, only variation of 
silicon content is above 10% for the other elements the value is below 10% for most of them less than 5%. 
Similar results are obtained by comparing the terminal oxygen and nitrogen values in the cast sample, the 
differences in the content of oxygen are less than 15% and for nitrogen less than 8%. Therefore it can be 
concluded that the differences in structure and properties of various steel melts are the result of 
a sequence of used metallurgical treatments, used modifying additives and solidification conditions. 

The last factor can also be regarded as insignificant because all the castings were made in identical forms 
prepared in the same way with the same molding, and the pouring temperature ranged 1620-1645oC. 

To sum up the results obtained the following conclusions: 

� The use of argon resulted in only slight variations of O and N content in the test cast steel confirming 
literature data [2], in each melt increment of N was recorded while the O content in melts 1 and 2, 
fell slightly and in melts 3 and 4 increased, 
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� The use of low-carbon ferromanganese in combination with aluminum caused even a fourfold 
decrease in oxygen content, 

The fundamental general principle that the higher the tempering temperature the tensile strength, yield 
strength and hardness have a lower value and the impact strength, elongation and contraction, all the 
plastic properties are higher, has been confirmed. 

 

Based on the obtained results we can expect the following:  

� Tensile strength Rm of the tested cast steel decreases by nearly 30% with an increase in tempering 
temperature from 600 to 700oC. 

� The yield strength of the tested cast steel decreases by over 40% with increasing tempering 
temperature from 600 to 700oC. 

� The elongation A5 of the investigated cast steel increases by up to 200% with an increase in 
tempering temperature from 600 to 700 °C (the result of over 1200% is to be rejected). 

� Constriction of the tested cast steel is increased by over 70% with an increase in tempering 
temperature from 600 to 700oC. 

� KCV impact strength of tested cast cast steel increased by more than 150% with an increase in 
tempering temperature from 600 to 700oC. 

� HB hardness of the test steel decreases by 30% with increasing in tempering temperature from 600 
to 700oC. 
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Abstract 

The Austempered Ductile Iron (ADI) and Austempered Grey Iron (AGI) represent the most progressive 
group of grafitic irons with reference to mechanical properties. However, these properties depend on 
accurate observance of default structure, chemical composition and isothermal hardening conditions. ADI 
casts are mostly used in automotive industry for moving parts and safety critical items. The production of 
ADI in the Czech Republic is insufficient, but the automotive is the main member of our industrial 
production. The non-destructive testing can be used as the 100% control tool – that provides constant 
production quality and may help with the implementation of this promising material into the production. 
That´s why the systematic research of non-destructive structuroscopy is necessary. This paper describes 
a part of research, which is focused on decarburization. It´s one of the most frequent undesirable effects, 
originating when the rules of technological process are not observed and the casting is exposed to oxidizing 
atmosphere. Decarburization has a negative effect on final mechanical properties of the casting and must 
be detected in time - this part of the work deals with possibilities of detection using non-destructive 
methods, together with description and explanation of some important differences between regular steel 
and irregular iron decarburization which may effect the measuring. 

Keywords: Isothermal-hardened iron, decarburization, non-destructive testing. 

1. INTRODUCTION 

There is an influence of surface occuring during the heat or heat-chemical treatment. Effect of this 
influence could be desirable or desirable as well. One of these effects is a decarburization. Controlled 
decarburization could be helpful in some cases (eg. high-alloy steels), but mostly the decarburization origins 
as an unwelcome secondary effect. „Uncontrolled“ decarburized layer has a rough surface, poor 
mechanical properties (soft, ferritic layer) in comparision vith base material and the depth of the 
decarburization amounts up to [mm]. In case of ADI/AGI is easy to achieve decarburization while the 
technological process of the heat treatment is not followed and parts are exposed to air. According to [1] 
the ADI/AGI´s heat treatment requires austenitizing with absence of air and austempering in a salt-bath. 
Because the hardened (austempered) structure is bainite-like, there are no dimensional changes after the 
heat treatment and that´s why in many cases (if the construction allows) there´s not necessary any 
machining allowance (it´s an economic advantage of these materials. So, often almost final products are 
quenched. [1], [6], [7] 

ADI/AGI products are, thanks to teir outstanding properties (high strenght, good ductility, excellent sliding 
properties, damping behaviour, lower weight, fatigue resistance) used mainly in automotive, as 
a replacement of conventional materials (cast steel, cemented steel, wrought steel). It´s used mostly for 
safety parts (brake and clutch disks, diferentials, gears, suspension, cylinder heads...). With respect to these 
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facts is necessary to eliminate or at least limit the origin of decarburization at these parts (e.g. it can reach 
some drilling-together allowance, grinding allowance etc.). Especially in case fatigue parts, which must have 
a perfect surface or in case of sliding pairs (valve guides, housings...) where the presence of ferrite could 
cause a microwelding (valve seizing). Conventional methods for detection of decarburization are expensive 
and there´s no guarantee to prevent accidental failures as the breach of the technological discipline is. 
That´s why is very convenient to have reliable non-destructive method for 100% controll of castings. Within 
complex research of NDT structuroscopy of ADI/AGI at the Department of Material Science, Faculty of 
Mechanical Engineering, Technical University of Liberec, there´s also developed a method for detection of 
decarburization by the magnetic spot-pole. This paper deals with current experiments, results and 
perspectives. [1], [7] 

2. EXPERIMENTAL METHODS 

2.1. Determination of the decarburized layer by metallography 

According to standard of ČSN 42 0496, the depth of the decarburization (decarburized layer) is determined 
by the metallography. Quenched and cold formed parts have to be normalized (annealed) before the 
measurement. In decarburized layer we can distinguish two areas – area of full decarburization (pure 
ferrite) and the area of partial decarburization (ferrite to base material chnge-over area). As the depth of 
the decarburization can be used area of full decarburiaztion, or area of total decarburization (full + partial). 
The decarburization is usually determined in [mm] and measured at the magnitude of 100x. [6] 

2.2. The magnetic spot-pole method 

2.2.1. Principle and usage of the magnetic spot-pole 

One of the characteristics of ferromagnetic materials are areas with identically oriented atoms – called 
domains. These domains represent sub-grains of crystallic structure. After the polarization by external 
magnetic field H0 the domains with identic or similar orientation are growing (shift of the Bloch zones) or 
changing the polarization trough Barkhausen effect. When the external field passes, not every domain 
returns into the initial state. Then the remanent polarization Ir origins. A place, which was magnetized, has 
its own magnetic field with the intensity of Hr. This field is spot-like. Reversible changes of the domain 
orientation are disabled by bonded atoms in molecules, atomic stress and lattice defects. Therefore 
components containing carbides, martensite, displacements or grain boundaries have a high value of Ir. 
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Because the controlled parts have often a big demagnetizing factor N, the relation between the remanent 
iduction Br coercitivity Hc is linear (see Fig. 1a; the linearizatin of the hysteresis loop in the second 
quadrant). Hc often reacts sensitively on mechanical properties, e.g. strenght, hardness etc. This principle is 
used by a magnetic spot-pole method. A magnetic „spot-pole“ is created in the surface of tested material 
by a magnetizing coil inside a probe. While the current pulse in the coil passes, the residual magnetic field 
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Hr in the surface is measured by sensors. These sensors (mostly Hall sensors) are differentially connected to 
measure gradient of tangential or normal part of the field. [2], [3], [5] 

 

a b  c 

Fig. 1. : The magnetic spot-pole method; a) principle, b) probe scheme, c) DOMENA B3 [2], [4] 

 

As mentioned, the value of Hr (also M) is related with the structure/matrix of the ferromagnetic material. 
That provides measurement of hardness (HB, conversion with materilal constants), strenght or the 
hardened depth. It was found, that using repeated magnetizing is possible to determine structural 
components (pearlite, sorbite, martensite – see ch. 2.2.2.) – until today this was applied only on steel. It´s 
possible to succesfully measure a decarburization (ch. 2.2.2.). In these days, portable devices (DOMENA, 
Fig. 1c) are used in foundries for a process control on castings.[2], [3], [4] 

2.2.2. The determination of decarburized layer by the magnetic spot-pole method 

To determine the depth of decarburization by DOMENA device the sample needs to be measured twice at 
each side (decarburized, grinded). Then follows a measurement of the calibration stone again (to find out 
possible deviation against the initial calibration). The value of the first measurement (sample in the virgim 
state) is always higher than the second measurement. We are able to acquire informations about 
microstructure from the value of the difference (reflects microstructural stresses, e.g. dHr~10 notifies 
pearlite, dHr~100 martensite etc.). This fact (diferrence between 1st and 2nd measurement) is necessary to 
account to achieve accurate measurement. [3], [4], [5] 

Then we have to compare values of M [A/m], acquired from decarburized surface and grinded surface. In 
case of decarburized surface the M decreases – this is the identification of decarburization. Correlation of 
non-destructive (M[A/m]) and metallographical (depth [μm]) data with known, linear dependence, allows 
a quantification of another NDT measuring on analogous material. That means that is necessary to create 
a few controll samples for typical range of materials to acquire data, which will be used to create the 
dependence. [3], [4], [5] 

The measurement is influenced by many circumstances and it´s necessary to maintain some conditions. The 
marginal effect or the shielding factor are well known [3] and were described by mathematical models (to 
make corrections). In case of decarburization measurement there´s more serious if there are oxides on the 
surface. The decarburized, ferritic layer decreases the value of M, however, oxide layer increases the M – 
this could ruin the detection of decarburization. Therefore is very important to blast castings well before 
the measurement. [3], [4], [5] 
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3. EXPERIMENTS 

3.1. Samples 

From the wide range of samples was chosen a set of typical representatives. There was an austempered 
gray iron with lamellar (C 3,15; Si 2,24; Mn 0,19; P 0,02; S 0,016; Cu 0,02; Ni 0,01) and vermicular (C 3,62; 
Mn 0,18; Si 3,5; S 0,015; P 0,024; Cu 0,21; Mg 0,014; Mo 0,35; Cr 0,04) graphite and an austempered ductile 
iron – with nodular graphite (C 3,3; Si 2,45; Mn 0,25; Mg 0,046; Cu 0,04; P 0,02; S 0,015). The temperature 
of austempering was at 310°C (the middle of the interval, salt-bath AS140), with the dwell time of 60 
minutes (required). Austenitizing at the temperature of 900°C in air to achieve decarburization, with dwell 
times of 30 and 90 minutes (causes difference in the depth of decarburization and there´s also an influence 
on the structure - saturation by carbon from the graphite particles). For the purpose of measurement 
samples had to be sandblasted finely after the heat treatment and the decarburization was grinded at 
one side (metallographically). Samples in as cast state were used only for the purpose of comparision. 
Before the heat treatment, samples have been cut off from Y1 and Y2 castings. The thickness of samples 
was about 20 mm (due to marginal effect of measuring methods and the maximum bainite hardenability). 
Basic informations and labelling of the samples see in Tab. 1. 

In the next step another samples will be prepared. At this time they will represent both ends of the 
isothermal interval, i. e. 240°C and 400°C. To examine decarburization of other samples from the complex 
research, which are not treated well, is not necessary, because the should be eliminated already at the base 
of wrong inner structure or insufficient mechanical properties. 

 Tab. 1: Labelling of the samples 

 

3.2. Measurement and results 

 Tab. 2. contents depths of decarburization acquired by the metallography (imaging – Nikon EPIPHOT 200, 
magnitude 100x, bright field, Nomarski; measurement NIS-Elements AR 3.1 software.) and vylues of M 
[A/m] acquired by the magnetic-spot pole (DOMENA B3, magnetizing level M3, calibration at M0=200 A/m, 
sample sides: a – decarburized, b – grinded). The depth of decarburization is the average of many values 
and represents a value of total decarburization. In Fig. 2. is the linear dependence between decarburization 
and remanent magnetization, which was achieved by the measurement. 

From structure images in Fig. 3. is obvious that decarburization of irons is not the same type as 
decarburization of steel. While the steel decarburization is quite regular (see Fig. 3a.), in case of iron 
there´s an influence, caused by the segregation of components such as Si (the main graphite stabilizing 
element). That´s why the largest depth of decarburization occurs around graphite particles (high content of 
Si) and the least at eutectic cell boundaries (lower content of Si, higher Mn). Because iron is a quite 
heterogenerous material, even the depth of decarburization fluctuates, copying the structure (see Fig. 3b.). 
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 Tab. 2. : Values of the M (Hr) and tne depth of decarburization 

 

Fig. 2. : The dependence of M (Hr) and the depth of decarburization 

 a  b 
Fig. 3. :A different character of decarburization a) ČSN 42 14 260 (steel); AGI 3L6_A_310 (iron) 

4. CONCLUSION 

With the problem of decarburization deals an amount of publications. Usage of the NDT detection was 
examined for example by recently finished project GA101/09/1323. Its research included even the 
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magnetic adaptive testing (MAT), but it was intended only for steel and it can be used only for comparision. 
So, measurement of the characteristic material ADI/AGI has to be solved separately and only with help of 
magnetic spot-pole method, because this method can be also used for the structure 
characterization/identification. Results of these experiments, together with other parts of the ADI/AGI NDT 
structuroscopy research (eg. ultrasonic testing), should create a complex methodology for 100% non-
destructive control of the heat treatment. This may help with the implementation of this very progressive 
material into the production. Additionally, the research should shift and extend the knowledge about 
recently used NDT methods. 
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Abstract  

The application of electron channeling contrast imaging (ECCI) technique to the study of polycrystalline 
austenitic steel is presented.  

Specifics of the ECCI technique for near surface defects observation are explained. Practical examples of the 
use of ECCI for study of dislocation structure of fatigue test samples are shown. 

Usage of a "rocking beam" technique for electron channeling pattern (ECP) and selected area channeling 
pattern (SACP) acquisition on polycrystalline material is described.  

Advantage of combination of SACP and ECCI technique is shown. 

Keywords: electron channeling contrast, scanning electron microscopy, fatigue of material 

1. INTRODUCTION 

 

Fig. 1: A typical product of channeling effect 
on a polished cross section of polycrystalline 

stainless steel 

Fig. 2: Schematic diagram of forming the 
channeling contrast in relation to deviation from 
the Bragg condition. Image by Wilkinson et al. [1] 
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The yield of backscattered electrons (BSE) on a polished sample is given not only by material (Z-contrast) 
but also by local crystal orientation of the surface (Fig. 1). The relationship between the incident electron 
beam, backscattered electron yield and crystal orientation is called channeling effect.  

When the beam tilt reaches the Bragg diffraction condition of the channeling plane the BSE intensity 
changes (Fig. 2).  

1.1. Electron Channeling Patterns  

A "Rocking Beam" is a special scan mode provided by some scanning electron microscopes (SEMs). Unlike 
the ordinary use of scanning electron microscope (SEM) i.e. scanning over a square area a thin parallel 
beam is "rocking" around a pivot point placed on the sample surface. The resulting image is electron 
channeling pattern (ECP) showing a Kikuchi-like bands typical for the crystal lattice. (Fig. 3). The individual 
bands can be determined with a help of known Kikuchi map for the current crystal system.  

 
Fig. 3: left - schematics of the Rocking Beam scan mode on TESCAN MIRA FEG-SEM. Right - electron 

channelling pattern on a semiconductor grade monocrystalline Silicon with main bands marked. Field of 
view represents beam tilt by 22° 

The width of the band (2Θ) depends on a crystal plane spacing (d) (see also Tab.1) and on a diffraction 
condition defined by the Bragg’s law:  

λ=2d sin(Θ) 

 Tab. 1: List of crystal planes, their d-spacing and computed band width for conditions in Fig. 3. i.e. for 
diamond f.c.c. of crystalline Silicon, a=5.4307 Å, accelerating voltage = 25 kV (λ=7.67x10-3 nm)  

Crystal plane {h k l }  d-spacing [Å]  2Θ band width [deg]  

{331}  1.246  3.525  

{311}  1.637  2.683  

{220}  1.920  2.288  

{422}  1.109  3.963  
 

The acquisition of ECP is more difficult on polycrystalline materials. The precision of rocking beam mode is 
affected by the spherical aberration of the SEM objective lens (the beam going further from the optical axis 
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is inclined more) therefore the beam is not rocking around a point but much larger area is scanned. This 
limitation practically eliminates usage of the ordinary Rocking Beam technique on polycrystalline materials. 

However, the effect of the spherical aberration can be corrected on some SEM systems (Fig. 4). On such 
SEM it is possible to acquire selected area electron channeling pattern (SACP) inside each grain.  

 
Fig. 4: Comparison of an ordinary rocking beam mode without correction of spherical aberration (left) and 
a Cs corrected ECP mode (right). Images taken on polycrystalline stainless steel with grain size about 20 um 

1.2. Electron Channeling Contrast Imaging 

When the SEM is scanning in an ordinary scanning 
way over the rectangular area, the channeling can 
provide us an information about local changes in 
crystal orientation, deformation or even individual 
defects. 

When a nearly parallel beam scans over 
a dislocation a locally deformed lattice may 
change the diffraction condition and make the 
defect visible (Fig. 5).  

2. EXPERIMENTAL SETUP 

A high quality of the surface preparation is necessary for the electron channeling contrast. Standard 
metallographic sample preparation is not sufficient and should be followed by either colloidal silica 
polishing (OPS), electropolishing or ion beam polishing.  

The electron channeling contrast is strongly dependent on the beam divergence angle. The smaller beam 
divergence angle is, the smaller deviations in orientation can be observed. Together with the request for 
high resolution for individual defects recognition the field emission electron source is the only choice. All 
analyses were done on TESCAN MIRA 3 XMU - a high resolution Schottky FEG-SEM. 

Fig. 5: Electron channeling contrast formation on 
edge dislocation. Image by Wilkinson et al from [1] 
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For basic testing for ECP acquisition a semiconductor grade monocrystalline Silicon can be used (without 
further preparation).  

An electro polished stainless steel (austenite 316L) cross section was used as a polycrystalline example. An 
Vickers indentation test was done to the annealed steel sample to induce local deformation. A low angle 
sample tilt and large area annular backscattered electron detector of the samples was used for electron 
channeling contrast observations as recommended in [2]. 

The SACP of a deformed grain was used for tilting the sample to a correct diffraction condition for 
visualization individual defects. 

2.1. Results 

ECCI images after indentation test can determine local plastic deformation inside the grains.  

Channeling pattern (SACP) inside the grain of our interest can help us with determination of diffraction 
condition for individual defect investigation. Defects like slip bands, stacking faults or even individual 
dislocations are observable (Fig. 6).  

 

 
Fig. 6: a) Image of indentation test using the ECCI, plastic deformation in inside the grains is visible. b)detail 
of the indent, slip bands visible. c) navigation to diffraction condition (edge of the band) using SACP. d) high 

resolution ECCI image, individual dislocations are visible 
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3. CONCLUSIONS 

The electron channeling effect can be used for orientation contrast imaging on crystalline materials. The 
electron channeling patterns (ECP, SACP) help us with determination of crystal orientation and navigation 
to suitable diffraction condition.  

Described ECCI method can be used for various applications in metallography and materials science as 
a complementary method for electron backscattered diffraction (EBSD), or transmission electron 
microscopy. It find its use in observation of dislocations arrangements in fatigued samples (Fig. 7). The 
advantage of ECCI method over conventional diffraction imaging e.g. in transmission electron microscope 
(TEM) is obvious: it is possible to observe defects in crystalline structure down to individual dislocation 
structures on bulk specimens. Among other applications, the ECCI method allows also in-situ observations 
during mechanical tests in the SEM. 

 
Fig. 7: An inverted ECCI micrograph of fatigued sample with a typical arrangement of dislocations in a cell 

like structure 
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Abstract 

Steel slags were proved to have significantly lower stability during a contact with water and thus their 
utilization as inert aggregates in the building industry is almost impossible. However, this kind of slags could 
be reutilized in the course of steelmaking process after their compaction using suitable procedure. 
Chemical and phase composition of the three steel slags in as received state and in a course of their 
hydration using water were studied in the present work. Steel slags were characterized using infrared 
spectroscopy and X-ray diffraction analysis, the compressive strength tests of the hydrated slags were 
performed in selected time periods (2, 7, and 28 days). It was observed that the compressive strength of 
the hydrated steel slags samples differ significantly from each other as a result of different phase 
composition. To fulfill the efforts for using of steel slags as a secondary raw material, further investigation 
of hydration process of steel slags followed with detailed characterization of their microstructure and 
phase composition has to continue in the future. 

Keywords: steel slag, hydration, infrared spectroscopy, X-ray diffraction analysis, compressive strength 

1. INTRODUCTION 

Slags are generally assigned as the by-products of thermal and combustion processes, whereas 
metallurgical slags resulting from smelting and refining of metals are the best known. The main types of 
metallurgical slags are: i) blast furnace slags, ii) steel slags produced in the course of the steel 
manufacturing, iii) foundry slags and iv) slags from production of non-ferrous metals. 

Steel slag is a by-product originating in the course of steel manufacturing. These slags are being produced 
in enormous quantities and there is strong interest for their further utilization instead of their taking to 
a dump, but study of their potential toxic character should by performed as shown by Gröplová [1]. Rapidly 
cooled slags show high content of vitreous phase which imparts so called latent hydraulic properties to the 
slags. 

This paper is focused on the evaluation of chemical and phase composition of three steel slags in as 
received state and in a course of their hydration using water. Prepared samples were evaluated by 
combination of X-ray diffraction analysis (XRD) and Fourier transform infrared spectroscopy (FTIR). 

2. MATERIALS AND METHODS 

2.1. Raw slags and their hydration 

Three rapidly cooled ladle steel slags with different chemical composition were selected for experiments. 
The slags were assigned as S1, S2 and S3. The slags were ground in a laboratory ball mill to receive fraction 
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with particle sizes less than 0.09 mm. The chemical composition of the slags was obtained from the 
manufacturers and is listed in Tab. 1. 

2.2. Characterization Methods 

The phase composition of the slags was analysed by X-ray diffraction (XRD) using a BRUKER D8 ADVANCE 
diffractometer with detector VANTEC 1. The samples were homogenized using the agate mortar. The 
powdered material was attached to the rotating holder for the XRD analysis. Software DIFFRACplus BASIC 
(Bruker AXS) was used for determination of the positions of diffraction lines on the X-ray powder diffraction 
patterns and database PDF 2 was utilized for identification of phases. 

Mid- infrared spectra of the surface of the raw slags and hydrated slags were acquired by Fourier transform 
infrared spectrometer NICOLET 6700 (Thermo Nicolet, USA) using single reflection ATR technique on 
diamond crystal with resolution 0.1 cm-1 and 32 scans. 

The samples were hydrated using water to give value 0.5 as a water/slag ratio. The mixtures were formed 
into molds with dimensions of 20 x 20 x 20 mm and stored in moist environment. During the hydration the 
samples were taken out during selected time of period (2, 7 and 28 days) and subjected to selected tests. 

The compressive strengths tests were performed using hydraulic press (BRIO Hranice). 

3. RESULTS AND DISCUSSION 

3.1. Chemical and phase composition of raw slags 

The chemical composition of the slags differ significantly from each other and shows typical features of 
these slags like higher SiO2 content observed for sample S1, higher content of iron and MgO observed for 
steel slag S3. The lowest content of iron, SiO2 and MgO was observed for sample S2, which has the highest 
content of Al2O3 and CaOfree. With respect to these differences in chemical composition the differences in 
phase composition are expected as well. 

The phase composition of the raw slags was studied using X-ray diffraction analysis. The mineralogical 
composition of steel slags change with its chemical composition. Main mineral phases identified at the 
sample: i) S1 are merwinite, β C2S (dicalcium silicate), γ C2S, akermanite, α – Fe, RO phase (where R=Mn, 
Mg, Fe), ii) at sample S2 β C2S, CaO, periclase, portlandite, RO phase and iii) at sample S3 are gehlenite, 
merwinite, β C2S, CaO and RO phase. 

Chemical composition is an important parameter to determine the hydraulic activity of a steel slag. 
According to Wang and Yan [2] the alkalinity A=CaO/(SiO2 + P2O5), can be used to evaluate the hydration 
activity of a steel slag. If calculated alkalinity is higher than 1.8 the steel slag can be considered as 
a cementitious material. 

 Tab. 1 Chemical composition of the slags used in the study expressed in wt. % 

Sample Fe sum. SiO2 CaO MgO Al2O3 Fe2O3 MnO TiO2 P2O5 S CaOfree A 

S1 3.72 21.97 41.29 11.58 15.69 0.86 3.77 0.37 0.04 0.05 0.58 1.97 

S2 1.39 11.19 58.42 6.25 19.46 0.59 0.61 0.13 <0.02 0.105 7.2 5.21 

S3 7.35 17.34 29.81 21.56 15.55 1.64 5.99 0.37 0.13 0.09 0.13 1.71 
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3.2. Compressive strength 

The dependency of the compressive strength of 
the hydrated slag tested at different periods of 
their hydration is shown in Fig. 1. 

The highest value of compressive strength 
(31.4 MPa) was determined for slag S3 after 
7 days hydration, after 28 days long hydration 
the strength slightly decreased to reach the 
value (31.1 MPa). The samples S1 and S2 shows 
similar values of compressive strength, which 
are significantly lower in comparison to these 
values measured for sample S3. All of the 
samples show acceptable strength after 2 days 
of hydration which enable gentle manipulation 
with them without the risk of their damage. 

3.3. Determination of non-evaporable water 

Wang and Yan [2] reported the procedure for determination of the amount of non-evaporable water, 
which is associated with the presence of hydrated phases. At this procedure the pulverized samples after 
28 days long hydration are first put into an oven and heated at 65°C for 24 h, after the drying the samples 
are transferred into a muffle furnace and heated at 1000°C for 2.5 hours. 

The obtained values of loss on ignition show that the highest amount of water bounded in the hydration 
products had S2 sample (20.6 %). For sample S1 it was 13.1 % and for sample S3 it was 8.0 %. 

3.4. X-ray diffraction 

The presence of the phases at the studied samples was revealed using X-ray diffraction analysis. The 
diffraction patterns obtained for slags before and after their hydration are shown in Fig. 2 - 4. The intensity 
of the diffraction peaks of the identified mineral phases are of low intensity with respect to expected 
intensity for well crystalline materials. This fact is probably attributed to the presence of some portion of 
glassy phase in the samples as a result of their fast cooling. 

The mineral composition of studied steel slags differs significantly as proved by comparison of the 
diffraction patterns of raw S1, S2 and S3, the legend identifying given number and phase is shown in Tab. 2. 
Merwinite Ca3Mg(SiO4)2 as a main crystalline phase was observed in the sample S1. With respect to latent 
hydraulic properties of the slag S1 the presence of β-C2S and CaO was verified in the sample S1 as well. The 
Gehlenite Ca2Al2SiO7, (MgO)0.77(FeO)0.23 and Merwinite Ca3Mg(SiO4)2 was the main cristalline phase in the 
sample S3. As the main phases at the sample S2 Ca9(Al6O18), CaO and β-C2S were observed as main phases. 
The resulting new phases originating in the course of hydration process of given slag differ significantly as 
the result of different phase composition of raw slags whereas the new phases originating during hydration 
processes are shown below the line in Tab. 2. 

The highest content of free CaO in sample S2 led to formation of significantly higher number of hydration 
product as shown in Tab. 2. The compressive strength reached the lowest values for this sample, followed 
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by the values of compressive strength observed for sample S1. The highest values of compressive strength 
were observed for slag S3 after 7 and 28 days hydration. Surprisingly the slag S3 containing the lowest 
amount of free CaO, without hydraulic active β-C2S as well as Ca9(Al6O18) shows the highest values of 
compressive strength what could be explained by the formation of dense and amorphous C-S-H gel. 

 Tab. 2 Phases identified in the samples S1, S2 and S3 

Phase S1 S2 S3  Phase S1 S2 S3 
1-Ca3Mg(SiO4)2 +  +  11-Ca3(SiO4)O  +  
2-γ-C2S +  +  12-Ca2Al2SiO7   + 
3-α-Fe +    13-(MgO)0.77(FeO)0.23   + 
4-Fe3O4 +    14-FeO   + 
5-Ca2Mg(Si2O7) +    15-Ca8Al4O14CO2.H2O + +  
6-(MgO)0.841(MnO)0.159 +    16-Ca2Al((AlSi)1.11O2)(OH)12(H2O)2.25 +   
7-β-C2S + +   17-Ca(OH)2  +  
8-Ca9(Al6O18)  +   18-Ca2.93Al1.97Si0.64O2.56(OH)9.44  +  
9-CaO  +   19-Ca4Al2O7.19H2O  +  
10-MgO  +   20-Ca2Al3Si3O12(OH)   + 
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Fig. 2 X-ray diffraction patterns of the studied S1 slag and stored for 2, 7 and 28 days in moist environment 
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Fig. 3 X-ray diffraction patterns of the studied S2 slag and stored for 2, 7 and 28 days in moist environment 
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Fig. 4 X-ray diffraction patterns of the studied S3 slag and stored for 2, 7 and 28 days in moist environment 

3.5. FTIR spectroscopy 

The samples of steel slags S1, S2 and S3 were studied using Fourier transform infrared spectroscopy (FTIR). 
The registered IR spectra of the slags after their hydration using water after 28 days are shown in Fig. 5 and 
6. 

The IR spectra can identify presence of silicates, carbonates and hydroxyl groups. Characteristic bands for 
Si-O bonds in [SiO4]4- are in the region between 970-940 cm-1 (stretching vibration) and 510-520 cm-1 
(bending vibration) [3]. Presence of carbonates is evident according to the characteristic bands of C-O 
bonds around 1450, 870 and 712 cm-1. The C-O band of carbonates around 1400 cm-1 in the S2 sample is 
significantly shifted to lower wavenumbers which may be given by different carbonate bonding in the 
silicates structure. The diffrerent carbonate bonding may be also manifested by shifted characteristic Si-O 
band to lower wavenumbers compared to samples S1 and S3. Characteristic stretching vibrations of Al-O 
bonds were detected at 850 cm-1 (AlO4 tetrahedra) and 670-650 cm-1 (AlO6 octahedra) [4]. The bands at 
3200–3600 cm-1 and at 1650 and 1635 cm-1 are attributed to the presence of stretching and bending O-H 
vibrations in water molecules, respectively. In S2 sample, the absorption bands at 3644 and 1650 cm-1 
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Fig. 5 Mid- IR spectra of steel slags S1, and S2 after 28 days hydration 
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S3match with stretching and bending vibrations of 
structural OH groups in silicates and calcium hydroxide 
[5] detected also by XRD. The results of FTIR spectra 
accord with those of X-ray diffraction presented in 
Section 3.4. 

4. CONCLUSION 

Utilization of steel slags is problematic with respect to 
variation in their chemical and phase composition. Most 
often the slags are saved on landfill, the efforts to utilize 
them in building industry as aggregates for road 
construction revealed number of difficulties due to 
problems connected to their slow and delayed hydration 
ability. The steel slags containing high amount of iron 
are valuable source of this element and after their 
hydration with water they can be compacted and thus re-utilized in steel industry as was shown in this 
paper. 
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Abstract 

The paper presents the results of investigations of the process of filtration of solid non-metallic inclusions 
from liquid steel with use of multi-hole ceramic filters (filtrating surfaces) characterised by a varying 
slenderness ratios. In order to eliminate the negative influence of the ambient air atmosphere the 
investigations have been carried out under a protective argon atmosphere. The experimental results 
obtained have proved earlier suggestions of papers [9-12] about the negative influence of ambient air 
atmosphere, as well as the essential influence of slenderness ratio of the used multi-hole ceramic filter at 
the increase of effectiveness of the liquid steel refining processes carried out through steel filtration.  

Keywords: steel, refining, ceramic filter, solid non-metallic inclusions, filter slenderness ratios 

1. INTRODUCTION  

It can be concluded from the hitherto existing experience [1, 2] that the traditional post-furnace steel 
processing (especially of steel deoxidized with use of a depositing method, e.g. by means of aluminium) 
does not guarantee high metallurgical purity of the steel. Additionally the presence of non-metallic 
inclusions in steel, namely Al2O3 oxides, disturbs the continuous casting process due to the phenomenon of 
covering the ladle discharge nozzles by a layer of such inclusions. According to opinions of many research 
centres [3-6] the filtration of liquid steel by means of multi-hole ceramic filters can be the effective and 
economical method of removing the non-metallic inclusions from liquid steel. The results of the laboratory 
and field research works carried out hitherto give the evidence of essential decrease in contents of non-
metallic inclusions and damaging impurities in the filtrated steel [7-16]. However the effectiveness of this 
method of steel refining varies greatly depending on local refining conditions. The reason for these 
variations is probably in a phenomenon of secondary oxidation of filtrated steel by oxygen contained in the 
air [4, 5, 7]. In connexion with the above mentioned a definition of a multi-hole ceramic filter slenderness 
ratio has been proposed to be introduced to the research practice, which is calculated as a ratio between 
length and width of the filtrating channel (� = h/d). Using this coefficient we obtain the possibility to 
compare the filtration effectiveness of different types of ceramic filters, not only for filters with cylindrical 
filtrating orifices, but also for other types, e.g. with orifices of rectangular section. The aim of the developed 
and performed laboratory research works has been to verify the influence of slenderness ratios of multi-
hole ceramic filters (filtrating surfaces) at the effectiveness of filtration of solid non-metallic inclusions from 
liquid steel. 
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2. LABORATORY FILTRATION OF LIQUID STEEL  

The laboratory research works have been carried out in the laboratory of Metallurgy Department of the 
Silesian Technical University. Five steel melts, 11 kilogram in weight (five melts for S1 filter slenderness 
ratio (�1 = 1,67) and five ones for S2 filter slenderness ratio (�2 = 3,34), have been heated to temperature 
of about 1853 K, deoxidized subsequently with use of the singular deoxidizing agent in form of metallic 
aluminium, The argon protective atmosphere has been generated in a special caisson, where the mould, 
“receiving” the filtrated steel, has been placed together with the whole filtration system. The multi-hole 
ceramic filter used for steel filtration (Fig. 1), manufactured by the company of Keramtech s.r.o. Žacleř 
(Czech Republic), has been made on the base of mullite (3Al2O3·2SiO2). The filters used have had equal 
orifice numbers 19, diameters of 8,1	10-6 m and the total filtrating surface of 5802	10-6 m2 for S1 filter 
slenderness ratio and 11604	10-6 m2 for S2 correspondingly. Measurements of the liquid steel temperature 
and the oxygen activity therein have been made with use of Heraus Elektro-Nite equipment, specifically 
prepared for this purpose. After having the steel solidified in the mould and pouring system the two 
samples in form of slices of filtered and non-filtered steel have been collected from each melt for 
examination of steel pollution with the non-metallic inclusions and variations in the steel chemical 
composition. A percentage of a surface share of metallic inclusions has been used for analyses of steel 
pollution according to formula: 

 
%100	

�
�

p

kp
NMI x

xx
�

                     (1) 

where: 

xp – inclusion surface share (or inclusion number) before filtration,  

xk – inclusion surface share (or inclusion number) after filtration,  

with use of the following intervals of inclusion diameters according to Ferret: 0.5 2 2.5 �m, 2.6 2 6.5 �m, 
6.6 2 15 �m, 15.6 2 30 �m. 

3. COMPARING THE EFFECTIVENESS OF LIQUID STEEL FILTRATION DEPENDING ON THE FILTER 
SLENDERNESS RATIO.  

The influence of argon protective atmosphere has not caused substantial variations in the chemical 
composition of filtrated and non-filtrated steel. For S1 slenderness (�=1,67) the increase has been observed 
in carbon contents of about �C = -2.13% in the melt no. 2 and in sulphur contents in melts no. 1, 2 and 4. 
Instead, in three experimental melts, the decrease in phosphorus contents in the steel has been observed – 
especially in the melt no. 4 (�P =9,09%). For S1 slenderness ratio (�=3,34) the increase in sulphur contents 
has been observed in the steel after filtration for the melt no. 8 (�S = -5,88 %) and insignificant increase in 
carbon contents for melt no. 9 (�C = -2,44 %). Instead, in two experimental melts, similarly to the previous 
case, the decrease in phosphorus contents has been observed – especially in the melt no. 8 (�P = 9,09 %). 
Results of examinations of the degree of steel pollution with atmosphere for the ten experimental melt, are 
presented in Fig. 1 and 2. The numbers of non-metallic inclusions in the steel, in accordance with Feret 
diameters, are shown in Fig. 1. Instead, the surface share of non-metallic inclusions in each diameter 
interval presents Fig. 2. For S1 slenderness ratio (�=1,67) only in one experimental melt (no. 5) the 
decrease in total number of non-metallic inclusions (�WN = 18,63 %) has been found, as well as decrease in 
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all interval of Feret diameters. For S2 slenderness ratio (�=3,34) in three melts (no. 6, 7 and 10) the 
decrease in total number of non-metallic inclusions has been found (�WN = 64,04 %, �WN = 30,38 % and 
�WN= 58,03 %), as well as in all intervals of Feret diameters. For S1 slenderness ratio (�=1,67) the largest 
number of non-metallic inclusions eliminated has been for Fx diameter interval of 15,5 - 30,0 �m in melt no. 
3 (�WN = 82,86 %). In the remaining experimental melts the decrease has been found only in number of 
inclusions larger than 6,5 �m in diameter. For S2 slenderness ratio (�=3,34) the largest number of non-
metallic inclusions eliminated has been for Fx diameter interval of 15,5 2 30,0 �m in melt no. 10 (�WN = 
90,00 %). The number of non-metallic inclusions in lesser diameter intervals (below 6,5 �m) has increased 
to different degree depending on the melt number and Feret’s diameter interval. As final result the total 
number of non-metallic inclusions in filtered steel has decreased to �WN = 8,31 % for S1 filter slenderness 
(�=1,67) and to �WN = 36,88 % for S2 filter slenderness (�=3,34).  

 

Fig. 1. The effectiveness of removing non-metallic inclusions as measured with the average rate   
of non-metallic inclusion number variation �NMI , with division into inclusion size 

intervals according to Fx Feret diameters 

 

The effectiveness of liquid steel filtration in the protective argon atmosphere, measured as an average rate 
of variations of the non-metallic inclusion surface share in filtrated steel, as compared with the non-
filtrated steel, has been also compared for both filter slenderness ratios. For S1 filter slenderness ratio 
(�=1,67) only in one melt (no. 4) a decrease in total surface share of non-metallic inclusions has been 
discovered (�WN = 56,22 %), as well as inclusions in all Feret’s diameter intervals. Also for S2 filter 
slenderness ratio (�=3,34) in four melts (no. 6, 7, 8 and 10) a decrease in total surface share of non-metallic 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

230 

inclusions the largest in melt no. 10 (�WN = 65,05 %) and inclusions in all Feret’s diameter intervals has been 
found. For S1 filter slenderness (�=1,67) the largest number of eliminated non-metallic inclusions in Fx 
interval of 15,5 2 30,0 �m has been obtained in melt no. 3 (�WN = 87,71 %), no. 4 (�WN = 87,34 %) and no.5 
(�WN = 82,88 %).  

 

Fig. 2. The effectiveness of removing non-metallic inclusions as measured with the average rate of 
non-metallic inclusion superficial share �NMI , with division into inclusion size intervals according to 

Fx Feret diameters 
 

For S2 filter slenderness (�=3,34) the largest number of eliminated non-metallic inclusions in Fx interval of 
15,5 2 30,0 �m has been obtained in melt no. 9 (�WN = 92,21 %) and no. 10 (�WN = 94,20 %). In the 
remaining experimental melts a decrease, in all melts, has been found in the surface share of non-metallic 
inclusions only in diameters above 6,5 �m. Finally the total surface share of non-metallic inclusions in steel 
after filtration has been decreased to the value of �WN = 45,05 % for S1 filter slenderness ((�=1,67) and �WN 
= 54,21 % for S2 (�=3,34) correspondingly. It means that besides the increase in inclusion number in 
filtrated steel of melt 6 (with smallest inclusions) the total inclusion surface, specified according to Feret’s 
diameters, has been lower than that of inclusions identified in non-filtrated steel.  

4. SUMMARY AND CONCLUSIONS  

The researches carried out constitute the fourth phase of planned research cycle concerning the process of 
liquid steel filtration with use of multi-hole ceramic filters in protective atmosphere and with variable filter 
slenderness (filtrating surface), carried out in the Metallurgy Department of the Silesian Technical 
University, and prove suggestions of authors of papers [3-11] about negative influence of the oxidizing air 
atmosphere at the effectiveness of steel filtration through ceramic filters. The results of researches carried, 
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measured in form of �WN index, prove that the use of protective atmosphere during the process of liquid 
steel filtration decidedly increase the process effectiveness. Its use during experiments carried out in 
laboratory condition has the aim to imitate as much as possible the condition of industrial refining in 
processing line of CC machine. The research results obtained evidence the substantial influence of the 
multi-hole ceramic filter slenderness at the results obtained. The steel cleaning effectiveness, as measured 
with average degree of the surface share variation, in relation to the whole range of inclusions, has 
decidedly increased and amounted respectively: �WN = 45,05 % for S1 filter slenderness (�=1,67) and �WN = 
54,21 for S2 filter slenderness (�=3,34), The total variation degree of inclusion number has also increased 
and amounted respectively �WN = 8,31 % for S1 filter slenderness (�=1,67) and �WN = 36,88 for S2 filter 
slenderness (�=3,34). The increase in the number of non-metallic inclusions in filtrated steel for S2 filter 
slenderness (in melt no. 6), which relates to the smallest inclusions and finally the total inclusion number, 
has been probably caused by washing away the refractory lining of the newly formed crucible of the 
induction furnace. The above mentioned statement has been recognized to be highly probable due to the 
fact that such increase in total number of inclusions in the melt has been the only one instance during 
many years of researches of the liquid steel refining with use of multi-hole ceramic filters. In case of 
filtration of steel out of the non-metallic inclusions of larger size the results prove the earlier suggestions of 
authors of papers [9-11] about the highest effectiveness of this method of liquid steel refining in relation to 
the non-metallic inclusions of dimension above 6,5 �m. 
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Abstract 

From 2011 the teaching licenses of simulation program QuikCAST (SW QC) are available in the Laboratory 
of Modelling of Processes in Liquid and Solid Phases (as part of the project Regional Materials Science and 
Technology Centre) in Department of Metallurgy and Foundry at VSB – Technical University of Ostrava. The 
mentioned software allows 3D, fully dimensional numerical calculation of steel melt flow dynamics during 
the filling of a cast iron mould and the simulation of subsequent solidification of steel with the possibility of 
the prediction of ingot defects, as well as the residual stresses leading to cracks and rupture. Within the 
solution of the project FRVŠ No. 1610/2012/G1, the aim is to implement practical training in SW QC into the 
courses Modelling of Metallurgical Processes and Modelling of Processes. The implementation should lead 
to the creative development of students, and to the expansion of their theoretical and practical knowledge 
in numerical modelling in order to continue using the gained experience in practice. Primarily, the attention 
is focused on understanding the basic principles of geometry modelling of casting systems, grid generation, 
and definition of calculation parameters and graphical evaluation of results. 

Keywords: numerical modelling, casting, solidification, steel ingot, practical exercises 

1. INTRODUCTION 

Elimination of defects and steel purity are important factors that indicate the quality of final products made 
of steel ingots. Thanks to development of computer technology and software simulation programs available 
for the last two decades methods of numerical modelling can be used to solve metallurgical problems and 
to predict defects in the volume of steel ingots. Methods of numerical modelling are used in many 
metallurgical companies as a very effective tool for understanding the patterns of on going processes 
during the making and treatment of steel. To achieve adequate results, it is necessary to know the exact 
setup of the numerical model with clearly defined conditions of calculation. For numerical simulation of 
casting and solidification of steel many CFD (Computational Fluid Dynamics) programs are currently used, 
such as ProCAST, MAGMAsoft, WinCAST, and others that contain mathematical models of flow and 
algorithms of their solution. 

Within the solution of the project FRVŠ No. 1610/2012/G1, the aim is to implement the practical training of 
numerical modelling of casting and solidification of steel in software QuikCAST [1] into the courses named 
Modelling of Metallurgical Processes and Modelling of Processes. The paper focuses primarily on geometry 
creation of a casting system, creation of computational grid, defining the material properties of individual 
parts of a casting system, setting of boundary and initial conditions of numerical calculation and the 
possibility of evaluating the results. 
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2. DESCRIPTION OF NUMERICAL MODEL 

Numerical program QuikCAST is designed primarily for a 3D, fully dimensional numerical calculation and 
simulation of steel melt flow dynamics during the filling of a cast iron mould, and during the subsequent 
solidification of steel with the possibility of the prediction of ingot defects, as well as the residual stresses 
leading to cracks and rupture. The calculation of casting and solidification of steel ingots in this program is 
based on the finite-difference method. The basis of the structure of the simulation program is the modules 
that allow the course of the required calculation. The modules provide the necessary links between the 
simulation steps, which are referred to as pre-processing, processing and post-processing [1-6]. 

A continuous flow-thermal-mechanical model solves the complete Navier-Stokes equations of the flow of 
molten metal, including the influence of spontaneous convection. Commonly, a k-epsilon model is used to 
calculate the turbulent flow. In the phase of filling and solidification, the distribution of the temperature 
and velocity fields, pressure ratios during filling, the trace of metal particles, vector fields, the proportion of 
blanks filling, the time-variable percentage of the solid fraction during the flow, the trapped air in the 
mould cavity, and erosion of the mould, solidification time, heat flux, the local cooling rate, prediction of 
macro- and micro- porosity and / or loose structure are analysed. To predict the porosity, well-known 
Niyama criterion and DAS criterion (distance calculation of secondary dendrite axes - Dendrite Arm Spacing) 
are used. 

3. CREATION OF GEOMETRY AND GRID, MATERIAL PROPERTIES, DEFINITION OF CALCULATION 

Geometry of casting system and ingot was created 
in CAD software (Fig. 1). The individual components 
of the geometry of the cast system are gradually 
loaded into the pre-processor of grid generation. 
Creating a volume grid in this program is carried out 
automatically after entry of the maximum and 
minimum cell size. The volume grid of the casting 
system was formed by the cells in the shape of 
rectangular hexahedron, and the total number of 
cells is 957,790 (Fig. 1).  

Upon creation of the geometry and grid, the 
selection of definition of the solution, specification 
of material properties, boundary conditions can be 
initiated, and then calculation of casting and 
solidification solution of the steel ingot can be 
performed. Material properties were defined at the 
beginning of the creation of the volume grid. In the 
program QuikCAST, material properties are already 
defined at the beginning of creation of the volume 
grid, and conditions of calculation and its 
parameters are still entered in the same work 
window. Material properties can be selected from 

 

 

 

 

 

  

Fig. 1: CAD geometry of casting system and volume 
mesh 
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the extensive materials database of cast materials, metal and sand moulds, filters and exothermic linings, 
which is part of the basic module of the program. The materials database can be edited and the import of 
specific material properties is allowed in solving specific research tasks. For example, the solidus or liquidus 
temperatures can be, for the given material (steel), determined using equipment at the Laboratory for 
Modelling of Processes in the Liquid and Solid Phases (RMSTC) [2-6].  

After defining the material properties the heat transfer between the elements of casting system for 
determining the boundary and initial operating conditions and calculation parameters entered. In the work 
window QuikCAST, there are two possibilities to enter the heat transfer coefficients between different 

parts of the casting system. Those can be entered 
either manually or automatically. The second option 
was calculated during the simulation test. After this 
step, the operating and initial conditions (gravity, 
casting speed and temperature, ingot wall 
roughness, etc.) and calculation parameters are 
entered [6]. 

The calculation parameters can be entered in the 
following windows: “Solidification material 
parameters, Output, Calculation Parameters and 
Calculation Start” (Fig. 2). The options of calculation 
are defined here, i.e. if the calculation is performed 
only for the casting, or only for the solidification, or 
for the casting and solidification simultaneously. The 
variables that will be available for visual evaluation 
of the calculation (temperature, pressure, heat flux, 
velocity vectors, filling time, fraction solid, porosity, 
etc.) can be selected too. 

There is also an opportunity to select the frequency 
of saving depending on time, or percentage. The 
initial temperature conditions inside the ingot, stop 
criteria for filling and solidification (maximum time, 
percentage fill, maximum temperature) and the 
number of computing processors are entered. After 
accepting the data the calculation can be run. 

In the program QuikCAST, the level of accuracy of 
calculation can be set. There are four levels. If the 
level 1 is used the calculation is the slowest but 
calculated with the greatest accuracy. If the level 4 is 
used, the calculation is the fastest but the least 
accurate. 

 

  

 
 

  

Fig. 2: Definition of calculation parameters 
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4. EVALUATION OF RESULTS 

The results are evaluated primarily in post-processor Visual Viewer 7.0. However, the program OuikCAST 
has the option to display the calculation results in its own module. Fig. 3 shows the working environment 
used by post-processors. After the first user experience with these post-processors it can be said that the 
post-processor Visual Viewer would seem a more appropriate tool for evaluating the results, especially due 
to its clarity and arrangement of individual controls and display options.  

The program allows automatic generation of PowerPoint presentations, export of videos and images, as 
well as exports of computational grid deformations resulting from stress analyses. The user can also save 
the individual steps of the evaluation that can be subsequently used for further study, which minimizes the 
time required to evaluate the simulation results [3-6]. 

 

a) 

 

b) 

Fig. 3: Working environment of post-processors; a) QuikCAST, b) Visual Viewer 7.0 

 

As for the calculation results, attention is mainly focused on the evaluation of the results. There are 
functions of display of temperature, fraction solid, casting speed and time of casting, velocity vectors, heat 
flow, and porosity - Fig. 4. The speed of solidification, the rate of local cooling, the volume fraction of gas 
porosity, time to end the casting, and time to reach eutectic temperature in the post-processor can be 
automatically displayed as well as many other options.  

     

Velocity flow Fraction solid Porosity Heat flux Temperature fields 

Fig. 4: Display options of calculation results 

5. CONCLUSIONS 

The setting of numerical simulation of casting and solidification of steel ingot in software QuikCAST was 
performed in the Department of Metallurgy and Foundry. Within the solution of the project FRVŠ No. 
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1610/2012/G1, the aim is to implement practical training in QuikCAST SW into the courses named 
Modelling of Metallurgical Processes and Modelling of Processes. This project fully supports the 
development concept of VSB - Technical University of Ostrava in the field of educational activities, 
particularly the inclusion of contemporary knowledge in the field of numerical modelling of casting and 
crystallization of steel and the results of applied research on the teaching content of the studied courses. 

The implementation should lead to the creative development of students, to the expansion of their 
theoretical and practical knowledge in numerical modelling in order to continue using the gained 
experience in practice. The advantage of numerical modelling is the possibility of use in cases that cannot 
be solved on a real system due to high temperatures, such as steel bath. Another advantage of numerical 
simulation is a relatively easy change of the boundary conditions and evaluation of their effect on the 
course of given processes. Especially in the field of steel metallurgy, numerical modelling using appropriate 
software is a powerful methodological tool for verification and optimization of technological processes.  
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Abstract 

In the paper the behavior of the blast-furnace coke at high temperatures was presented. The chemical 
composition of blast furnace coke and the results of calculations of changes of chemical composition of 
coke heat treated under certain conditions were compared. The structural studies of these materials were 
presented. The usefulness of this coke for blast furnace process was determinied. 

Keywords: blast furnace, coke, MICUM method, thermodust method, structural tests 

1. INTRODUCTION 

As the blast-furnace process fuel, coke gains importance at the time of the ore charge softening and then 
melting. From this point on, the only remained solid charge column element, called the "skeleton", will be 
the lumps of coke. These coke lumps should be reasonably stable so as not to undergo degradation at 
elevated temperatures and under the influence of chemical reactions occurring in lower blast furnace 
zones. The stability of the particles of coke depends largely on the amount, structure and chemical 
composition of ash contained in it. The properties of coke ash can, therefore, influence the factors 
determining the correct blast furnace operation, the quality of produced pig iron, the composition and 
quantity of slag forming in the blast furnace, and the integrity of coke lumps in the range of ash occurring in 
a liquid state. It is, therefore, important from both the theoretical and practical points of view to determine 
the changes in the structure and chemical composition of ash during its heating and the volume increases 
resulting thereof, causing bursting of coke lumps or formation of voids.  

1.1. The effect of ash on the chemical composition of pig iron and slag 

A factor reducing the elemental carbon content of coke is the ash content, which thus reduces the amount 
of the reducer and fuel for the blast-furnace. Its composition needs to be corrected by increasing the blast-
furnace consumption of flux. This additional flux and the additional amount of slag formed from the coke 
ash drives the increase of coke consumption. Because of all this, the increase in the ash content of coke 
increases the pig iron smelting cost.  

The blast-furnace coke ash contains components contaminating the pig iron. These include phosphorus, 
sulphur, arsenic, sodium, potassium and zinc. Removing these components from the pig iron requires the 
appropriate slag composition and often more complex operations to carry away, e.g., zinc or alkaline 
compounds from the blast furnace [1, 2, 3]. 

1.2. Methods of evaluation of the mechanical strength of cokes 

The evaluation of the strength properties of coke intended for the blast-furnace process in the conditions 
of Polish coking plants is normally performed by either cold (e.g. MICUM or IRSID) or hot (e.g. CSR by 
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Nippon Steel) methods. However, these methods do not reflect the blast furnace operation conditions. It 
would be more appropriate to use the pre-tuyère chamber model method (known also as the ξ thermo-
abrasion method) for the evaluation of the suitability of coke for the blast-furnace process [4, 5].  

2. ORIGINAL INVESTIGATION 

By making thermodynamic calculations, the chemical composition of the products of reaction between 
coke ash mineral substances with elemental carbon and air, as well as the behaviour of coke at high 
temperatures under inert gas (argon) conditions are presented, was determined. The following 
assumptions were made for the calculations: 

� the reaction system is a closed system, 

� the reactions reach their chemical equilibrium state, 

� the pressure is constant (p = 1 atm), and the temperatures vary in the range from 1200 K to 2500 K, 

� chemical composition of the ash in coke: F – 8.8%%; Mn – 0.12%; P2O5 – 0.05%; S – 1%; SiO2 – 4,0 %; 
Al2O3 – 2.4 %; CaO – 0.9 %; MgO – 0.2%; H – 0.3%; N – 0.6%; K2O – 1.8%; Na2O – 1.8%. 

It was presumed that several dozen different gaseous and condensed chemical compounds might occur 
among the reaction products. The thermodynamic data for particular substances were taken from the 
Computer Thermochemical Database of the TERMO system [6]. 

Two software programs, REAKTOR1 and REAKTOR3, operating based on Gibbs free energy minimization, 
were employed for the calculations. It was noticed that with increasing temperature the gaseous phase 
fraction generally increased. The pressure of volatile substance vapours increased. In the gaseous phase, 
three groups of substances can be distinguished:  

� compounds (elements), whose fraction increased with the increase in temperature; 

� compounds (elements), whose fraction decreased with the increase in temperature; 

� compounds (elements), whose fraction remained at a constant level with the increase in 
temperature. 

From the calculations for cases, where the behaviour of coke under inert conditions - argon and in air with 
oxygen was examined, it was found the forming gaseous components had different concentrations (Fig. 1 -
3). 

 

Fig. 1. Comparison of changes in CO and CO2 for the thermal effects of coke with argon and air in the 
temperature range 1300 K - 1870 K 
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Fig. 2. Changes in the content of gaseous components in the temperature range 1375 K - 1700 K in inert 

gas - argon 

 

Fig. 3. Changes in the content of gaseous components in the temperature range 1300 K - 1870 K in air with 
oxygen 

 
Fig. 4. Changes in content of component condensed matter contained in the coke after the thermal effects 

of argon in the temperature range 1300 K - 1870 K 
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Fig. 5. Changes in content of component condensed matter contained in the coke after the thermal effects 

of air with oxygen in the temperature range 1375 K - 1700 K 

The variations in the carbon monoxide content of argon lay in the range from 0.3 to 2.4 g/kg of the working 
substance, while in air, in the range from 128 to 130 g/kg of the working substance. Similarly, the CO2 
contents for the inert gas ranged from 2.1·10-5 to 0.0004 g/kg of the working substance, while for air, from 
0.02 to 0.6 g/kg of the working substance. 

The situation for the occurrence of condensed phases in the coke material subjected to thermal action with 
the participation of argon (Fig. 4) and air with oxygen (Fig. 5) presented itself differently. A higher variability 
of the compounds was found for the contact of coke with air than for its contact with argon. The following 
compounds were found to have occurred: Al2SiO5, MgSiO3, Na2CO3 and K2CO3. This was due to the oxygen 
content of the air with oxygen. 

3. SUMMARY 

The thermodynamic analysis of the variations in the contents of particular components in the coke + argon 
and coke + air systems found that the major volatile substance releasing from the coke ash at high 
temperatures in air was SiO. Moreover, it turned out that the number of volatile substances releasing from 
the coke is much larger (about 70). A lot of aluminium compounds, such as Al2O, Al2, AlC2, AlS, AlC and AlN, 
occurred here.  

The number of chemical compounds forming from the coke ash components during heating in a stream of 
high-temperature gases of highly differential reductiveness reflects a large number of chemical reactions. 
These phenomena might also be largely responsive for the destruction and weakening of the coke structure 
proper. 
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Abstract  

Special designs of tuyeres and nozzles (blowing elements) are used for blowing of gaseous technological 
media in various metallurgical aggregates. We can blow these gaseous media under melt surface level or on 
melt surface. For both blowing method we use various design of tuyeres and nozzles.  

For the purpose of this article we can say that tuyeres we use for blowing under melt surface level and 
nozzles on melt surface. The structural design of the majority of tuyeres includes one or more channels 
composed for example of steel tubes or formed directly in the basic refractory material of the tuyere. These 
channels have usually circular flow area cross-section. Nozzles may have similar shape like the tuyeres or 
they may be for instance in shape of lavall nozzle. 

From the point of view of structural design of these tuyeres and nozzles, it is very important to know the 
dependence of exit parameters of blown media on the design parameters of the tuyeres and nozzles. 
Results of numerical simulation are very important for design engineers because they help them to design 
optimal geometrical dimensions of blowing elements for given technology. The contribution contains 
chosen results of mathematical simulation of gaseous medium flow through tuyeres and nozzles with given 
dimensional parameters. Chosen results of numerical simulation was elaborated on Faculty of Mechanical 
Engineering of VSB – Technical University of Ostrava.  

Keywords: gas blowing, tuyeres, nozzles 

1. INTRODUCTION 

In metallurgical industry various types of 
metallurgical furnaces and vessels (thermal or 
metallurgical reactors) are used for 
production and subsequent secondary 
processing of liquid steels. Different types of 
reactors are characterized not only by 
purpose of exploitation, shape and design, 
but also by constructional lay-out of gaseous 
media (gaseous phase) supply systems 
exploited in these reactors. 

For presentation in this paper an example of 
the calculation of state variables at the 
bottom tuyere placed in high temperature reactor for metal scrap melting and an example of nozzle outlet 
stream impact on steel-melt surface in the furnace with given shape of molten steel bath was chosen.  

 

  
Rd

Rd-max

Rd-min

 
 

Fig. 1 – The proposed geometry of a grooved tuyere 
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Tuyeres and nozzles of metallurgical units for metal scrap melting are used for the supply of gaseous media 
or gas and dust mixtures into the reaction zone of a reactor. These gaseous media enable the melting of 
scrap, the intensive homogenization of melt produced, including for instance the endothermic protection of 
nozzle orifice.  

For good simulation of flowing or other phenomenon it is substantial to create corresponding mathematical 
model. It means to create such model, which incorporate all substantial phenomena and factors 
(temperature, viscosity, pressure, turbulence, flowing regime, etc.), which influence process on real 
installation. Calculations were performed by means of software Fluent. 

2. CONCENTRIC BUTTOM NOZZLE  

In Fig. 1, a computational scheme of the basic geometry of 
a nozzle formed by two concentrically located tubes for 
natural gas and oxygen is given.  

From the diagram, dimensions of individual tubes forming 
the nozzle, a thickness of the layer of refractory lining of 
high-temperature reactor equalling almost to the 
computational length of a new, unworn nozzle are clear. The 
dimensions of the nozzle and materials used were chosen 
on the basis of operational experience with the aim of 
approximating as much as possible to the real operational 
condition. All calculations were executed for a reference 
mass of gas flowing in the annular area Qm=0,01kg.s-1 and of 
oxygen (flowing in the internal tube) Qm-O2=0,34kg.s-1. The 
total computational length of the tuyere was 1,33 m. In all 

computational cases, the same 
boundary conditions for 
calculation were used as a basis. 
Numerical modelling in the 3D 
system was performed on 
a tuyere the transversal cross-
section of which is illustrated in 
Chyba! Nenalezen zdroj odkazů. 
(a tuyere having straight 
grooves). In Fig. 3, values of 
mean static temperature Ts and 
in Fig. 4 the mean velocity vs 
along the length of the tuyere in 
computational model 3D are 
plotted. This calculation case 
was also tested by 

computational model 2D [1]. By comparison of the results it is obvious that in 3D model all flowing media 

 
Fig. 2 – A computational scheme for a natural 

gas tuyere 
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reach markedly higher values of 
mean static temperature in the 
exit cross-section than in the case 
of 2D model.  

In Fig. 5 a temperature field in the 
immediate vicinity of nozzle orifice 
in the case of natural gas and 
oxygen flows is shown. In the lining 
of the external tube, a region of 
lower temperature, which is 
a result of cooling by the flow of 
natural gas, is clearly visible. 

A    B
    C 
Fig. 5 – The temperature field in 

the tuyere orifice - A, detail of temperature field in inner and outer tube orifice - B, detail of temperature 
field of flowing natural gas in tuyere orifice - C 

Changes in the sought state quantities along the width of a groove are represented in Fig. 6 and Fig. 7, 
where the distribution of individual quantities of temperature and velocity is shown for various distances 
from the computational beginning of the nozzle (Fig. 6).  
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Fig. 6 – Temperature profiles of natural gas in individual transversal cross-sections along the tuyere length 
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Fig. 7 - Velocity profiles of natural gas in individual transversal cross-sections along the tuyere length in the 
plane α=0° (in the transversal axis of the aperture) 

3. OXYGEN BLOWING ON SURFACE OF LIQUID BATH  

Second choosen example is oxygen blowing on surface of liquid bath (steel). In this case it happens to 
interaction of gaseous phase (oxygen) with liquid phase (liquid steel). The case is described on example of 

oxygen supplied by means of nozzles (burner). 

Conceptual lay-out of steel bath shape and position of 
area affected by burner nozzles outlet oxygen stream 
is shown in Fig. 8. Flowing inside the furnace is 
characterized as multiphase flow. Multiphase model 
of the furnace presents agitation of liquid phase 
(molten steel) by gaseous phase (oxygen), which goes 
through gaseous phase (air) above surface of bath. 
Physical properties of three phases are introduced in 
Tab.1. 

One of the most important factors, that is monitored 
at process of steelmaking is agitation intensity in 
molten steel. As a result of intensive agitation of 
molten steel is more effective process of passing 

chemical reactions and homogenization of molten steel. It means that isothermal flowing is studied. Values 
of physical properties respond to temperature of liquid steel (appr.1630°C) [2], [3]. 

Tab.1 Physical properties of phases 

  Density       ρ [kg.m3]  Dynamic viscosity  μ [Pa.s]  

Liquid phase Liquid steel 7000 0.0042 
Gaseous phase Air 1.225 1.7894e-05 
Gaseous phase Oxygen 1.2999 1.919e-05  

 

 

 

 

Area affected by 
oxygen burner 

output flow 

Cross section 1 

Shape of steel bath 

 
Fig. 8 – Conceptual lay-out of the shape of steel 

bath and position of oxygen burner 
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In Fig. 9 the distribution of mass fraction of steel and oxygen in cross section 1 is shown. On the left side of 
the cross sections is clearly visible the area where the output flow from the burner nozzle penetrate to the 
melt and deform its surface. In Fig. 10, on the left side, distribution of velocity in cross section 1 is shown 
with computational condition that oxygen outlet velocity at distance of 1,5m of nozzle (burner) orifice is 
v=160m.s-1. On the right side of Fig. 10 depth of oxygen penetration under the surface of liquid steel 
depending on oxygen outlet velocity at distance of 1,5m of nozzle (burner) orifice is shown. 

    
Fig. 9 - Distribution of mass fraction of steel (left) and oxygen (right) in cross section 1 
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Fig. 10 - Distribution of velocity in cross section 1, computational oxygen outlet velocity at distance of 1,5m 

of nozzle (burner) orifice - v=160m.s-1 - left 

Depth of oxygen penetration under the surface of liquid steel depending on oxygen 

outlet velocity at distance of 1,5m of nozzle (burner) orifice - right 

4. CONCLUSION 

As regards bottom nozzle: 

From the presented results it is evident that the kind of a flowing medium affects, to a considerable extent, 
the function of tuyeres (media reach different values of state quantities in the exit cross-section). That is 
why not only design characteristics of nozzles but also the influence of gaseous medium used must be 
taken into account in the course of final structural design. From the point of view of thermal protection of 
nozzle orifice (endothermic decomposition of a medium), we are interested above all in the temperature of 
the medium. The temperature of the given medium can be increased by a structural modification of the 
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nozzle, and on the contrary, for the given geometry of the nozzle a suitable medium and its flowrate must 
be chosen.  

 

As regards oxygen blowing on surface of liquid bath: 

The objective of mathematical simulation was to survey the effect of the outlet stream from the nozzle 
(burner) on the free surface of the melt and compare the results for various nozzle outlet velocity.  

Motion intensity changes of liquid bath in dependence on change of outlet velocity from oxygen burner 
were tested numerically. Only hydrodynamic conditions in melt during isothermal oxygen blowing without 
thinking of chemical effect were tested. Test results showed the dependence of current penetration into 
the melt in dependence on the burner output speed of oxygen flow.  

Tests results also documented that even if the oxygen fuel burner will be used in surveyed shape of furnace 
there will be areas, in which melt motion will more or less stagnate in furnace. It means that the shape 
change of furnace would considerably intensify melt motion in furnace. From point of view of bath motion 
intensity it would be preferable to equip the furnace by more oval shape of furnace, that would not resist 
bath motion as it is in case of surveyed furnace.  
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OPTIMIZATION OF MAGNETIC PROPERTIES OF THE PURE FERRUM - BEHANIT, MATERIAL FOR 
CONSTRUCTION OF THE MAGNETIC LENSES OF THE ELECTRON MICROSCOPES, INNOVATIVE 

RESEARCH OF ELECTRON MICROSCOPES 

Martin MAREK, Daniel PETLAK, Zbyněk RICHTER, Regina HOLČÁKOVÁ, Jiří REŽNAR  

VSB-Technical University of Ostrava, Ostrava, Czech Republic, EU, magneticboy@centrum.cz 

Abstract  

The paper deals with the basic goals and partial results of the project, which focuses on innovative research 
of the magnetic chambers of electron microscopes. This project and paper were created by financial 
support of state budget through the Ministry of Industry and Trade MPO-CR, project No. FR-TI1/334. This 
part contains the results of the optimization analysis of technology production process of the type’s soft 
ferromagnetic material which is determined for the building of the magnetic lenses of the electron 
microscopes. Solved material is pure ferrum with trade mark Behanit. Self optimization process is focused 
on the annealing process by vacuum technology and analysis of the influence of annealing temperature on 
the resulting magnetic properties. 

Keywords: magnetic properties, magnetic measuring, electron microscope, magnetic lens, pure ferrum, 
Behanit 

1. INTRODUCTION 

Development and production of electron microscopes currently achieves a high degree that we can use 
them to observe and define the structure of atomic and subatomic materials, including specific local 
analysis at the level of micro and nanostructures. These options and the growing mass production of these 
devices set, after the age of development of these devices, the age of their significant use and practical 
application [1]. 

High requirements for target parameters of these systems lead to increasing demands on all components of 
the system and especially on optical systems and parts. An important part of the optical system consists of 
electromagnetic lenses and soft ferromagnetic materials from which the magnetic circuits of the lenses are 
produced. Requirements for these materials and the resulting components are numerous, ranging from 
mechanical, chemical and metallurgical over to surface roughness and accuracy. Key role is played by 
resulting magnetic properties defined primarily by stationary BH hysteresis characteristics and derived 
parameters. One of the materials that very well correspond with these requirements is technically pure 
iron prepared in a special procedure under the trademark Behanit. 

2. PURE FERRUM - BEHANIT 

Behanit is technically pure iron prepared by vacuum melting and casting technologies, the basic material 
standard 19991. The purity of the material is around 99.5% Fe. Behanit is currently being prepared in the 
form of rods of various diameters. More detailed information was given in paper [6]. Product designs of 
rods of this material are shown in Fig. 1 together with basic BH characteristics of this material Fig. 2. One 
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partial goal of further development of this material was to optimize the resulting magnetic properties by of 
the annealing. 

 

 

 

Fig. 1. Example of Behanit Ingots Fig. 2. Behanit, Stationary BH Hysteresis 
Characteristic, for Hmax= 8.000 (A/m) 

2.1. Annealing 

Annealing process belongs to the known and standardized procedures for modification of properties of 
materials. The fundamental role of annealing process in area of the mechanical properties of structural 
materials is primarily homogenization of material structures and removal of internal stresses. According to 
the requirements on the target material the annealing process is divided to the following basic types, 
without pre-crystallization, with pre-crystallization, annealing for stress relief, anti-flake, homogenization, 
standardization, isothermal, etc. A more detailed description can be found for example in references [4], 
[5]. 

A special type of annealing is the magnetization annealing whose purpose is the basic requirement to 
eliminate the basic requirement internal tension and homogenization and especially the magnetic 
homogenization of the material and removal of the remanent magnetization and forming of the resulting 
magnetic properties. Thermal annealing cycle is here defined similarly to the annealing to for removal of 
internal stresses and is defined by controlled rapid-heating, heating time, and slow cooling. The basic 
critical points of this temperature annealing cycle are the maximum temperature, and then gradient of the 
cooling of the material.  

The general effect of the annealing process on magnetic properties of the type’s material is known from 
various experimental and theoretical works. For the general expression of the magnetic properties of 
ferromagnetic materials by using a general mathematical model it is necessary to take into account a wide 
range of material constants of materials ranging from simple mechanical parameters through the domain 
structure up to the quantum constants of the individual elements. The exact expression of the magnetic 
properties of types and specific materials or technological effects based on the theoretical calculation is 
therefore very complicated and mostly the error destination is often unbearable by both the value and the 
characteristics of the course. The only possible way for detection and accurate identification of the 
individual effects is then the performance of the challenging experimental sophisticated tests and 
measurements. The example of such analysis is shortly presented in this post. The aim of this experimental 
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analysis was to determine the effect of annealing temperature cycle on the resulting magnetic properties of 
the developed material Behanit. 

2.2. Description of the Analysis of the Impact of Annealing on the Magnetic Properties  

The main objective of this analysis was to describe the influence of annealing in a wide range of maximum 
annealing temperature, both below and above the critical Tc value defined for pure ferrum.  

Range of annealing temperatures and the steps are based on the phase diagram of Fe and binary Fe-C 
diagram, which are listed on Fig. 3. and Fig. 4. 

Values of the specific annealing temperatures are then listed in Tab. 1. 

 

  

Fig. 3. Phase Diagram Fe Fig. 4. Binary Diagram Fe-C 

 

Tab.1. Degrees of annealing temperature for each sample and experimental analysis 

Annealing Temperature TA[°C] 600 700 750 800 850 900 950 1000 1050 1100 

 

For the own analysis and to determine the effect of the annealing there were prepared comprehensive 
series of toroidal samples (20 pieces) from one type of melting of material and prior the annealing process 
there was carried out a winding of these samples and also there were carried out measurements of 
magnetic properties in the form of a stationary BH hysteresis characteristics for different levels of magnetic 
saturation. This process has provided detailed data on the magnetic properties of individual samples of 
materials designated for self annealing cycles, as well as information about the homogeneity of the source 
material itself. After the magnetic measurements there was the measuring winding removed and the 
samples were subjected to the process of self annealing at particular stages of the temperature by vacuum 
heating. Afterwards, all samples were winded up again and there were carried out the measurements of 
resulting magnetic properties of individual samples annealed on particular temperature stages. The 
procedure is schematically illustrated in Fig. 5., which also presents an independent method for 
determining the influence of annealing on magnetic properties of ferromagnetic materials with high 
demands on accuracy by measuring the BH hysteresis characteristics on the toroidal samples. 
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Toroidal samples 
Before annealing 

 Winding  Measuring of magnetic 
properties before annealing 

 
 

 
 

 
     

Winding removal 

 

Self process of annealing 

     

Toroidal samples after annealing  Winding  Measuring of magnetic 
properties after annealing 

 
 

 
 

 

Fig. 5. Diagram of Method for Accurate Determination of Annealing Effect on the Resulting Magnetic 
Properties of Soft Ferromagnetic Materials with Demand on High Accuracy 

2.3. Measurement of Magnetic Properties 

The measurement of magnetic properties was carried out in the Laboratory of magnetic measurements and 
applications at VSB-TU Ostrava, FEI. Measuring was carried out on the measuring system Remagraph 
intended to detect quasistationary BH hysteresis characteristics of ferromagnetic soft materials. 
Implementation of the system and basic block diagram is shown in Fig. 6. and more detailed description can 
be found in references [2], [3], [4] 

 

Fig. 6. Performing the Measurement System Remagraph 

3. ANNEALING EFFECT ON THE MAGNETIC PROPERTIES 

The following section presents the basic results of the analysis of the influence of annealing on resulting 
magnetic properties of material Behanit. Magnetic properties of the material were evaluated at level of the 
DC quasistationary BH hysteresis characteristics for different sizes of magnetic field and then key 
parameters of remanent magnetization which means the value of coercive force, remanent induction, 
maximum permeability, the size of hysteresis losses. The following Tab. provides a brief overview of 
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comparision of the resulting BH hysteresis characteristics observed on samples for selected annealing 
temperatures in comparison with properties and BH characteristic of the material prior the annealing 
process. 

 

Tab.2. Annealing Effect on the Magnetic Properties of the Material Behanit 

 

Behanit, Basic Quasistationary BH Hysteresis and Magnetizing Characteristics, Material Before the 
Annealing Process 
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Behanit, DC-BH Characteristics, Material After Process Annealing, Ta = 700, 800, 900, 1000 °C 

 

Tab.3. Behanit, Remanent Parameters for Various Annealing Temperature 

 

 

4. CONCLUSION 

The paper presents the basic results of challenging analysis focused on the development and optimization 
of magnetic properties of type material for the construction of optical elements of electron microscopes. 
From these results it is clear that to significantly reduce the remanent parameters of this material it is not 
sufficient to make annealing with temperature on level Tc = 790 ° C but it is essential to increase the 
annealing temperature at least up to Ta =850 ° C, where further increasing of the annealing temperature 
has a positive effect on the resulting magnetic properties. For higher annealing stage it is necessary to take 
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into account the metallographic structure and evolution of the grain structure of material. The contribution 
of this work is also in the preparation and verification of the method itself, which has been developed for 
determining the influence of annealing on the resulting magnetic properties of ferromagnetic soft 
materials, with high demand for accuracy. The results of analysis were used directly in the development of 
type optical system of electron microscopes and 2D and 3D layout simulation of magnetic field of the type’s 
magnetic lens of electron microscope [7]. 
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DESIGN OF THE CONTINUOUS ANNEALING PROCESS FOR MULTIPHASE STEEL STRIPS 

Danuta SZELIGA 
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Abstract  

Process of continuous annealing is used to produce the multiphase steel strips for automotive construction 
parts. Material strength and ductility characteristics are precisely defined for these strips and reaching 
these properties require precise control of the annealing process and understanding of the phenomena in 
this process. Numerical simulation and optimization aid to design the best process technology. In the paper 
mathematical model of the annealing process is based on the Johnson-Mehl-Avrami-Kolgomorov model of 
the ferrite recrystallization kinetic and diffusion controlled phase transformation and Koistinen and 
Marburger model of martensite volume fraction. The model parameters were estimated by solving the 
inverse – identification problem of the annealing task for the steel of the given chemical composition. The 
annealing cycle process design was formulated as the optimization problem with the goal function defined 
as the error between desired and calculated values of the ferrite, bainite and martensite volume fractions. 
The optimization decision variables were parameters of the thermal annealing cycle. In the paper the 
sensitivity estimation of the process parameters with respect to the components of the goal function was 
performed. The results are preliminary step to the annealing process optimization.  

Keywords: continuous annealing, multiphase steel strips, process parameters design, sensitivity analysis  

1. INTRODUCTION 

Continuous annealing process of multiphase steel is used to produce automotive strips. High strength and 
ductility are characteristic for these products what is achieved by precise design of the steel microstructure 
including quantity definition of the phases volume fractions. Continuous annealing technology is applied for 
steel strips. Thus the distribution of the temperature at the cross section is closed to homogeneity and the 
thermal profile controls the process. Parameters of the thermal cycle are strictly related to steel grade. 
Modification of the chemical composition forces new design of the temperature profile that should be 
established to keep required microstructure. Following this the procedure that enables to design the 
parameters of the annealing process based on the chemical composition of a steel was developed. The 
procedure is a convenient tool for modeling continuous annealing process of DP steels. 

Design of an annealing process can be performed with physical or numerical investigations. In the paper a 
numerical approach is focused. Using mathematical language design of the annealing process is the inverse 
problem, which is defined as the optimization task. The goal function of this optimization problem includes 
the information of material microstructure, especially the desired values of phase volume fractions. The 
goal function is minimized with respect to the parameters of the thermal cycle. The annealing optimization 
problem is nonlinear and although the computation cost of goal function calculation is not high, the 
preliminary step to validate the numerical model of annealing process should be preformed. Model 
validation is crucial for proper and effective inverse problem solution. It points the process parameters that 
the most influence the model outputs, it allows to eliminate the parameters of no sensitivity to the model 
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and it verifies the parameters domain. Thus the annealing model validation performed with sensitivity 
analysis (SA) methods was the objective of that work. 

2. CONTINUOUS ANNEALING OF MULTIPHASE STEEL STRIPS 

2.1. Process description 

Continuous annealing process is applied just after rolling process of DP steel strips to obtained ferrite-
bainite-martensite microstructure of the material. The initial microstructure of the steel for annealing 
process is the mixture of ferrite and pearlite. Typical thermal profile of the annealing is presented in Fig. 1a. 
The profile is consistent to an industrial production of DP steel strips and it consists of two main processes: 
heating and cooling. Each process interval is characterized by pair: time and heating/cooling rate (ti, Hri/Cri). 
First the material is heated up to the intercritical temperature (tg, Hrg) and held at this temperature for a 
short time to produce the mixture of austenite and ferrite (t0, Hr0). Along with decrease of ferrite 
concentration, carbon segregation runs in austenite. At the end of the heating process average content of 
this component is a little higher than carbon equilibrium. Next the cooling process begins. Fast cooling (t1, 
Cr1) while the phase transformation is delayed and the contribution of ferrite volume fraction is lower than 
at equilibrium state, slow cooling (t2, Cr2) while the ferrite comes close to equilibrium concentration, and 
once again fast cooling (t3, Cr3) at which ferrite transformation stops and the remaining austenite 
transforms to bainite and martensite. At the beginning of the cooling stage (t2, Cr2) carbon concentration in 
austenite grain is highly inhomogeneous due to diffusion of the carbon to austenite from ferrite. Although 
after this stage the distribution of carbon in austenite grain is more homogeneous but the differences 
between grain boundary area and the grain middle area are still significant. Thus the hardenability in the 
middle of the grain is much lower than close to the boundary. Produced after the last cooling stage (t3, Cr3) 
structure includes bainite, which reduces the difference in hardness between the ferrite matrix and the 
hard constituent – martensite. 
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Fig. 1. a) Temperature profile dedicated continuous annealing of DP steel strips, b) microstructure before 
and after annealing process 

The initial volume of ferrite-pearlite fractions in the equilibrium state and the parameters of the annealing 
process strictly depend on the chemical composition of the grade. Typical microstructure before and after 
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the annealing process is presented in Fig. 1b. More details of material metallographic analysis during the 
annealing process can be found in [1]. 

2.2. Numerical simulation of the annealing process 

Modeling of Annealing Process (AP) of DP steel strips should take into account all transformations occurring 
during the annealing cycle: ferrite recrystallization, pearlite to austenite, ferrite to austenite, austenite to 
ferrite and austenite to martensite phase transformations. There is a wide range of models in the literature 
describing these phenomena: some of them are the phenomenological ones, like Johnson-Mehl-Avrami-
Kolmogorov (JMAK) [2]-[4], others are derived from physical laws [5], [6] or they includes non-deterministic 
character of transformation phenomena [7], [8]. In the present work model based on multiple JMAK 
equations for different transformations coupled together was applied. A low computational cost is the 
advantage of such approach, the disadvantage is that microstructure is described only with phase volume 
fractions and average grain size. The main idea of the model is presented below.  

The model of phase transformations during heating and cooling is derived from Avrami equation describing 
the volume fraction of a new phase: 

� �1 exp nX kt� � �
           (1) 

where t – time, k, n – coefficients. 

The temperature variation in equation (1) is reflected by application of Scheil additivity rule [9]. Theoretical 
investigations confirm that coefficient n in equation (1) is a constant and k should be a temperature 
function of the form describing transformation kinetic during heating/cooling process. Thus, for the cooling 
process, k = f(T) was based on modified Gaussian function: 

max exp
q

noseT Tk k
p

4 5* '�
� �6 7( %

6 7) &8 9           (2) 

where T – temperature in K, kmax, Tnose, p, q – coefficients such that kmax is the maximum k value, Tnose is a 
position of the Gaussian function “nose”, p describes the nose width at mid height, q controls the function 
slope. Relation (2) couples two competing effects: diffusion, which decreases with temperature decrease, 
and nucleation, which increases with temperature decrease.  

For the heating process and ferrite-austenite transformation, k = f(T) is of the exponential form: 

exp qk p
RT

* '� ( %
) &

           (3) 

where: T – temperature in K, R – universal gas constant, p, q – coefficients. If function (3) is applied, 
incubation time for the ferrite-austenite transformation has to be introduced into the model.  

 

The remaining equations of the transformation model for cooling and heating process include equations 
describing k parameter for pearlite and bainite transformation, incubation time for these transformations. 
Temperatures of the beginning of the bainite and martensite transformations are the functions of the steel 
chemical composition [10], fraction of austenite that transforms into martensite is described with Koistinen 
–Margburger model [11]. The coefficients of the model for each phase transformation are estimated by 
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solving inverse problem combined with dilatometric tests and microstructure pictures analysis, while 
thermodynamical properties of the steel are determined with ThermoCalc software. Details of the 
annealing model can be found in [12]. 

3. DESIGN OF CONTINUOUS ANNEALING PROCESS 

3.1. Definition of the optimization problem 

The annealing direct problem with the model presented in section 2 is to predict the volume fractions of 
ferrite, bainite and martensite phases: y = {ff, fb, fm} while the information of the annealing process is 
known, i.e. the input parameters vector x = {tg, Hrg, t0, Hr0, t1, Cr1, t2, Cr2, t3, Cr3} is fixed for steel of the 
given chemical composition. The inverse problem is to determined the components of the x vector while 
the values of phase volume fractions are assumed, i.e. the vector y is fixed. Such approach allows for 
modeling of the steel microstructures and to control the material properties. It leads to the minimization 
problem of the following form: 

� � � � 2m: � �x y x y
           (4) 

where x = {tg, Hrg, t0, Hr0, t1, Cr1, t2, Cr2, t3, Cr3}, y = {ff, fb, fm}, y(x) is the AP model output, ym is the vector of 
the assumed phase volume fractions. 

The task of solving inverse problem is equivalent to find the minimum of the functional (4) with respect to 
the vector x. The functional (4) is not linear with respect to the vector x and because of the empirical AP 
model structure the inverse problem is a hard one. Thus to investigate the AP model and the functional (4) 
behavior, first the sensitivity analysis was performed to validate the model and to make the optimization 
procedure efficient. 

3.2. Sensitivity analysis 

The sensitivity analysis (SA) investigates the relations between the information flowing into the model and 
the information flowing out from the model [13]. The methods of SA can be classified in two groups 
according to the sensitivity information that are provided: the screening algorithms estimate qualitative 
sensitivity measures and global/local sensitivity procedures calculate quantitative sensitivity indices. 
Comparing these two classes in term of calculations time, the first group is of much lower computation cost 
than the second one. In the present investigations two procedures were applied: Morris design and 
Variance components based method. 

Morris one-at-a-time Design (MD) [14] belongs to the group of screening methods. In the algorithm the 
elementary effect ;i is introduced to calculate the sensitivities: 

1 1 1( , , , , , , ) ( )( ) : i i i i k
i

i

y x x x x x y; � 

 � �
�

�
xx

       (5) 

where: y is the model output, x < = > ?k is the k-dimensional vector of model parameters xi. The 

assumption is made that components xi, i = 1 … k, accept values of 0,1  interval, �i is the ith parameter 

disturbance.  
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A finite distribution Fi of elementary effects ;i calculated for the ith factor is found by sampling x in =. Based 
on the distribution Fi, the mean �i and standard deviation �i for ith model parameter is estimated through 
the classic estimators for independent random samples. To compare the means �i and standards deviations 
�i for all k parameters, they are normalized: 

* *i i
i i

� �� �� �
μ σ           (6) 

where � �1, , k� ��μ , � �1, , k� ��σ . 

The higher mean value of the parameter is, the higher sensitivity of the model output with respect to that 
parameter is observed. The high value of the standard deviation means the nonlinear parameter influence 
on the model output or interactions with the other model parameters.  

Variance Components based Method (VCbM) estimates the global importance indices and the obtained 
information is quantitative. The algorithm uses the probability theory: probability distributions and 
conditional variance of model output. Let us assume that the model output y is given by the conditional 

expectation E of the random variable Y conditioned on model inputs x: � �y E Y� x . The prediction 

variance � �Var Y  can be expressed as: 

� � � �� � � �� �| |Var Y Var E Y E Var Y� 
X Xx x
        (7) 

The first component of equation (7) is called Variance of Conditional Expectation (VCE), the second one is 

the residual part. The variation in y and by implication the variation of � �E Y �X x  as x varies, is 

measured by VCE. The second term in equation (7) is the error or residual term including the remaining 
variability in y caused by unobserved inputs or sources of variations when x is fixed. Thus the sensitivity 
index, called correlation ratio �2 [15] is defined as the ratio of VCE magnitude to prediction variance: 

� �� �
� �

2
Var E Y

Var Y
� �

X x

           (8) 

The indices �2 for all model parameters are estimated numerically based on Latin Hypercube Sampling 
(LHC). 

4. CALCULATIONS AND RESULTS DISCUSSION 

SA calculations to estimate the sensitivity of the model outputs to the annealing process parameters were 
performed. The MD and VCbM described in section 3.2 were applied. The analyzed model output vector 
was y = {ff, fb, fm}, where the components of y are volume phase fractions of ferrite, bainite and martensite, 
respectively. Input parameters domain was defined providing for industrial characteristics of continuous 
annealing systems. The parameters are gathered in 10-dimensional vector x of the following form: x = {tg, 
Hrg, t0, Hr0, t1, Cr1, t2, Cr2, t3, Cr3}, see Tab. 1. The first heating rate Hrg is constant according to industrial 
conditions.  
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 Tab. 1. Annealing process input parameters domains 

tg, s Hrg, oC/s t0, s Hr0, oC/s t1, s Cr1, oC/s t2, s Cr2, oC/s t3, s Cr3, oC/s 

[250-300] 3 [10-50] [0-1] [2-8] [10-40] [10-50] [0-1] [4-20] [30-60] 

The calculations were performed for DP steel of the following composition: 0.11%C, 1.45%Mn, 0.19%Si and 
0.27%Cr. The results of computations are presented in Fig. 2. The time of the last cooling stage t3 is not 
presented in Fig. 2. Due to time interval assumed for t3, 4-20s, and ferrite – martensite transformation 
model, model outputs were not sensitive to that parameter. 
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Fig. 2. The sensitivity indices of the ferrite, bainite and martensite volume fractions of AP model calculated 
with respect to the AP model parameters computed with: a, c, d) MD method, b) VCbM. Uncorect symbols 

in Fig. 2d. Answer: I modified the Fig. 2d  

With respect to the phase volume fractions the most important parameter is tg (Fig. 2 a, b) – this time 
deciding of the intercritical temperature and affecting to ferrite volume not transformed into austenite 
during heating stage. Standard deviation of tg proved that that parameter interact with others or its impact 
is nonlinear (Fig. 2 c, d). Next the AP model is sensitive to the parameters of the first, rapid step of the 
cooling stage: time t1 and cooling rate Cr1 (Fig. 2 a, b). This step is crucial for producing ferrite 
microstructure from austenite and it influences the beginning of the bainite and martensite 
transformations. Analysis of the standard deviations confirms non linear character of t1 and Cr1 or 
interactions with the remaining model parameters (Fig. 2 c, d). Model parameters: t0, Hr0, t2, Cr2, t3, Cr3 are 
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not so much important for the AP process (Fig. 2 a, b) and their effect on the model outputs is close to 
linear.  

5. CONCLUSIONS 

In these investigations: 1) the continuous annealing process for DP steel strips was analyzed, 2) the 
optimization problem to design the annealing process was defined, 3) sensitivity analysis was performed to 
determine the process parameters that the most control the AP process. The work is a part of the project 
on designed the DP steel of the specific hardenability characteristic. 
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Abstract 

Based on the measurement of roll forces during the laboratory rolling of flat samples graded in thickness, 
new hot mean flow stress model of the HSLA steel of the type C-Mn-V-B was developed. It describes with 
a very good accuracy the mean flow stress �m in the temperature range T = 850 – 1190 °C, effective height 
reductions up to eh = 0.66, and strain rates in the range of é = 8 – 103 s-1. Difficulty in the mathematical 
description of the influence of temperature on deformation resistance in the wide range of temperature by 
a single equation was solved by introducing another constant in the temperature member of the 
conventional equation �m = f(eh,é,T) [MPa]. The newly proposed model solves by phenomenological means 
a frequent problem with heteroscedasticity of relative deviations between the calculated and experimental 
values of deformation resistance in the case of the temperature effect. Mean flow stress values of steel C-
Mn-V-B were compared with the formerly obtained �m values for steels of type C-Mn as well as C-Mn-Nb-V. 
It was proved that HSLA steel with V and B displayed relatively very low deformation resistance and 
a minimum strain sensitivity at hot forming. This fact can be explained by the lower carbon content in 
comparison with C-Mn steel, and by absence of effective hardening element niobium in comparison with C-
Mn-Nb-V steel.  

Keywords: laboratory hot rolling, mean flow stress model, HSLA steel  

1. INTRODUCTION  

Hot deformation resistance of metallic materials can be usually determined by using methods, such as high-
temperature tension, compression and torsion testing. Based on measurement of forces in the laboratory 
rolling of flat samples graded in thickness, the effective methods of description of the mean flow stress 
(MFS) values were developed [1] and applied to many steel grades, some iron aluminides, magnesium alloy 
AZ 31 etc. – see for example [2–7]. For the most part, it is not difficult to describe mathematically with 
a good accuracy the influence of deformation or strain rate on MFS, but it is more questionable to describe 
the functional dependence of MFS on temperature, in particular in the case of its wide range. Phase 
transformations and other physico-metallurgical processes often do not enable to describe this relation by 
a single equation in the whole interval of the applied deformation temperatures. That’s why the 
deformation behaviour of the material must be described by special equations for separate temperature 
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subareas (e.g. [2,4,5], which is obviously disadvantageous, e.g. in case of quick prediction of the forming 
forces by the control system of the rolling mill. Therefore, the aim of the works was to propose and 
evaluate a new phenomenological equation for the description of deformation resistance in such 
temperature range where conventional procedures do not lead to sufficiently exact results. 

2. EXPERIMENTAL PROCEDURES  

Laboratory cast and forged HSLA steel of type C-Mn-Nb-V (with 0.18 C – 1.34 Mn – 0.32 Si – 0.021 Al – 0.11 
V – 0.0012 B in wt. %) served as the experimental material. 

Flat samples with thickness graded in size (total length 120 mm, width 25 mm, thickness 4.8 / 5.5 / 6.7 mm 
in individual steps) were manufactured. Forming of each sample provided the data on roll forces for three 
various reductions, thus the experiment could have been made more efficiently in this way. Each sample 
was measured and then heated in the furnace to the austenitizing temperature of 1200 °C within 25 
minutes. After partial cooling, controlled by the optical thermometer, the sample was inserted for 2 
minutes into another electric furnace heated to the forming temperature. The heated sample was rolled 
immediately after discharging from the furnace in the stand A of the mill Tandem [8] (the working rolls had 
diameter 158 mm). During rolling of each sample the temperature was changed (1190 – 850 °C), together 
with roll gap adjustment (and thus the total strain of individual grades of the sample) and nominal 
revolutions of rolls varied in the range of about 40 – 310 rpm (and hence the strain rate values). Roll forces 
and the actual speed of roll rotation were computer-registered. 

After cooling of the rolling stock, the width and the thickness for individual grades was measured. The 
particular methodology of calculation of strain, strain rate and (MFS) from the measured variables is 
described e.g. in [1-3]. Here the essential role is attributed to the model of the forming factor, which was 
developed for the given rolling mill stand [9]. The well-known equations published in [10, 11] were used. 

3. MATHEMATICAL PROCESSING AND DISCUSSION OF EXPERIMENTAL RESULTS  

Based on the previous own experience a simple model for description of hot MFS �m [MPa] of the 
investigated steels was chosen, in dependence on true strain – height deformation eh (with taking into 
consideration the dynamic softening), strain rate é [s-1] and temperature T [°C]: 

� � )exp(exp TFeeCeA D
h

B
hm 	�			�		�� �         (1) 

where A – F are material constants, obtained by multiple non-linear regression of the experimental data in 
statistical package UNISTAT 5.6. 

The entire experimental data sets corresponded to the strains 0.14 – 0.57, to the temperatures 850 –
 1190 °C and to the strain rates 8 – 103 s-1. By their statistical processing and applying methods of the non-
linear regression several mathematical models were obtained. In the first instance, MFS of the C-Mn-Nb-V 
steel was described by two models, the complex one (with R2 = 0.9537): 

� � ).exp(.exp .. T00190ee020e858 080
h

00120
hm 	�			�		�� �       (2) 

and the simplified one (with R2 = 0.9542): 

).exp(.. T00200ee918 08000450
hm 	�			�� �         (3) 
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The very low strain sensitivity of the developed models – see constants B in Eq. (1-3) – is worth noting. The 
coefficients of determination R2 of Eqs. (2-3) seem to be relatively very high. However, these parameters 
themselves do not implicate the situation, when an unfavourable trend of deviations between the 
measured and calculated values of MFS exists, in relation to some of the independent variables (commonly 
the temperature). This is a problem with the so called heteroscedasticity, which does not cause ordinary 
least squares coefficient estimates to be biased. In statistics, a sequence of random variables is 
heteroscedastic, if the random variables have different variances. So the plots of such relative deviations 
� [%] (defined as a difference between the experimentally measured and calculated MFS value, divided by 
the measured MFS value) can give a useful view on the problem of accuracy and fitness of the developed 
models.  

As it is obvious from Fig. 1, 
heteroscedasticity of the relative 
deviations � depending on forming 
temperature is noticeable for both 
models, with significant deviations at 
the highest temperatures. 
Surprisingly, the complex model (2) 
steel is not more accurate than the 
simplified Eq. (3). That is why the 
attention was focused on making only 
the model (3) more precise.  
 

 

 

A possibility was searched, how to modify simply the relation (3) so that it could describe, by means of 
phenomenology (i.e. without any demand on reflecting the physico-metallurgical essence of the 
questionable influence of temperature), MFS of the investigated steel jointly in the whole range of 
experimental temperatures. The exacting analyses resulted in the proposal of the following equation [12] 

)exp( HDB
hm TFeeA 	�			�� �           (4) 

where the aim of the material constant H is to modify in selected cases the complex temperature 
dependence of the deformation resistance. For C-Mn-V-B steel the multiple regression analysis led to the 
following equation 

).exp( ... 1231007800040
hm T10852ee239 		�			�� ��         (5) 

with notable coefficient of determination R2 = 0.9695.  

The comparison of relative deviations in Fig. 2 demonstrates the efficiency of the proposed adjustment 
according to the Eqs. (4) and (5), respectively. Scatter of results was reduced significantly (with maximum 
relative deviation � = ±9 % only) and heteroscedasticity in the case of temperature dependence was almost 
completely eliminated.  

Fig. 1 Steel C-Mn-V-B – temperature dependence of relative 
deviations of MFS calculated according to models (2) and (3) 
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a)       b) 

 
   c) 

Values of MFS of steel C-Mn-V-B calculated according to Eq. (5) were compared with MFS values of two 
steels investigated by the identical method for steels C-Mn (with 0.25 C – 0.76 Mn – 0.36 Si – 0.019 Al) as 
well as C-Mn-Nb-V (with 0.18 C – 1.31 Mn – 0.36 Si – 0.030 Al – 0.09 V – 0.05 Nb – all in wt. %) [12]. The 
models of MFS for these materials are as follows: 

for steel C-Mn 

).exp( ... 8616080110
hm T1053ee671 		�			�� ��         (6) 

for steel C-Mn-Nb-V 

).exp( ... 98313070090
hm T1046ee357 		�			�� ��        (7) 

The results of comparison are demonstrated by graph in Fig. 3.  

 
Fig. 3 Comparison of hot deformation values calculated according to Eqs. (5) – (7) for strain rate 20 s-1 

Fig. 2 Relative deviations of MFS 
calculated according to Eqs. (5), in relation 
to a) temperature, b) strain, c) strain rate  
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Hot deformation resistance of the plain-carbon steel and steel microalloyed with Nb and V are very similar 
– higher carbon content in C-Mn steel is compensated by the hardening effect of niobium. On the contrary, 
hardening effect of vanadium and boron at high forming temperatures (1150 or 850 °C) seems to be very 
weak and low carbon content answers for much lower MFS values and almost negligible influence of strain 
on deformation resistance (see very low strain sensitivity index B = 0.004 in Eq. (5) ). The very similar 
experiences were formerly obtained for HSLA steels of type C-Mn-Nb-Ti and/or C-Mn-Nb-Ti-Ni [3]. It should 
be emphasized that Eq. (4) is suitable for prediction of the mean flow stress values only, not for description 
of the stress-strain curves even at very low strain values. 

4. SUMMARY 

Based on the measurement of roll forces during the laboratory rolling of flat samples graded in thickness, 
new MFS models of the HSLA steel of the type C-Mn-V-B were developed. These models describe with 
a very good accuracy the hot deformation resistance characteristics in the temperature range T = 850 – 
1190 °C, effective height reductions up to eh = 0.66, and strain rates in the range of é = 8 – 103 s-1. Difficulty 
in the mathematical description of the influence of temperature on MFS in the wide range of temperature 
by a single equation was solved by introducing another constant in the temperature member of the 
conventional equation �m = f(eh,é,T). 

The new model of the type (4) solves by phenomenological means a frequent problem of heteroscedasticity 
of relative deviations between the calculated and experimental values of MFS in the case of the 
temperature effect. It becomes more reliable from the viewpoint of the operational application – fast 
prediction of MFS and power/force parameters of hot rolling for example. 

Deformation resistance of steel C-Mn-V-B was compared with the formerly obtained MFS values for steels 
of type C-Mn as well as C-Mn-Nb-V. It was proved that steel microalloyed with V and B displayed relatively 
very low deformation resistance and a minimum strain sensitivity at hot forming. This fact can be explained 
by the lower carbon content in comparison with C-Mn steel, and by absence of effective hardening element 
niobium in comparison with C-Mn-Nb-V steel. 
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Abstract 

Activation energy at hot forming is an important material constant, which depends on chemical 
composition and microstructure of the given material. It is used for example for prediction of coordinates 
of stress peak, i.e. of maximal flow stress and beginning of dynamic recrystallisation of material formed 
under the given thermal-mechanical conditions. Its determination is made particularly with use of 
plastometric test. In this case torsion tests were performed on SETARAM plastometer and tests by uniaxial 
compression on plastometer Gleeble 3800 with use of the samples manufactured from low-alloyed steel 
42CrMo4. 

Comprehensive set of torsion tests was performed at deformation temperatures from 800 to 1100 °C and 
at selected strain rates ranging from 0.02 to 2.3 s-1. Compression tests were realised with use of analogical 
parameters, however, the range of applied strain rates was moreover extended by the values 12 and 60 s-1, 
which are practically unachievable on torsion plastometer. 

Activation energy was determined for each set of data always by regression analysis of the obtained peak 
stresses in dependence on the on temperature and strain rate. Its values were determined separately from 
the data obtained by torsion tests and separately from the data obtained by compression tests, not only at 
analogical parameters of forming, but also with inclusion of the results obtained with broader range of 
applied strain rates. The objective of the realised experiments was to verify how deeply the chosen 
plastometric methods and range of deformation conditions influence calculation of activation energy of 
the given steel at hot forming, which is very important from the viewpoint of methodology. 

Keywords: Activation energy at hot forming, maximal flow stress, plastometric tests 

1. INTRODUCTION 

Investigation of deformation behaviour of materials at hot forming is at present highly topical from the 
perspective of implementation of new production technologies, and namely due to the possibility of larger 
used not only of existing steels, but also of new advanced materials. For investigation of deformation 
behaviour of these materials it is possible to use physical modelling on special laboratory equipment, 
comprising above all torsion and compression plastometers [1, 2]. Advantage of torsion plastometers 
consists in the possibility of achievement of high amounts of deformation with exclusion of external 
friction. Unfortunately on these plastometers it is possible to achieved in reality the strain rate only to 
approx. 10 s-1 [3]. On the other hand the compression plastometers (such as Gleeble) are capable of 
achieving the strain rates up to 100 s-1. Their disadvantage is, however, limited magnitude of the applied 
deformation [4, 5]. 
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This paper deals with comparison of the values of maximal stresses and activation energy determined on 
the basis of results of the tests performed by uniaxial compression on the plastometer Gleeble 3800 with 
the results of torsion tests obtained already before on the torsion plastometer Setaram [6]. Knowledge of 
the values of maximum stress makes it possible to predict the maximum flow stress of the formed material 
under given thermo-mechanical conditions. Activation energy is very important material constant, which 
depends on chemical composition and on microstructure of hot formed material. It is used for example for 
determination of coordinates of stress peak (maximal stress and deformation corresponding to the stress 
peak), which represent beginning of dynamic recrystallisation of the formed material [7]. Low-alloyed steel 
42CrMo4 was used for this experiment, as it is broadly used in machine building and in automotive 
industry [8, 9]. 

2. EXPERIMENT DESCRIPTION 

The objective of the performed experiments was to determine influence of selected plastometric methods 
on determination of maximal stresses, and particularly on calculations of activation energy at hot forming 
of selected steel. For this purpose low-alloyed steel 42CrMo4 with the following chemical composition 
0.431 C – 0.77 Mn – 0.276 Si – 0.016 P – 0.026 S – 1.14 Cr – 0.175 Mo (all in wt. %) was used. 

During previous experiment the deformation behaviour of the given steel was already determined on 
the plastometer Setaram [6], when a complete set of torsion tests was performed at the deformation 
temperatures of 800, 900, 1000 a 1100 °C, and at selected strain rates of 0.02, 0.09, 0.47 a 2.3 s-1. For tests 
by uniaxial compression cylindrical samples with diameter 10 mm and height 15 mm were prepared from 
the investigated steel. Compression tests on the plastometer Gleeble 3800 were made with analogical 
deformation parameters as in the case of torsion tests, while the range of applied strain rates was 
extended moreover by the values of 12 and 60 s-1, which cannot be in practice achieved on torsion 
plastometers. 

Diagram in Fig. 1 shows an example of stress-strain curves, which were found by uniaxial compression test 
at the constant deformation temperature of 
1000 °C, and at nominal strain rates from 0.02 
to 60 s-1. For all applied deformation 
temperatures and at nominal strain rates 
higher than 2.3 s-1 the stress curves were of 
non-standard shape. In these cases, particularly 
at the nominal strain rate equal to 60 s-1, it was 
very difficult to identify the stress peak. 
The obtained stress curve had to be graphically 
fitted for identification of stress peak 
coordinates by the expected curve – see Fig. 1. 
It may be assumed that this unusual shape of 
stress curves might have been caused by a non-
observance of the set strain rate during the 
whole duration of the compression test. 

 

 
Fig. 1. Stress-strain at the constant deformation 

temperature of 1000 °C and at strain rates of 0.02 - 60 s-1 
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3. MATHEMATICAL PROCESSING OF GAINED DATA 

The data obtained by compression were progressively processed with use of the program ENERGY 4.0. 
Scatter of input data was suppressed by use of partial linear regressions. The values thus processed were 
automatically smoothed out by non-linear regression, which comprised two mutually independent 
variables – temperature and strain rate. Value of activation energy was calculated by modified Sellars’ and 
Tegart’s equation [10]: 
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where ė is strain rate [s-1], R is molar gas constant equal to 8.314 J.mol-1.K-1, T is deformation temperature 
in [K], �max [MPa] is maximal flow stress corresponding to the peak strain, C [s-1], 3 [MPa-1] and n are 
material constants. Activation energy at hot forming is very important, since thanks to its knowledge it is 
possible to calculate the Zener-Hollomon’s parameter Z [s-1] for the given thermo-mechanical conditions 
[11]: 
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This parameter Z may be consequently used for determination of the maximal flow stress �max [MPa] of the 
hot formed material, which corresponds to the given stress peak [10]: 
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Material constants 3, n and C, characterising the given material, are determined by regression analysis with 
use of the software ENERGY 4.0. 

It was established that compression test on the plastometer Gleeble 3800 were not performed in all cases 
at constant strain rate. Instantaneous strain rate ėinst [s-1] was defined as: 
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where en [-] is size of strain and corresponding time tn [s] measured at course of compression test. In all 
cases the instantaneous strain rate was slightly higher than nominal rate. Moreover mean strain rate 
ėmean [s-1] achieved at the compression test was determined, which was defined as: 
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�
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��            (5) 

where en [-] is size of strain and corresponding time tn [s] measured at course of compression test, e1 [-] is 
strain and t1 [s] is time corresponding start of compression test. Example of the course of instantaneous 
and mean strain rate in dependence on the on magnitude of the applied deformation is shown in Fig. 2. 
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4. DISCUSSION OF RESULTS 

Values of maximal stress were determined by regression analysis of the data, obtained by compression 
test, in the program ENERGY 4.0 separately for nominal, instantaneous and mean strain rates in narrow 
(0.02 to 2.3 s-1) and broad (0.02 to 60 s-1) range of pre-set strain rates at all applied deformation 
temperatures. Influence of the range of the applied strain rates on the maximum stress was only slight. 
Calculation of the maximum stress at corresponding nominal, instantaneous and mean strain rates also did 
not influence in any significant manner final values of the maximum stress. Comparison of values of the 
maximum stress see Fig. 3, calculated according to the equation (3) from the data obtained by compression 
test and torsion test for 
corresponding deformation 
temperatures and strain 
rates showed no significant 
influence of selected 
plastometric methods on 
resulting values of 
maximum stress. 

Determination coefficients 
R2 were defined for values of 
the maximum stress at hot 
forming of investigated 
steel, which were 
determined on the basis of 
results of compression tests. 
These coefficients (see Tab. 
1) document comparatively 
very high precision of regression analyses performed from both rangers of strain rates with use of nominal, 
instantaneous and mean value of strain rate at calculation of the maximum stress. 

 

 
Fig. 3. Influence of plastometric method on determination of the maximum 

stress at given thermo-mechanical conditions 

Fiq. 2. Course of stress and 
strain rate at uniaxial 

compression test 

(deformation temperature 
1000 °C, nominal strain rate 

0.02 s-1) 
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 Tab. 1. Evaluation of regression analysis for determination of �max on the basis of compression test results 

 
range of strain rates 0.02 – 60 s-1 range of strain rates 0.02 – 2.3 s-1 
ėnom ėinst ėmean ėnom ėinst ėmean 

R2 0.9879 0.9847 0.9889 0.9919 0.9912 0.9918 

Activation energy of investigated steel was determined by regression analysis of the obtained experimental 
data performed with use of the specialised software ENERGY 4.0. Its values were determined separately 
from the data obtained by torsion tests and separately from the data obtained by compression tests not 
only at analogical deformation parameters as for torsion test, but also with inclusion of results in broader 
range of applied strain rates. Apart from that the activation energy value of investigated steel was 
calculated on the basis of compression tests separately for nominal, instantaneous and mean strain rate. 

 Tab. 2 and Tab. 3 document the resulting values of determined activation energies of investigated steel. 
Activation energies of investigated steel calculated on the basis results of compression tests performed in 
broader range of strain rates showed slightly lower values (approx. by 10 kJ.mol-1) than the values of 
activation energies, which were determined by analogical method at the same deformation temperatures, 
but in the narrower range of the applied strain rates. 

Influence of strain rate, which was used at calculation (nominal, instantaneous and mean strain rate), 
on magnitude of the activation energy value was negligible. Only in the case of calculation of activation 
energy with reflection of the mean strain rate its value was slightly higher than in the case of calculation of 
activation energy with reflection of the nominal or instantaneous strain rate– see Tab. 2. 

 

 Tab. 2. Activation energy and material constants for determination of the maximum stress(compression 
tests, strain rates 0.02 - 60 s-1) 

compression 
tests 

Q n (1100 °C) 33 (900 °C) C 
[kJ.mol-1] [–] [MPa-1] [s-1] 

ėnom 334.52 4.8264 0.0106 2.57·1012 
ėinst 332.05 4.7654 0.0105 2.40·1012 
ėmean 341.62 4.9128 0.0105 5.38·1012 

 

 Tab. 3. Activation energy and material constants for determination of the maximum stress (compression 
and torsion tests, strain rates 0.02 - 2.3 s-1) 

compression 
tests 

Q n (1100 °C) 33 (900 °C) C 
[kJ.mol-1] [–] [MPa-1] [s-1] 

ėnom 340.33 4.563 0.0119 2.18·1012 
ėinst 343.41 4.633 0.0116 3.79·1012 
ėmean 343.38 4.5734 0.0118 3.04·1012 

torsion 
tests 

Q n (1100 °C) 33 (900 °C) C 
[kJ.mol-1] [–] [MPa-1] -1  

ėmean 344.33 4.1992 0.0156 4.48·1011 
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Values of activation energies, obtained on the basis of results of compression tests performed with 
analogical deformation parameters as for realised torsion tests, showed very good agreement – see Tab. 3. 
Authors of the work [12] give the activation energy of investigated steel, which was determined on the 
basis of results of compression tests Q = 315 kJ.mol-1 and on the basis of results of torsion tests Q = 318 
kJ.mol-1. Values of activation energy determined by authors of the work [12] are in comparison with 
analogically determined values of activation energy, given in this paper in Tab. 3 slightly lower. 
Plastometric experiments published in [12] were performed, unlike experiments presented by us, at 
deformation temperatures ranging from 900 to 1100 °C, and at chosen strain rates ranging from 0.05 to 5 s-

1. This different range of performed plastometric experiments might have resulted in obtaining slightly 
lower values of activation energies, which were published in the work [12]. 

5. CONCLUSIONS 

On the basis of results of realised complete set of tests by uniaxial compression on the plastometer 
Gleeble 3800 the influence of double applied range of strain rates on the final values of maximum stress 
and activation energy was investigated. The acquired results were compared with previously obtained 
values of the maximum stress, which were calculated on the basis of torsion tests performed on the 
plastometer Setaram [6] with analogical deformation parameters as for compression tests. 

It was found at evaluation of results of compression tests that in the course of these tests the strain rate 
was not completely constant. For this reason instantaneous and mean strain rates were defined. 

Values of maximum stresses were calculated for all applied deformation temperature and for all defined 
strain rates with reflection of both ranges of applied strain rates. Considered ranges of applied strain rates, 
or differently defined strain rates did not influence the resulting values of maximal stresses in any 
significant manner. Used analogical experimental plastometric method did not have principal influence on 
the final values of the maximum stress. 

Broader range of strain rates applied on the compression plastometer resulted in achievement of slightly 
lower values of activation energies than in the case of activation energies determined in the narrower 
range of strain rates. Influence of strain rate, which was used for calculation (of nominal, instantaneous and 
mean strain rate), on magnitude of the activation energy value was negligible. Values of activation 
energies, obtained on the basis of results of compression tests performed at analogical deformation 
parameters as for torsion tests, showed very good agreement. 

It follows from the obtained results, that chosen analogically performed plastometric methods did not 
influence in any significant manner the activation energy values of investigated steel, which confirms 
among others also correctness of the used methodology of evaluation of results of continuous torsion tests 
[6, 13]. 
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Abstract  

In order to design and use forming processes, one has to cover a body of knowledge including the recovery 
phenomena. Recovery can be described using the Avrami equation, which yields the proportion of 
recrystallized structure as a function of various deformation-related variables. However, some constants 
and exponents of the equation must be known. Their values can be obtained by measuring – either by 
metallographic or mechanical methods – the fraction of recrystallized structure in specimens deformed 
under prescribed conditions.  

A metallographic technique consists in quenching the material and mapping the locations of grains, their 
sizes and shapes in an optical microscope to find the ratio of recrystallized grains. It is possible to use 
a more up-to-date technique: electron microscopy combined with electron backscattered diffraction. 
However, these methods are in fact very complicated and often infeasible.  

Mechanical methods include intermittent tests in compression or torsion plastometers, which can be 
evaluated using various techniques. The difficulties of this approach lie in separating recovery from 
recrystallization, as well as in the vast number of test, which must be performed in order to describe the 
kinetics of static recrystallization in a single material. 

Another modern technique uses the stress relaxation phenomenon. By analysing the stress vs. time plot, 
one can obtain information on the specimen's flow stress during the hold after deformation. A Gleeble 
simulator was used for an experiment with four temperatures and five strain rates and the resulting strain 
magnitude of 0.2. After deformation, specimen was held in the grips at constant temperature and stress 
was recorded. The resulting stress vs. time plot was analysed. Points denoting the start and end of recovery 
were identified on the curve. Constants of the Avrami equation were determined using these points. The 
advantages of stress relaxation tests include their simplicity, the opportunity to obtain a full-range curve for 
the volume fraction of recrystallized structure in a single test run and the effectiveness of mapping 
softening phenomena. 

Keywords: Stress-relaxation, Avrami equation, static recrystalization kinetics, Gleeble 

1. KINETICS OF STATIC RECRYSTALLIZATION 

Kinetics of static recrystallization, which is a process that follows upon hot deformation in steel, are often 

characterized in terms of the time required for recrystallization of 50% of the material, i.e. . The most 

general expression for this relationship is as follows [1]: 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

278 

 
(1) 

where  denotes the grain size in μm, 

 is the static recrystallization activation energy in , 

 denotes strain, 

 is the Zener – Hollomon parameter given in s-1, 

  is temperature in K, 

 stands for the universal gas constant in Jmol-1 K-1, 

 are material constants. 

The time dependence of the fraction of statically recrystallized material is commonly described through 
Avrami general equation: 

 
(2) 

Where  is the recrystallized fraction, 

 accounts for the effects of thermal and mechanical conditions of forming, 

  is Avrami exponent. 

However, it is even more often expressed in the form of the following equation: 

 
(3) 

For the recrystallization kinetics to be described as ( ), constants A and Qrex and values of exponents in 

the equation must be known. These values can be obtained by measuring by metallographic or mechanical 
methods the recrystallized fraction in specimens deformed under pre-defined conditions. 

Once the material is quenched, the fraction of recrystallized grains can be established by mapping the 
locations of grains, their sizes and shapes using an optical microscope. It is possible to use a more modern 
technique as well: electron microscopy combined with electron backscattered diffraction. This allows the 
dislocation density to be assessed (by image analysis or artificial intelligence methods). It can also 
differentiate between unrecrystallized deformed grains with greater number of dislocations and low-angle 
boundaries and the recrystallized ones [1].  

However, in real-world applications, recrystallized grains are very difficult to distinguish from 
unrecrystallized ones by using just light microscope. In case of some bainitic or martensitic microstructures, 
where dislocations and low-angle boundaries are present in all grains (packets, sheaves), even electron 
microscopy techniques fail. 
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The above-mentioned mechanical methods include interrupted tests and stress relaxation tests. Results of 
interrupted tests carried out in compression or torsion plastometers can be evaluated using various 
techniques. In these tests, it is difficult to distinguish 
between the effects of recovery and recrystallization. 
Another complication is that these tests must be 
performed under specific deformation conditions 
with a single pause between deformation steps. 
Therefore, a large number of tests ( ) are 

required for the static recrystallization kinetics of 
a single material to be described. In this aspect, 
stress-relaxation testing is more convenient: a single 
test yields a full curve describing the recrystallized 
fraction vs. time relationship. This reduces the total 
number of tests required for characterizing a single 
material to about 15 [2]. 

2. STRESS-RELAXATION METHOD 

The stress relaxation testing procedure is presented in the following diagram (Fig. 1). Its steps include 
heating to a required temperature, cooling down to deformation temperature, deformation at a prescribed 

rate, and then holding the strain constant 
while recording the force (load/stress) and 
time (from the start of the hold) [3]. Very 
suitable for this type of testing are versatile 
Gleeble plastometers, which offer sufficient 
measurement frequency and accuracy. 
Graphite and tantalum foils are applied to 
reduce friction and to prevent sticking 
between the material and anvils. 

Fig. 2 shows the stress relaxation curve for 
a test in concentric arrangement. Gleeble 

simulator was used for testing microalloyed 
steel at 1100 °C with the strain of 0.5 and 

a strain rate of 10 s-1. The stress vs. logarithmic time curve has three distinct parts. In the first one, the 
stress decrease is linear, at a constant rate. In the second part, the decrease is much more rapid, whereas 
in the third it is linear again but at lower stress values. The stress decrement in the first part of the curve is 
associated with the recovery of austenite after deformation. The steeper slope of the second part of the 
curve is due to the material’s quicker softening caused by starting static recrystallization. Once the 
recrystallization is complete, decrease can be explained by the relaxation in recrystallized austenite [3]. 

3. CALCULATION OF DEGREE OF SOFTENING BY STRESS RELAXATION METHOD 

Using the Figs., one can describe the behaviour of stress in regions 1 and 3 with a simple equation [4]: 

Fig. 1 Typical test schedule for relaxation test 

Fig. 2 Stress - relaxation curve 
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 (4) 

Where  denotes the natural stress in MPa, 

 denotes relaxation time in seconds, 

 and  are constants. 

The stress value in the second part of the curve can be calculated as [4]: 

 (5) 

Where indices 1 and 3 refer to the first and third part of the curve, respectively. 

Using this equation, one can also calculate the recrystallized fraction at given time instant [5]: 

 
(6) 

Where α is the slope of the curve,  recovery stage,   final stage,  

σ1, σ2 is the stress value associated with the time instant t = 1s. 

Corresponding values of constants in Fig. 2 are given in Tab. 1: 

 Tab. 1 Computed constants and parameters of the Avrami equation 

 (MPa)  (MPa)  (MPa)  (MPa)  (s) 

65 20 25 8 1,3 2,3 

 

It is now possible to plot the recrystallized fraction vs. time curve using equation 6. The softening curve is 
confined between 0 (deformed) and 1 (fully recrystallized condition). The behaviour of the recrystallized 
fraction parameter is consistent with theory and its shape is sigmoidal (Fig. 3). It is due to inhibiting factors 
taking effect at the beginning and end of static recrystallization. 

Fig. 3 Softening curve - recrystallized fraction 
computed from relaxation curve 

Fig. 4 Double Log plot giving the Avrami exponent 
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On this curve, it is possible to find time t0.5 required for 50% recrystallization. In this case, it was 

. The last variable in Avrami equation can be found using a double logarithm curve, the slope of 

which is given by Avrami exponent  (Fig. 4). Linear regression yielded the value of  = 1.3. 

Upon substituting in Avrami equation, one obtains a neat sigmoidal curve matching the above recrystallized 
fraction curve from the stress relaxation test. 

4. CONCLUSION 

This study dealt with describing static recrystallization in stress relaxation test using Avrami equation. This 
technique proved to be very effective, saving experimental costs, as well as time required for finding the 
degree of softening.  

For instance, data from compression test conducted in Gleeble plastometer can be used to calculate 
constants in Avrami equation. It is, however, important to carefully determine the time of the start of 
relaxation stage (after deformation – Fig. 1), as it may have profound effect on the results. Slopes of the 
first and third parts of the stress relaxation curve must be determined with great care as well. When these 
guidelines are followed, the recrystallized 
fraction vs. time curve of the expected 
sigmoidal shape (Fig. 5) can be obtained. 

 In our follow-up experiments, we will use 
apply this novel method, which has not been 
tried at our department yet, to a broader 
range of data obtained from experiments 
with deformation at various temperatures 
and strain rates. We will also attempt to 
compare this method with conventional 
techniques that are based on calculating the 
degree of softening from interrupted test data. 
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Abstract  

It is possible to gain new unconventional types of structures with specific, e.g. mechanical properties by 
combining of various types of materials and technologies. One of the possibilities is enabled by 
combination of powder metallurgy with processing of materials in semi-solid state. The aim of the 
experiment was to gain new unconventional types of structures, to characterize created structure and to 
compare the state of created structure at various temperatures of processing in semi-solid state. In the 
frame of the experiment a powder prepared by mechanical alloying of particular amounts of iron, 
aluminium and aluminium oxide was used. The powder was closed in a steel container and subsequently 
processed at various temperatures of exposition. In order to find out an influence of processing 
temperature on obtained structure, three processing temperatures 1300, 1400 and 1500°C with 5s well 
time at given temperature were used. Heating of samples with subsequent pressure deformation of 8kN 
occurred in a cavity of a form. Result of the experiment was gaining of a metal – ceramic compact. The 
analysis of structures was performed using different analytical methods such as optical microscopy, 
scanning electron microscopy and x-ray diffraction analysis. Based on previous analyses it is possible to 
assume that the resulting structure is composed of solid solution of Fe and Al containing distributed Al2O3 

particles. Hardness of this structure is approximately 420HV. Also a thermal stability of resulting structures 
was tested. 

Keywords: unconvential structure, semi – solid processing, metal – ceramic compact 

1. INTRODUCTION  

New unconventional structure with specific mechanical and physical properties with new application 
possibilities in some areas of industry can be obtained using conventional materials through innovative 
technological techniques. One of these possibilities can be preparing of composites consisting of hard 
particles incorporated in softer matrix using forming in semi-solid state. 

This paper demonstrates the combination powder metallurgy and processing of material in semi-solid 
state. The processing of materials in semi-solid state offers a many advantages e.g. preparation of final 
product using low forming forces in one forming step. Using this process can be achieved time and 
energetic reduction as well as minimization of expenses for next processing e.g. tooling. By combination 
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mechanical alloying and mini-thixoforming can be fabricate products from new materials produced by 
connection of different types of powders and formation of the complex shape components for different 
applications in one step. The experimental program was carried out in order to connect powder of iron, 
aluminium and aluminium oxide in metal - ceramic compact. This metal - ceramic compact will exhibit high 
heat stress resistance, creep resistance. The final metal - ceramic compact will be much cheaper in 
comparison with other conventional materials. 

1.1. Semi-Solid Processing 

Thixoforming as a novel forming technology has been known since 1970s. At this time was studied 
behaviour of solidify metal melts under the conditions which led to the formation of spherical particles 
dispersed within metal melt [1]. 

The principle of metal forming in a semi-solid state (thixoforming) is to form a semi-product which, after 
heating to the forming temperature, is partially in a liquid state and partially in a solid state. Principle of 
mini-thixoforming is forming of semi product, which is after heating to the processing temperature partially 
in liquid and partially in solid state. In this state the forming material usually exhibits thixotropic behaviour. 
Thus, it has high viscosity in quiescent state, but this viscosity decreases rapidly under shear stress [2,3].  

In this case the main problem is the managing of the temperature course of the process, which influences 
the ratio of solid and liquid phase and so result of the whole process [4]. 

2. EXPERIMENTAL 

The experimental program was 
divided to two sections. 
Processing of mechanically 
compressed powder in semi-solid 
state was carried out in the first 
section. The temperature stability 
of final structure was carried out 
in the second section. 

Powder mixture consisting of 
iron, aluminium and aluminium 
oxide was compacted into the 
steel container (Fig. 1). In order 
to better compaction the 
powder was mechanically 

compressed before heating to semi-solid state. The compaction of the powder was 
carried out in the air using the compacter (Fig. 2). Semi-solid processing was carried out 
in titanium form using for min-ithixoforming [5]. 

The subject of our experiment was obtaining of metal - ceramic compact with 
homogenous structure formed by hard Al2O3 particles distributed in plastic matrix at 
different temperatures. Characterization of obtained structures and comparison of final 

Fig. 1 Steel container 

Fig. 2 
Equipment 

for 
compaction 
of powder 

into the steel 
container 
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structures at different temperatures was analyzed by different analysis methods: confocal laser 
microscopy, scanning electron microscopy. Local chemical composition was measured using EDX analysis. 

2.1. Initial Material 

Due to the proposed concept of processing material for compaction and forming in semi-solid state was 
performed by mechanically alloying. Mechanical alloying consists in production of composites by 
controlled, uniform distribution of the second phase in 
metal matrix. The process allows development of 
special microstructures, which are important for the 
achievement of good high temperature and mechanical 
properties. Mechanical alloying involves the synthesis 
of materials by high energy ball milling of powders. In 
this process, individual particles are frequently 
deformed, broken and welded [6,7]. In the experiment 
the powder prepared by mechanical alloying in weight 
ratio of individual particles of iron, aluminium and 
aluminium oxide was used (Fig. 3). The milling was 
performed in an airtight box. Size of individual powder 
particles ranged up to 30 μm. 

2.2. Processing of powder 

First, it was necessary to determine uniform thermal field during heating of steel container with compacted 
powder. Therefore, the heating of the container was carried out at 1330°C without using the form. The 
analysis of the thermal vision data showed that there is an even heating of the active part of the container 
at this temperature.  

The following series of the experiment was focused on the study of influence of heating on the final 
structure. It was tested three heating temperatures at 1300, 1400 and 1500°C. The heating time was 40 
seconds. After to 5s hold at the temperature was followed by deformation. After the processing the 
samples was longitudinally dissected and metallographically analysed. After the heating on the 

temperature 1300, 1400, 1500°C was 
obtained metal - ceramic compact without 
any macroscopic defects (Fig. 4). Detail 
analysis of final structures was carried out 
laser confocal and scanning electron 
microscopy.  

 

 

After to exposition on the temperature at 1300°C was found that during exposition the powder mixture 
was compacted (Fig. 5). Detail analysis of structure showed that the discontinuities of several micro meters 
were found.  

These discontinuities were observed mostly on the edge the sample, at the contact of container wall (Fig. 
6). 

Fig. 3 Fe-Al-Al2O3 powder obtained by 
mechanical alloying 

Fig. 4 Section of the container after thermomechanical 
exposure at 1400° 
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Fig. 5 State of structure after thermomechanical 

exposure at 1300°C at 5s hold, in the centre of the 
sample 

  

Fig. 6 Detail of iIncompactness on 
edge of the compact 

 

In the second step the temperature was increased to 1400°C. By increasing of the temperature better 
compaction and homogeneous distribution of the structure was obtained (Fig. 7). However singular 
discontinuities were still present. EDX analysis showed that the final structure is made of the aluminium 
oxide particles dispersed in matrix formed by solid solution iron and aluminium (Fig. 8). The values of the 
hardness ranges from 420 HV5 measured on the edge of the samples to 320 HV5 measured in the middle of 
the sample. 

 

 
Fig. 7 State of structure after thermomechanical 

exposure at 1400°C at 5s holds 

 

 
Fig. 8 State of structure after the thermomechanical 

exposure at 1500°C at 5s hold 

In order to complete elimination of pores and discontinuities the temperature was increased to 1500°C. 
Using electron microscopy was confirmed that the final structure contained minimum pores and 
discontinuities. EDX showed that the final structure is also formed by aluminium oxide particles distributed 
in matrix formed by solid solution of both metals (Fig. 8). 
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2.3. Influence of thermal exposition at 1100 a 1200°C  

In the second part of the experimental program the short thermal exposition of final structure obtained by 
processing at 1400°C (Fig. 9) and 1500°C (Fig. 10) was tested. The thermal exposition of the samples was 
carried out at 1100 and 1200°C with 1 hour hold. Using metallographic analyses any macroscopic and 
microscopic changes of the structures heated at 1100°C were detected. In case of the structures heated at 
1200°C (Fig. 11,12) starting changes in the structure consisting in the agglomeration of particles were 
observed. The research and description of phenomena’s associated with thereby effect. The more detailed 
description of this event will be, together with the development of this technology, the subject of next 
research.  

 
Fig. 9 State of structure after thermomechanical 
exposure at 1400°C and after heat treatment at 

1100°C at 1h hold 

 

 
Fig. 10 State of structure after thermomechanical 
exposure at 1500°C and after heat treatment at 

1100°C at 1h hold 

 

 
Fig. 11 State of structure after thermomechanical 
exposure at 1400°C and after heat treatment at 

1200°C at 1h hold 

 
Fig. 12 State of structure after thermomechanical 
exposure at 1500°C and after heat treatment at 

1200°C at 1h hold 
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3. CONCLUSON 

The experiment showed that the one step short heating processing of powder material consisted of iron, 
aluminium and aluminium oxide in semi-solid state leads to the formation of metal - ceramic compact.  

The powder prepared by mechanically alloying was compacted into container made of low carbon steel at 
room temperature. After the compaction the container with powder was inserted into the titanium form. 
Then the heating to the deformation temperature followed. It was tested by three deformation 
temperatures - at 1300, 1400 and 1500°C. The heating on the temperature was 40s hold. After the 5s 
holding at the set temperature, the compaction with subsequent pressure deformation of 8kN was carried 
out in the form. Using metallographic analysis the discontinuities and pores in some areas for the samples 
heated at 1300°C were detected. Heating at 1400 a 1500°C led to successive minimizing of the 
discontinuities. Compact structure was formed by Al2O3 particles dispersed within the plastic matrix created 
by solid solution of iron and aluminium. Following experiment focused on short term thermal stability 
during heating at 1100 a 1200°C and 1 hour of hold revealed, that this structures are for the short term 
relatively stable and that the significant changes in the structure appear after heating at 1200°C. After the 
5s holding at the set temperature, the compaction with subsequent pressure deformation of 8kN was 
carried out in the form. 
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Abstract 

The basic objective of controlled rolling is to achieve better material properties of the final products in 
comparison with conventional rolling. The basic definition of controlled forming process is to control 
technological processes in terms of forming temperature, rolling speed and the resulting strain rate, 
subsequent method of cooling and hence phase transformations and formation of the final microstructure, 
which is the basic parameter to meet requirements for mechanical and material properties.  

Within the optimization of the controlled rolling technology it is necessary to consider also the progress of 
hardening and recovery processes (precipitation, recrystallization, recovery or interaction of these 
phenomena), all that with the discrimination to static, dynamic and post-dynamic processes.  

Monitoring of influence of individual recovering processes on the structure of formed material frequently 
makes use of continuous and interrupted plastometric tests. Based on their results it is possible to draw 
conclusions on the kinetics of static, dynamic, or metadynamic recrystallization. Dynamic recrystallization is 
reflected in real industrial rolling processes of production of bars and wires.  

The torsion plastometer SETARAM in the company Metallurgy and Materials Research, Ltd. in Ostrava, was 
used to carry out series of continuous and interrupted tests to determine the parameters of the 
deformation behaviour of hot-formed vanadium microalloyed medium-carbon steel. For the investigated 
steel mathematical dependencies were determined of intensity of deformation to the peak and peak value 
of stress on temperature and strain rate intensity. Furthermore, mathematical dependence was 
determined for the description of stress-strain curve in relation to temperature, strain rate intensity and 
strain intensity. At the same time, value of activation energy of dynamic recrystallization of investigated 
steel was determined from the results obtained. 

Keywords: Controlled rolling, recovering processes, plastometer, stress-strain curve, activation energy 

1. INTRODUCTION 

To monitor the impact of the various recovery processes on the structure of formed material, continuous 
and intermittent plastometric tests – both torsion and pressure tests - are widely used. Based on their 
results, conclusions can be drawn regarding the kinetics of static, dynamic or metadynamic 
recrystallization. Simulation results usually show that static recrystallization is a dominating factor for full 
recovery, or precisely, for complete structure softening – especially in the input rolling area, where 
temperatures are very high and deformation speeds relatively low. Dynamic recrystallization takes effect in 
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real industrial rolling processes in the course of rod and wire production, mainly as a result of cumulated 
deformation [1]. 

2. DESCRIPTION OF EXPERIMENT 

As part of the research of the impact of lowered temperatures (compared to conventional rolling 
processes) on the resultant properties of the formed material, plastometric experiments were carried out 
on SETARAM torsion plastometer, focusing on basic research of deformation behaviour of the examined 
material. 

Focus was given to vanadium-microalloyed medium carbon steel. The material in question is identified as 
38MnVS6 and is regularly produced at Třinecké železárny, a.s. The chemical composition of the examined 
steel is specified in Tab. 1. 

 Tab. 1 Chemical composition of 38MnVS6 quality samples (wt per cent) 

C Mn Si Cr Ni Mo S V Nb Ti N 

0,388 1,39 0,12 0,03 0,01 0,002 0,036 0,114 0,002 0,0005 0,0102 

 

An integral second series of continuous torsion breakdown tests was carried out for four torsion rates of 
1.6; 16; 160 and 1600 rpm and defined deformation temperatures. Samples were heated up to 1100°C and 
kept at this temperature for 5 minutes. Afterwards, samples were cooled down to deformation 
temperature. The dimension of the deformed part of sample was 6x10 mm for the above-mentioned 
torsion speeds and 6x50 mm for the torsion rate of 160 rpm. The selected torsion rates, in relation to test 

samples’ dimensions, correspond to shear strain rate of R��  0.05; 1; 0.5; 5 and 50 s-1. After fracture, 

samples were quenched. Deformation parameters, i.e. shear deformation speed R�� , torsion speed, 

deformation temperature Td, and peak strain values �p, peak strain intensity Sep, peak strain rate peS � , 

steady state value 
�ss, number of 
revolutions to 
breakdown Nf and 
the relevant value 
of strain intensity 
at fracture are 
specified in Tab. 2. 
Since the strain 
rate, or precisely 
the intensity of 
strain rate, 
continuously de-
creases in the 
course of the 
torsion test, the 

Fig. 1 Dependences of tension curve on strain for continuous tests to fracture for 

R�� =0,05s-1 
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peS �  value is not constant for the various shear strain rate R�� either [2]. 

Results of continuous torsion tests in graphic dependence on intensity of deformation for shear strain rate 
equal to 0.05 s-1 and specified deformation temperatures are shown on Fig. 1. 

 Tab. 2 Results of integral series of continuous tests to breakdown for R��  0.05; 1; 0.5; 5 and 50 s-1 

 

The following conclusions can be drawn from the acquired graphic dependences. As for applied shear strain 
rate, two types of curve occur at the defined deformation temperatures. The first one is a curve typical for 
dynamic recrystallization behaviour including the attainment of equilibrium - characterized by steady state 

stress �ss. If equilibrium appears on the curve, the �ss value is specified in Tab. 2. Model examples of 
a curve characteristic for dynamic recrystallization behaviour are the stress-strain dependences for 
temperatures of 850 to 1100°C on Fig. 1. The other type of curve again corresponds to dynamic 

recrystallization behaviour, however, without the achievement of equilibrium characterized as �ss. Stress 
increases in the course of the test, depending on the growing strain. Once peak has been achieved, it 
tension starts to decrease and keeps decreasing up to fracture. The speed of decrease from peak point 
decelerates, i.e. structure curing process is activated and remains in progress. Steady stress state does not 
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occur probably because so-called wresting appears locally on the sample. This phenomenon can be 
observed irregularly during torsion test, while at a certain stage of the test, an "accumulation" of forces 
occurs in one point of the test part of the sample and results in a change of its diameter. This change of 
diameter subsequently influences the progress of the test including the captured values [3]. In Tab. 2, such 

test is identified with an x-symbol in column �ss. On Fig. 1, a model example of a curve without reaching �ss 
is the tension-deformation dependence for the temperature 750 and 800 °C. 

2.1. Mathematic description of experimentally measured values of continuous tests 

Based on the tests carried out, a mathematic specification of the dynamic recrystallization characteristics 
for the examined steel brand can be carried out. This mainly includes the specification of activation energy 
value of dynamic recrystallization QDRX and the description of tension dependence curve, i.e. MFS, on the 
intensity of strain for various temperatures and strain rates. A common equation (1) is used to describe the 
stress-strain curves. 
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The calculation of deformation value to peak Sep depending on strain rate and temperature is described by 
equation (2). The maximum stress value – so-called peak stress σp – is expressed by formula (3), again 
depending on strain rate and temperature. Formula (3) is derived from the general equation (4). 
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Multiple interactive linear regression is used to determine the values of constants and coefficients for the 
examined steel. In this approach, the property of sinus hyperbolic function in equation (4) is used, whereas 
it passes to formula (5) due to high temperature level and thus also due to low strain resistances [4]. 
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Source data for calculation is specified in Tab. 2. Calculated constants of equations (1) – (4) are specified in 
Tab. 3 including the activation energy of dynamic recrystallization QDRX. Exponents w1 - w5 were extremely 
dependent on applied strain rate, wherefore exponential regression dependence of w-coefficient on 

applied strain rate peS �
 
was quantified [4]. 

 Tab. 3 Calculated values and dependences of constants of equations (1) – (4) for 38MnVS6 steel 

33 QDRX n A a w c 

0,00596 322 451 6,6104 7,847.1013 0,0101 -0,106202 . exp(0,010884. peS � ) 0,3 
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By enumerating equation (2) for the 

dependence of peak strain intensity pSe  

on peak strain rate intensity peS �  and on 

temperature expressed in Kelvins (T), 
equation (3) for the dependence of peak 

tension �p on peak deformation speed 

intensity peS �  and temperature 

expressed in Kelvins (T), and equation (1) 
for the dependence of stress � or 
precisely of mean flow stress on strain 
intensity Se, temperature T and peak 

strain rate intensity peS �  for the 

examined steel 38MnVS6, we gain 
a model diagram (see Fig. 2) of 
dependence of stress or MFS on strain 
and temperature for peak strain rate 

intensity peS �  equal to 0.20 s-1, which 

corresponds to a shear strain rate of 
15,0 �� sR��  [5]. 

3. CONCLUSION 

Torsion plastometer SETARAM was used to carry out sets of continuous and intermittent tests with the 
objective to find out the parameters of strain behaviour of vanadium microalloyed medium carbon steel 
38MnVS6. Mathematic dependences of strain intensity to peak and values of peak stress on temperature 
and strain rate intensity were determined for the steel in question. Mathematic dependence was 
determined for the description of strain rate curve in regards to temperature, strain rate intensity and 
strain intensity. Activation energy value of dynamic recrystallisation of 322 kJ.mol-1 was determined. The 
acquired constants enable the plastometrically determined values to be extrapolated also to other 
deformation parameters of the examined steel brand than those actually plastometrically examined ones. 

Test results confirmed the general presumption of the influence of increasing strain rate on the increase of 
peak strain value. For the examined strain rate in the given temperature interval we can state that the 

values of peak stress �p for the given shear strain rate R��  decrease linearly with growing temperature. The 

value of peak strain intensity Sep grows with increasing strain rate. 

As for the influence of temperature and strain rate on formability, here expressed as the maximum 
achieved strain intensity value, we can state that the general presumption of decreasing formability with 
decreasing temperature has been affirmed. However, at the same time it is obvious that formability grows 
with increasing strain rate. Based on the acquired data it can be observed that a more significant drop of 
formability occurs in the temperature range below 1000°C. This is obvious for shear strain rate of 0,5; 5 and 

Fig. 2 Calculated dependence of � on Se as form. (1) for peS �  

= 0.20 s-1 
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50 s-1. This phenomenon might be related to the limited formability of sulphides in structure at 
temperatures below 950°C. 
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Abstract 

The objective of this paper is a superplastic forming (SPF) technologies design and optimization. The 
conditions of superplasticity are very sensitive to strain rates and temperature characteristic of 
deformation process. The presented work gives an approach to design the SPF technologies that satisfies 
such conditions.A possibility to decrease the temperature of the industrial forming of the Ti-6Al-4V alloy is 
considered.On the basis of experimental data obtained the three-dimensional computer approximation of 
mechanical characteristics of Ti-6Al-4V alloy was constructed. It was made in a broad range of 
temperatures and strain rate, taking account of strain hardening and structure parameter affect. Tension 
tests of workpieces were carried on up to the destruction. Laboratory studies of the material mechanical 
properties show that the temperature of industrial superplastic forming can be lowered. A developed 
mathematical model is proposed and enables to calculate an optimum pressurization taking into account 
the structural state of the shell material and principles of the shell friction on the die surface.The calculated 
pressurization enables to obtain the optimum superplastic properties of the material in the preset area of 
the deformed shell.The proposed model has been tested experimentally. In laboratory conditions, forming 
of special workpieces with calculated pressurization has been conducted. The experimental researchers 
confirm theoretical forecasts concerning an ability to decrease the forming temperature of Ti-6Al-
4VSPF.According to the designed method the theoretical forecasts of industrial shells formchanging in flight 
vehicles were computerised. The calculation for optimization of manufacturing parts of a jet plane flanks 
apply a method of superplastic gaseous forming compatible with a diffusion boundary is implemented. 

Keywords: Optimization, Strain-rate control, Superplasticity, FEM, Sheet forming 

1. INTRODUCTION 

Production of titan shells is widely used presently when manufacturing aerospace purpose structures. In 
comparison with aluminum, titan has higher specific strength, better fatigue properties, higher thermal 
stability, it does not corrode under typical for aircraft conditions and is more resistance to propagation of 
cracks. Due characteristics, titan is more intensively used to manufacture components of planes with high 
flight qualities [1,2]. The elements manufactured of the titan amount from 10 to 30 per cent of such plane 
gross weight. 
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2. MATHEMATICAL MODEL 

2.1. Formulation of rigid-viscoplastic problem 

Let the body under consideration be located within an area  with the boundary in the Cartesian system 

of coordinates  at a given time . Let's designate the vector of superficial forces acting on the part of the 

boundary surface , as , the vector of displacement velocity, preset on the other part of the 

boundary surface , as . Mixed boundary conditions of contact type are preset on the 

boundary section . It is supposed that boundary is changing in time 

and . 

The relationship between stress and strain-rate tensors is given as: 

          (1) 

          (2) 

            (3) 

Where  and  are components of a stress and strain rate tensors subsequently,  is a nonlinear 

viscosity factor which depends on an accumulated effective strain , effective strain rate and 

temperature  as follows: 

           (4) 

The material is assumes to by compressible with spherical parts of the stress and strain tensorsrelated by 
interrelated by the generalized Hooke's law: 

      (5) 

Where is an accumulated hydrostatic pressure and  is a volume compression rate,  is a time step of 

calculation. 

Integral-differential equations of motion can be reduced to differential equations of the same order.After 
accomplishing the corresponding substitutions in (1) therelationship between stresses and strain rates can 
be written as follows: 

         (6) 

The temperature distribution within the deformed body, is supposed to be known. 

The material forming in superplastic state takes place at a low strain rates. The deformation process is slow 

enough to be considered as quasi-static. Thus, the whole forming time is divided into subintervals in 
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which the displacement speed is considered to be changeless. It enables the equilibrium equation to be 
fulfilled at each step of the deformation: 

            (7) 

One can receive an approximate solution using A.A.Ilyushins method [2,3]. It should be noted that 
successive approximation convergence exactly proves the existence of a solution to the problem. 

On the contact surface , the sheet can either stick or slide on the tool. This change of behavior affects 

the strain rates on the whole volume of a deformed body.  

The slip starts if the tangent stress exceeds the stress of static friction. The slip stops at contact points 
where the tangent stress or speed of contact slip becomes equal to zero. The Levanov's [4] formula, which 

describesthe dependence of a nonlinear tangent stresses on stress-strain state in the contact layer, is 

used as the friction law: 

        (8) 

where is the effective stress in the contact layer and  is the normal pressure. Levanov's coefficient of 

friction  is a generalized characteristic of the contact surface. The computer implementation of 

boundary conditions is carried out using a special technique explained in details in [5]. 

When solving many practical tasks, a problem of superplasticity maintenance in certain areas of the shell 
being formed arises, and at different stages of forming these areas can vary both in size and in location [6]. 
Emergence of new solutions during modernization of special drives and their control systems makes it 
expedient to develop a technique for calculation of a more precise mode of pressure change ensuring the 
solution of the above mentioned problem. 

2.2. Strain rate control 

A major characteristics of all SPF processes relates to its speed and mast be controlled in order to keep the 
strain rates in the superplasticity range. The strain rates which appear in the material volume should be as 
close as it possible to the optimum strain rate value. The main control parameter is the value of gas 

pressure .On the contact area , the values of normal and tangential stresses are considered as: 

            (9) 

Having obtained a field of velocities  and knowing the value of the control parameter at the current 

geometry we can determine the state at the moment  by solving quasi static rigid-viscoplastic 

task.  

The goal of an optimization is to find a relationship between pressure and time  which ensure the 

optimal strain rate. At the same time the pressure mast satisfy a number of restrictions which 
characterizesthe technological capacity of the equipment and control system: 
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           (10) 

where  and are minimum and maximum values of pressure which can be realized in the 

equipment;  and are minimum and maximum velocities of the pressure change. 

Conditions of superplasticity are controlled at the preset areas  and can be formulated as 

follows: 

       (11) 

where is the optimum effective strain rate; ,  are parameters defining tolerant strain rate 

deviations in the preset areas . 

Another restriction is expedient to limit the value of maximum thickness variations of the shell during its 
forming. 

          (12) 

Here and  are maximum and minimum thicknesses of the shell at the moment;  is a parameter 

which characterize the maximum allowable thickness variations. 

Adding these requirements with the quality functional of the process, which can include values without 
certain restrictions (for example, time of the process defining productivity) and penal addends removing 
a number of restrictions, the control is optimized. 

It is fairly clear that with random values of , , , ,  and  the system will be 

uncontrollable. Therefore the restrictionsshould besoften. The prerogative of a designer of the 
technological process is to decide which restrictions are to be stored first of all, and which ones can be 
neglected. 

The logic of the simulation described below is reasonable enough. A basic parameter is to be chosen. This 
parameter is controlled within a preset range or under a defined law. When necessary, it is possible to 

change this basic parameter during the simulation. As basic parameters, the forming pressure  or 

effective strain rates in the areas of interest  can be used (see (11)). These parameters define productivity 

of the forming process and implementation of the superplasticity effect. In this case the characteristics of 
the equipment and its control system, properties of the sheet material and grease are taken into account.  

3. EXPERIMENTAL DETERMINATION OF SPF CONDITIONS  

The experimental investigated were executed in the Moscow Institute of Steel and Alloys under guiding of 
the professor Portnoy V.K. and involved two series of tensile tests performed on flat samples of industrial 
Ti-6Al-4V alloy.  
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The first series consists of tensile tests with stepped strain rate change. As a result of this series the 
stress/strain-rate curves were obtained for each temperature in the range 700 - 950 °C with the step of 
25 °C. The numerical differentiation of these curves allows to determine the relationship between strain 

rate and strain rate sensitivity exponent  which can be formulated as follows [2]: 

            (12) 

It is commonly accepted [1,2,7,8] that the strain rate sensitivity exponent  is main parameter of the 

superplasticity: the larger  value, the better superplasticity. The optimum strain rates for each 

temperature was calculated as a maximum of the dependence of  on strain rate. 

The second experimental seriesconsists of tensile tests with constant strain rate. Meaning of these 
experiments was to clarify the stress strain dependences of the investigated alloy. 

On the basis of experimental data obtained the three-dimensional computer approximation of mechanical 
characteristics of Ti-6Al-4V alloy was constructed. It was made in a broad range of temperatures and strain 
rate, taking account of strain hardening and structure parameter affect. Tension tests of workpieces were 
carried on up to the breaking point. 

4. NUMERICAL SIMULATION 

The technology of an attacking component of a jet plane 
wing production was simulated according the 
mathematical model given bellow. This component of 
wing «Panel C» produced from titanium alloy Ti-6Al-4V 
alloy. The production process involves the process of 
a diffusion boundary and superplastic forming. The 
components of tool model and workpieceare shown in 
Fig. 1. 

The developed finite element method based computer 
software SPLEN which implements the mathematical 
model given bellow was used for numerical simulation. 
Following restrictions were accepted: 

� The forming pressure should not exceed a preset 
threshold value of 2 MPa. 

� The speed of the forming pressure change is limited by a threshold value of 2 Bar/min. 

� The effective strain rate across the sheet section must not exceed the maximum value . 

Fig. 1. Lower and upper tools with a wing 
component 
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The values of  obtained by 

stepped tensile tests were found as 
2.5*10-3s-3 for 900 °C and 0.76*10-3s-

1 for 825 °C. 

The calculation process of the 
pressure diagram is implemented so 
that the strain rate does not exceed 
an allowable threshold value. The 
step by step form changing of the 
part obtained by computer 
simulation is given in Fig. 2. Doing 
so, strain rate was kept to the 
maximum allowable one. Such 

a mode provides maximum performance (efficiency) during SPF. The forming time of the part at 900�C 
amounted to 525 seconds. 

 

 
Fig. 3 Formed component placed at the jet wing part 

 

Decreasing of the forming temperature results in increasing offorming time. So, when decreasing forming 
temperature of the industrialTi-6Al-4V titanium alloydown to 825�C, the forming time was equal to 1680 
seconds.  

The product and its place on the jet airplane wing part are given in Fig. 3. 

5. SUMMARY 

The mathematic model and computer software for simulation of metal forming during SPF process were 
developed. The method of the pressure cycle optimization for SPF technologies is proposed and verified. 

In order to study the possibility of Ti-6Al-4V alloy superplasticity a series of tensile tests with stepped strain 
rate changing and with constant strain rates were performed. Obtained mechanical characteristics of 

Fig. 2 Step by step forming of the specimen obtained by 
computer simulation 
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superplastic deformation of Ti-6V-4Al alloy were used in computer simulation of the airplane wing 
component. 

The optimal pressure cycles were calculated for the process of superplastic forming of a wing component at 
825 and 900 °C. It was found that at low forming temperatures the material preserves the signs of 
superplasticity but the optimum strain rate decrease with the temperature lowering and as a result of this 
fact the time of wing component forming at the 825 °C is three times longer than at 900 °C at the same 
time. 

ACKNOWLEDGEMENTS 

This work was performed by request and with assistance ofEADS AIRBUS (European Aeronautic Defense 
and Space Company)(France, Germany, England, Spain, etc.) and KOMMEKLtd. Company(Computer 

methods in mechanics of continuum) (Russia). 

LITERATURE  

[1] CHUMACHENKO, E.N., Development of computer simulation of industrial superplastic sheet forming, Materials 
Science and Engineering A, 2009, 499, pp. 342–346. 

[2] ЧУМАЧЕНКО Е.Н., СМИРНОВ О.М., ЦЕПИН М.А., Сверхпластичность – материалы, теория, технологии, 
Москва: КомКнига, 2005, 300 с. 

[3] IL’USHIN, A.A. Plasticity,Moscow, Gostehizdat. 1948. – 376p. 

[4] LEVANOV, A.N., KOLMOGOROV A.L., BURKIN, S.P. Contact friction in processes forging, Moscow: Metallurgy, 
1976, 416p. 

[5] DAVYDOV, V.S., CHUMACHENKO, E.N., Method of implementation of contact interaction in FEM at problem 
solving about forming of continuous mediums,Inf. Russian Academy of Science. The mechanics of a solid 
deformable, 2000, No.4, pp.53-63. 

[6] CHUMACHENKOE.N. , CHUMACHENKO S.E. Mathematical simulation of pressure modes providing from 
changing of non-linear-viscid shells in conditions of local implementation of superplasticity flow,Inf. Russian 
Academy of Science. The mechanics of a solid deformable,2000, No.6, pp.134-142. 

[7] СМИРНОВ О.М., Обработка металлов давлением в состоянии сверхпластичности, Москва: 
Машиностроение, 1979. 184 с. 

[8] WANG, G.C., FU, M.W. Maximum m superplasticity deformationfor Ti–6Al–4V titanium alloy, Journal of 
Materials Processing Technology, 2007, vol.193-193, pp. 555-560. 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

302 

FORMABILITY EVALUATION OF BIMETAL USING PHYSICAL SIMULATION 

Mariana BALÁŽOVÁa, Ľubomír MATISa, Anna KLENOTIČOVÁb, Peter BRZIAKc, Jozef BÍLIKa,  

a,b STU in Bratislava, Bratislava, Slovak Republic, EU,  
c Welding Research Institute – Industrial Institute SR, Bratislava, Slovak Republic, EU 

Abstract 
The article deals with the formability of materials with gradient chemical composition. For experiments, the 
bimetallic cast block made of both austenitic and ferritic steels respectively was used. The core of cast block 
was made of low alloy Cr steel and the outer part was made of steel 18Cr8Ni. All experiments were 
conducted on Gleeble 3800 physical simulator installed at Welding Research Institute. As results, the 
methodology of physical simulation of gradient material behavior under stress/ strain/ temperature loading 
was proposed for Gleeble 3800 device. The results can be used when rolling sequence in real production 
line is under consideration.  

Keywords: physical simulation, formability, bimetal 

1. INTRODUCTION 

The combustion of alternative fuels requires the specific requirements on development of the materials 
with higher resistance to the high temperature corrosion. 

Currently, the world energy sector is facing problems of increase energy efficiency of equipment for 
producing energy from alternative sources. Co firing and incineration of alternative fuels brought about 
specific requirements for the development of materials with increased corrosion resistance in aggressive 
conditions. The shift of material problem from supercritical temperatures and pressures into the sphere of 
‘conventional’ parameters”, at which the alternative fuels combusting boilers operate, is the common 
denominator of waste/biomass to energy production procedures. Recently, the use of higher alloyed steels, 
or the use of coatings is only applied. These solutions are economically disadvantageous. A possible 
solution is a tube, where the surface layer is made from high-alloyed materials resistant to high 
temperature corrosion, and core of tube is made of low alloy creep resistant steels. 

Before the application of bimetal tubes into the production process, an effort should be devoted to basic 
research on materials with gradient chemical composition and their behavior during rolling. The physical 
simulation supported by numerical simulation is the most convenient alternative to expensive real trials in 
rolling mill. Physical simulation of forming processes allows testing of the following material properties: 
formability, deformation resistance, the development of microstructures during forming. However, to 
understand the behavior of material during hot working, it is essential to know its response to stress and 
strains at different strain rates, temperatures and associated thermal gradients. The situation becomes 
even more complicated when the material to be formed consists of different parts with different physical 
properties. Especially the response of interface between materials with different physical properties is only 
to be investigated. 
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2. EXPERIMENTAL MATERIALS  

Material with gradient chemical composition was used. The specimens were taken from a bimetallic casting 
(Fig. 1). High alloyed steel 18Cr8Ni and low alloy Cr steel were used. The chemical composition of the 
materials is show in Tab. 1.  

Fig. 1 Geometry of bimetallic specimen 

 Tab. 1 Chemical composition of materials 

Materials  Chemical composition in wt. % 

18Cr8Ni C  Mn Si  Cr Ni P  S  

 0,034 1,33 0,46 17,85 8,06 - - 

Cr C Mn Si Cr Ni P S 

 0,353 0,71 0,30 0,069 - 0,018 0,015 

3. METHOD OF EXPERIMENTS 

Analysis of bimetal has been divided into the following steps:  

� physical simulation (SICO - stress induced crack opening test), 

� microstructure, 

� hardness measurement. 

For physical simulation, the Gleeble 3800 was used. The SICO test was used to determine material tendency 
to fracture during hot forming under stress/strain/temperature conditions which reflect rolling mill 
parameters. SICO test is hot workability technique with good reproducibility; allowing high speed strain [2, 
3]. Test is based on heating the central area of the cylindrical specimens (ø10x 86,4mm) to a given 
temperature and followed by compression deformation at defined deformation rate. The central area is 
very intensively deformed during the compression. When a plasticity limit at given testing parameters is 
reached, the cracks initiate [1].  

Parameters of SICO test were chosen in respect of real working conditions in rolling mill (Železiarne 
Podbrezová a. s.). The test parameters were: 

� peak temperature: 970°C 

� heating rate: 100°C/s  

� dwell time 60s,  

� free-cooling 

Interface 

 Ferrite- pearlite        Austenite  
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Microstructural analysis was conducted on longitudinal section of the specimens. OLYMPUS 51GX was used 
for light optical microscopy. Specimens were prepared by grinding, mechanical polishing and chemical 
etching in a 4% nital solution and 10%CrO3 in alcohol. 

Vickers hardness was measured by the method with load of 9,804N (HV1) according to EN ISO 6507-1.  

4. RESULTS 

4.1. Physical simulation 

The results from SICO test are summarised in Tab. 2. Fig. 2 shows the specimens after SICO test. The 
surface cracks were observed after deformation of the specimen 1/ Cr (Fig. 2a). The SICO specimens with 
gradient chemical composition and those made from 18Cr8Ni material have good deformability under 
selected testing conditions (Fig. 2b, c).  

 Tab. 2 Results of SICO test 

Specimen Temperature 
[°C] 

Stroke 
[mm] 

Diameter [mm] Length [mm] Strain 
[-] 
ɛ  

Strain 
rate  
[s-1]ɛ 

 
d0 

 
d 

 
l0 

 
l 

1/ Cr 970 20 10,02 17,23 92,03 81,10 0,53 5,3 

2/ 18Cr8Ni 970 20 9,97 dmin 13,29 
dmax 17,87 

91,98 80,52 0,44 4,4 

3/ bimetallic 
specimen 

970 20 10,01 16,60 92,02 77,03 0,51 5,1 

    
a)               b)               c) 

Fig. 2 Specimens after strain in SICO test a) 1/ Cr b) bimetallic specimen c) 2/ 18Cr8Ni 

4.2. Microstructure 

The primary microstructure of the bimetallic casting consists of dendritic structure with δ ferrite (Fig. 3 - 
right side) and ferrite – pearlite structure (Fig. 3 - left side). Interface of bimetallic material after casting is 
also shown in Fig. 3. The clusters of martensite islands in pearlite part near the interface can be also seen in 
detail. After SICO test, the same microstructure, as in as- casted specimen, was also found on the non-
deformed parts of bimetallic specimen (Fig. 4). Microstructure of specimens after SICO test is shown in figs. 
4 - 6. In interface region of bimetallic specimen after SICO tests, the significant refinement of ferrite – 
pearlite structure was observed. Deformation of austenite grains in the direction of material flow is also 
visible in Fig. 4. Specimen from Cr steel after SICO test has ferrite – pearlite structure in non-deformed part 
(Fig. 5). On contrary, deformed part of Cr steel has martenzite structure. Microstructure of specimen from 

F/P A A F/P 

 5mm  5mm 5mm 
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18Cr8Ni steel consists of dendritic structure (Fig. 6). Deformed dendrites can be observed in the central 
parts of specimen, where the most severe plastic flow occurred. 

 

             
Fig. 3 Primary microstructure of bimetal after casting 

 

 
 

   
Fig. 4 Microstructure of bimetallic specimen after SICO test 

     

   
Fig. 5 Microstructure of specimen from Cr steel after SICO test 
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Fig. 6 Microstructure of specimen from 18Cr8Ni steel after SICO test 

4.3. Hardness measurement 

Results of hardness measurement of bimetallic specimens before and after SICO test are shown in Fig. 7. A 
hardness increase of the specimen (after SICO test) can be observed (ferrite – pearlite structure cca. 45 
HV1/ austenite structure cca. 23 HV1). Increase hardness of interface was also measured: 22 HV1. Results 
of hardness measurement of specimens 1/ Cr and 2/ 18Cr8Ni are shown in Fig. 8. Maximum hardness of 
specimen 1/ Cr is 591HV1 in the deformed part heated up to 970°C. Difference of hardness of specimen 1/ 
Cr (Fig. 8a) Cr parts of bimetallic specimen (Fig. 7 - left side – Cr) is 351 HV1. Hardness values of specimen 
2/ 18Cr8Ni are uniform between non-deformed and deformed part of specimen (max. hardness 269 HV1/ 
min. hardness 205HV1) Fig. 8b. 

 
 

 
  specimen before SICO test    specimen after SICO test 

Fig. 7 Vickers hardness of bimetallic specimen before and after SICO test 
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a)                           b) 
Fig. 8 Vickers hardness of specimens after SICO test a) 1/ Cr b) 2/ 18Cr8Ni 

5. DISCUSION 

SICO tests conducted on Gleeble 3800 show good workability of material with gradient chemical 
composition and 18Cr8Ni material. It´s very interesting that cracks were noticed on Cr material for same 
testing conditions - Fig. 2. Microstructural analysis and hardness measurement of Cr steel proved 
martenzite structure of Cr specimen, as a result of cooling rate. The lower heat conductivity of 18Cr8Ni 
material perhaps decreased the cooling speed of both part of bimetallic interface, avoiding the martensite 
transformation. 

The martensite islands can be seen in the interface in bimetallic casting (Fig. 3). These islands were created 
by local fluctuations of chemical composition. Martensite islands were not observed on interface of 
bimetallic specimen after SICO. This is due to chemical homogenisation of interface during deformation at 
970°C. 

6. CONCLUSIONS 

This article presents a part of the results of conducted works related to research on of materials with 
gradient chemical composition and their potential possibilities in industrial scale. A good liability to hot 
plastic working was indicated for bimetallic material consisting of low and high alloys. Other work has to be 
done in order to check more stress/strain/temperature conditions in order to evaluate the possibility to 
manufacture the bimetal tubes in production conditions. 
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Abstract 

The purpose of this study was to explore the formation of longitudinal surface cracks in a work load of 
diverse ingots. The cracks probably form within a few minutes of charging due to the temperature gradient 
that has the most severe impact on the ingot surface. A numerical model was created to explore the 
behaviour of a work load of diverse ingots in a furnace. The ingots to be monitored were selected by 
statistical analysis. Ingots cast from 34CrNiMo6 steel were used for the simulation. Cast ingots cool down to 
no more than 700°C and are placed in a furnace at 1100 – 1200 °C. Numerical simulations in DEFORM were 
used to analyse the resulting stresses and temperature fields. 

Keywords: ingot cracking, work load of disparate ingots, radiation in furnace, FEM model 

1. INTRODUCTION 

Ingots from 34CrNiMo6 material sometimes exhibit cracks in the course of processing. These cracks are 
typically found during forging. First steps to finding a remedy for this problem led towards modifying the 
forging process [1]. This modification, however, did not yield the desired results. Consequently, a theory 
was conceived that the cracks do not form during forging but earlier: during soaking. Inspection showed 
that these cracks consistently form in certain locations on the side of the ingot that faced the furnace lining. 
Thermal shock to ingots upon charging was explored using numerical simulations [2], [3] and [4]. 
Subsequently, the soaking cycle prior to forging was modified: cast ingots are left to cool down to about 
700 °C but no less than 650 °C. Ingots are then placed in a furnace at a temperature of 1100 – 1200 °C. The 
behaviour of the ingot monitored in this study is affected by the dimensions, temperatures and locations of 
other ingots in the furnace. 

2. STATISTICAL ANALYSIS OF WORK LOAD BEHAVIOUR 

The behaviour of the work load was mapped in production over the period of three months. Measurement 
was carried out in a forging furnace that is used for heating ingots and workpieces. First, ingots in 
production were monitored and relevant data were recorded (ingot temperatures and materials, furnace 
temperatures). The types of ingots were ranked in the order of their numbers processed over the period. 8 
most frequent types of ingots were selected and their materials were identified. Eight is the typical number 
of ingots in the work load. The furnace temperature for the simulation was selected as the most frequent 
charging temperature for the ingot: 1150 °C. The last step before creating the numerical model was finding 
the most frequent locations of the selected ingots in the furnace. On the basis of a statistical analysis, the 
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locations of ingots and their specifications were determined. The monitored ingot is shown with relevant 
clearances in Fig. 1. 

 
Fig. 1 Work load layout in the furnace [mm] 

3. NUMERICAL SIMULATION 

3.1. Input Parameters for Simulation 

The client provided data on 
the temperature field in the 
monitored ingot upon 
stripping. This data is more 
accurate for the purpose of 
simulation input than the 
previously used uniform 
temperature value. The 
temperature data was 
processed using the 
MAGMA software. This 
program allows solidi-
fication process to be 
modelled. Previous experience with this type of problem led to selecting the 2D module of the DEFORM 
software for this complex simulation. The temperature field model was transferred to this module, as 
shown in Fig. 2 and Fig. 3. 

Input parameters for the 2D simulation were set as follows: non-uniform temperature field from the 
MAGMA programme, furnace lining temperature of 1150 °C and temperatures of other ingots as shown in 
Fig. 2. Great attention was paid to the materials model constructed in JMatPro software from hardness test 
records. In order to improve the precision of the calculation, furnace parameters, such as properties of 
individual walls given by types of their materials, burner locations and other factors were taken into 
account. After the ingot is placed in the furnace, thermal shock takes effect, typically for several minutes. 

Fig. 2 Initial temperature field of furnace and ingots 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

310 

This is why critical points for monitoring temperature and stress were set on the surface and at the depths 
of 3, 10, 25, 50 and 100 mm below the surface. Locations of the points within the ingot are shown in Fig. 4.  

 
Fig. 3 Initial temperature in the monitored ingot 

 

3.2. Results of Simulation 

 
Fig. 4 Detailed view of locations of monitored 

points 

Temperature and stress gradients for individual points and times of 0, 1 and 5 minutes are shown in Fig. 5 
and Fig. 6. One minute after charging, the surface temperature was 653 °C; and the stress was 251 MPa. 
After 5 minutes, the temperature reached 746°C and stress dropped to 192 MPa. 

 

  
Fig. 5 Ingot temperature vs. depth below surface 

 
Fig. 6 Ingot stress vs. depth below surface 

 

The following Figs., Fig. 7 and Fig. 8, present the temperature and stress distributions within the ingot 
5 minutes after charging.  
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Fig. 7 Temperature field within the ingot 

 
Fig. 8 Stress field within the ingot 

 

Temperature and stress profiles for selected points 5 minutes after charging are shown in Fig. 9 and Fig. 10. 
This is the time when the thermal shock on the ingot surface subsides. The highest stress level after 
1 minute in the surface layer is 251 MPa. 

Fig. 9 Temperature plot for selected points Fig. 10 Stress plot for selected points 

 

The impact of ingots interaction was explored. The temperature fields in multiple ingots in a work load 
were expected to be different from that of a single ingot in a furnace.  

4. CONCLUSION 

Numerical modelling in DEFORM 2D was carried out to explore the effects of several factors on crack 
formation during soaking of ingots. The input data included the map of a non-uniform temperature field 
within the monitored ingot and the clearances between the ingot and the furnace walls and the other 
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ingots. Great attention was paid to the new material model constructed in JMatPro software from hardness 
test records. This accurate input model brought new findings.  

2D numerical simulations have shown that large stresses may occur in ingots due to thermal shock. They 
are, however, lower than expected. An ingot placed in a furnace at the soaking temperature of 1150 °C 
develops a surface stress of 306 MPa after 1.8 minutes.  

Upon charging, effects of radiation from other ingots, which are already at the furnace temperature, take 
place. For accurate mapping of stress distribution in the material, one needs to consider the layout of 
ingots in the furnace. 

The numerical simulation provided a more accurate insight into the behaviour of an ingot upon it is placed 
in a furnace which contains other ingots with the forging temperature. More detailed exploration of this 
problem will be performed shortly with the aid of 3D simulation.  
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Abstract 

Slip-lines, traditionally observed by optical methods, provide wealth of information about the deformation 
processes. Nowadays thanks to the Atomic Force Microscopy (AFM) it is possible to observe the traces of 
several dislocations with much better resolution than ever before. Custom apparatus enabled us to deform 
single crystal samples in compression directly under AFM head. Evolution of slip-lines on a polished surface 
was recorded. Another advantage of AFM, besides superior resolution, is the availability of quantitative 
height data. A method of fitting and processing of these data to obtain the parameters describing the step 
formed by the dislocations emerging on surface, is presented. This approach provides new insight into the 
elementary dislocation processes affecting material plasticity. 

Keywords: AFM, slip traces, plastic mechanisms, dislocations 

1. INTRODUCTION 

Observation of slip-lines as a surface manifestation of dislocation deformation mechanism, is a common 
way to get information about slip processes in the bulk material. Traditionally optical methods were used, 
however they are by their nature limited in resolution. With the scanning probe microscopes [1] (STM, 
AFM) becoming readily available, it is now possible to study surfaces at the nanometer scale. Applications 
of these techniques to the study of dislocations were reviewed by Coupeau et al. [2]. Not only the much 
better lateral resolution (up to 1nm in air AFM tapping mode with super sharp tips [3]), but also the 
availability of quantitative vertical data is a major advantage over optical imaging of slip lines. Additionally 
to the in-plane quantitative data (no vertical information), such as slip-line direction or their average length 
[4], the height of the step formed by emerging dislocations can be directly measured and the number of 
dislocations that created particular step calculated. The shapes of the slip bands can be analyzed in order to 
study the clustering of the slip [5]. Several authors made the histograms of local slope of the surface [5,6], 
others employed Fourier transform and correlation functions [7]. 

Whatever the method of analysis, one has to deal with the artifacts present in the data. These are either 
coming from the AFM (piezo scanner bow, creep, nonlinearity, drift) or from the sample itself (surface 
roughness, waviness, dirt). Some of them can be corrected by calibration and AFM design (sample 
scanning, closed loop scanner). Others have to be dealt with by a robust analysis method or manually. In 
this work, a new method of automatic line-by-line fitting of the nanosteps is presented. Following section 
describes in detail the method itself. Next, its applicability to actual experimental data is demonstrated and 
discussed. 

 

 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

314 

2. METHOD 

AFM images are not very coherent in the direction of slow scan axis (OY). Individual scan lines are often 
misaligned vertically. Therefore, it was decided to fit each scan line individually instead of fitting a whole 
image at once. First, the area of interest containing the slip band to analyze is selected (colored 
parallelograms in Fig. 1). Note, that the slip band can intersect the image at any angle, but it is better for 
the fast scan axis (OX) to be more or less perpendicular to the slip band. Every scan line in the region of 
interest now contains the step roughly in its middle. Now, we can proceed with least squares fitting of each 
scan line with the parametrized step function overlaid on the parabolic background: 

Hxy represents the measured height field, y indexes individual scan lines, while x runs along the scan line, hy, 
py and wy correspond to the height, width and position of the step respectively, while ay, by and cy are the 
coefficients of the parabolic background. ay compensates piezo bow and large scale surface waviness, by 
corrects the ever present slope of the sample with respect to the X-Y scan, plane in (OX) direction and cy 
matches the slope in (OY) direction as well as random shifts between the scan lines. Here the hyperbolic 
tangent was taken as the prototype step function since it matches well the observed steps (Fig. 2). 
However, other “step like” functions such as error function or arctangent could be considered. It must be 
noted that numerical fits may fail (too many iterations, huge values in covariance matrix, resulting 
parameters too far from those expected) for some scan lines mostly due to the surface imperfections or 
noise in the AFM data. Failed fits in the 512 scan lines can be simply excluded from the results. Parameters 
describing the shape of the step along the slip band can be further processed or visualized directly (Fig. 3). 

Fig. 1: Evolution of slip lines in a Fe80-Al20 single crystal deformed along the (OX) axis, for various plastic 
strains (AFM error signal mode investigations) a) to f) correspond to the plastic strain of 2.5, 2.7, 3.0, 3.2, 
3.4 and 3.8% respectively. Highlighted parallelogram shows the selected area of interest (see section 2). 

Colors match those in Figs. 2 and 3 

             (1) H xy=
hy

2
tanh(x− p y

w y
)+ay x2+b y x+c y ,
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In the case of in situ experiments, the evolution of the same area with progressing deformation is captured. 
The analysis described before is applied to every image in the AFM image sequence. However, care must be 
taken to properly align the images. Although the drift was roughly corrected during the acquisition of the 
image sequence, finer alignment was necessary. Simple shift of every image was determined that 
minimizes displacement of several points reliably identified on all images of the sequence (scratch, static 
grains of dirt, …). This leads to 3 pixel root mean square mismatch between aligned images. 

3. EXPERIMENTAL PROCEDURE 

Single crystalline samples of nominal dimensions 2x2x5 mm3 were cut from the larger ingot. Nominal 
compositions of material was 20 at.% Al and 80 at.% Fe in bcc solid solution. One face was polished in 
several steps by diamond pastes (3 �m, 1 �m and ¼ �m) and finally by a suspension of colloidal silica 
(Logitech SF1) to the roughness of about 2 nm (root mean square roughness for a 30x30 �m2 area). As this 
should serve only as an example of the method's applicability, more details of the sample preparation 
(orientation, annealing) are deliberately omitted. Sample was deformed in compression along its longer 
axis (OX) at ambient conditions directly under the AFM head in a home-made experimental device [8]. The 
deformation was periodically stopped and AFM contact mode images were acquired. The final plastic strain 
was about 4%. The acquired image sequence (total of 22 images were acquired, 6 of them are shown in Fig. 
1) showed the growth of several slip-bands. The method described in the previous section was used to 
quantify the shape evolution of one of them. 

 

Fig. 2: Examples of fitted steps. Crosses represent the experimental lines; data were fitted according to the 
equation (1). The presented profiles were extracted from the same scan line on the images taken at 

increasing strain. Colors match those in Figs. 1 and 3. For better visualization, the dominating byx + cy term 
was subtracted from both the data and the fitted lines and the origin of each profile was shifted vertically 

by 20 nm 
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4. DISCUSSION AND CONCLUSION 

Fig. 3 shows the result of the step shape fitting. As expected, the height of the slip band increases with 
strain. From the projection of Burgers vector on the normal of the observed plane, the number of 
dislocations involved can be determined. In our case, the height of elementary step is equal to 0.12 nm, 
which implies that hundreds of dislocations are forming the slip band on the last image. The width and 
position parameters are determined along the scan line (OX axis); thus they need to be multiplied by 
a cosine of the corresponding angle in order to obtain real dimensions of the slip-band. Also note that many 
violet data points are missing in the width and position plots since they are determined with huge error 
when the step height is almost zero. Increasing width of the slip band with increasing strain means that slip-
band grows mostly by activating new sources of dislocations at its edges rather than continuous emission of 
dislocations from sources inside the slip-band. The double cross-slipped segments of dislocation loop could 
act as such sources [9] in this kind of materials. The nearly constant slope of the slip-band would be seen if 
evolution of width to height ratio with increasing strain was plotted. The position of the slip-band evolving 
with strain implies that the lateral growth of the slip-band is not symmetric. In fact, the slip band grows 
only on one edge as the increase in width almost exactly compensates shift in position (it can be also 
noticed in Figs ı 1 and 2). While it might be tempting to average the step shape parameters along the slip 
line to reduce the scatter, the main advantage of this method is the possibility of studying heterogeneities 
of the slip band along its length. For example, the heterogeneity of step shape parameters along the slip 
band observed in our case could be tentatively explained by the presence of two primary dislocation 
sources emitting the dislocations that interact at an Y value of about 11 �m. One source emitted more 
dislocations as can be seen from the jump in height of the slip band. The interaction leads to the increase of 
the width of the slip band. More work is certainly needed to fully understand and explain this kind of 
observations in terms of elementary dislocation mechanisms.  

Fig. 3: Position, width and height of a slip band determined from individual fitting of each scan line as a 
function of its position along the (OY) axis. Colors correspond to images taken at increasing plastic strain, 

matching colors in Figs. 1 and 2 
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In conclusion, a new method of line-by-line step shape fitting allowing to extract quantitative information 
from the AFM image of the slip band was presented in this paper. Its applicability was shown on 
experimental data obtained on Fe80-Al20 single crystals deformed at RT at various plastic strains. 
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Abstract 

Semi-solid metal working (SSM) joins advantages of precision casting and hot forging. The technology 
allows to obtain a product with a complicated shape in one forming step. Homogenous microstructure is an 
advantage to the comparison with die casting. The SSM method could be also used for difficult machinable 
and formable materials. The aim of this research was to invert the conventional microstructure 
configuration and to obtain hard particles in tough matrix. Tool steel with trade mark CPM 15V was chosen 
for the experiment. The steel is produced through using powder metallurgy and contains high content of 
carbon, vanadium and chromium. The content of alloying elements is more than 20 weight per cent. The 
initial microstructure of the steel is composed of ferrite matrix with chromium and vanadium carbides. The 
experimental material was heated up to the semi-solid state when liquid phase was approximately 30% and 
deformed. Metallographic analysis, chemical microanalyses and X-Ray phase diffraction analysis confirmed 
inverting of the microstructure which consists of austenitic matrix, vanadium carbides, eutectic a eutectoid. 
The final microstructure predicts good wear resistance and ductility.  

Keywords: Semi-solid, powder metallurgy, mini-thixoforming, vanadium tool steel, CPM15V 

1. INTRODUCTION 

Thixoforming is a non-conventional forming process for metals in semi-solid state. The principle of this 
technology was discovered in the 1970s [1]. The technology was initially intended only for alloys with low 
melting point. Research into high melting point alloys began later, as the process is very complicated. With 
this process it is even more difficult to produce very small parts from steel, where precisely control of all 
process parameters is required. These hurdles were overcome by the newly developed mini-thixoforming 
process [2]. Mini-thixoforming is based on forming in semi-solid state. The material becomes partially 
melted, retains a fraction of solid phase and is able to fill intricate cavities in a single forming step. 
Furthermore, thanks to rapid solidification it is possible to obtain unconventional microstructures even in 
conventional materials. Main disadvantages of thixoforming include die development costs and higher 
material requirements. 

2. EXPERIMENT 

Common microstructure after thixoforming is consisting of polyhedral or quasi-polyhedral grains 
surrounded by eutectic carbides. The aim of the experiment was to obtain an inverted material 
microstructure as usual i.e. microstructure where hard particles are dispersed in soft matrix with high bulk 
wear resistance and toughness. 
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Conventional microstructure of ledeburitic tool steel X210Cr12 was used as a reference condition. The 
material was thixoformed and cooled rapidly to room temperature (Fig. 1). Metallographic analysis 
revealed that the microstructure upon thixoforming consisted of polyhedral grains of austenite in fine 
carbide network (Fig. 1). The fraction of austenite in the microstructure was over 90%. The prevalence of 
austenite in the microstructure provides high thermal stability [3]. Similar microstructure configurations are 
found in all steels after semi-solid metalworking [4]. 

2.1. Material choice 

For the microstructure to be successfully inverted, it was 
necessary to find a material with a different chemical 
composition. Among conventionally produced ledeburitic 
tool steels with a high content of high-temperature carbides 
no appropriate material was found suitable for the purpose. 
Attention was then focused on less common steels. Powder 
steel CPM15V (Tab. 1) was found to be a suitable candidate 

for the experiment. This material has a high content of hard 
chromium and vanadium carbides (Fig. 2). Materials 
produced by powder metallurgy possess homogeneous 
dispersion of phases in the microstructure and better 
mechanical properties than conventionally produced steels 
[4]. 

 

 

 

 

 

 

 
Fig. 2 Initial microstructure of CPM15V steel 
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Fig. 1 Characteristic microstructure of steel 
after thixoforming 

 Tab. 1 Chemical composition of CPM15V 
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2.2. Determining the fraction liquid 

The interval between the solidus and liquidus and the dependence of the fraction of the liquidus on 
temperature belong to the most important parameters in semi-solid metalworking technology. For the 
thixotropic behaviour to occur, the proportion of the solid phase should be 30 % after heating in the semi-
solid state region. The broader the separation between the solidus and liquidus, the simpler is the 
temperature control of the process and the easier it is to convert the material. However, finding this data 
experimentally by measurement is difficult. That is why it was calculated on the basis of its chemical 
composition.  

 

The heating curve for CPM15V was calculated in JMatPro program. Unlike in X210Cr12, the temperature 
interval for semi-solid processing in CPM15V is 
very narrows (Fig. 3). The interval between the 
solidus and the liquidus in X210Cr12 is 150°C, 
whereas in CPM15V melting point is 1,290 °C. 
At 1,315 °C, the microstructure contains 
approximately 90 % of liquid phase. The 
chromium carbides and austenitic matrix are 
completely melted at the temperature and 
started melting of vanadium carbides. 
Appropriate forming interval is 15 °C, 
therefore a precise control of the temperature 
field is required [5]. It was necessary to stay 
near 1300°C for named experimental material. 
This temperature provides approximately 30% 
liquid fraction.  

2.3. Parameters of the experiment 

For the initial experiment, equipment applying the principle of cross extrusion was used [1]. The form 
consists of a two-part titanium shell with an external diameter of 80mm and an internal lining. It is 
separated into four parts to enable an easier removal of the product. The round-section feedstock had 
a diameter of 6 mm and length of 48 mm. A simple straight cavity was used with the following dimensions: 
width 5 mm, length 15 mm and thickness 3 mm. On the basis of the previous calculation, the heating 
temperature was set to 1,310 °C with holding for 10 s, which forgoes deformation and air-cooling. The 
deformation was 6 mm and the active semi-solid region was approximately 15 mm long. The whole process 
of forming was provided with high velocity. The average forming speed was 1.2m/s. Initial cooling ratio was 
160K/s from forming temperature to 600 °C. A room temperature of the product was reached after 30s. 

3. RESULTS AND DISCUSSIONS 

Changes of final microstructure were evaluated by using optical metallography. The initial state of the steel 
was consisted of the primary chromium and vanadium carbides dispersed in ferrite matrix. Only vanadium 

Fig. 3 Content of liquidus phase for reference steel 
x210Cr12 and CPM 15V 
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carbides were equable dispersed in austenite – carbide matrix after thixoforming (Fig. 4a). Carbides were 
dispersed in two forms. Coarse lamellar eutectic was formed directly from melt and finer eutectoid formed 
through phase transformation from supersaturated solid solution (4b). The eutectoids filled the grain 
interspace.  

 EDX analysis was provided for determination of changes of the local chemical composition. The line 
analysis confirmed reallocation of chrome. The chrome was concentrated to the carbides in initial 
microstructure while after thixoforming was concentrated to the eutectic and eutectoid. The phase 
composition was carried out due to X-Ray phase diffraction analyses. Initial microstructure contained 83% 
of the ferrite, the rest were chromium and vanadium carbides. The final microstructure consisted of 77% of 
the austenite, the rest were vanadium carbides, chromium eutectoid and eutectic.  

 

 
Fig. 4 Resulting microstructure after thixoforming 

 

Slight segregation was observed from 
a macroscopic point of view. Whereas vanadium 
carbides were uniformly dispersed, the eutectoid 
phases were more segregated in the middle parts of 
the product (Fig. 5). The segregation is probably 
caused by the different velocity of solidifying in 
various regions. In the middle of parts of the 
product solidified austenite is enriched of 
chromium. The chromium was segregated to the 
eutectoid during cooling of the product. 

  Fig. 5 Macroscopic observing of segregation 

4. CONCLUSION 

Mini-thixoforming of a material with a non-standard set of alloying elements produced non-conventional 
microstructure with hard carbides embedded in eutectic. It differs from conventional thixoformed 
microstructures, which consist of relatively soft polyhedral austenite grains in hard carbide network.  

Eutectic 

Eutectoid 

Eutectic 

Eutectoid 

Vanadium 
carbides 
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CPM15V powder steel with a high level of alloying elements was employed in the experiment. Semi-solid 
processing and subsequent deformation and rapid solidification resulted in homogeneous microstructure, 
where chromium carbides dissolved in matrix but vanadium carbides were preserved. Hard vanadium 
carbides embedded in eutectic matrix provide a basis for achieving high wear-resistance in the material. 
They may also be a contributing factor in the improvement in mechanical properties, particularly 
toughness, which tends to be rather poor in powder steels. 
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Abstract  

For analysis and technological process proposal of the forming operations is necessary knowledge about 
material deformation behavior. True stress values in dependence on the amount of deformation are 
revealed by the true stress-strain curves. Such curves represent one of the basic material characteristics 
and can be simply determined by the static tensile test. With using standard measuring devices this curve 
can be properly determined up to the achievement uniform deformation at the ultimate strength of tested 
material. Disadvantage of such measuring approach rests in limited deformation range and the uni-axial 
stress state. However in the industrial praxis at car-body stampings production (e.g. in press shops) take 
more place multi-axial stress states. To improve accuracy of material deformation behavior at multi-axial 
stress states is also possible to use the Bulge test. By this experiment is material hardening process properly 
analyzed up to the material failure and is evaluated stress state influence on true stress-strain curve of 
deep-drawing material. To measure required characteristic is firstly used common static tensile test 
equipped with conventional strain gauge. In the second case is for evaluation of static tensile test used 
contact-less optical device ARAMIS which enables to monitor deformation also in the area of necking after 
achieving ultimate strength. To observe stress state influence on material hardening is used the Bulge test 
with different tool geometry. Deformation distribution within the Bulge test is also analyzed by system 
ARAMIS. The results are mutually compared and their utilization rests mainly in the sheet forming analysis 
by FEA methods. 

Keywords: True Stress-strain curves, Bulge Test, ARAMIS, Photogrammetry, FEA 

1. INTRODUCTION 

Nowadays numerical simulations represent (and 
not only in the automotive industry) one of the 
crucial branch which can lower production costs. 
However their accuracy is derived from quality (and 
sometimes also quantity) of input data. It is said 
(but it´s quite simplified) that there are 3 
“columns” about input data: stress-strain curves, 
anisotropy and forming limit diagrams. From these 
stress-strain curves are probably the most 
important (see Fig. 1) and are commonly measured 

by the static tensile test at uni-axial stress state. 
However e.g. at stamping there are also other 

Fig. 1 Engineering stress-strain curves of DC05 [1] 
for every used rolling direction (0°, 45°, 90°) 
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stress state types as e.g. bi-axial stress state. That´s why in this paper was used Bulge test to get effective 
stress-strain curve which was then compared to true stress-strain curve from static tensile test. 

2. STATIC TENSILE TEST (DEEP–DRAWING MATERIAL DC05) 

First of all was carried out measurement of basic mechanical properties via static tensile test. Thus were 
found true stress-strain curve (see Fig. 8) and also values of strength coefficient C [MPa] and strain 
hardening exponent n [-] for the power-law expression (Hollomon equation) [2]. The graph for the rolling 
direction 0° about finding these coefficients is shown in Fig. 2. All final values can be found in Tab. 1. 

 
Fig. 2 Power-law application (Hollomon equation) for deep-drawing material: DC05 (rolling direction 0°) 

 

As it was already mentioned above - in Tab. 1 are given values of C and n for every used rolling direction. 
Determination of these values was based on standard EN 10 130 + A1:200 (thus φ<<0.1;0.2>).  

 Tab. 1 Values of strength coefficient C and strain hardening exponent n 

Rolling 
direction 

Standard EN 10 130 + A1:2000   σ=C*φ^n   φ<<<0.1;0.2> 

Strength coefficient C Strain hardening exponent n 

[° ] [MPa] [-] 

0° 490.024 0.225 

45° 498.154 0.218 

90° 455.949 0.210 

 
Due to further research was also static tensile test of DC05 measured by optical system ARAMIS. So (for 
illustration) are in Fig. 3 shown distributions (right before fracture) of both major strain φ1 and strain rate c. 
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Fig. 3 Right before fracture: major strain φ1 distribution (left) and strain rate c distribution (right) 

3. BULGE TEST (DEEP–DRAWING MATERIAL DC05) 

The hydraulic Bulge test is a method of testing a sheet in balanced bi-axial stress state (tension). A thin disc 
is clamped around the edges and subjected to increasing fluid pressure on one side as illustrated in Fig. 4. 
As the sheet bulges, the region near the dome becomes nearly spherical [3]. Whole test is scanned by 
couple of cameras (via ARAMIS system). So tensile stresses (σ1, σ2) can be calculated according equation: 

 

[MPa]          (1) 

 

where: p –  pressure   [MPa] 

 R –  radius of curvature  [mm] 

 t –  actual thickness  [mm]. 
 

Values of true strains (major strain φ1, minor strain φ2 and strain in thickness direction φ3) are computed 
directly from contact-less optical system ARAMIS. Actual thickness t can be derived from equation: 

[mm]            (2) 

 

where: t0 –  initial thickness   [mm] 

 φ3 – strain in thickness direction [mm]. 
 

However, due to balanced bi-axial stress state there have to be used values of effective stress σi [MPa] and 
effective strain φi [-]. These can be calculated for balanced bi-axial stress state from equation: 

 

[MPa]           (3) 

 

[-]              (4) 
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Fig. 4 Schematic of the Bulge test using contact-less optical system ARAMIS 

 

As was already mentioned before, whole measurement during Bulge test was carried out by means of 
optical system ARAMIS. Such approach enabled to get all required true strains values (φ1, φ2, φ3). In Fig. 5 
are shown two stages: stage 0 at p = 0 MPa (left) and stage 533 at p = 9 MPa (rigth before fracture; right). 
Moreover, after that it was also possible to find radius of curvature (R) through best-fit sphere – see Fig. 6. 
The main disadvantage of such approach rests in oil jetting towards cameras after fracture of tested 
material.  

  
 

Fig. 5 Major strain φ1 distribution for stage 0 (p = 0 MPa; left) and stage 533 (p = 9 MPa; rigth) 

 

In Fig. 6 is shown best-fit sphere for stage 533 (p = 9 MPa; rigth before fracture). It is possible to see that at 
such pressure input sphere diameter was 118.770 mm (thus R = 59.685 mm). This best-fit sphere was found 
for every stage during the whole Bulge test. Thus after that it was possible to calculate all required values 
(tensile stresses σ1,σ2, effective stress σi and effective strain φi).  
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Fig. 6 Best-fit sphere for stage 533 (p = 9 MPa) with diameter D = 118.770 mm and major strain φ1 = 0.278 

In Tab. 2 are given results from Bulge test with emphasis on effective stress-strain values (σi – φi). Such 
results are further digestedly shown in Fig. 7 with already applied approximation using Hollomon equation. 

 Tab. 2 Results of Bulge test 

Pressure 
Major 
strain 

Minor 
strain 

Strain in 
thickness 
direction 

Radius of 
curvature 

Actual 
thickness 

Tensile 
stresses 

Effective 
stress 

Effective 
strain 

p [MPa] φ1 [-] φ2 [-] φ3 [-] R [mm] t [mm] 
σ1, σ2 

[MPa] 
σi [MPa] φi [-] 

0.5 0.007 0.003 -0.010 447.163 0.802 139.400 139.400 0.010 

1.5 0.014 0.012 -0.026 225.196 0.789 214.008 214.007 0.026 

2.5 0.039 0.037 -0.061 169.745 0.762 278.429 278.429 0.076 

3.5 0.054 0.052 -0.076 135.279 0.751 315.348 315.348 0.106 

4.5 0.072 0.069 -0.105 110.345 0.729 340.448 340.448 0.141 

5.5 0.097 0.092 -0.141 96.334 0.703 376.585 376.585 0.189 

6.5 0.135 0.128 -0.190 84.230 0.670 408.678 408.678 0.263 

7.5 0.206 0.197 -0.262 77.217 0.623 464.563 464.563 0.403 

8.5 0.278 0.269 -0.403 64.405 0.541 505.643 505.643 0.547 

9.0 0.423 0.417 -0.548 59.385 0.468 570.687 570.687 0.840 

There are measured values of effective stress-strain curve (black one) in Fig. 7 and there was also applied 
Hollomon equation (red curve) within whole measured interval of pressure from 0,5 MPa up to 9 MPa. It is 
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obvious that under bi-axial stress state revealed deep-drawing material DC05 quite different deformation 
behavior than under uni-axial testing (static tensile test) – see Fig. 8.  

 
Fig. 7 Comparison of effective stress-strain curve (black one) and approximation by Hollomon (red one) 

4. CONCLUSION 

The main emphasis of 
this article rests in 
finding effective stress-
strain curve of the 
common deep-drawing 
material DC05 and its 
comparison with true 
stress-strain curve from 
static tensile test. That 
is why there was carried 
out Bulge test which 
was scanned by 
contact-less optical 
system ARAMIS (this 
process itself was also 
one of the principal aim 
of this article because it 
has not been done at 
our department yet). 
There are two basic 

Fig. 8 Effective stress-strain curves: at bi-axial (black one) stress state and 
uni-axial (red one) stress state 
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possibilities how to compare experimental results. First rests in using Hollomon equation for determination 
strength coefficient C and strain hardening exponent n from data measured by static tensile test (such 
characteristics are often also used as crucial input data for numerical simulation). Results can be found in 
Tab. 1. It is obvious that values are approx.: C = 481 MPa; n = 0.217. On the other hand, from Bulge test 
these values are evident from Fig. 7 where: C = 606 MPa; n = 0.294. Such differences are digestedly shown 
in Fig. 8, which represents the second possibility how to compare results – via graph. At the first sight is 
evident that there is great influence of stress state on stress-strain data (thus also curves). Nevertheless 
both used stress states have to be taken into account at numerical simulations because it heavily influences 
accuracy of these simulations and there isn´t only uni-axial stress state at metal forming. 
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Abstract  

Nowadays one of the main efforts of car producers rests in the highest extent to decrease environmental 
load at car operation. One of the possibilities can be found in the car weight reduction. That is why there is 
still increasing portion of using strength materials and alloys based on the aluminium during last years. 
Processing of these specific materials reveal production problems which can be mostly eliminated by the 
proper pre-production phase. At this production technological processes design part take place 
predominant role numerical simulations of production process by FEA. For proper computation there is 
beside geometrical requirements on the stamping shape also necessary knowledge of the material 
deformation behavior and choice of the suitable computational model. For specific materials, which are 
already mentioned above, are still developing new computational models with higher accuracy. In this 
paper is evaluated the computational model influence on the numerical simulation accuracy in the PAM-
STAMP 2G environment at forming aluminium alloy EN AW 5754. For deformation analysis by FEM were 
used two anisotropy computational models marked like Hill 48 and Vegter. Numerical simulation results are 
evaluated based upon comparison of the strain distribution on real stamping and measuring drawing force 
value. Strain distribution on the real stamping is carried out by means of contact-less optical system 
ARGUS. 

Keywords: Computational Model, Aluminium Alloy EN AW 5754, Anisotropy, Photogrammetry, FEA 

1. INTRODUCTION 

Sheet drawing technology is one of the most spread technologies for metal parts production in all industrial 
branches. Such technology enables production of parts with different shapes, plane or spatial ones as well 
as parts of many sizes. Mainly advantages of parts produced by this technology are following: good-quality 
surface, high accuracy of defined sizes and quite high stiffness at minimal part weight. In the case of cold 
forming there is also improve in yield strength, ultimate strength and fatigue strength in dependence on 
degree of deformation. Required shape and size change of initial material is made by effect of outer forces 
which cause plastic deformation of forming part volume (sheet). Produced part final quality is influenced by 
many parameters which are really necessary to take into account during part design. It is mainly proper 
choice of technological parameters like e.g. blank-holding force value, lubrication method for forming 
product, choice of semi-product shape and so on. Important role during production process lay-out and 
choice of optimal stamping technological conditions plays numerical simulations. Using information 
technologies in the preparation of the technological production brings not only lower time consumption of 
whole pre-production phase but also huge savings. Advantages of sheet drawing technological processes 
simulations arise mainly from feedback when calculated result of numerical calculation enables us 
opportunity to optimize tool shapes functional surfaces, proper choice of technological parameters and so 
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on. From detailed stamping process analyze is possible to ensure dimensional stability of stampings, 
compliance of specified thickness tolerances, appearance of areas with minimal deformation or vice-versa 
critical zones detection with danger of wrinkling or fractures. Massive spreading of the numerical methods 
for forming technologies calculation enables to process new types of materials with different mechanical 
properties. Among them can be also found aluminium alloys. However, processing of these specific 
material reveals some production problems which are possible to eliminate by proper pre-production 
phase where take a crucial place numerical simulations of the production processes by means of FEA. To 
measure truly proper results with the best accuracy is beside geometrical requirements for stamping shape 
also necessary knowledge about material deformation behavior and proper selection of computational 
model. Proper definition of boundary conditions and selection of computational model significantly takes 
effect in the areas of stamping limit deformations. With regard to reality that there is a strong effort of 
sheet processors to fully use deformation abilities of formed material and also to minimize number of the 
technological operations, such selection of computational model is extra important. Thus there are for 
materials with specific properties still developing more and more accurately computational models which 
characterize material deformation behavior also in the areas of limit deformations.  

In this paper is evaluated the computational model influence on the numerical simulation accuracy in the 
environment of PAM-STAMP 2G at forming aluminium alloy EN AW 5754. Mutual comparison of results 
obtained experimentally and by numerical simulation was carried out for simple stamping with rotary 
shape (cup) which is possible to product in the laboratories of Department of Engineering Technology – 
Technical University of Liberec. For deformation analyses by means of FEA were used two anisotropic 
computational models marked as Hill 48 and Vegter.  

2. MATERIAL MODEL DEFINITON 

Beside geometrical knowledge of stamping shape are for material model definition necessary mechanical 
properties of forming material. Basic values for definition of anisotropic model marked as Hill 48 are 
follows: Young´s modulus, Poisson´s ratio, density, stress-strain curves and also normal anisotropy 
coefficients for directions 0°, 45° and 90° on rolling direction. These are commonly available tabbed values 
and values measured by static tensile test [1]. To fulfill definition of material model marked as Vegter is 
truly necessary to expand experimental tests by 
several types of tests. These are shear and 
compressive tests and tests under multi-axial stress 
states. As a minimal condition to be able to define 
model Vegter can be taken static tensile test for 
seven specimens directions within interval from 
0°up to 90° (static tension test á 15°). From such 
measured values are evaluated stress-strain curves 
and normal anisotropy coefficients. Another test 

which is necessary for definition of Vegter model 
is so-called Bulge test. From this test (Bulge test) is 
determined effective stress-strain curve and 
deformation ratio in directions 0° and 90° which characterizes anisotropic material behavior under multi-
axial stress state. 

Fig. 1 True stress-strain curve for material EN AW 
5754 (direction 0°) 
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2.1. Static tensile test for material EN AW 5754 

With regard to material properties knowledge necessity for computational model Vegter were static tensile 
test carried out for seven cut-out directions on rolling direction within the interval from 0° up to 90°. From 
these measured values were subsequently determinate true stress-strain curves and coefficient of normal 
anisotropy. Measured true stress-strain curve was also approximated by Hollomon equation. Example of 
true stress-strain curve for the direction 0° is shown in Fig. 1. Calculated constants characterizing 
mechanical properties of the aluminium alloy EN AW 5754 are further shown in the Tab. 1. These values 
are subsequently used for material definition in the common computational model Hill 48 and quite new 
model Vegter. 

 

 Tab. 1 Mechanical properties of material EN AW 5754 

Rolling direction 
Strength 

coefficient  
Strain hardening 

exponent  
Offset strain  

Coefficient of 
normal anisotropy  

[° ] C [MPa] n [-] 0 [-] rα [-] 

0 431.1 0.261 0.0291 0.650 

15 424.6 0.259 0.0301 0.661 

30 413.5 0.258 0.0304 0.733 

45 401.2 0.250 0.0311 0.759 

60 401.6 0.252 0.0306 0.777 

75 403.7 0.253 0.0303 0.701 

90 408.4 0.255 0.0304 0.661 

2.2. Bulge test 

The hydraulic Bulge test is a method of testing a sheet in balanced bi-axial stress state (tension). A thin disc 
is clamped around the edges and subjected to increasing fluid pressure on one side. As the sheet bulges, 
the region near the dome becomes nearly spherical [2]. Whole test is scanned by couple of cameras (via 
ARAMIS system). So tensile stresses (σ1, σ2) can be calculated according equation: 

 
[MPa]          (1) 
 

where:  p –  pressure    [MPa] 

  R –  radius of curvature   [mm] 

t –  actual thickness   [mm] 

Values of true strains (major strain φ1, minor strain φ2 and strain in thickness direction φ3) are computed 
directly from contact-less optical system ARAMIS. Results of this measurement are not mentioned in this 
paper because of the space. Actual thickness t can be derived from equation: 
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[mm]           (2) 

 

where:  t0 –  initial thickness    [mm] 

  φ3 –  strain in thickness direction  [mm]. 
 

However, due to equi-biaxial stress state there have to be used values of effective stress σi [MPa] and 
effective strain φi [-]. These can be calculated for balanced bi-axial stress state from equation: 

 

[MPa]                (3) 
 

[-].        (4) 
 

 

In Fig. 2 is shown effective stress-strain curve (black one) for material EN AW 5754 with approximation 
according Hollomon equation (red one). 

 

Fig. 2 Effective stress-strain curve for material EN AW 5754 and approximation by Hollomon equation 

3. NUMERICAL SIMULATION 

For numerical simulation was chosen simple stamping (cup) of rotary shape with diameter 80 mm. Size of 
semi-product was 165 mm. Such size (diameter) was chosen just on the formability limit on purpose to 
achieve strain limit stages and computational model influence was revealed more markedly. Blank-holder 
force was 24 kN. For every contact between tool and formed sheet was chosen friction coefficient of 0,06. 
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For numerical simulation were used two computational models. First model (Hill 48) is simpler and is using 
for material definition data measured only from static tensile test for rolling direction 0, 45°and 90°. Such 
model is commonly used for steel sheets forming simulation and from experiences is for these materials 
fully sufficient. As a second computational model was chosen model Vegter, which (as was already 
mentioned before) in detail describes material planar anisotropy and using tests also at multi-axial loading. 
Such model is much more time consuming than model Hill 48 from the data preparation and experiments 
point of view. 

Result of numerical simulations for both computational models revealed totally different results. By choice 
of computational model Hill 48 there was during calculation collapsing of elements in stamping (cup) wall. 
Thus on the basis of results from numerical simulation by model Hill 48 stamping was un-formable. 
Numerical simulation by choice of computational model according Vegter was calculated correctly and 
there wasn´t collapsing of elements in the stamping wall. So stamping (cup) was by this numerical 
simulation formable. By experimental forming of this product (cup) it was possible to stamp it and there 
weren´t fractures. From such point of view was result of numerical simulation by Vegter evaluated as 
suitable and further comparison of equality between results of numerical simulation and experiments was 
carried out only for results from computational model by Vegter. Computational model influence on 
numerical simulation result for both models Hill 48 and Vegter is digestedly shown in Fig. 3 where is truly 
evident collapsing of elements in stamping wall (bottom fracture) in the case of computational model Hill 
48. 

 

Fig. 3 Numerical simulation results at using computational models Hill 48 (a) and Vegter (b) 

4. COMPARISON OF EXPERIMENTAL VALUES AND NUMERICAL SIMULATION RESULTS 

For comparison numerical simulation results and experimentally measured results was necessary to find 
out strain values on real stamping. To determination strain distribution on stamping (cup) was used method 
of deformation meshes (pattern for optical systems) on the formed stamping surface. This deformation 
mesh was made by electro-chemical etching and for deformation evaluation was used contact-less optical 
system for deformation analysis marked as ARGUS. To analyze deformation by system ARGUS is commonly 
used electro-chemically etched mesh with dot pattern. With regard to shape and complexity of stamping 
are used deformation meshes with different dot patterns. There is high accuracy with finer spacing. 
Disadvantage is rapid increase of data quantity and mesh higher sensitivity to possible faults at acquiring 
stamping images. For experimental measurement was chosen deformation mesh with point spacing 2 mm. 
By selection of this spacing is ensured sufficient accuracy of computation and there isn´t also such high data 

a) b) 
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quantity. System ARGUS enables (on the basis of known dots coordinates and their spacing before and 
after deformation) to compute shape and deformation on stamping. Comparison of results from 
experimental measurement and numerical simulation was carried out by means of strain distribution along 
section. In Fig. 4 are shown results from numerical simulation with section denotation for deformation 
analysis and strain distribution at experimentally produced stamping. In Fig. 5 is shown graph showing 
strain distribution along analyzed section for stamping computed by numerical simulation in the 
environment PAM-STAMP 2G (Fig. 4a) and experimentally produced stamping (Fig. 4b). 

 

Fig. 4 Strain distribution – PAM-STAMP 2G numerical simulation (a), experiment – scanned by ARGUS (b) 

 

Fig. 5 Comparison of strain distribution along section by numerical simulation and experiment 

a) b) 
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5. CONCLUSION 

Influence of computational model on numerical simulation results was measured on simple rotary stamping 
(cup) by using computational models Hill 48 and Vegter. Concurrently with numerical simulation was 
carried out experiment under the same technological conditions, which served for comparison equality of 
results from numerical simulation and experiment. At choice of computational model Hill 48 is evident that 
numerical simulation results don´t correspond to reality achieved by experiment. This simulation revealed 
bottom fracture of stamping. At choice of computational model according Vegter was stamping formable 
on the basis of numerical simulation results. There was for this result further evaluated equality of strain 
distribution with already produced stamping. Strain of experimentally produced stamping was measured by 
optical system ARGUS. By comparison of strain distribution from numerical simulation (by using Vegter 
model) and real strain measured by system ARGUS was find out quite good results matching. On the basis 
of carried out measurements and experiments it´s possible to state that computational model Vegter is for 
special alloys and zones with high deformation more proper than model Hill 48. The computational model 
Vegter embodies higher matching of numerical simulation results with the real ones (experiment). The 
computational model Hill 48 is in the area of limit deformations sensitive to collapsing of final elements 
mesh. Disadvantage of using model Vegter rests in its time costingness due to many necessary 
experiments, preparation of tests and data evaluation. These represent price for its higher accuracy. 
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Abstract 

Roll surface during rolling is periodically loaded by thermally and mechanically inducted stresses. This paper 
describes the processes of roll cooling design and its optimisation. Knowledge of the cooling intensity of 
different types of the nozzles and their spray parameters forms the fundamentals applied for a design of 
the cooling system. Distribution of the cooling around the roll influences total heat balance and influences 
the intensity of thermal cyclic stresses as well. These stresses are inherent features of the rolling process 
but their magnitude can be modified. The most critical factor for thermal cracks is a tensile stress appeared 
in a roll surface layer in cooling area.  

The task can be divided into two parts – mechanical and thermal analysis. The thermal load on the roll is 
used for the computation of stress fields on the roll. The boundary conditions describing the cooling 
intensity are obtained from the laboratory measurements. The design of a cooling header continues with 
the analysis of the contact areas between the roll and the rolled material. Superposition of both loads, 
mechanical and thermal, provides information about stress-strain behaviour of the roll surface layer. The 
optimized design of the cooling minimizes elastic, in some cases even plastic, deformation of the material 
and provides a sufficient cooling in order to keep a reasonable temperature of the rolls. 

Keywords: Spray cooling, rolls, hot rolling, measurement of cooling intensity, thermal cracks, cooling 
optimization 

1. INTRODUCTION 

A surface of rolls for hot strip rolling suffers considerable degradation due to high thermal shocks. These 
shocks produce a plastic strain and a residual stress. This necessarily leads to cracks and forced hot strip 
mill to temporary shutdown or even to roll elimination. Knowledge of optimal cooling configuration which 
produces the smallest amount of plastic strain will lead us to maximum production life of roll [1], [5], [9]. 

An optimisation of roll cooling is very difficult and problematic task. A determination of optimal cooling is 
consisted from many variables (cooling intensity, cooling position, spraying angles, temperature of water 
which is used for cooling et cetera) [2], [4], [6] and [7]. A separation of influence of individual variables is 
crucial for cooling optimisation. This paper is focused on finding of optimal configuration which will 
produce the smallest amount of plastic strain.  

2. ROLLING SIMULATION 

The software SimRoll®, designed by the Heat Transfer and fluid Flow laboratory, was used for rolling 
simulation. It has many simulation options related to hot strip rolling. One of them is calculation of 
a temperature field within a roll in a time period. The real rolling campaign recorded during previous work 
was used for all simulations presented in this paper [10].  
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Three different cooling configurations were created based on 
real hot strip mills [11], [13], and [14]. These configurations have 
the same cooling effect on the roll but they vary in cooling 
intensity and position from each other. In other words, the final 
temperature of the roll after several hours of rolling is the same 
for all cooling configurations. The list of maximal cooling 
intensity is given in Tab. 1. The rolling campaigns with different 
cooling are simulated by SimRoll. Surface temperatures are 
exported from SimRoll and transformed to a boundary condition 

which is used in further FE simulations. 

A heat transfer coefficient between the rolled strip and the roll is 
30 000 W·K-1·m-2 and it is identical for every cooling 
configuration. A cooling performed by radiation and natural 
convection is identical for each configuration. Dimensions of the roll are same for all configurations (Tab. 
1). All values are obtained from previous project work done at the Heat Transfer and Fluid Flow Laboratory 
[2], [3], [4] and [6]. 

 Tab. 1 – The cooling intensity summarisation 

Cooling 
configuration

Maximum 
coolling 
intensity

Percent proportion 
of cooling intensity 

to 1st con.

[-] [W/(K·m^2] [%]

Fist 20800 100%
Second 49200 237%
Third 11580 56%  

The first cooling configuration is exit-type cooling by one collector which is spraying on the roll. The 
maximum of cooling intensity is 20 800 W·K-1·m-2, position of collector is around 120° and deviation angle 
from horizontal 10° (Fig. 2). 

  
Fig. 2 – The first cooling conf. – the exit cooling (on the left side); the second cooling configuration – The 

enter cooling 

The second cooling configuration is enter-type cooling by one collector. The maximum of cooling intensity 
is 49 200 W·K-1·m-2, position of the collector is around 290° and deviation angle from horizontal -5° (Fig. 3). 
The third cooling configuration is dual cooling with one collector in exit position and one in enter position. 

Fig. 1 – The roll dimensions (on the 
right side). D = 1500 mm, d = 654 

mm, W = 2000 mm 
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The maximum of cooling intensity is 11 520 W·K-1·m-2, positions of the collectors are around 290° (enter), 
120° (exit) and deviations angles from horizontal 10°(exit), -5°(enter). 
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Fig. 3 – The third cooling configuration– The exit and enter cooling (on the left side); the surface 

temperature for all three cooling configurations obtained from the SimRoll. The blue/green/red line – The 
1st/2nd/3rd cooling conf. 

3. FINITE ELEMENT ANALYSIS 

 
Fig. 4 – The preview of the FE model mesh (on the top). The subsurface layer detail (on the bottom). 

A linear element type SOLID70 was used for thermal analysis, SOLID185 for coupled structural analysis 

 

The finite element analysis (FEA) was used for determination of a plastic strain. The FEA was accomplished 
with the well-known engineering simulation software ANSYS. The whole task is divided into two coupled 
simulations – transient thermal and structural. A material deformation caused by non-uniform temperature 
field is calculated in structural analysis. The temperate field itself is obtained from transient thermal 
analysis calculated first. The boundary conditions for thermal analysis are taken from SimRoll. Each cooling 
configuration was calculated separately.  

A FE model represents 1° angular cylindrical sector and is created like a surface layer with a thickness of 27 
mm or in other words a 27 mm thick tube. This simplification has several reasons. The simulated roll is 
rotationally symmetric, that means that an angular cylindrical sector is equivalent to the whole model. 
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Most of thermal fluctuation happens in a subsurface layer with a thickness of 500 μm, i.e. it is not really 
necessary to model the whole cylindrical section (in this particular situation). In addition, the mapped mesh 
can be used and numerical stability of the simulation is highly increased. A thickness of FE model is one 
element with regard to axial symmetry of the roll and it is similar situation as with the rotational symmetry 
[8].  

There was just two boundary condition for the thermal analysis – model uniform temperature = 70 °C and 
applied surface temperature taken from SimRoll. The structural analysis has several boundary conditions 
(Fig. 5). The FE model has two set of nodes in Z-axis. Nodes with coordinate Z = 0 is fully constrained and 
nodes with coordinate Z ≠ 0 are coupled together. 

The material model and all used quantities for FEA are thermal depended from 20°C to 600 °C.  

 
Fig. 5 – Applied boundary conditions for thermal and structural analysis (on the left side); the material 

model used for FEA. Stress – strain curves for temperatures from 20 °C to 600 °C (on the right side) 

4. RESULTS 

The results from simulations are presented in charts below. Each chart has three curves for each cooling 
configuration. The blue curve – The 1st cooling conf.; the green curve – The 2nd cooling conf.; the red curve 
– 3rd cooling conf. This colour theme is same for each chart.  

The Fig. 6 shows plastic strain curves over time period. The roll is affected by the rolling strip around 7.7 
sec. The roll is heated from its actual temperature around 70 °C to 370 °C to 390 °C. This thermal shock 
leads to an immediate increase of the plastic strain which is slightly decreased when surface is cooled 
down. The plastic strain is increased again within next revolutions and total amount of the plastic strain 
slowly arises with the following additional revolutions. 

The stress-strain curves of tangential components (Y-axis) for 1st and 2nd evolution after the first contact 
between the rolled strip and the roll are presented in Fig. 7. The second cooling configuration produces the 
smallest amount of the plastic strain due to the lowest surface temperature which is applied (the smallest 
thermal shock). 

Firstly, the compressive stress is induced. The subsurface layer has higher temperature than the rest of the 
volume, it tries to expand but the symmetric boundary condition does not allow expanding in tangential 
direction. That leads to commutations of compressive stress on the both sides of the model. The tensile 
stress is induced by cooling. The subsurface layer temperature rapidly drops and thus produces 
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a contraction. The symmetry boundary condition does not allow contracting in tangential direction either, 
so the tensile stress is produced (Fig. 7). 
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Fig. 6 – Plastic strain behaviour over the time (on the left side); a detail of the calculated surface 
temperature for all three cooling configurations obtained from the ANSYS (on the right side). The 

blue/green/red line – The 1st/2nd/3rd cooling conf. 
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Fig. 7 – The revolution No. 11 (on the left side); the revolution No. 12 (on the right side) – The 1nd and 2th 

revolution heated by hot rolled metal; the blue/green/red line – The 1st/2nd/3rd cooling conf. 

5. CONCLUSION 

All configurations produce the plastic strain in the subsurface layer (Fig. 6). The second cooling 
configuration produces the smallest amount of the plastic strain (about 19 % less than other two 
configurations in the revolution 11) despite of the highest cooling intensity. The second cooling 
configuration has the lowest maximal surface temperature (Fig. 5), so the smallest thermal shock on the 
surface of roll is induced. The second cooling configuration produces the smaller thermal shock because of 
two following facts. The first fact is that the roll surface temperature falls at least at a half of its surface by 
convection to the roll core, nature air convection and radiation. The surface temperature is significantly 
decreased (to ~75 °C) before the main cooling. The second fact is that time between cooling and heating 
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surface is the smallest. The surface layer does not have time to reheat itself by convection from the roll 
core. 

The first and third cooling configurations produce almost the same amount of the plastic strain (about 0,26 
mm in the revolution 11) despite the fact that the third cooling configuration has over 2 times lower cooling 
intensity than the first cooling configuration (Tab. 1). We can see that the cooling position has a higher 
impact on the thermal degradation than the cooling intensity and that is the significant conclusion of this 
paper. 
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Abstract 

In connection with the development of technology nonprogrammer rolling on modern hot rolling mills the 
increasing use of the most widely application get a mills equipped with axial shifting of working rolls. Such 
rolls have S-shaped profile described by the polynomial n-power. Grinding of profile occurs between the 
mounting batches. For the rational use of production areas, for the reduction of the park of the rolling-mill 
rolls and ensure geometric accuracy profiles, which are used in the algorithms of the strips profile and 
flatness control system, it is expedient to grinding rolls in hot condition. For this you need to take into 
account change of the roll profile because of the thermal expansion which depends on the program of 
rolling and time elapsed from the moment of dumping from the mill to grinding. For determining the 
correction factors of the polynomial studies of the thermal profile have been carried out. According to the 
results of studies it is established that the amount of adjustment of the polynomial coefficients should 
depend on the difference of temperature at the edges and in the middle of the roll and on the average 
width of the rolled strips. The paper presents the results of mathematical modeling and experimental 
research of thermal condition of working rolls. Described algorithm of determining the correction factors of 
the polynomial of the S-shaped roll profile allows grinding the rolls in the hot condition and ensuring the 
reception of the desired profile in cold condition. 

Keywords: Hot rolling, axial shifting, grinding rolls, thermal condition, roll profile 

1. INTRODUCTION 

At the present time increasing requirements on the quality of the rolled steel are demanded to the metal 
products. The main criterion of the quality of strips and sheets is the flatness which is provided by PFC 
(Profile and Flatness Control) system. In the algorithms of PFC profile of the working rolls is used which 
depends on the rolling program and grinding between the mounting batches. The rate of the roll change is 
determined by the number of rolled metal for a labour campaign (as a rule 2-2,5 th. tons of the metal and 
when rolling hard-to-deform steel grades 1-1,5 th. tons). In the temporal equivalent it is not more than 3-4 
hours. The need to maintain the continuity of the hot-rolling mill work requires not less than 7 sets of the 
working rolls which are in different times at various stages of the operation and preparation for work. 
A significant part of the time between dumping and charging to the mill the roll is located in the warehouse 
to equalize the temperature on the length of the roll barrel. It is possible to reduce the park of the working 
rolls for the account of their grinding in «hot» condition without the stage of cooling. For this it is necessary 
to take into account the thermal expansion which arises from the contact roll with the hot strip after each 
work campaign. 
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2. THE MATHEMATICAL MODEL OF THE THERMAL CONDITION OF THE ROLL 

The modern hot rolling mills are equipped with axial shifting of working rolls which have S-shaped profile. 
The profile is formed when grinding the roll on the roll-turning lathe and set in the form of coefficients of 
the polynomial n-power. The coefficients are functions of the gap between the rolls, the value of the axial 
shifting, the length of the roll barrel etc. To account for the influence of the thermal profile on the initial 
profile of the roll it is necessary to determine the correction coefficients which need to be entered into the 
computer of the lathe. These coefficients should express the dependence of the thermal bulge of the roll 
from the contact with the hot metal. 

2.1. Boundary conditions 

For the assessment of thermal expansion of rolls after dumping from the mill a model of the working roll 
was developed. As a prototype for its development the roll from the mill with axial shifting of the 
continuous hot-rolling mill 2000 with a diameter of 820 mm and the length of the roll barrel of 2300 mm 
was chosen. For researching of the thermal condition as the initial conditions the initial temperature field 
of the roll before charging to the mill was specified. The changing conditions of heat exchange were defined 
with the help of variable boundary conditions which reflect the roll interaction with the environment, i.e. 
contact with a hot strip, the convective air cooling and water jets of rolls cooling system. In that way one 
turn of the roll is presented at the form of sectors where the constant boundary conditions exist (Fig. 1) [1]. 
Each of the sectors is 
characterized by the degree of 
the roll rotation φi, the 
coefficient of convective heat 
irradiation αi and the 
environment temperature Ti (i 
= 1÷7 –serial number of the 
sector). After dumping from 
the mill and preparation rolls 
for grinding boundary 
conditions on the entire 
surface are the same and are 
characterized by the 
convective air cooling. 
According to the results of 
thermal calculation the 
thermal profile of the roll was 
defined. In the calculation of 
the dependence of the coefficient of thermal conductivity of the roll material � from temperature T in the 
form of piecewise-linear function was taken into account [2]. More detailed results of the assignment of 
boundary conditions are represented in the paper [3]. 

 

 

Fig. 1. Scheme of the heat exchange in the system «strip-roll» 
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2.2. Reliability of the model 

To check the results of simulation in the hot-rolling-mill shop rolls temperature through different time after 
roll change was measured. From tracking systems for the metal information about the rolled for the 
campaign strips was received. With the help of the developed model taken into account the obtained data 
the «hot» condition of the roll after the working campaign was forecast. As a criterion for the comparison 
of experimental and simulation data (Fig. 2) the difference between the temperature in the middle and the 
temperature at the edges of the roll barrel was chosen: 

1 2

2
E E

M
T TT T 


� � � ,             (1) 

where ТM – the temperature in the middle of the roll barrel; ТE1, ТE2 – the temperature at the left and right 
edge of the roll barrel. 

     a)         b) 

 
   c) 

 

 

Fig. 2. Changing the value of ΔТ of rolls from: a – the 
8-th mill; b – the 9-th mill; c – the 10-th mill 

 
 

 

 

 

 

As a result of comparison of the obtained charts it is evident that the developed model has sufficient 
accuracy for replacement of the experimental data on the simulation data. This allows you to reduce the 
time to solution the task. 

2.3. The algorithm of preparation of rolls in hot condition 

In the course of further investigations it was found that the last 30 strips from the campaign have the 
greatest influence on the change of the thermal profile after dumping from the mill. This should be 
considered in the future. 
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After verification of the model on the reliability of their results the simulation of working campaigns was 
done. In this campaigns strips with an average width of 1850, 1625, 1400, 1150 and 900 mm were rolled. 
The result was a dependence of the temperature distribution of the length of the roll barrel on the average 
width of the rolled for the campaign strips: 

� �
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4 2

416( ) 1
2

Bkt LT x x x L x
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,          (2) 

where t� �  the difference between the temperature in the middle and the temperature at the edges of the 
roll barrel; L – the length of the roll barrel; x – coordinate along the axis of the roll barrel with the origin at 
the edge of the barrel; Bk �  the empirical coefficient, which reflects the dependence of the temperature 

distribution on the average width of rolled strips. 

Thermal increment of the profile in a heated state is determined as: 

( ) ( )R x R T x3� � � ,             (3) 

where 3 �  coefficient of linear thermal expansion of the roll material; R �  radius of the roll barrel; 
Profile of the S-shaped roll is described by the 3rd-power polynomial, which has the following form: 

2 3
1 2 3( )вy x a x a x a x� 
 
 ,            (4) 

where аi – the coefficient of the polynomial. 

In order to determine the amount of the correction factors the polynomial of the S-shaped roll profiles 
were built. Then thermal profile for different values of the difference of temperatures on the length of the 
roll barrel Δt and the average width of rolled strips Вav was imposed. Then correction coefficients were 
selected so that absolute deviation from the set point of the predicted profile of the roll in «cold» condition 
was minimal. As a result, we obtained the following dependencies: 
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where 1 2 3, ,K K K �  empirical values which reflect the changes in the coefficients of the polynomial 

depending on the average width of rolled strips. 

When grinding rolls in «hot» condition coefficients of the polynomial of the S-shaped rolls а1 and а2 are 
increased by the amount (5) and (6) respectively, and the coefficient а3 is reduced by (7). 

3. EXPERIMENTAL STUDIES AND THEIR DISCUSSION 

For verification of the developed algorithm in the workshop of hot rolling with mill 2000 an experiment was 
carried out. Two rolls from one rolling mill after working campaign were grinding in «hot» condition. The 
first one - in accordance with the developed algorithm and the second one - according to the existing 
methodology. Then their profiles immediately after their grinding and after cooling were measured. As a 
result the deviation of the roll profile from the specified value in the first case (Fig. 3) was approximately in 
10 times less than in the second case (Fig. 4).  
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According to the requirements to the operation of working rolls their grinding is put into practice over 12-
16 hours after dumping from the mill. At the same time it is considered that the temperature of the roll 
barrel is the same. Therefore the adjustment of the thermal bulge is not taken into account. However, in 
the course of studies it was established that the difference between the temperature in the middle and the 
temperature at the edges of the roll barrel at the time of its grinding is about 4-10°С (Fig. 2). Without taking 
it into account it is impossible to get the required roll profile which is laid down in the algorithms of the 
profile and flatness control system.  

 
Fig. 3. Roll profiles before and after grinding in accordance with the developed algorithm 

 
Fig. 4. Roll profiles before and after grinding according to the existing methodology 

 

In view of the difference of the roll profile from the set point there is a change of the gap form between the 
rolls and the accuracy of the PFC system setup in to a preset profile decreases. Because of this when rolling 
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in finishing group of mill on the first strips in the beginning of the work campaign and in the transition from 
one dimension type to another the deviation from the preset profile of the strip exceeds the permissible 
value in 1,5-2,5 times. The cause of these differences is the mismatch of the real form of the gap between 
the rolls in the mills equipped with axial shifting with that, which is inherent in the PFC (Fig. 5).  

By taking into account the amendments to thermal expansion of the roll when grinding over 12-24 hours 
after dumping from the mill the accuracy of initial setup and operation of the system PFC can be improved. 

4. CONCLUSION 

The developed algorithm for determining the correction coefficients of the polynomial of S-shaped rolls 
profile gives the possibility to grind rolls in «hot» condition. It allows to reduce the area of warehouses due 
to the reduction of the rolls park. The methodology provides the desired profile. It has a positive impact on 
the work of the PFC system and leads to a decrease in nonconforming production by the deviation from 
flatness. In addition to this the amplitude of fluctuations of temperature decreases and the residual 
thermal stresses in the roll reduce which increases its resistance and durability. 

 
Fig. 5. Total deviation of the strip profile from the set point in 8, 9 and 10 mills and at the output of the 

finishing group of mill 
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Abstract  

Hot rolling of strips, a crucial flat rolled product, is a key rolling process in manufacturing of steel and non-
ferrous products. A majority (75 %) of the strips are then cold rolled. The rest (25 %) is used directly in the 
form of sheets, bands and coils (obtained by longitudinal and transversal cutting of hot-rolled strips) Cold 
rolling of very thin strips or foils at temperatures below 0.4 melting temperature is performed in four-high 
rolling, six-high rolling or even planetary mills. 

The purpose of this study is to review an original previously constructed model of deformation resistance 
along the deformation zone. In the reviewed model, the increasing curves of deformation resistance from 
the plane of entry and plane of exit intersecting at the distance of the rolling force’s arm should be 
expressed only as functions of the distance from the plane of exit, apart from specific rolling parameters 
and constants. At present, software packages capable of constructing isosurfaces of stress (and other 
quantities, such as strain) in cold rolling are available (DEFORM, Forge and others) but no users know what 
mathematical functions were used. Moreover, for the friction coefficient to be in agreement with a real-
world experiment, actual physical modelling in laboratory conditions is required. The exact impacts of 
forward and backward pulling forces are not included in these programs.  

An experiment was performed in a four-high rolling mill no. 2 at the company Al Invest Břidličná a.s. with 
changing the rolling speed and measuring rolling forces (lower speed – slight increase in force), pulling 
forces (reducing the backward pulling force – marked increase in force) and friction (introducing lubrication 
with the same roll roughness – notably lower force). The rolled materials were Al99.5, AlMg3, AlCuMg1, 
AlMn1, including both hardenable materials (normal homogenising temperature 500 °C) and non-
hardenable and work-hardened grades. Calculations of mean deformation resistance, diameter of distorted 
roll and theoretical rolling force were required. 

The resulting values and graphical plots were focused on the impact of pulling forces and the friction 
coefficient on deformation resistance along the deformation zone and on the position of the neutral plane. 

Keywords: cold rolling, deformation resistance, forward and backward pulling force, friction 

1. INTRODUCTION 

For basic calculations of parameters in cold longitudinal rolling of strips the values of flow stress along the 
length of the deformation zone are required. The process depends on a number of factors: geometry (e.g. 
the radius of the flattened roll and other parameters), process conditions (friction coefficient, forming 
factor and others), the use of forward and backward pulling forces and characteristics of each rolling stand. 
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Modern-day solutions are relatively simple: purchase one of simulation programs, such as DEFORM, Forge 
or others, enter several quantities, typically a limited set, as some will be omitted, and examine the 
resulting stress, strain and strain rate fields within the formed metal. A user working in this fashion is, 
however, almost certainly unaware of the mathematical, most often finite element method-based, 
background of the simulation. As the practice of using these unquestionably useful programs has proven, 
some quantities often defy understanding. In particular, entering the actual friction coefficient as a value 
that one is used to encounter in practice is difficult.  

 The present paper, based on a previous publication [1], is a mathematical analysis, for which an element 
within a deformation zone was identified, stress conditions on its surfaces were mapped and an equilibrium 
equation for the rolling gap was constructed and solved. Using this procedure, it is possible to incorporate 
into the final equations not just the forward and backward pulling forces magnitudes but also an actual 
value of the varying friction coefficient. These equations will be constructed so that the single variable in 
them is the distance x from the entrance plane up to the plane of exit from the deformation zone. 

This approach was explored by a number of scientists in the past. In our region, the best-known solution is 
that of Celikov [2]. Its simplified form that applies just to the region between the entrance plane and the 
neutral plane is as follows 

 
      (1) 

Using the forward pulling force  and the backward pulling force  and new “coefficient” for these forces, 

one obtains at     

  
     (2) 

  
 (3a, b) 

the resulting equations for the area on entry side of the neutral point (3a) (between the entrance plane and 
the neutral plane) and for the exit side of the neutral point (3b) (between the neutral plane and the exit 
plane). This historical formula is presented here, as it is the basis for more recent equations. Their common 
weakness is that flow stress values are always functions of the changing thickness of the product, which is 

difficult to establish. The purpose of the new approach is to obtain a definite function , where x is 

the above mentioned distance between the exit plane and the point in question ahead of it. This 
relationship was published by Avitzur [3] but the study was not followed through, as the resulting equations 

still contained the parameter .  

2. DEVELOPMENT OF EQUATIONS 

An element with a thickness of dx set at distance x from the exit plane (Fig. 1) is confined by two vertical 
planes set at x, x+dx from the origin 0. A number of conditions must be met for obtaining the mathematical 

solution: top and bottom boundaries formed by equal roll diameters R, the principal stress  along the x 

axis being distributed uniformly across the surface of the element; the flow stress  being perpendicular to 
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the surface of the rolls; the width of the element being b = 1; no work hardening present; the direction of 
friction forces changing on the neutral plane, and others.  

 

The resulting equilibrium equation is as follows 

 
(4) 

The distortion energy theory for plastic deformation yields the following rearranged equation for stress 
intensity 

 

 
Fig. 1 An element with a thickness of dx set at distance x from the exit plane is confined by two vertical 

planes set at x, x+dx from the origin 0 

 

General thickness h must be determined 

 
      (5) 

and the first auxiliary parameter must be defined T 

 

      (6) 

which yields  

       (7) 

Differentiating the equation with respect to T yields  

 
      (8) 

Parameters A and B must be introduced 

  
  (9) 
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Introduction of  and rearrangement provide the left side of the equation in the form of a total 

differential 

 
     (10) 

Upon integrating and finding integration constants on the basis of boundary conditions, the resulting 
equation for the area on the entry side of the neutral point is as follows 

 

     (11) 

In this equation and those published later, flow stress is a function of only geometric and process 

conditions (R, h0 , h1, , , , A, B, ld) and the only variable is the distance x. This was the purpose of the 

mathematical derivation. 

The equation for the area on the exit side of the neutral point has a slightly modified form that includes the 
length of the deformation zone 

 

     (12) 

Where rolling is performed without using pulling forces, the equations are in the form of (13) for the area 
on the entry side of the neutral point and (14) for the exit side 

 

     (13) 

 

     (14) 

3. EXPERIMENTAL 

The experiment was developed at the Al Invest Břidličná plant for a four-high rolling mill for aluminium strip 
rolling. The dimensions were as follows: entry thickness h0 = 0.6 mm, exit thickness h1 = 0.28 mm, strip 
width b = 1070 mm. The initial strip temperature of T0 = 27 °C rose during rolling at the speed of vv = 
660 m/min to the final T1 = 80 °C. Fourteen virtually identical rolling runs were performed. Rolling force was 
measured in the process, yielding a mean value of 980 ± 10 kN. Roughness of rolls was measured; where Ra 

= 0.22 corresponded with  = 0.06 and the value of Ra = 0.35 matched  = 0.08 (carrier oil and additive). 

Another rolling run followed. 

Flow stresses were calculated using multiple parameters, one of which was rolling force expressed by the 

conventional formula  

       (15) 
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where  denotes deformation resistance, (in fact, the left side of derived equations, i.e.  ); where S is 

the contact area [mm2]. In addition, it was necessary to find the radius of the flattened roll  R , the 

corrected actual contact length ld´ and the forming factor  It should be noted that the friction 

coefficient  is also reflected in the calculation of the flattened roll radius and the corrected deformation 

zone length.  

Experimental and calculated values of flow stress were as follows: = 153 MPa for  at  = 

1 190 kN and = 213 MPa for  at the measured value of  = 1 683 kN. 

 

  
 

 

 

Two graphs (Fig. 2 and 3) were constructed on the basis of the derived equations and results of the 
experiment.  

Fig. 2 shows flow stress values for two slightly different friction coefficients along the deformation zone 
from the entrance plane (left). The pressure peaks at the neutral point and declines towards the exit plane. 
Fig. 3 presents the same curves for the same friction coefficients and additional four curves for various 
combinations of forward and backward pulling forces. The latter are displayed as percentages of flow stress 
values: c1 for the forward pulling force and c0 for the backward pulling force.  

 
      (16) 

4. CONCLUSION 

The graphs show that friction coefficient has a profound impact on the flow stress value. A rise in friction 
coefficient, which is accompanied by an increase in rolling force, causes the flow stress peak to grow and 
shift towards the exit plane. Due to this shift, the rolling moment [J] increases, as it is calculated from the 

Fig. 2 Deformation resistence along the 
deformation zone 

Fig. 3 Deformation resistence along the 
deformation zone with forward and backward 

pulling forces 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

354 

equation , which includes the moment arm of the rolling force a [mm], i.e. the distance 

between the exit and neutral planes. The presence of the pulling forces has an even stronger impact. When 
the forward pulling force alone is used, the moment arm of the rolling force increases. If the backward 
pulling force alone is used, the moment arm decreases. Where both pulling forces are combined, the total 
flow stress decreases. 

Using the mathematically derived equations, it is possible to find the resulting rolling forces in real-world 
rolling processes by varying the roughness of rolls, and thus changing the friction coefficient value. 
Moreover, a suitable combination of forward and backward pulling forces can not only reduce the flow 
stress in rolling but also shift the position of the neutral plane. This, in turn, controls the rolling moment 
and the required power of the rolling mill.  

 In the derived equations, the flow stress is a function of only geometric and process parameters (R , R´, h0 , 

h1 ,  ,  ,  , A , B, ld , ld´) the only variable is the distance x from the exit plane. As mentioned above, the 

present-day programs offer very good three-dimensional representation of and an insight into flow stress, 
temperature, strain rate and strain fields. However, the user has little opportunity to explore additional 
process conditions, ranging from the friction coefficient to various combinations of pulling forces, by 
analytical means. 
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THE THEORETICAL CALCULATION OF ROLLING PRESSURE MINIMUM 
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Abstract  

Differential equation describing distribution of rolling pressure in rolling zone was introduced by von 
Karman. All known solutions for the calculation of rolling pressure are based on von Karman’s differential 
equation. Work roll is described by the equation of a circle. The Von Karman’s differential equation has not 
yet any known analytical solution. Up till now, solutions have relied upon the assumption of equation of 
a circle approximation. Korolev used a polyline to approximate a circle, Tselikov used a line, Sims and Blend 
& Ford used the equation of a parabola in terms of polar coordinates. Pernis used parabola in terms of the 
Cartesian coordinates. Curves of the average rolling pressure are the function of a shape factor lp/hav 
(projected arc of contact to average of entry and exit thickness). Mapping of the calculated curves shows 
monotonic growth. Experimental measurements of the average rolling pressure in the surroundings of the 
point, which has the value of shape factor lp/hav = 1, evince local minimum. Tselikov established empirical 
relation to calculate an average rolling pressure for shape factor lp/hav < 1. The paper presents the 
calculation of local minimum of an average rolling pressure which depends on the position of neutral points 
in rolling zone. Position of local minimum for average rolling pressure is shown in Figs. in the paper.  

Keywords: Flat rolling, Neutral angle, Rolling pressure distribution, Minimum of rolling pressure, Rolling 
Force 

1. INTRODUCTION 

A force equilibrium in a rolling zone at axial rolling is expressed by a differential equation introduced by [1] 
in the form 

� � � �CC cosfsinσyσ
dx
d

nx 	�	�	 ,          (1) 

where �n is the direct stress on rolls, �x represents axial stress in a rolled product and f is the friction 
coefficient between rolls and rolling material. The variables x, y and C represent the coordinates of the 
roller gripping arc affecting the rolling material. In the differential equation (1) shear stress . is expressed 
by the Coulombo‘s equation nσfτ 	� . The stresses �n a �x represent the main stresses. Next the plasticity 

equation is defined by the relationship axn ��� �� . The stress �a represents the actual deformation 

resistance (that is the basic deformation resistance �p). In rolling without stabilization �a=const. The direct 
stress �n in equation (1) is transposed to relative direct stress n�  

a

n
n σ

σσ � .            (2) 

At given assumption the modified Karman’s differential equation has the form  
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0σ
y
f

dx
dy

y
1

dx
σd

n
n �	�	� .           (3) 

Until today, the solution of differential equation (3) assumed the gripping arc approximation. Korolev [2] 
replaced the gripping arc by a broken line, Tselikov [3] by an axis. Sims [4] a Blend & Ford [5] replaced the 
gripping arc by a parabola in polar coordinates. Pernis [6] replaced the gripping arc by a parabola 
in Kartézsky coordinates. The comparison of the individual gripping arc approximation is mentioned in [7].  

2. DISTRIUTION OF CONTACT PRESSURE 

Differential equation (1) that is (3) represents in fact 2 differential equations. The equation with a sign + 
describes the direct stress �nF in area of forward zone and the equation with the – describes the direct 
contact stress �nB in area of backward slip. In the solution, submitted by Pernis [6] is the circle arc 
approximated by a parabola. As a result of the differential equation solution (1), were acquired equations 

(4) and (5), describing the direct contact stress �nF a �nB.  
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a)          b) 

    
c)        d) 

Fig. 1 Distribution of a relative contact stress in a rolling zone: a, un>0, 

b, un=0, c, for un<0, d, representation of position N at negation un 
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where u represents angle coordinate and u0 its maximum value.  
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while � represents relative deformation at one transition and lp represents the gripping arc length. The 
constant m results from the differential equation solution (1) 

1

p

hΔh

l2f
m

	

	
� ,            (8) 

where �h is the absolute reduction and h1 represents material thickness at roller output. In rolling zone, 
where is valid nBnF σσ �  exists a neutral point N. The visualization of equations (4) (5) is presented in Fig. 1. 

The representation is accomplished for roller average D=210 mm, entrance thickness h0 = 7 mm and 
reduction ��=30 %, used friction coefficient f is depicted in the graph. In Fig. 1a the point of curve insertion 
represents the neutral point N. In case, that it reduces the friction coefficient, the neutral point moves in 
direction of roller. For friction coefficient f = 0,066 the neutral point N is found in the last point of material 
contact with the rollers, see Fig. 1b. Another reduction 
of the friction coefficient means “curve breakdown“, 
see Fig. 1c. While studying the distribution curves for 
contact stress distribution outside the rolling zone, it 
was demonstrated that the point of insertion of curves 
exists. See Fig. 1d. For all graphs introduced in Fig. 1 is 
the constant ratio of roller radius R for output thickness 
R/h1 = 21,4. To create a model of the shift of a neutral 
point N into a negative coordinate x it is possible to 
achieve also at a constant friction coefficient, with the 
decrease of a ratio R/h1. An angle coordinate un of 
a neutral point N is derived from a comparison of 
equation (4) a (5) nBnF σσ � . Solitary value un is not 

possible to express by an implicit function, but in the 
form of an explicit function 0)um,,F( n �� , equation (9). That is why for the determination of a value un 

defining the position of a neutral point N was by numerical methods worked up a graph submitted in Fig. 2. 
From graph it is evident, that for m > 4 is the angle coordinate of the neutral angle un dependent only on 
the relative deformation.  
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3. MEAN VALUE OF CONTACT PRESSURE  

Equations (4) and (5) describe the distribution of the direct contact stress in the rolling zone. According to 
Fig. 3 the stress area of normal pressure in the rolling zone is circumcised by points OANBGO. The length of 

Fig. 2 The dependence of neutral value un 
on constant m and deformation
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the rolling zone represents equivalent angle coordinate u0. The mean value of contact pressure is 
determined by comparison of stress positions of surfaces OANBGO and OEFGO. Concrete calculation of the 
mean value of contact pressure �n,av is derived from equation (10)  

7
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		� + +

n 0

n

u
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u

u
nBnF

0
avn, du(u)σdu(u)σ

u
1σ .         (10) 

After calculation of indicated integrals, an equation is acquired, suitable for calculation of the mean value 
of contact pressure �n,av  

� �
7
7
9

5

6
6
8

4
%
&
'

(
)
* 
	�
�	%

&
'

(
)
* 
		�

m
2uu

2
u

1
m
21

mu
2σσ nn

2
0mu

2
0

aavn,
ne .       (11) 

An equation (2) is applied to equation (11), 
thereby defying the concept of �� function (read 
sigma function) 

a

avn,

σ
σ

σ � .               (12) 

From the equation (11) defined equation 
�� function has the form given by an equation 

(13). Visualization �� of function in dependence 
on ratio lp/hav for the friction coefficient f = 0,2 
and f = 0,4 is given in Fig. 4.  
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�� function shows the minimum, which is in the value lp/hav = 1, but is dependent also on relative 
deformation � and the friction coefficient f. The value of �� function in minimum can acquire a value less 
than 1 ( 1�� ). In case that from an equation, (9) the calculated angle coordinate un of the neutral point N is 
negative, for calculation of �� function an equation (13) is used with the value un=0. For this value, the 
equation (13) is reduced to relationship 

 

Fig. 3 Mean value �n,av of a normal rolling pressure 

a)  b)  

Fig. 4 The effect of deformation on minimum position minσ : a, f = 0,2 b, f = 0,4 
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m
u

σ 0� .            (14) 

The equation (14) represented in Fig. 4 describes part of curves, which are to the left of minimum (the 
decreasing part of the function) and equation (13) describes part of curves, which are to the right of 
minimum (the increasing part of function). For the calculation of minimum position was established an 
empirical function from which is calculated the constant value m0 with precision m0 ±0,001  

� �
ε2
ε)ε(1

ε2,591024ε0,371761ε0,7976081,998460m 32
0 �

�
		
	�	
� .     (15) 

The pertaining ratio (lp/hav)0 in which the minimum exists has value 
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For calculation of relative stress in the decreasing part of �� function is usable the equation  
1
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		�            (17) 

Tselikov [3] for the ratio 1/hl avp D  for calculation of direct stress establishes a simple empirical relationship  
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Tselikov’s relationship doesn’t take to 
account the size of deformation and the 
friction coefficient. The experimentally 
found values of �� function stated in Fig. 
5 confirm a marked dispersion of 
measured points (unstated � and f).  

 

 

 

4. CONCLUSION 

The submitted contribution suggests a new view on the theory of longitudinal rolling and the calculation of 
direct rolling pressure minimum. The minimum position apart from the ratio lp/hav is dependent also on the 
relative deformation and friction coefficient. Instead of using Celikovov‘s equation (18) the use of equation 
(17) is recommended by authors. 
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Abstract 

This paper focuses on the effect of drawing angle size of a die on the wire processing into a ropery at the 
bunching of steel cords. Experiments were carried out with usage of standard dies with drawing angle size 
2α = 11° and 2 α = 13°. Results of the experiments were statistically evaluated and they proved that dies 
with 2α = 11° had beneficial effect. Drawn wires on dies with 2α = 11° were with lower level of hardening 
and so the drawing process was better. This beneficial effect of 2α decrease was also demonstrated by the 
reduction of wire fractures and lower wire scrap quantity during steel cords bunching.  

Keywords: wire hardening, bunching, die, drawing angle, steel cord 

1. INTRODUCTION 

The basic design solution of die is realized so that by drawn wire it covers the required precision of the 
dimension and the quality of surface. Unthinkable part of the die construction is its geometry [1, 2]. By 
steel wire drawing the process of plastic deformation is generated and this is in consequence of the present 
force effect (Fig. 1) and drawing force. Drawn steel wire and die are heated gradually. Creation of thermal 
energy is caused in the result of transformation of strain work and the next reason, which causes the 
creation of thermal energy, is friction between the wire surface and the die [3, 4]. The heating of surface 
layers of the wire is affected by drawing speed, because it affects directly the contact time of the wire with 
the die.  

 

Fig. 1 Pressure between the die and wire [1] 

where: F – drawing force, qm – pressure between die and wire, μ – coefficient of friction 
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The biggest plastic deformation by the process of wire drawing ranges in the interval of elected angle of 
drawing cone of die 2α. By great angle of drawing cone the work for repression of secondary internal 
materials movement is increasing. Magnitude of the drawing force by constant friction coefficient is then 
stated by die geometry and reduction. In connection with the steel wire drawing there is a risk of drawing 
wire breaking creation. The risk of wire breaking influences then workability of wire in the process of steel 
cords bunching. On the basis of this fact it was realized multiple experiments with the aim of monitoring of 
the dependence between the die geometry and workability of wire in the bunching process. [1, 5, 6] 

Steel cords are one of the basic structural components of tires and they are compound of wires, which are 
used for tire body or tire buffers at the production of tires. Technological process of steel wires production 
/wire drawing/ is a difficult process that is influenced by a wide variety of factors. The basic production tool 
which is used in the process of steel wire drawing is die (Fig. 1). 

2. EXPERIMENT DESCRIPTION 

The experiment was in progress during 41 days of continual production and 650 t of wires of suitable 
quality were made. Chemical composition, mechanical properties and metallographic parameters of used 
heats of wire rod were very similar, without significant differences. In all machines it was used the same 
lubricating emulsion which was balanced by technological standard. During the experiment it was judged 
mechanical properties of wires, breakages and next wires processing, too. 

Our experiment was implemented in drawing shop and ropery of steel cords. On fine drawing (by wet wire 
drawing) it is produced the steel wire about diameter 0.300 mm in the long term. Steel wire about 
diameter 0.30 mm was produced from patented semiproduct about diameter 1.65 mm. This wire is using as 
a semiproduct for steel cord 2x0.30 mm bunching. This construction of steel cord is at the present time 
very expanded and it is using to the tire body at the production of tires for personal motor cars. The test 
was implemented by using of die set with twenty dies. On fine drawing it was used dies from supplier 
A. Dies from supplier A were standard supplied by die geometry with drawing angle 2α = 13° (A 13). These 
dies from company A were compared with dies from supplier B that prepared dies with drawing angle 2α = 
13° (B 13) and 2α = 11° (B 11). During the experiment realization the conditions of drawing were stable. The 
same lubricating emulsion was used in every machine, which was defined by technologic process. The 
drawn speed was v = 18 m.s-1. Besides within the frame of experiment it was performed the following of 
wire workability in dependence on the change of drawing angle 2α from original 13° to 11°. 

Wire, which is produced on fine drawing, was subsequently processed on double-twisted machines. Wire 
processing was in progress by particular sorts with exclusion of mutual immixture among particular groups. 
In the bunching process it was recorded amounts of produced steel cord, number of breakages, quality of 
steel cord, straightness and overall curves bounce by steel cord. Besides, it was registered a scrap, this is 
a wire, which was unworkable because of very high frequency of breakages. During the bunching it was 
from time to time obtained sample for tests. In the process of bunching every groups of wires were 
processed on the same double-twisted machines concurrently and on equal terms of double-twisted 
machines setting. 

We can characterize the wire workability as a number of wire fractures which originates during the process 
of bunching. If the number of wire breakdowns is lower, so its workability is higher and by that a number of 
tense wire grows lower, which is disabled to the technological waste. From the view of other processing the 
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number of breakages per ton of produced cord is a very important index. This index talks about a quality of 
produced wire. [7] 

3. EFFECT OF DIE GEOMETRY ON WIRE WORKABILITY 

The consumption of dies (Fig. 2) and assessment of mechanical properties of wires were the next 
parameters which were verified within of this experiment.  

 
Fig. 2 Die consumption in the set 

 

At the design of experiment it was appear from the assumption that lower drawing angle 2α, lower Δ-
parameter value (and lower relative pressure die can positive influence dies consumption, mechanical 
properties of wire and also entire drawing process (Fig. 3). It was also partially confirmed in our case. 

 
Fig. 3 The wire in the die. Schematic 
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where: α – ½ drawing angle [°], d0 – diameter of wire before drawing [mm],  

d – diameter of wire after drawing [mm] [8] 
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where: εd – calculated reduction [-] [9] 
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where: qm – pressure between wire and die [MPa] 

σm – flow stress, which is approximately equal to the mean value of the yield strength S0,2 [MPa] [10] 

It appears from this that in general the consumption of dies B11 was lower as the both others compared 
die groups. A backset occurs at the finished dies when the value of Δ-parameter begins to increase and also 
a pressure into the die. The value is more favourable (lower) for B11 dies (for a last die Δ = 3.29) against 
dies with the approach angle 13º (B13 for a last die Δ = 3.89). In general the dies with lower Δ-value require 
the better lubricant properties with a lower friction coefficient with good resistance against the 
dissociation. The properties of our lubricant did not probably satisfy in full extent to these criterions and 
therefore the wires hardening, which were drawn with the dies B11, were slightly more against the wires 
processed with dies B13. A confirmation of this idea is slightly higher breaking force and also tensile 
strength against dies of group B13. A comparison of relative die pressure and the Δ-parameter for each 
diameter in the die series are listed in the Tab. 1. 

 Tab. 1 Comparison of relative die pressure and Δ-parameter for each diameter in the die series 

E [mm] 
A13 B13 B11 A13 B13 B11 

Ø [mm] 
A13 B13 B11 A13 B13 B11 

qm/σm [-] Δ – parameter [-] qm/σm [-] Δ – parameter [-] 

1.49 1.45 1.45 1.35 2.23 2.23 1.89 0.62 1.59 1.59 1.47 2.68 2.68 2.26 

1.35 1.48 1.48 1.37 2.31 2.31 1.95 0.57 1.60 1,60 1.48 2.70 2.70 2.29 

1.23 1.46 1.46 1.36 2.25 2.25 1.90 0.52 1.58 1.58 1.46 2.64 2.64 2,24 

1.12 1.59 1.59 1.48 2.66 2.66 2.25 0.48 1.58 1.58 1.46 2.65 2.65 2.24 

1.03 1.60 1.60 1.46 2.71 2.71 2.30 0.44 1.57 1.57 1.45 2.61 2.61 2.21 

0.95 1.58 1.58 1.49 2.64 2.64 2.23 0.41 1.61 1.61 1.49 2.74 2.74 2.32 

0.87 1.61 1.61 1.48 2.75 2.75 2.33 0.37 1.59 1.59 1.47 2.68 2.68 2.26 

0.80 1.60 1.60 1.47 2.71 2.71 2.29 0.34 1.60 1.60 1.48 2.70 2.70 2.29 

0.74 1.59 1.59 1.47 2.68 2.68 2.27 0.32 1.73 1.73 1.58 3.12 3.12 2.64 

0.68 1.59 1.59 1.47 2.67 2.67 2.26 0.30 1.95 1.95 1.77 3.90 3.90 3.29 

 

Within the experiment the total dies consumption from company B was lower more as twice against dies 
from company A. The lower dies consumption B13 was probably influenced by the better quality of the die 
treatment and accuracy of geometry keeping. At the dies B11 the Δ-parameter and so more favourable 
relative die pressure played a significant role, which was lower than dies with the drawing angle 13º. The 
comparison of total dies consumption is in a Tab. 2. 

 Tab. 2 Comparison of total dies consumption 

Dies group A13 B13 B11 

Dies consumption [pieces/tonnage of production] 15.29 6.26 6.56 
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When we analyzed and found the dependencies between dies consumption and relative die pressure the 
Wistreich´s theory was confirmed that dies consumption would increase if the relative pressure between 
wire and die increased. Tab. 2 follows that the lower relative die pressure is the lower dies consumption is 
and also a longer lifetime is. The lowest dies consumption was reached at the die dimensions, which were 
calculated with the lowest relative pressure (Fig. 2). 

Based on mentioned it can be supposed that it would be suitable to use different calculated reductions for 
dies with drawing angle 11° that we decreased relative die pressure and so positive influenced the die 
consumption. In future it can also be supposed a trend for next decreasing of drawing angle 2α at the wires 
drawing at the allowance of Δ-parameter size and relative pressure. 

The following of mechanical parameters were carried out continuously before starting of bunching. The 
each of tested wires fulfilled the specific request of breaking force, request in tolerance limits from 180 to 
230N and wires were statistical evaluated. 

0,0

6,0

12,0

18,0

24,0

30,0

0,00

3,17

6,35

9,52

12,70

15,87

C
EL

L 
FR

EQ
U

EN
C

Y

PE
R

C
EN

T

CELL BOUNDARY
206,0

206,9
207,8

208,7
209,6

210,5
211,4

212,3
213,2

214,1
215,0

215,9
216,8

 

0,0

4,8

9,6

14,4

19,2

24,0

0,00

2,97

5,94

8,91

11,88

14,84

C
EL

L 
FR

EQ
U

EN
C

Y

PE
R

C
EN

T

CELL BOUNDARY
199,0

199,9
200,8

201,7
202,6

203,5
204,4

205,3
206,2

207,1
208,0

208,9
209,8

 
Group A13                    Group B13 

0,0

4,8

9,6

14,4

19,2

24,0

0,00

3,69

7,38

11,08

14,77

18,46

C
EL

L 
FR

EQ
U

EN
C

Y

PE
R

C
EN

T

CELL BOUNDARY
202,8

204,3
205,8

207,3
208,8

210,3
211,8

213,3
214,8

216,3
217,8

219,3
220,8

 

   Group B11 
Fig. 4 Breaking force histograms of drawn wire (Ø 0.300 mm) 

 Tab. 3 Tensile strength of drawn wire � 0.300 mm  

Dies group A13 B13 B11 

Tensile strength of drawn wire � 0.300 mm [MPa] 2963.2 2898.7 2947.3 

The overview of wire workability in the ropery can be seen in next Tab. 4.  

 

n = 189 
AVG = 211.1 N 
s = 2.413 N 
Ppk = 2.61 

n = 128 
AVG = 205.2 N 
s = 2.240 N 
Ppk = 3.69 

n = 130 
AVG = 208.8 N 
s = 3.698 N 
Ppk = 1.91 
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 Tab. 4 Overview of wire workability in the ropery (SC production, fractures and scrap) [7] 

Standard production (A13) Production (B13) Production (B11) 

Production Scrap Fractures Production Scrap Fractures Production Scrap Fractures 

[kg] [%] [n/t] [kg] [%] [n/t] [kg] [%] [n/t] 

362313  3.614 7.558 185146  4.17 10.77 113411  0.92 4.70 

[kg/day] 8234 [kg/day] 4208 [kg/day] 2577 

From presented results of the experiment it is visible the quality fluctuation and workability of wires in the 
ropery. One of the reasons of this fact is that till 5% of dies had in the first phase damaged core and from 
this reason the surface of drawing wire was grooved on the surface. 

This damage of wire influences the load capacity of steel wire only in minimal measure, but its negative 
influence shows by wire loading with torsion moment. From reason that this type of loading is by the 
production of wires on double-twist machines, in some phases of production it was excessive high increase 
of the number of wires breakages and by that it comes to the increased deletion of material. On the basis 
of this it is possible to state the assumption that the surface damage of wire supports directly the creation 
of breakages by the bunching process. This statement relates to double-twist machines above all. 

It can see from the Tab. 4 that the best results in the bunching process were achieved at the wire 
processing which was drawn with dies of B11 group. The number of fractures per tons of production was 
calculated only 4.70 at the processing evaluation of this wire. Maximum level was defined on 5.50 of 
fractures per production tons. Workability of wires from the groups A13 and B13, i.e. drawn with dies 
which had drawing angle 2α = 13º, was essentially worse as from wires of B11 group. Expressive scrap 
elimination from 3.6% at A13 against 0.92% at B11 was achieved by the reduction of fractures number and 
by the drawing process enhancement. 

4. CONCLUSION 

It was demonstrated and confirmed by the experiment the influence of dies geometry dies consumption. 
The influence on the mechanical properties (in our case on the breaking force) was not entire confirmed. At 
the same drawing conditions if we change die geometry we can reach more than twice lower dies 
consumption what we can see in the Tab. 2. From experiment it is followed that the dies consumption can 
also be influenced by the quality and accuracy of dies geometry making up. It was also demonstrated if we 
change dies geometry we can achieve better workability in the ropery. 

Based on mentioned in this experiment can be globally evaluated as experiment with an enormous benefit 
because it demonstrated a way for the next routing at the steel cord wires production. The main direction 
should be focused on the drawing angle decreasing, accuracy of die geometry making up and correction of 
calculated reductions for new die geometry. 
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Abstract 

In this work, magnesium single crystals with different initial orientations were subjected to equal channel 
angular pressing (ECAP). Macrotexture was analyzed using X-ray diffraction. Microstructure and 
microtexture were investigated by scanning electron microscope equipped with electron backscatter 
diffraction camera. The results show that initial orientation of single crystals has significant influence on 
activation of various deformation modes and resulting texture and microstructure evolution. Depending on 

initial orientation, {1012} twinning represents important deformation mechanism during ECAP processing. 
Both basal and non-basal slip systems were active during ECAP processing. 

Keywords: Magnesium; single crystal; ECAP; texture 

1. INTRODUCTION  

Magnesium and its alloys have a large potential in transport industries because of their low density. 
However, frequent observation of low formability at ambient temperature hinders their wide applications 
[1]. Equal channel angular pressing (ECAP) is a promising severe plastic deformation technique, which has 
been widely used to increase the strength and ductility of magnesium and its alloys [2,3]. While in the face 
centered cubic (fcc) materials the mechanisms of grain refinement during ECAP are well known [4,5], in the 
hexagonal close packed (hcp) materials, such as magnesium, the mechanisms are still not completely 
understood. The use of single crystals for ECAP processing offers a more straightforward view on 
mechanisms of severe plastic deformation than the use of polycrystals because the deformation 
characteristics are unaffected by the presence of grain boundaries and various grain orientations. 
Moreover, single crystal represents crystallographically well-defined material suitable for analyzing the 
effect of initial orientation on texture development. Some attention was devoted to the effect of initial 
texture of magnesium alloys on resulting texture [6-8]. However, the comprehensive analysis of this effect 
also remains to be investigated.  

The aim of the present work was to i) investigate ECAP processing of differently oriented magnesium single 
crystals, ii) to analyze the influence of initial orientation of single crystals on texture development during 
ECAP and iii) to correlate the texture and microstructure evolution to active deformation mechanism taking 
place in hexagonal close packed lattice during severe plastic deformation.  
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2. EXPERIMENTAL PART 

The experiment was conducted using single crystals of magnesium grown by Bridgman technique in 
graphite crucible under argon atmosphere with the pulling rate of 10 mm/h. The crystals were in form of a 
rod with diameter of 20 mm and length of 60 mm. The initial crystallographic orientation was determined 
using both Laue backscatter reflection technique and electron backscatter diffraction (EBSD) method. Single 
crystals for ECAP were machined using electro-spark cutting technique into the sample with dimensions of 
10 mm G 10 mm G 35 mm.  

The ECAP processing was performed using a die having internal angles Ф = 90° and H = 45°. The ECAP die 
and corresponding initial orientations of the sample in form of a hexagonal unit cells as well as in form of 

pole Figs. of the three single crystals are demonstrated in Fig. 1. The [0001] and I1010J directions of the 
crystal 1 were parallel to the insert direction (ID) and the extrusion direction (ED), respectively. For crystal 

2, the I2 11 0J direction was oriented parallel to ED and I1012J was parallel to transverse direction (TD). In 

crystal 3, the [0001] direction was oriented parallel to the TD and I1010J parallel to the ED.  

The single crystals were heated at 503 K for 60 min and then ECAP processed in a single pass through the 
die with the rate of 5 mm/min followed by water cooling. Molybdenum disulphide and graphite powder 
were used as lubricants. 

The crystals after deformation were cut in half 
(~5mm) along the ID�ED plane (Fig. 1). The XRD 
and EBSD data were taken from ID�ED plane on 
the end and middle regions of the crystals, 
which are considered separately and they are 
depicted as regions I and II in Fig. 1, 
respectively. Macrotexture measurements were 
carried out using X-ray diffraction. The (0002) 

and (1010) pole Figs. were recorded in 
reflection mode up to a maximum tilt angle of 
75° using a fully automated Bruker D8 
diffractometer (CoK3-radiation) equipped with 
an area sensitive detector (GADDS). Texture 
measurements were performed in the middle 
region of crystals using a collimator of 1 mm 
and analysing an area of about 2x2 mm. The 
microstructure of the samples were examined 
using a field emission scanning electron 
microscope (FEI Quanta 3D FEG, working voltage of 20 kV) equipped with a high-speed EBSD camera 
(EDAX/TSL). The mapping step size was 2 μm. The samples for the measurements were mechanically 
ground using SiC papers followed by polishing with water-based diamond suspension (particle size up to 
1 μm). Final preparation for EBSD was performed using mechanical-chemical polishing in a solution of 
colloidal silica (Struers OPS) followed by ion beam polishing (Ar ions accelerated at 4kV, sample tilting angle 
50° and sample rotation 20rpm) using Gatan PECS. 
 

Fig. 1 Schematic illustration of the ECAP die and initial 
orientation of the single crystals. The hexagons and 
pole Figs. show orientation of magnesium unit cell 

after 90° rotation. Two regions of the ECAPed crystals 
are labeled; I: the end region, II: the middle region. 

Coordinate system (ID - insert direction, ED - 
extrusion direction and TD - transverse direction) is 

also included 
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3. RESULTS AND DISCUSSION 

Fig. 2 displays the (0002) and (1010) pole Figs. of the single crystals after single pass ECAP. All the textures 
are from the middle regions of the deformed single crystals. Three distinct clusters of basal poles found in 
the pole Figs. are labelled (A, B, C). In the position A the basal poles are rotated ~10-20° from the ID in 
a clockwise direction. B is the position of basal poles rotated ~45° in a counter clockwise direction from the 
ID. C is the position of basal poles oriented nearly parallel with the TD. 

All pole Figs. indicate significant reorientation of single crystals due to ECAP processing. The basal poles of 
crystal 1 before ECAP processing were oriented parallel to ID (thus close to position A) and after ECAP basal 
poles were found in positions A and B. These two positions merge suggesting gradual rotation of basal 

poles from initial orientation to A and B positions. However, closer look at (1010) pole figure of crystal 1 

shows, that the (1010) poles are not “scattered” and the rotation of mainly (0002) poles occurs. The basal 
poles of crystal 2 after ECAP are located in position B and are extended along the entire 45° line 
approaching the maximum of the shear stress. The initial orientation of the crystal 3 has basal poles parallel 
to TD (C position) and this position is also found after ECAP with stronger intensity. Further, after ECAP new 
orientations appear close to positions A and B. 

All crystals tend to reach B position, where basal planes are oriented parallel to the shear plane of the ECAP 
and thus the B position is a result of favourable <a> basal slip. The occurrence of other two positions (A and 
C) was compared with ideal orientation model from Beausir et al. [9], which describes the positions of fiber 
orientations that develop under simple shear deformation by each of the slip systems. According this model 
the occurrence of A component is a result of favourable <c+a> pyramidal slip activity and the occurrence of 
the C position results from the <a> non-basal slip activity [9]. Thus in crystal 1 the activity of <a> basal slip is 
supposed which results in gradual reorientation of basal poles from position parallel to ID to B position. 
Basal poles were also found close to A position, which means that <c+a> pyramidal slip could be active, too. 
However, it was not sufficient to accommodate the shear strain because small cracks were observed in 
crystal 1. In crystal 2 the basal poles are found in position B and are extended along the entire 45° line 
towards the middle of the pole Figure. The sample was deformed by <a> basal slip and we can also suppose 

some activity of <a> non-basal slip, 
which can result in such positions on 
the 45° line [9]. Crystal 3 partially 
preserves the initial orientation of 
basal poles (in C position). This position 
is stable because the orientation is 
suitable for <a> non-basal slip activity. 
The pole Figs. of crystal 3 also contain B 
and A positions suggesting that <a> 
basal slip activity and <c+a> pyramidal 
slip were active. 

 

The microstructures of deformed single 
crystals from the middle regions are 
shown in Fig. 3. Different colors in Fig. 

Fig. 2 (0002) and (1010) direct pole Figs. of single crystals after 
ECAP. Labels A, B and C are explained in the text 
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3 represent various grain orientations. Nearly identical color of the grains means that the misorientations 
between these grains are small. Grain boundaries (>2°) are depicted in black. It follows from Fig. 3 that the 
microstructures are not homogenous and contain various components. The microstructures consist of both 
large deformed (and unrecrystallized) areas and partially recrystallized ones. Large deformed 
unrecrystallized areas are characterized by smooth transition in colour contrast that indicates gradual 
tilting of the matrix due to successive arrangement of dislocations during ECAP. Such dislocation arrays do 
not produce large orientation change in crystal but result in orientation gradient, which can explain 
merging of positions in pole Figs.. These large areas are further separated by high angle boundaries (HABs) 
in shear bands which are aligned in the direction of the theoretical shear plane and also by dislocation 
boundaries (low angle boundaries - LABs). Dislocation boundaries were formed nearly perpendicularly to 
the shear bands. From the EBSD maps follows that HABs in shear bands and dislocation boundaries serve as 
places for recrystallization because they possess much more deformation energy compared to the matrix. 
Different stages of recrystallization are apparent. Recrystallization on the shear bands or on the dislocation 
boundaries represents early stages of recrystallization and occurrence of bigger recrystallized areas 
comprises its later stages. Recrystallized regions of the microstructures show characteristic features of 
continuous dynamic recrystalization (CDRX), i.e. formation of low angle boundaries (LABs) and their 
conversion to high angle boundaries (HABs). CDRX has been reported in many papers on ECAP deformation 
of magnesium and its alloys (e.g. [10,11]). It was also shown by many authors that texture development is 
not significantly affected by CDRX process so the recrystallized grains preserve deformed texture (e.g. 

[9,10]). 
 

The microstructure of deformed 
single crystals in the end parts of the 
crystals was also examined. In the 
end region, which means under the 
punch (Fig. 1), the crystals did not 
pass through theoretical shear plane 
of the ECAP die. Crystals in this 
region are deformed by compression 
rather than by shear. It means that 
this part of the crystal is first entering 
into the channel and microstructural 
components formed in this end 
region can affect the evolution of 
microstructure in the middle region. 

The EBSD maps together with the 
pole Figs. from the end regions of the 

crystals are shown in Fig. 4. Symbol IO means initial orientation. It is apparent that large fragments of the 
single crystals were significantly reoriented. According to the EBSD maps, these large reoriented areas 

appeared due to {1012} twinning activity. The presence of the {1012} twins can be seen in the EBSD map 

by the characteristic misorientation 86°<11 2 0> associated with such twin boundaries [12]. It follows from 

Fig. 3 Inverse pole Fig. maps of the single crystals after ECAP 
from the middle regions. Grain boundaries (2°�100°) are 

indicated as a black line. Color coding and ED-ID plane are 
included 
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the pole Figs. in Fig. 4 that the {1012} twinning resulted in formation of different orientations in deformed 
crystals. The twins with orientation of the basal poles around the ED originated in crystal 1. Small fraction 
of these twins was also found in the middle region. Twins formed in the end region were not found in the 
middle region of crystal 2. The twinning in crystal 3 resulted in reorientation of the basal poles from 
position C to position A. Orientation of the basal poles around A position is frequently found in the middle 
region of crystal 3. Whereas in crystal 1 and 2 twinning formed structural components in the end regions 
which did not affect apparently the microstructure and the texture evolution in the middle regions, in 
crystal 3 twinning caused a reorientation of the matrix to the orientation suitable for further slip activity 
and consequently, it affected significantly the evolution of microstructure in the middle region. 
 

 
Fig. 4 Inverse pole Fig. maps accompanied with (0002) pole Figs. of the single crystals after ECAP from the 
end region. Grain boundaries (2°�100°) are depicted in black. Color coding and orientation of ED-ID plane 

are included 

4. CONCLUSION 

Magnesium single crystals having different initial crystallographic orientations were processed by single-
pass ECAP at the temperature of 503K in order to investigate the effect of initial orientation on resulting 
texture. The results show that different initial orientations of single crystals significantly influence the 

resulting texture evolution and thus the activation of various deformation modes. The {1012} twinning 
represents an important deformation mechanism. It dominates in the end regions of all crystals. Depending 
on initial orientation, twining may cause reorientation of the matrix to orientations suitable for slip activity. 
In all crystals, texture evolution is associated with the strain accommodation by the <a> basal slip. In 
addition to the basal slip, there is also an activity of non-basal slips. 
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Abstract  

One of the most well-known and widely-used hot work tool steels for forging dies is the 1.2343 grade. It is 
very popular thanks to its cost-performance ratio. With the aim of further enhancement of its properties 
and in order to extend the life of tools made from this steel, its new versions with various alloying 
modifications were developed. The chemical composition was altered by raising the levels of niobium, 
tungsten and other elements. Essentially, forging dies from this steel are required to possess an optimum 
combination of strength at high temperatures, high toughness, resistance to tempering and other 
properties. The present paper describes the use of these modified versions for industrial forging dies, which 
were field-tested by the company Taforge. The impact of hardness of individual versions of the steel on the 
life of hot forging dies was explored and compared with data for other commonly-used steels. 

Keywords: Tool steels, forging dies, forging 

1. INTRODUCTION 

Most forging plants today strive to reduce costs, which is why they pay great attention to material 
selection. The first choice for hot forging dies is 1.2343 steel, proven by years of service. High-end hot 
forging materials, such as HOTVAR, made by electro-slag remelting process, deliver better service 
properties and longer life. However, their prices are approx. 100% higher than those of standard materials 
made without the electro-slag remelting process. Consequently, the price-life ratio may fail to provide cost 
savings. For this reason, the consortium of companies ŽĎAS a.s., Vítkovice – výzkum a vývoj – technické 
aplikace a.s., SVÚM a.s. and COMTES FHT a.s. began to explore the manufacturing process for the 1.2343 
steel to develop its modification that would offer better properties at equal costs. Besides developing the 
metallurgical process for this steel, several chemical composition variants have been proposed for making 
dies that meet requirements for high hardness and wear-resistance. Selected variants were tested in trials 
at the Taforge a.s. forging plant. Results were compared with data for 1.2343 and 1.2367 steels, which are 
the standard grades used at this plant.  
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2. EXPERIMENTAL FORGING DIE 

The part used for the experimental development was a 13 kg die for making sprocket wheels. The die is 
normally made from the 1.2343 material. The die of this design was employed for trials of all variants of 
chemical composition of the tool steel to ensure full comparability. 

3. EXPERIMENTAL MATERIALS 

Consortium partners have proposed several variants of chemical 
composition of the 1.2343 steel, taking into account specific 
parameters and aiming for higher hardness and toughness. The 
Vítkovice 7 included higher carbon content and additions of 
tungsten and vanadium in comparison with the 1.2343 standard 
composition. The Vítkovice 8 had a tungsten level over 1%; higher 
than the Vítkovice 7 (1.6%). Initial chemical composition and 
compositions of the variants are given in Tab. 1.  

 

 

 

 Tab. 2 Chemical compositions 

Material 
Chemical composition (wt. %) 

C Si Cr Mn Mo V W 

1.2343 - standard 0.37 1.0 5.00 0.4 1.20 0.45 0.00 

1.2367 0.37 0.4 5.00 0.4 2.95 0.5 0.00 

Vítkovice 7 (W, V, C) 0.49 1.0 4.90 0.4 1.17 1.60 over 1 

Vítkovice 8 (W, V, C) 0.66 0.8 4.99 0.4 1.05 0.40 over 1 

4. METALLOGRAPHIC EXAMINATION OF FORGING DIE FROM 1.2343 STEEL 

Two pairs of dies used in service were 
examined using metallographic techniques. 
Their working surfaces showed severe 
wear. Its mechanism was a combination of 
abrasive wear, localised plastic 
deformation of transition contours and 
thermal fatigue damage (cracking). The 
resulting surface relief consisted of radial 
grooves in the direction of material flow 
and large dimples and signs of non-uniform 
removal of die material in the area of 
sprocket wheel teeth Fig. 2. 

Fig. 2 Severe wear of the working surface of die 

Fig. 1 Forging die 
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Dies were scrapped due to reaching wear limits (as dimensions of the forging reached their limits of 
tolerance). Both top and bottom dies exhibited short cracks in working surfaces (up to 1 mm), Fig. 4, as well 
as long fatigue cracks, penetrating ¾ of the bottom die thickness and ½ of the top die thickness, Fig. 3. The 
cracks propagated in mixed transgranular and intergranular manner. These long fatigue cracks formed due 
to the die being clamped incorrectly.  

 
Fig. 3 Fracture surface of the bottom die 

 
Fig. 4 Cracks in die’s working surface 

Microstructures of all dies consisted of tempered martensite (Fig. 5). 

 
Fig. 5 Microstructure of the die from 1.2343 steel 
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5. TESTING OF FORGING DIES 

Hardness was measured by Rockwell hardness tester (HRC scale). Comparison of life times of selected dies 
are shown in Tab. 3  

 

 Tab. 3 Selected results of lifetime tests of dies 

Material HRC No. of parts 

1.2343 53 2500 

1.2367 53 4500 

Vítkovice 7 55 5000 

Vítkovice 8 56 4600 

Vítkovice 8 52 5300 

6. CONCLUSION 

The selected variants proved able to compete with materials currently used at Taforge a.s. Both variants of 
1.2343 grade, i.e. compositions with increased carbon level and tungsten and vanadium additions, provided 
the dies with more than twice as long life as the standard 1.2343 steel. Modified 1.2343 variants raised the 
life of dies by more than 17% when compared to the 1.2367 grade.  

The impact of hardness of the modified variants on the life of dies is being explored.  
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Abstract 

The application of the MicroNiobium Alloy Approach® in carbon steel long product and plate steels 
enhances both the metallurgical properties and processability and reduces the operational cost per tonne. 
The process and product metallurgical improvements relate to the Nb-pinning effect of the austenite grain 
boundaries. The metallurgical mechanism of the MicroNiobium Alloy Approach is related to the retardation 
of austenite grain coarsening during reheat furnace soaking of the billet, slabs or shapes before rolling. 
Also, in the case of heat treatment or carburizing, higher processing temperatures can be applied to the 
finished components, thereby reducing process time and increasing productivity. The MicroNiobium Alloy 
Approach has been applied in high carbon (AISI1050 grade) automotive and long product steel applications, 
such as fasteners, seismic resistant rebar and pre-stressed concrete wire rod. The Micro-Niobium Alloy 
Approach mechanism is described and correlated to a variety of medium and high carbon steel grades and 
applications. Development opportunities and applications include pressure vessels, automotive coil springs, 
eutectoid rail steels, alloy tool and die steels, and tyre rod. This approach contributes to the achievement of 
desired ultra-fine grain, homogeneous higher carbon steel microstructures that exhibit superior toughness, 
strength, fatigue performance, less mechanical property variation in the final hot rolled product, reduced 
cost of quality and improved weldability. The improvement in the reduced cost of production and internal 
quality far exceeds the additional alloy cost for the niobium (Nb). 

Keywords: austenite grain size, fatigue, MicroNiobium Alloy Approach®, reheat furnace 

1. INTRODUCTION 

Although the Nb-solubility is limited when higher amounts of Nb are used in higher carbon steels compared 
to low carbon steels, through empirical evidence and actual operating data, the Micro-Niobium Alloy 
Approach has demonstrated very positive results on high carbon grades such as steel wire rods and bars, 
eutectoid steels, and other medium carbon engineering alloy applications. This technology is being 
introduced at an accelerated pace throughout the world. The important resultant effect of the 
MicroNiobium Alloy Approach is the prevention of austenite grain coarsening during reheat furnace soaking 
of the billet, slabs or shapes before rolling. Also, in the case of a carburizing or austenitizing heat treatment, 
higher carburizing or austenitizing temperatures of finished components or parts are possible. [1] 

The global steel market technological advancement known as the Micro-Niobium Alloy Approach may 
ultimately be applied across all carbon levels to improve product homogeneity during the steelmaking and 
hot rolling process resulting in improved rollability, finer austenite grain size and less product variation. 
Specifically, most of the development activity has been between 0.20%C to 0.95%C steels. The concept 
involves the micro-addition of .005 to .020%Nb across nearly all carbon grades. Product and industrial 
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process development results indicate that these micro-Nb alloy additions will significantly pin the austenite 
grain boundary and minimize the heterogeneous abnormal austenite grain growth that occurs in actual 
reheat furnace mill operations. This micro-approach offsets the inhomogeneous austenite grain coarsening 
that occurs in the slab during normal reheat furnace or heat treat furnace operation when temperature 
excursions occur that cause overheating of the steel in normal operation. 

Two Nb strategies are employed in practice depending upon the intended purpose; 1) the Micro-Niobium 
Alloy Approach simply minimizes the austenite grain size coarsening during reheating through the addition 
of 0.005% to 0.020%Nb and 2) the Thermomechanical Control Process (TMCP) approach at higher Nb levels 
for the dual purpose of grain size stabilization, complex precipitation strengthening and thermomechanical 
processing. Fig. 1 below schematically illustrates the key elements of the MicroNiobium Alloy Approach. 

 
Fig. 1 MicroNiobium Alloy Approach [2] 

2. DISCUSSION 

2.1. Reheat Furnace Operation for Nb-Modified Medium and High Carbon Steels 

The initiation point for proper austenite grain size control is the effectiveness and consistency of the 
heating of the slabs, billets or profiles prior to hot rolling. Homogeneous heating and soaking of slabs is vital 
in order to minimize temperature gradients (ΔT) between the surface and center of the slab and the ΔT 
from the front end to back end of the slab. Often during the rolling of C/Mn and microalloyed steels, 
variability of the ΔT from the front end to the tail end and/or high ΔT’s from surface to center of the slab, 
billet or shape translate into variable mechanical properties within a coil, bar or plate regardless of the 
mode of rolling. Variable prior austenite grain size translates directly into variable final ferrite size in the hot 
rolled product. In addition, homogeneous heating results in flatter and straighter hot rolled product (i.e. 
improved flatness and shape), more uniform and finer austenite grain size, assured solubility of the 
microalloy carbon nitrides and improved rollability. 
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Depending upon the reheat furnace efficiency and heating schedules, reheat temperatures for medium 
carbon and high carbon steels should generally range between 1125°C to as high as 1230 °C range. 
Inefficient reheating is the reason some mills overheat Nb-bearing medium and high carbon slabs, billets 
and sections at 1230°C, whereas efficient heating can lower the soak temperature well below 1200°C. 
Generally, laboratory derived Nb-solubility data varies depending on the researcher and should be 
incorporated into the furnace model with caution. Actual operational experience indicates that over 75% 
Nb-solubility is achieved at temperatures as much as 25 to 50°C lower than solubility model predictions 
based upon actual hot rolling mill experience. [3] Consequently, the Nb is extremely effective in pinning the 
prior austenite grain boundary compared to other grain pinning elements such as Al or Ti. 

Actual operational experience and performance indicate the following root causes which promote the 
formation of coarse grain austenite in these medium and high carbon steels: 

� Excessive soak zone temperatures exceeding 1230°C 

� Improper furnace control cutback on operational delays, thereby overheating slabs, resulting in 
slab/billet sticking and lost production 

� Poor combustion fan efficiency (which directly correlates to surface quality) especially on high carbon 
sheet production exceeding 0.50%C) 

� Same air-to-gas ratios for all steel grades (i.e. low, medium and high carbon steels) 

� Inefficient burner combustion at the orifice and maintenance considerations 

Therefore, the role of the MicroNiobium Alloy Approach in the reheat furnace operation provides some 
processing flexibility in retarding the austenite grain growth due to several of the aforementioned 
operational and heating issues experienced in actual operating conditions.  

2.2. Nb Microalloy Design Considerations 

In some instances, Nb has not been the microalloy of choice or even considered for that matter in high 
carbon equivalent steels because of the predicted lower solubility of the Nb carbonitrides in higher carbon 
steels. Although there is lower solubility, current industrial applications validate the effectiveness of Nb in 
the grain refinement and precipitation strengthening mechanism in Nb-only and Nb-modified V containing 
steels. Over the past two decades, within this higher carbon steel segment, in microalloy metallurgical 
research studies where Nb was added to high carbon grades, researchers incorporated higher Nb levels 
than necessary with unfavorable results. 

These higher Nb levels (exceeding 0.040%) were thought to be necessary in order to obtain proper grain 
refinement, microstructural control and strength in higher carbon equivalent steels. Experience to-date has 
in fact indicated that the higher Nb levels in high carbon steels certainly make the processing more 
challenging, more costly and the resultant properties are not optimized. Recent developments have 
determined Nb levels of 0.005% to 0.020%Nb in high carbon steels optimize properties. It is important to 
also consider the synergistic precipitation behavior effect between the Nb and V and, in some cases Mo, 
which may contribute to the improved mechanical performance. This duplex or triplex microalloy complex 
precipitation behavior is under further study. 

Based upon actual recent commercial product applications, a richer understanding of the Nb-high carbon 
technology mechanisms, metallurgy and processing parameters have been achieved. This information is 
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invaluable for the implementation process to successfully incorporate such low levels of Nb in existing high 
carbon equivalent steels to improve fatigue, fracture toughness, ductility and overall product performance. 
The development of the coil suspension spring is an excellent example of such a successful application and 
is presented. 

Other results from product applications reveal that in some cases more Nb is not always better. Based upon 
operational experience, the optimization of the Nb content and the proper control of the reheating furnace 
are critical. An optimum Nb concentration may be directly correlated to a given carbon level depending 
upon the reheat furnace process metallurgy parameters, heating practices and combustion conditions at 
a given mill. For example, the quality and consistency of reheating high carbon (>0.50%C) billets and slabs 
can be enhanced through the incorporation of combustion practices resulting in an air to gas ratio less than 
1.00. 

Another evolving long product development trend involves micro additions of Nb for grain refinement in 
carburized grades and other higher carbon heat treated grades for the purpose of shortening the heat treat 
cycles on quench and tempered products. Also, as-forged microalloyed Nb steels may replace quench and 
temper alloy products, thereby reducing both energy and production costs. [4] 

3. MICRONIOBIUM IN MEDIUM AND HIGH CARBON APPLICATIONS 

 Tab. 1 Nb-bearing medium and high carbon end user steel application via Micro-Niobium Alloy Approach® 
or TMCP Approach  

Shapes Bar Wire Rod Structural Pipe & 
Tube 

Rebar 

Power plants 9259 Spring steels* 1080 High carbon 
prestressed* 

Structural scaffolding Seismic 
resistant* 

Trailer support rails Forging quality Engineering Construction Fire resistant* 

Rails* 1050 Automotive 
fasteners 

Cold headed* Irrigation and utilities Bridges 

High alloy tool steels Carburized gears & 
shafts 

High strength bolts* Boiler tubing Buildings 

 Quench & Temper Wire rope Utility power plants Tunnels 

Some limited applications over the past several years have employed the TMCP approach in higher carbon 
engineering tool steels and a few long products. Generally, the TMCP in some engineering steels will apply 
Nb at levels of 0.030% to 0.045%. However, the application of Nb in these higher carbon steels was limited. 
With the introduction of the MicroNiobium Alloy Approach to higher carbon steels ranging in composition 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

382 

from 0.20%C to 0.95%C steels in both long and plate products, this new technology has gained acceptance, 
momentum and high interest globally. The MicroNiobium Alloy Approach applications and global product 
development activities are highlighted (in red) with several industrial applications in Tab. 1. [1] 

3.1. Retardation of Austenite Grain Growth 

One of the most important effects of Nb in high carbon steel such as wire rods and bars is the prevention of 
austenite grain coarsening during heat treatments such as carburizing or the reheating of slabs or billets 
prior to hot rolling. The start temperature for grain coarsening increases with increasing Nb content. 

From a practical operational perspective, soak zone temperatures exceeding 1250°C is deleterious to steel 
quality and mechanical property performance. The Nb-micro strategy is to set the percent Nb 
concentration based upon the solubility calculation at the point just above the mill’s maximum soak zone 
actual temperature, thereby preventing grain coarsening and pinning the austenite grain boundary during 
soaking. These low concentrations of Nb can compensate for several of the operational and combustion 
variances that occur during reheating of the slabs, billets and/or shapes. 

The fine precipitation of the niobium carbides and niobium carbonitrides play an important role during the 
heating and hot rolling in achieving a fine grain structure. It is at the soaking temperature where the fine 
Nb-precipitates are stable, such that the grain-growth process is retarded and the mode of grain growth is 
normal. There appears to be an optimum Nb-concentration to ensure that austenite grain boundary 
pinning is effective. To-date, based upon industrial trials, a 0.005% to 0.020%Nb concentration appears 
optimal based on the quality performance for these high carbon steels. The following case example on 
1035 steel illustrates this MicroNb effect pinning the grain boundary. 

3.2. AISI 1035 MicroNb and Effect on Properties 

The influence of reheat furnace soak 
temperature is also important in terms of 
fracture toughness behavior. In order to 
validate this effect, the micro addition of Nb 
to a 1035 steel grade (0.35%C-0.3%Si-1%Mn) 
enhances the yield strength, tensile strength 
and toughness. The Charpy impact 
properties are markedly improved with 
a billet reheat temperature of 1100°C and 
controlled rolling practice. The process 
metallurgy reheat furnace control and 
consistency of the combustion assists greatly 
in achieving these excellent toughness 
properties. Since part of the Nb remains as 
a precipitate at this temperature, both grain 
refinement and precipitation occur and are 
complementary. Fig. 2 illustrates this 
improvement in 1035 steel properties [5] 

 

Fig. 2 Effects of Nb on tensile and Charpy V notch impact 
properties of 1035 steel 
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3.3. AISI9259 MicroNb Coil Spring Application 

Mechanical properties improve with the addition of Nb in rebar, structural shapes and automotive 
structural components, such as springs. For example, a North American vehicle front suspension coil spring 
composed of 0.51%C with Mo-V-Nb was developed and commercialized with improved mechanical 
properties compared to conventional springs. A similar effect was observed when adopting 0.035%Nb in 
a 9259 engineering alloy spring steel grade. The improved properties are attributed to the grain 
refinement, microstructure, microalloy carbonitride precipitate morphology and precipitate strengthening 
provided by Nb. [6] The chemistry of the Nb-modified spring steel is shown below in Tab. 2. 

 

 Tab. 2 Nb-Modified 9259 spring steel heat analysis 

Grade C Mn P S Si Cu Ni Cr Mo V Nb N 

ppm 

SAE 9259 .61 .86 .014 .021 .78 .008 .008 .51 .008 .005 .002 55 

V-SAE 9259 .60 .81 .020 .017 .85 .007 .009 .51 .003 .100 .002 110 

Nb-V-Mo 9259 .51 .69 .016 .020 1.31 .007 .012 .45 .040 .120 .035 120 

 

The improvement in hardness at temper temperature has translated into increased strength, better fatigue 
endurance limits and good fracture toughness, thereby allowing for a lighter weight design coil spring. This 
Nb-V-Mo modified coil spring steel has resulted in the reduction in weight of a coil spring by approximately 
15%, improved fatigue resistance by 12% and improved fracture toughness by 27% over the conventional 
5160 or 9259 and/or the V-modified 9259.  

0
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5160 9259+V
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Fig. 3 KIC Fracture toughness comparison of Nb-V bearing coil spring [6] 

The resultant Nb-V modified grade exhibits improved yield and tensile strength which translates into better 
cyclic fatigue life and improved fracture toughness. The adjusted steel chemistry, grain refinement, Nb-
V(CN) precipitation strengthening and overall lower volume fraction of hard oxide inclusions results in the 
improved properties. This application illustrates the complimentary synergy between Nb and V in these 

K IC Fracture 
Toughness 

[MPa-m-1/2] 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

384 

higher carbon engineering tools steels. In actual operation, the Nb to V stoichiometric ratio has been 
reduced thereby lowering the cost of the V and Nb additions at 0.020% Nb. 

4. CONCLUSIONS 

The application of the MicroNiobium Alloy Approach in over 0.20% carbon steels enhances the 
metallurgical properties, consistency and processability of the hot rolled product. Such process and product 
metallurgical improvements relate to the Nb-pinning effect of the austenite grain boundaries in Nb- 
microalloyed steels exceeding 0.20%C steels. The key operational attribute is the micro-addition of Nb in 
higher carbon steels which mechanistically pins the austenite grain boundary during the reheat furnace 
process, thereby minimizing abnormal grain growth in the billet or slab prior to rolling. Typically, abnormal 
grain growth occurs when thermal fluctuations and furnace abnormalities exist in actual reheat furnace 
operations. This abnormal grain growth leads to inhomogeneous ferrite grains in the final hot rolled 
product and subsequent variations and reductions in mechanical property performance such as fatigue, 
fracture toughness and yield-to-tensile properties. 

LITERATURE 

[1] JANSTO, S. “21st Century Niobium-Bearing Structural Steels,” HSLA2011International Microalloy Conference, 
May 31-June 2, 2011, Beijing, China. 

[2] JANSTO, S., “Current Development in Niobium High Carbon Applications,” MS&T Conference, October 16-20, 
2011, Columbus, Ohio. 

[3] KLINKENBERG, C., and JANSTO S. “Niobium Microalloyed Steels for Long Products,” International Conference on 
New Development in Ferrous and Forged Products, TMS, June 2006, Winter Park, CO. 

[4] SPEER, J., MATLOCK, D. and KRAUSS, G. Materials Science Forum, 500-501 2005, p.87. 

[5] SAMPEI, T., ABE, T., OSUZU, H., and KOZASU, I. HSLA Steels Technology & Applications, 1984, p 1063. 

[6] HEAD, M., KING, T., and RADSULESCU, A. “Development of New Microalloy Steel Grades for Lightweight 
Suspension Systems,” presented at AISI Great Designs in Steel Seminar, 2005, Livonia, Michigan 
(www.autosteel.org). 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

385 

ULTRA-FINE GRAINED AL-MG-SC BASED ALLOYS STUDIED BY IN-SITU TRANSMISSION ELECTRON 
MICROSCOPY  

Karel DÁMa, Pavel LEJČEKb 

a ICT in Prague, Prague, Czech Republic, EU, damk@vscht.cz 
b Institute of Physics, ASCR, Prague, Czech Republic, EU 

Abstract  

Metallic materials with very fine structure exhibit enhanced properties compared to their coarse-grained 
equivalents. Moreover, certain chemical composition and deformation conditions can lead to superplastic 
behaviour of these alloys. One of the methods to produce this kind of materials is Equal Channel Angular 
Pressing (ECAP) which is based on the Severe Plastic Deformation (SPD) principle. Aluminium-magnesium 
alloys are widely commercially used, and addition of small amount of scandium improves their structural 
stability at increased temperatures which is essential for superplastic deformation ability. In this work Al-
Mg-Sc alloy as well as Al-Mg and Al-Sc binary alloys (after ECAP) were submitted to in-situ transmission 
electron microscopy (TEM) examinations that contained annealing and straining. Dynamic changes in 
microstructure were observed and their influence on the deformation behaviour of the alloys was 
discussed. It is shown that considerable structural changes occur during the preheating before superplastic 
deformation. Processes such as grain coarsening, intermediary phase precipitation, (sub)grain boundary 
migration and dislocation movement were observed and discussed.  

Keywords: ECAP, in-situ TEM, UFG materials, aluminium alloys  

1. INTRODUCTION 

Development of metals with very fine structure has become a subject of great interest. This is because 
these materials have been confirmed to exhibit enhanced functional properties and also show some new 
qualities, e.g. superplasticity. There is number of methods used to produce nanocrystalline or ultra-fine 
grained (UFG) structures. One of the most promising methods is severe plastic deformation (SPD). It can be 
defined as metal forming procedure in which a very high strain is imposed on a bulk solid leading to the 
production of submicron-grain-sized or nanostructured metals. SPD includes several techniques with equal-
channel angular pressing (ECAP) being the most popular representative. During this process high strains can 
be imposed on the worked material without change of its shape or dimensions. This procedure is especially 
attractive because it has some advantages compared to the other methods, e.g. it can be applied to fairly 
large billets and it is relatively simple method which can be performed on a wide range of alloys. [1-3] 

As was mentioned above some UFG metallic materials can have another interesting property – 
superplasticity. This is an ability of polycrystalline material to exhibit very high uniform elongation without 
failure under deformation in a specific temperature range and relatively low strain rate (104–103 s-1). 
Further grain refinement leads to the occurrence of superplasticity at lower temperatures and/or higher 
strain rates. This is the purpose of studies of UFG metallic materials with grain size below 1 μm [4]. Recent 
experiments have confirmed that superplasticity can be achieved in specimens subjected to ECAP but two 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

386 

basic aspects are required. First, the material must have very small grains and stable structure and second, 
superplasticity is achieved only at relatively high temperatures. Thus, materials suitable for this purpose are 
alloys containing a fine dispersion of precipitates that impede grain boundary mobility and restrict grain 
growth at elevated temperatures.  

Several superplastic aluminium alloys have been developed but Al–Mg based alloys belong to the group of 
most widely used for superplastic forming. This is because they have many interesting properties such as 
good weldability, good corrosion resistance, high strength and good formability which improve significantly 
in superplastic state [5, 6]. Recent studies also revealed that small addition of scandium significantly 
improves superplastic behaviour of the conventional Al–Mg alloys. This is because of the presence of fine 
dispersion of coherent L12 phase (Al3Sc) [7]. The well-distributed, nanoscale-coherent Al3Sc precipitates are 
extremely thermodynamically stable, are very effective in dislocation pinning thus having a strengthening 
effect and it has been shown that they can restrict the grain grow which is suitable for superplasticity [8, 9]. 
A number of studies have confirmed that Al–Mg–Sc alloys subjected to severe plastic deformation 
exhibited high strain rate superplasticity with high ductility. The highest elongations to failure achieved for 
this alloy processed by ECAP exceeded 2000%. (e.g. [10])  

In most of the cases, tensile testing for superplastic deformation contains step where specimens are held 
for a certain time (usually 15 min) at relatively high temperature before the straining starts. The aim of the 
present study is to provide additional information about structural processes which occur during the initial 
stage of superplastic deformation tests of the Al–Mg–Sc based alloys. Despite number of studies about 
their superplastic ability, these processes have not been discussed. During the starting period significant 
changes in microstructure can be present. For this purpose the in-situ transmission electron microscopy 
(TEM) was used. This allows observing dynamic changes in the very fine structure which is caused by 
annealing and straining. 

2. EXPERIMENTAL PROCEDURE 

The used alloys had nominal compositions of Al–3%Mg–0.2%Sc, Al–0.2%Sc and Al–3%Mg (wt.%). They were 
prepared by induction melting in graphite crucible under an argon atmosphere (vacuum furnace Balzers 
VSG–02) followed by casting into ingots with dimensions of 14x14x120 mm3. Al of 99.999% purity, a master 
alloy with composition of Al-2wt.%Sc and/or Mg of 99.9% purity were used as starting materials for 
melting. The alloys were homogenized in air for 24h at 753K (Al–Mg–Sc) and 913 K (Al–Sc), solution treated 
for 1h at 863 K (Al–Mg–Sc) and 883 K (Al–Sc) and eventually water quenched. The specimens for ECAP had 
the cross section of 10x10 mm2 and the length of approx. 55 mm. 

The ECAP was conducted using a solid die fabricated from tool steel containing two internal channels of the 
same cross section having an angle Ф = 90° and an additional angle ψ = 45° representing the outer arc of 
curvature at the intersection of the two channels. The pressing was performed on the INSTRON 5882 
machine. The specimens were pressed repetitively for up to 4 passes. Each specimen was rotated by 90° in 
the same direction after each pass in the procedure (route BC [3]). 

During the entire processing, the values of microhardness of the Al-3%Mg-0.2%Sc (wt.%) alloy were 
measured. It means after casting, homogenization, solution treatment, ECAP processing and after 
subsequent annealing (273K/15min) simulating the preheating stage of superplastic deformation..  
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Transmission electron microscopy was carried out on the JEOL 1200 EX operating at 120 kV. For the in-situ 
experiments a self-made TEM straining holder which allows heating a sample up to 573K was used. The 
processing of the specimens consisted of heating up from room temperature up to 573 K, with the heating 
rate of approximately 20 K.min�K. It took 15 min to reach the final temperature. Then, straining was 
initiated, while measuring the applied force. This was increased in pulses after relaxation processes were 
observed. 

3. RESULTS AND DISCUSSION 

3.1. Microhardness measurements 

Changes in mechanical properties of the Al–3%Mg–0.2%Sc alloy were monitored during the whole 
processing. (Fig. 1) shows the values measured after certain stages. It can be seen that the microhardness 
decreased after solutionizing which reveals the precipitation hardening effect of the Al3Sc precipitates [11]. 
The significant increase after ECAP processing was caused by the grain refinement of the alloy. The final 
stage was annealing for 15 min at the temperature of 573K. This illustrates effect of preheating, which is 
applied before superplastic deformation, on the mechanical properties. It can be seen that the alloy lost 
most of the increment in hardness caused by ECAP. Although, the precipitation of the Al3Sc phase causes 
that the final value is at the same level as in the as cast condition.  

 
Fig. 1: Microhardness of the Al–3Mg–0.2Sc (wt.%) alloy during the processing 

3.2. In-situ TEM  

Fig. 2 shows the microstructures of the Al–Mg alloy during the in-situ TEM experiment. This is presented 
just to demonstrate the role of Mg in the Al–Mg–Sc alloy during the examined processing. At the beginning 
the alloys were in the as ECAPed condition. Grain size was reduced to ~200–300nm and the microstructure 
contained both equiaxed and elongated grains. Compared to pure Al, which has the grain size of ~1μm after 
the ECAP processing, the presence of magnesium in the solid solution reduces the recovery rates and leads 
to additional grain refinement [12]. Fig. 2 was taken after 15 min of annealing in the microscope. During 
this period dynamic structural changes were observed, particularly recrystallization, dislocation annihilation 
or subgrain boundary motion. The grains enlarged significantly to the value of ~2μm. Additional straining 
caused further grain coarsening and strain induced grain boundary motion was observed in the structure. 
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Fig. 2: Microstructure of the Al–3Mg (wt.%) alloy after 4 passes by ECAP: (a) initial microstructure, (b) after 

annealing, (c) after additional straining 

In Fig. 3 results of the binary Al–Sc alloy are presented. The grain size in as ECAPed state was ~1μm which 
supports the theory of the Mg effect on grain refinement (Fig. 3a). During the in-situ annealing, the process 
of precipitation of the Al3Sc intermediate phase was observed; Fig. 3b shows the microstructure after this 
stage. The dispersion of fine precipitates started to occur at approximately 160°C. Some dislocation 
annihilation was also observed but no significant grain coarsening was detected, either during additional 
straining (Fig. 3c). Presence of the coherent precipitates of the Al3Sc phase in the structure has a strong 
impact on the stability of the structure. Some authors have suggested that it slows down the grain 
boundary movement but during our experiment almost no movement was detected [1, 13]. 

 
Fig. 3: Microstructure of the Al–0.2Sc (wt.%) alloy after 4 passes by ECAP: (a) initial microstructure, (b) after 

annealing, (c) after additional straining 

The structural development of the superplastic ternary Al–Mg–Sc alloy is depicted in Fig. 4. The grain size 
after the ECAP was evaluated to ~300 nm (Fig. 4a) and contained both equiaxed and elongated grains, 
which was similar to the Al–Mg alloy (Fig. 4a). Fig. 4b shows the alloy after the in-situ annealing, during 
which several processes were observed. It started with dislocation annihilation. Then subgrain boundaries 
migrated to form equiaxed grains which was followed by further grain coarsening. Meanwhile, the 
dispersion of Al3Sc phase precipitated to restrict the grain growth. It can be seen that after 15 min of 
annealing the grain size increased to ~1μm. It should be taken into account that the initial microstructure of 
this superplastic alloy could vary from that observed in the as-ECAPed condition because its potential 
influence on the further superplastic deformation. Fig. 4c shows that additional annealing with subsequent 
straining does not cause any further grain coarsening. Uniformly distributed dispersion of the fine, coherent 
precipitates is visible in the presented micrographs (Fig. 4b,c). 
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Fig. 4: Microstructure of the Al–3Mg–0.2Sc (wt.%) alloy after 4 passes by ECAP: (a) initial microstructure, (b) 

after annealing, (c) after additional straining 

4. CONCLUSIONS 

The microhardness measurements showed how the mechanical properties of the Al-Mg-Sc alloy vary during 
the processing leading to superplasticity of this alloy and revealed the significant decrease during the 
preheating before deformation. The in-situ experiments were used to examine the role of the additional 
elements. Substantial changes in the microstructure of the Al–Mg, Al–Sc and Al-Mg–Sc were indicated. The 
experiments simulated the microstructural development of the Al-Mg-Sc system during the early stages of 
superplasticity. The observations pointed out that considerable structural changes occur during the 
preheating period prior superplastic deformation. 
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Abstract 

Recently more scientists are concerned with the problem of the reception and studies of ultra fine 
materials. Also the alloys based on aluminium are raised by interest, in particular alloy of the system Al-Si-
Fe-Mn. One of the ways of the creation of ultra fine structures in alloy is an equal channel angular pressing 
(ECAP).  

This article is dedicated to study of the influence of equal channel angular pressing with backpressure 
(ECAPB) on microstructure formation of alloy based on aluminum. The developed tool provides advantage 
compressing strains in all three directions by deformation of specimens, thus the proper conditions for 
refined of the structure components are made.  

Besides, new tool allows to obtain high quality the products by smaller degree of the deformation.  

In this work there is a research of microstructure formation by deformation of alloy of the system Al-Si-Fe-
Mn in new tool for ECAPB with step in exit channel. As a result of studies it is discovered that presence step 
in exit channel allows to increase the degree of deformation in one pass from 0,277 before 0,382. Such 
increasing degree of deformation promotes essential grain refined already after several passes of 
deformation. The experiments showed that developed tool allows to obtain ultra fine structure (0,8-1,2 
μm) already after 2 passes of ECAPB with total degree of deformation 0,764. 

ECAPB realization with total degree of deformation of 1,146 (3 passes) promotes formation of 
microstructure with grains size of 0,4 - 1 μm, at a time the accumulation of tangled dislocation can be 
observed. 

Keywords: ECAP, backpressure, alloy of the system Al-Si-Fe-Mn. 

1. INTRODUCTION 

At present essential interest for industry is use of non-ferrous material, in 
particular the materials based on aluminum. Such materials are popular due to 
their properties: high mechanical features with comparatively small weight, 
stability in high temperature, low factor of the thermal expansion, sourness 
stability, corrosion stability and others.  

Besides, alloys based on aluminum with addition of such elements, as Fe, Si, Mn 
allows to obtain the characteristic, greatly exceeding pure metals, or double 
alloys. 

Recently the methods of several plastic deformation (SPD) have been widly 

Fig. 1 Scheme of the 
tool for ECAPB 
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spread, in particular, equal channel angular pressing (ECAP), allowing greatly refined the structure of the 
metal and providing the high level of the mechanical features. 

The most often ECAP in tool with angle of the switchbox 90-135 ° and rounding with different angles is 
used. Thereat on exit from zone of the tool channels joint there are stretch strain developing in the billet 
that influences negatively on the process. 

The scientists of "KSIU" have designed new way of the realization of equal channel angular pressing with 
backpressure, realized in tool with step in exit channel (Fig. 1) [1]. 

The aim of this research is a study of microstructure formation of the Al-Si-Fe-Mn system alloy by 
deformation in new tool and determine its structured features. 

2. EXPERIMENTAL PROCEDURES 

The material used in this research was Al-4Si-0.5Fe-1.12Mn commercial alloy. The sample were subjected 
to annealing at 550° С by slow cooling inside the furnace before room temperature and the following 
RKUPP at room temperature [2]. The sample subjected to RKUPP in tool with the channel angles 135 , the 
angle of curvature 40° and angle conical part 45 . Friction between the tool and billet was reduced by 
applying the palm oil as a lubricant. All samples were deformed from 1 to 4 passes with the samples 
rotated at 180 round the longitudinal axis between each pass, i.e. by route C. Following samples 
microstructure was researched using both optical microscope Leica and transmission electron microscope 
JEOL JEM 2100. The samples were prepared by standard methods. In this research samples from central 
zones of the deformed billet were used for exception peripheral effect. 

The total degree of sample deformation with the usage of the new tool will differ from total degree of 
deformation for tool with such the channel angles and the angles of curvature by usual ECAP. To calculate 
the total degree of deformation the following equation (1) [3] can be used: 

7
7
7

9

5

6
6
6

8

4 



�

3

)
22

csc()
22

cot(2 LCLLC

� ,         (1) 

where φ is the channel angle of the tool, ψ is the angle of curvature. 

Considering that material of the billet will be a subject to deformation in step zone of exit channel too, this 
deformation is possible to be taken into account as follows (2): 
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where h is a width of billet before step (the width of the entrance channel), hv is a width of specimen on 
exit from channel. 

Thus, resulting degree of deformation after the 1-st pass of ECAPB will be (3): 
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Finally, in one pass of ECAPB degree of deformation equal to 0,382 will accumulate in billet, herewith, by 
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ECAP in tool with channel angle of 135 ° and the same angle of curvature, degree to deformation will be 
0,277. 

3. THE RESULTS OF THE RESEARCH 

The results of microstructure research after annealing are shown on Fig. 2. Annealed alloy has a grains of 
size 30-50 μm in one direction and 100-120 μm in any direction. 

Besides, there are large inclusion with size from 2 to 10 μm (2а) and small inclusion with size of 0,05-0,1 μm 
in structure of the metal. 

 
Fig. 2 Microstructure of sample after annealing a -OM, X1000, b - TEM, brightfield image 

Photographies of sample after the first passes ECAPB in brightfield and darkfield are brought on Fig. 3. 

 
Fig. 3 Microstructure sample after 1 pass ECAPB, TEM, a- brightfield, b- darkfield 

Extended grain with size of 1-2 μm width and 3-5 μm length are formed after 1 pass of ECAPB.  

Inclusions are portioned non-uniform on sample and do not form some concourses.  

    
Fig. 4 Microstructure sample after 2 passes of ECAPB, TEM, a- brightfield, b- darkfield 

a
)

  1 μm   1 μm 

b) 

b) 

1 μm 

a) 

  1 μm 

b) 

 1 μm 

a) 
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Fig. 5 Microstructure sample after 3 passes of ECAPB, TEM, a- brightfield, b- darkfield 

 

ample microstructure after 2 passes of ECAPB in bright and dark field is brought on Fig. 4. After 2 passes of 
ECAPB enough equalaxis grains with size 0,8-1,2 μm are formed. 3 passes of ECAPB realization promotes 
formation of tangle dislocations in pre-formed grains, promoting fragmentations of the lasts (Fig. 5). There 
by some elongation of grains exists, their sizes are from 0,4 to 1 μm.  

4. DISCUSSION 

In this work analysis of the microstructure change of the system Al-Si-Fe-Mn alloy is conducted as a result 
of ECAPB realization in new tool with step in exit channel. The total degree of deformation in one pass 
exceeds the degree of deformation accumulated by metal deforming in similar tool with same channel 
angle, but without step in exit channel by use the new tool. Increase of total degree of deformation is 
connected with backpressure, influencing on billet from step. While deforming the billet is acted upon 
compressing strains during all cycle of deformation in all 3 directions, thus the proper conditions for refined 
of the structure components are made. 

As a result of conducting annealing at 550 С for 1 hour coarse-grain structure is formed in alloy, as it is 
shown on Fig. 2а. Thereby inclusions falling out by annealing cause curve boundaries of grain by its 
migration (Fig. 2b), preventing, thereby, growing of grains. Besides, exists straightening the particles in one 
line is observed. 

One pass of ECAPB realization promotes refined grain, as it is shown on Fig. 3. However first grains have not 
an equal axis form. Also elongation of grains along one direction exists. The large amount of the small 
inclusions promotes refined grains, often executing function of nucleation or centre of the forming of small 
grains. 

As a result of 2 passes of ECAPB realization uniform microstructure is formed on the whole section of billet. 
Thereby crushing of elongated grains occurs after the first pass ECAPB as well as some their turn 
comparatively each other (Fig. 4). On Fig. 4 particle is specified circumferences, situated on joint nearby 
grains, probably, acting role of the nucleation centre by crushing of the structured components. As a result 
already after 2 passes of ECAPB uniform ultra fine structure is formed with some grain less than 0,5 μm. 

After 3 passes of ECAPB same grain elongation can be seen, their size is from 0,4 to 1 μm. Increase degree 
of deformation up to 1,146 after 3 passes of deformation causes formation of tangled dislocation in earlier 
formed grains, promoting fragmentations of the lasts. Thereby, the refine grains become less intensive in 

a) 

0 5

b) 

0 5 μm
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contrast with 1 and 2 passes of deformation. But, however, large amount of small less-angled fragments 
exist in grains. Thereby some grains are practically free of dislocations. 

Besides, the damage of the inclusions is observed, being presented in structure of the metal that can be the 
reason of the formation microcracks. 

As a result of realization of 4 passes of deformation the damage of the billet is observed by ECAPB directly. 
With this connection, microstructure research of samples after 4 passes were not conducted. 

5. CONCLUSIONS 

In this work there is a research of microstructure formation by deformation of alloy of the system Al-Si-Fe-
Mn in new tool for ECAPB with step in exit channel. As a result of studies it is discovered that presence of 
step in exit channel allows to increase the degree of deformation in one pass from 0,277 to 0,382. Such 
increasing degree of deformation promotes essential refined grain already after first pass of deformation.  

So after the first pass of deformation grains has elongate form with size of 1-2 μm width and 3-5 μm length. 
Already after two passes of deformation grain sizes are 0,8-1,2 μm, with some grains less than 0,5 μm. 
Thereby structure is formed even and equalaxis. Inclusions execute the function of a forming ultra fine 
grains centre. 

Thereby, as a result of conducting of deformation in new tool after 2 passes of ECAPB total degree of 
deformation is up to 0,764 that provides forming even ultra fine structures. 

ECAPB realization with total degree of deformation of 1,146 (3 passes) promotes formation of 
microstructure with grains size of 0,4 - 1 μm, at a time the accumulation of tangled dislocation can be 
observed. Realization of 4 passes of ECAPB causes the damage of the billet by deformation directly. 
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Abstract 

Solar absorbers of flat type have the advantage of relatively simple production, but on the other hand, they 
have lower thermal efficiency and require perpendicular incidence of solar radiation on their surface. This 
contribution presents new type of solar absorbers where the above-mentioned disadvantages are reduced 
while keeping relative production simplicity. The solar absorber is characterized by the creation of the 
appropriate spatial structure in sheet metal by forming through a technology of drawing in flexible tools. 
This spatial structure not only increases the heat-transfer surface but also eliminates the need for 
perpendicular incidence of the incoming solar radiation. The component with this structure is fixed to the 
rear side of the absorber by laser welding. Inlet holes for the fluid are produced by Flow drill method. 

Keywords: Solar absorber, drawing in flexible tools, laser welding, austenitic steel 

1. INTRODUCTION 

The solar thermal collector is a device designed to absorb solar radiation and to convert it to thermal 
energy, which is transferred to the liquid medium flowing through the collector. The use of the term 
"panel" is avoided here in order to prevent undesirable confusion with photovoltaic panels. Solar collectors 
can be further divided according to a series of aspects, see Fig. 1. There are possibilities how to further 
combine their features and to put together an optimal design following a particular application: 

From this point of view the proposed solar absorber counts into the category of flat and metal 
construction, where the heated 
substance is a liquid. In this 
category a design with a thick 
sheet (usually aluminum) plate 
(Fig. 2) is the most common. One 
side of this sheet-apparent to 
incoming solar radiation-it is 
covered with a layer which 
absorbs solar radiation (selective 
or non-selective) and changes it to 
heat. On the opposite side of this 
plate there is pipeline network 
installed – a meander for heat 
exchanging liquid, which 
transports heat for the further use. 

 
Fig. 1 Division of solar collectors 
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Advantages of this arrangement: 

� Simple design 

� Robustness 

Disadvantages of this arrangement: 

� There is requiring for perpendicular incidence of the solar radiation (it means tilted installation which 
is from the technical and architectural point of view complicated and ugly). 

� There is wrong heat transfer between sheet and pipe (in principle only linear contact surface and the 
necessity to use a special technology for fastening both parts together).  

� These connecting technologies can damage the absorbing layers on sheet. 

� To enhance the efficiency it is needed 
to use special absorbing layers 

The proposed new type of the absorber is 
characterized by creating an appropriate 
spatial structure in the sheet metal by 
forming through a technology of rubber pad 
drawing. This spatial structure rapidly 
increases the heat exchange surface (on the 
opposite side of this structure there is 
directly the flow of the heat exchange fluid) 
and thus it eliminates the need of the 
perpendicular incidence of the incoming 
solar radiation. 

2. MATERIAL USED FOR THE MANUFACTURING AND ITS PROPERTIES 

Due to the requirements on the technological properties of the absorber (weather-resistance, good heat 
transfer with, etc.), good formability and weldability of the material, we decided for the sheet thickness 
0.5 mm of chromium – nickel austenitic stainless steel X5CrNi18-10 (CSN 41 7240, DIN w.n.r.1.4301). 
Chemical composition according to the material sheet is shown in Tab. 1. Basic mechanical properties have 
been proven of tensile test, which was carried out according to the standards CSN EN 10002-1 on the 
shredding machine ZD40 controlled by 
the computer with a built-in incremental 
linear sensor for measuring of the 
position of crossbeam, with force 
transducer and software M-TEST was 
used for evaluating of the results and 
their graphic processing. This program 
according to the specified initial values 
measured and automatically evaluated 
the curve of deformation resistances. The obtained results are shown in Tab. 2, and in the form of the 
curve of relation stress – strain (σ →ε), Fig. 3. 

 
Fig. 2 Example of solution existing solar flat collector 

 
Fig. 3 Dependence σ → ε of tensile test 
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 Tab. 1: Chemical composition of steel X5CrNi18-10 

% C % Cr % Ni % Mn % P % S % Si % Co % Cu % N 

0,069 17,836 8,622 0,790 0,036 0,005 0,440 0,036 0,259 0,062 

 Tab. 2: Mechanical properties of steel steelX5CrNi18-10 

Rm [MPa] Rp0.2 [MPa] A5 [%] 

min. 686 / measured 700 min. 300 / measured 291 min. 58 / measured 50 

In addition to the usual tensile tests we have studied dynamic strength properties of the material. In 
industrial production it is assumed to achieve high pressing speed, which means that the dynamic 
properties of a material will differ to the static tensile test. Thus we carried out a modified Hopkinson test 
(Split Hopkinson Bar Tensile Test, next referred as SHTBT, Fig. 4).  

 

Fig. 4 Hopkinson test with device for tensile tests 

Projectile (striker bar) after the passing through the main barrel for SHPBT falls on the forehead input bars 
and generates a shock impulse. This impulse is spread as load impulse right to boundary between input 
bars and sample. The sample is placed in a special holder, which converts the load impulse on the tensile 
load, which was developed at the Institute of engineering technology FSI in cooperation with the Institute 
of material engineering FSI and is the subject of protection of the design. Part of this pulse on the boundary 
is reflected back (the reflected pulse) and part of it passes into the output bars (overdue pulse).Pulses are 
recorded using capacity sensors and are transferred to storage oscilloscope and subsequently processed in 
a computer. SHTB test is based on the theory of one-dimensional wave propagation in elastic rod and on 
the interaction between a tensile pulse and a cylindrical sample, which is located in the tensile container 
between the bars. 

 Mean speed of deformation of loading each sample is approximately in the range of 1000 to 1100 s-1. As it 
has been shown on the curves in Fig. 5, the dynamic yield strength ranges area from approximately 350 to 
450 MPa. In comparison with the static value (291 MPa) is the dynamic value higher. Subsequently, there is 
a reinforcement of this steel and the typical break of the neck behind the creep strength. 

 
Fig. 5 Dependence σ → ε of Split Hopkinson Bar Tensile Test 
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The origins of plastic deformation and the evolution of reinforcement were recorded at tests – it means 
capture of the dynamic yield point of the material and as well the evolution of homogeneous plastic 
deformation through time of loading pulse. Further evolution of the dependency between tensile and 
deformation is out of limit of recording. The length of the loading pulse is limited due to interferences with 
back reflected impulse. The Whole process, which takes time of the passed pulse, cannot be evaluated due 
to the limited possibilities of the device. Finally, the relevance of the Hopkinson test is based on the 
homogeneous plastic deformation in the single axis stress state. 

3. SOLAR ABSORBER WITH STRUCTURE SURFACE 

We designed a new solar absorber with surface created as spatial structure in the shape of cones or 
pyramids for eliminating the disadvantages referred in the introduction. A comparison of the existing 
solutions with the proposed new solutions is shown in Fig. 6. 

 

 

 
Existing solution Proposed solar absorber 

Fig. 6 Comparison design of existing solar absorber with proposed design 

This new structure has a dual function:  

� Absorption of solar radiation proceeds in form of multiple reflections on the slanting sides of the 
structure. Generally higher absorption and lower dependence on perpendicular incidence of solar 
radiation is the result of this design. 

� The rear wall of the spatial structure is in direct contact with the heat exchange liquid. Large heat 
exchange surface area, therefore, contributes to the efficient transfer of the absorbed heat.  

3.1. Technology of drawing in flexible tool 

To create the structure on the surface of the absorber we have chosen the technology of drawing in flexible 
tool, which enables prototype manufacturing of these structures with simple possibility of variations and 
small production cost. 

We have chosen elastomer Polyurethane as the forming medium, this is characterized by a good 
combination of hardness and elasticity, abradability and it is able to endure the high number of stress 
cycles. It normally works with pressures above 100 MPa and maintains high elasticity; it has also 
a minimum residual deformation, excellent resistance to wear and tear and is manufactured in a large 
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variety of hardness. The disadvantage is its small range of operating temperatures ranging from -50 to + 70 
°C. 

From the general point of view, it is very a suitable forming medium and for example compared to rubber, 
it has a lifetime up to 20 times higher. Under high pressures, it performer a volumetric compressibility, 
which depends on its dimensions; the volume on which the Polyurethane can upset the next burst of 
growth pressure does not vary or its change is minimal. Polyurethane acts as a "hard" tool after the 
exhaustion of the capacity of "upsetting". Description of the deformation behavior is influenced by a lot of 
factors. Important mechanical characteristics include in particular the hardness (Sh), then strength, 
extensibility, modulus of elasticity E and modulus of shear G. The shape and volume of the elastomer block, 
attachment in tool, the possibility of shift and greasing condition play a significant role too. The slab from 
Polyurethane FIBROFLEX with hardness 90 ShA with thick 25 mm was used. 

The pyramid profile for the surface of the absorber was chosen for the first experiment as it is shown in Fig. 
7. The polyurethane slab works as die in case of these bulges and moves in a closed space, where its shape 
produces the required shaping of the formed part. The total required shaping force is the sum of three 
components: the force necessary for own custom forming of shape Ftv, the force necessary to overcome the 
friction resistance Ftř and on the end, force FE needed to transfer and shape change in the elastomer. 

workpiece

5
m

m

polyurethane pad die frame holder

 
a) matrix b) scheme drawing of flexible tools 

Fig. 7 Principle creation of structure surface 

Manufacturing of the spatial structure in sheet metal by means of elastomer is basically the equivalent of 
drawing without the transfer of the flange where the staple is pressed by blank holder. The proposed 
concept of the tool (Fig. 7b) proves that creating an individual bulge on the forming sheet will be carried 
out exclusively by damping down the default thickness of the sheet metal, similarly as stretch of the sheet.  

Analyses of the stress - strain state together with the distributed deformation process are schematically 
represented in Fig. 8. It can be assumed with a certain simplification that the distortion in the initial phase 
is carried out similarly as in the case of the cone bulge, i.e., under the effect of a tangent σt, meridian σm, 
and the normal stress σn, see Fig. 8e. Each bulge with square plan is, however, being created by drawing of 
the sheet "clamped" between the four supports (P) located at the corners of a square, Fig. 8d. From the 
theoretical analysis of bulging sheet metal into free space, which occurs at the initial stage of deformation 
(Fig. 8a), it is known that the size of the meridian deformation (εm) is growing towards the top of bulging.  
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This state, however, in our 
case gradually changes with 
increasing of deformation, 
because the contact grows 
between the bulging part of 
the sheet and the matrix 
under friction (μ), see Fig. 
8b. No uniformities of 
meridian deformation are 
increasing; see Fig. 8c, 
which contributes to the 
intensive damping down of 
the sheet in the top parts 
of the bulge. The size of the deformation in the direction of tangential direction (εt), meridian direction (εm) 
and the thickness of the sheet metal (εn), see Fig. 8f, are also dependent on the position of the point in the 
case of the created pyramidal bulge. For example, it will be different on axis of h-h and g-g, see Fig. 8d. 

The calculation of relation of thin away the 
wall thickness on the depth of the indentation 
of sheet metal into the matrix was done. The 
results are shown in the graph in Fig. 9. It is 
evident that in case of the small depth of 
indentation in the direction of g-g the wall 
practically does not damp down because the 
radius of curvature is large. However, it can be 
concluded that, even at the maximum 
possible damping down in the direction of h-h, 
the thickness of the walls is kept above the 
value of 0.32 mm, which is 65% of the original 
thickness and should be sufficient in practical construction. 

3.2. Manufacturing of the absorber 

Solar absorber was manufactured from 
two sheets of austenitic steel with 
thickness 0.5 mm: the front plate with 
surface of pyramidal structure and rear 
plates, which had form of a box with 
edge and was made the same 
technologies, i.e. by drawing of flexible 
tool. In the rear parts there were inputs 
created for a heat exchange medium by 
Flow drill technologies. Both parts were 
welded by laser in holder to hermetic unit. The resulting image of the manufactured solar absorber is 
shown in Fig. 10. 
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Fig. 8 Analysis of forces and tensions during forming process 

 
Fig. 9 Simulation of thin away of material in dependency 

on depth of indentation 

Fig. 10 Solar absorber with structure surface and detail 
pyramid bulges 
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4. CONCLUSION 

The proposed solar absorber is distinguished by appropriate spatial structure of the surface, which both 
increases the heat exchange surface, and also eliminates the need for the perpendicular incidence of the 
incoming solar radiation. Compared to the existing solar absorber, it increases the overall thermal 
efficiency. The next steps of solution will focus on the examination of the factors that may contribute to the 
increase of thermal efficiency of the collector and the determination of technological processes of 
production for industrial use. 
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Abstract 

This research concerned the whole production of UFG materials, using Severe Plastic Deformation (SPD). 
Use of these materials is very versatile – either directly as semi-products for subsequent further processing 
with lower number of operations (created structure is preserved in final products), or for production of 
final products from semi-products. Contribution concerned the whole production of UFG materials, using 
forming process DRECE (Dual Rolls Equal Channel Extrusion). The strip with dimensions of 58 x 2 x 1000 mm 
is inserted into the workspace and forced by feed roller into the forming tool. Severe plastic deformation 
takes place. Cross-section and length of the strip stays unchanged. Forming process is repeated several 
times. Severe plastic deformation realized in this way allows refinement of the structure. Our research also 
evaluated the influence of heat treatment on the mechanical properties and structure. The values of 
hardness of the formed samples were measured by Vickers method. Preliminary metallographic analysis 
was performed for verification, whether refinement of the structure really occurred. 

Keywords: DRECE machinery, steel strip, low carbon steel, severe plastic deformation, hardness, structure 

1. INTRODUCTION  

Important processes ensuring the efficient and economical use of materials in products' structures 
comprise also the replacement of the steel products by much lighter materials based on non-ferrous metals 
Al, Mg, Cu, which have comparable mechanical properties and maintain or only slightly reduce the 
formability. The most important mechanism of cold and hot plastic deformation is dislocation slip, which is 
the most evident under the shear stress load. It is one of the main pre-requisites at designing the methods 
based on the use of the SPD process. The process of refining the structure during plastic deformation is 
based on dislocation mechanisms. The effect was observed mainly in metals and alloys with cubic face-
centred lattice, characterized by a high number of slip systems (Al, Cu, Ni). Plastic deformation generates in 
lattices high density dislocations. The dislocations are usually arranged in specific configurations, which 
depend on the crystalline structure of the material. This concerns the dislocation walls, accumulation at the 
barriers of slip planes (shear bands), dislocation loops and dislocation cells, etc. The interaction of 
dislocations leads to the formation of sub-grains with low-angle boundaries [1]. These sub-grains may 
further change when exposed to severe plastic deformation, which can lead also to the formation of high-
angle boundaries and thus to further refinement of the original grain. At present, stabilisation of structure 
of thus created materials, which is associated with an optimum heat treatment of produced materials from 
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the viewpoint of preservation of their high mechanical properties with unchanged or only slightly reduced 
ductility, is the subject of very intensive research at important scientific-research institutions and 
universities [2]. Experimental results achieved in numerous reputable working sites indicate that use of 
high or severe plastic deformation of metals makes it possible to produce materials with extraordinary 
physical and mechanical properties, which could be used for production of technologically extremely 
stressed parts or structures. This naturally leads to reduction of their weight. It turns out that this way of 
research and possible practical realisation of the achieved results is very perspective. It is also presented as 
the future of technological development in the given area. A number of phenomena and relationships, 
conditions and consequences of effects of internal and external forces in the microstructure of potentially 
suitable metals, subjected to multiple deformations by extreme pressures, are far from being adequately 
investigated. Before it is possible to start their technological applications in material production, it is 
necessary to expand objective knowledge not only by study of all available information, but primarily also it 
by demonstration of their feasibility by experimental research. 

1.1. The current state of the production of materials with ultra-fined grained (UFG) structure. 

Movement of low-angle grain boundaries follows the well-known mechanisms of motion of dislocations. 
Movement of high-angle boundaries is mediated by transfer of atoms between the neighbouring grains. 
The rate of transfer depends on the structure of boundaries, atoms of inclusions at the boundary, and on 
the temperature. Atoms of inclusions may reliably block the movement of grains. Overcoming of the block 
then requires development of big deformation. The process is also dependent on the strain rate and 
temperature [2, 3]. Polycrystalline metal is a set of randomly oriented grains of different sizes. Grains are 
separated by grain boundaries. Orientation of slip lines and bands in the grain depends on the type of 

lattice. Differently oriented slip planes, which form different 
angles, meet at the boundary of two neighbouring grains. The 
angle of these two planes divides the boundaries to low-angle 
and high-angle boundaries, the angle of 10-15° being the limit 
angle (Fig. 1). 

The process of plastic deformation, which leads to the 
refinement of the structure, depends on several factors. In 
addition to the already mentioned lattice structure the following 
factors are involved: the structure before deformation (grain 

size, microstructure), the second phase particles, strain rate and temperature of deformation, magnitude of 
deformation, the route of deformation. The initial grain size largely affects the process of refinement, along 
with particles of the other phase in the structure (presence of precipitates in the case of light metal). The 
refinement is more difficult with decreasing grain size, because creation of slip bands is made more 
difficult. Large grains of the order of �m accelerate grain refinement. The finest structure can be achieved 
at low temperatures and at corresponding strain rates. On the other hand it is possible to use higher 
temperature at controlled re-crystallisation, but the grain size obtained at this process is of the order of 1-5 
�m (Al alloys). The structure is thus not considered as a UFG structure. Mechanisms of grain refinement 
vary in dependence on the magnitude of deformation and divide the influence of the magnitude of an 
increase of deformation into four areas [3]. This concerns evaluation of results achieved during 
deformation of metals with the cubic face-centred lattice formed by ECAP (ECAP-principle – see below at 

Fig. 1. Scheme of high-angle and 
low-angle grain boundary 
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description of the proposed project), using the deformation route BC: small strain intensity (εVM <2), small 
to moderate strain intensity (εVM = 2-4), moderate to high strain intensity (εVM = 4-6), extreme strain 
intensity – SPD (εVM> 6). 

This division was made experimentally on the selected type of aluminium alloy. For this reason individual 
structural changes may vary in different types of materials. Evolution of structure cannot be in general 
understood only on the basis of the achieved degree of deformation. Creation of small deformations by the 
ECAP process in Al alloy leads to the formation of sub-grains from the original grain, the size of which was 
divided into four degrees of dimensions. The coarsest sub-grains were elongated and primary shear bands 
were formed, high-angle grain boundaries were observed. In finer sub-grains inside the primary shear 
bands regular layers of blocks of cells, interrupted by micro-bands, were observed. Blocks cell in layers had 
little disorientation of approx. 3�. Dislocation boundaries within the blocks of cells were detected in the 
smallest sub-grains. Ultra fine-grained materials (UFG) are defined as poly-crystals with average grain size in 
the range from 100 nm - 1000 nm, i.e. less than 1μm. UFG materials include also nano-materials with grain 
sizes ranging from 10 nm - 100 nm. Growing interest in UFG materials arises mainly for two reasons. Firstly, 
it is known that in all the alloys the Hall-Petch mechanism [4] contributes to strengthening of the material 
at room temperature according to the equation (1): 

m
ic dk �	
���            (1) 

where σC is the flow stress, σi is the tension characterising the resistance to the movement of dislocations 
inside the grains, and "k" is the constant dependent on the mechanism of slip transmission across the grain 
boundaries, “d” is the grain size and “m” is the exponent equal approx. to 0.5, depending on the alloy. It is 
therefore possible to conclude from this relation that the UFG materials have higher strength than 
conventional "coarse-grained" materials. It was established by research that the Hall-Petch relation was 
valid up to the grain size of dc = 20 nm – 30 nm. For smaller grain sizes this relation ceases to be valid and 
the strength begins to decline. In the area below the critical grain size dc the dislocation mechanisms cease 
to operate and it is assumed that plastic deformation is realised by slip along the borders of these grains. 
This area is called the inverse Hall-Petch relation and the following relation is valid here (2): 

d
ky

1
	�B�             (2) 

It is also known that materials with very small grain diameters (<10 �m) have higher sensitivity to the strain 
rate and longer elongation of grains takes place before rupture occurs at higher temperatures, as 
manifested in super-plastic behaviour. However, this super-plastic behaviour is usual at high temperature 
(> 0.5 Tm, where Tm is the melting temperature), and at very slow strain rates (<10-4 s-1) [7]. UFG materials 
show the characteristic features of super-plastic behaviour already at lower temperatures and at higher 
strain rates, which makes them more practical for industrial production. This combination of properties 
makes the UFG materials suitable for such operations as forging, extrusion or machining, both in terms of 
formability and energetic performance, and from the viewpoint of the resulting cost savings. 

2. DRECE PROCESS  

The main goal of the paper is to present a review of current results achieved by processing of materials 
based on low carbon steel - by DRECE technology, the prototype equipment of which was put into service 
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Fig. 2 DRECE equipment 

at the Department of Mechanical Technology at VSB – Technical University of Ostrava. The paper describes 
results of determination of the influence of number of passes on resulting mechanical and micro-structural 
properties of processed materials based on low carbon steel. The paper shows proposals of testing 
procedures for determination of micro-structural stability of UFG materials after their processing by the 
DRECE process. The applied DRECE process belongs to the group of advanced forming processes based on 
the use of severe plastic deformation (SPD). The SPD methods make it possible to process suitable 
materials with the aim to achieve an ultrafine grained structure (UFG) with mean grain size of 1μm. After 
this processing the materials exhibit – in comparison with conventional structure materials – significantly 
higher mechanical values – especially yield strength, and in limited extent also ultimate tensile strength. 
Forming process DRECE is an extrusion technology with limited cross-sectional reduction to achieve high 
degree of deformation of suitable selected material [5].  

Prototype of the equipment is shown in Fig. 2. The sheets of 
dimensions (48x2x1000) mm – were used like an input material. 
The sheets have been bought in commercial trade network in as 
cold rolled state, without previous heat treatment, in chemical 
purity corresponding to the relevant standard. Both experimental 
materials have been formed by DRECE process at ambient 
temperature, without previous heat treatment and operative 
heating between individual passes. The sheets were rotated by 
180° around longitudinal axes between individual passes. 

Realised number of passes: low carbon steel: 2x - 4x - 6x, passes 
through the DRECE equipment. 

3. EXPERIMENTAL MATERIAL AND PROCEDURES 

Low carbon steel was used for investigation in the form of sheet with dimensions 48x2x1000 mm (see Fig. 
4). Chemical composition of investigated steel is given in Tab. 1. Strip of sheet for carbon steel was 
extruded through the DRECE equipment. Hardness HV10, mechanical properties (yield strength Rp0.2, 
ultimate strength Rm and ductility A80) were evaluated in initial state and after application of the DRECE 
process. Investigation was completed by metallographic evaluation of micro-structure of selected samples. 
Chemical composition of low carbon steel is shows in the Tab. 1  

 

Fig. 3 Strip of sheet from the low carbon steel (a-initial state, b-after 6 passes through the DRECE 
equipment) 

 

Macro-photos of strip of sheet in initial state and after 8 passes are shown in Fig. 4a, b. Diagram of 
evaluation of changes of dimensions of the strip of sheet after extrusion through the DRECE tool is shows in 
the Tab. 2.  
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Tab. 1. Chemical composition (% weigh) 

C Mn Al Si P S 

0.10 0.43 0.02 0.02 0.03 0.03 

Tab. 2. Changed parameteres of specimen after DRECE process�

Number of passes Round BA 
[°] 

l × w × t [mm] Roller pressure 
[bar] 

l1 b1 b2 b3 t1 t2 t3  

Initial state  300 48.09 48.13 48.09 1.90 1.91 1.89 0 

1× 0 298 48.64 48.51 48.30 2.01 1.92 1.90 120 

2× 180 294 48.64 48.54 48.55 1.90 1.96 1.91 120 

3× 0 290 48.82 48.89 48.75 1.90 1.98 1.93 120 

4× 180 285 48.92 49.08 48.90 1.92 1.99 1.98 120 

5× 0 280 48.99 49.28 49.14 1.86 2.01 1.98 120 

6× 180 277 49.08 49.58 49.37 1.83 2.04 2.03 120 

4. INVESTIGATION OF CHANGES OF DIMENSIONS OF STRIPS DURING EXTRUSION THROUGH THE 
DRECE TOOL 

All dimensions (length-l, width-b and thickness-t) were measured at the places marked in Fig. 5. It is evident 
from the Tab. 2 that steel strip of sheet behaves similarly as previously investigated copper [8]. The 
measured length was shortened after six passes by a maximal value of 23 mm and on the other hand the 
width increased by 1.4 mm. 

4.1. Hardness evaluation of strip of sheet by Vickers (HV10) method  

Hardness evaluation HV10 was performed with use of hardness tester HPO 250 on cross section cut from 
the samples at the place of measurement in initial state and on the strips after the 2nd, 4th and 6th pass (sees 
Tab. 3, Fig. 4). It is evident from Tab. 3, that the average hardness value increased significantly after the 2nd 
pass and slightly after 4th pass. This has confirmed that number of passes exceeding 4 has no significant 
influence on increase of hardness. The achieved highest value 135 (HV10) is higher about 45 % in 
comparison to the hardness value in initial state. This has confirmed correct functionality of the DRECE 
equipment.  

4.2. Evaluation of mechanical properties by tensile test  

Mechanical properties of the steel grade 11 321 (yield stress Rp0.2, tensile strength Rm and ductility A80mm) 
were afterwards evaluated by tensile test on the samples taken from selected passes. All the tensile tests 
were performed according to the ISO 6892-1 with using standardized test-pieces according to Annex D. 
Tab. 3 summarises the results. The results were also transformed to a graphical form showing the 
dependence (see Fig. 4) 
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 Tab. 3 Obtained hardness values 
Number of passes Hardness HV 10 
Initial state 88 
2× 122 
4× 135 
6× 136 

It can be seen both from Tab. and diagram that values of yield stress Rp0,2 and of tensile strength Rm 
increase significantly already after the second pass through the DRECE equipment. This is in good relation 
to performed hardness tests. 

The growth is then gradual, maximal value Rp0.2 = 
390 MPa. Maximal value of ultimate strength Rm 
= 415 MPa. This increase represents already after 
the 4th pass an increase of Rp0.2 by approx. 125% 
and of Rm by approx. 33%. Results after 6th pass 
exhibit about comparable values – this is in good 
relation to performed hardness tests as 
mentioned above. However, elongation A80mm of 
material decreases rather significantly. It dropped 
from the initial value of 50.3% down to the 

lowest value 14,8% after the 6th pass. New 
finding consists in achievement of slight 
increase of ductility after the 6th pass, which 
might have been caused by recovery processes. 

5. METALLOGRAPHIC ANALYZE OF THE VERIFIED LOW-CARBON STEEL  

Evaluation of mechanical properties was completed by metallographic evaluation of micro-structure of the 
verified low-carbon steel after individual passes through the DRECE tool was made with light microscope 
NEOPHOT 2. The observed micro-structures of low-carbon steel on the sample of initial state and on the 
samples taken from in cross-section of selected passes are shown in Figs 5 a,b, c, d. 

a)     b)    c)     d) 
Fig. 5 Metallographic analyze a) initial state, b) after 2nd pass, c) after 4th pass, d) after 6th pass 

Micro-structure of investigated steel in initial state is formed by slightly elongated ferrite grains and by fine 
perlite particles. As it is evident from the above photos of micro-structures of the verified low-carbon steel 
small refining of structure occurred during the DRECE process. 

60μm 60μm 60μm 60μm

Fig. 4 Influence of number of passes through the 
DRECE tool on basic mechanical properties 
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Average grain size was determined in accordance with the standard ČSN EN ISO 643 as G 8-9. All evaluated 
samples of the steel showed this value after the 2nd, 4th and 6th pass on cross-section. Grain was influenced 
the most significantly after the 2nd pass, when average size in initial state achieved the value 60�d  �m 
and after the 2nd pass approx. 15�d �m. After the 6th pass a size of 1��m was achieved. This steel does not 
contain sufficient volume of admixtures from creation of precipitates, which would enable greater refining 
of structure. 

6. CONCLUSIONS 

The obtained results of experimental verification of structure refining by DRECE process have confirmed 
suitability of this technology for production of UFG structure in low-carbon steel, which leads to substantial 
increase of mechanical properties. Substantial increase of yield strength Re and ultimate strength Rm was 
achieved, which opens up much broader possibilities of its use for manufacture of high strength machine 
components (value of the given steel grade is increased). Due to the drop of elongation future research 
works will pay higher attention to the design of an optimal heat treatment aimed at increase of its value, 
only small reduction of its initial size with preservation of achieved higher values of strength.  
From the perspective further extension of research works on improvement of the DRECE process for obtaining UFG 
structure in wide spectrum of materials appears to be highly efficient. 
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Abstract  

The contribution is devoted to quantitative analysis of processes leading to formation of weld boundary at 
explosion welding of combined metals. It is aimed at finding the orientation values depicting the joint 
geometry. Selection of weld metal combinations, their physical and mechanical properties. Parameters and 
conditions of welding. Kinetics of welding process. Quality inspection of joint boundaries. Confronting the 
theoretical model with the values measured. 

Keywords: metals, explosion welding, explosives, joint boundary, qualitative analysis  

1. INTRODUCTION  

Boundary of welded metals is a specific phenomenon in explosion welding and/or surfacing, which shows 
some undulation even „drifting“ not only directly on the boundary of two joined materials but which also 
penetrates partially to seemingly negligible depths of the welded metals. Such a periodic character is 
proved not only in the geometric manifestation of boundary, but also as a manifestation of periodically 
changing distinguishable metallographic characteristics. Since parallel observing the quality, mechanical, 
strength and other utility properties of a joint undoubtedly shows a correlation amongst the shape, size 
and other characteristics of boundary, it is relevant to search for a suitable form, way and attributes for 

a more detailed description of joint boundary (Figs 1 and 2) and mainly 
to determine the significant parameters of explosion welding exerting 
certain effect on those properties. In other words, it is very important to 
set-up more of less integrated theory of this process, grasping by its 
content the profile of all partial mechanisms of this complex 
phenomenon, starting with processes of explosive combustion, through 
the thermodynamics of propagation of explosion combustion products 
with the character of adiabatically manifesting detonation shock wave, 
its acting on the solid boundary of accelerated metal, its primary 
deformation and acceleration, up to its impact on the stable substrate 

material, their mutual interaction including the plastic strain and intermixing with the subsequent final 
bond formation. This process is demanding not only owing to relatively long enumeration of all 
subsequently following individual courses, but also due to its great complexity – there are involved 
thermodynamic phenomena in the heterogeneous gaseous, liquid and solid phase, a whole spectrum of 
physics continuum manifestation in all three phases, moreover with the necessity to consider the viscous 

Fig. 1. Area studied by EDX 
analysis 
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friction owing to viscous processes leading to non-linear phenomena with each process phase. This non-
linear interconnection of all partial phenomena, and also the non-linear manifestation of themselves make  

this task enormously 
demanding, though such are 
also all tasks expressed by the 
relationships like Naviera-Stocs 
equations. Such problems are 
usually approached by 
heuristic-phenomenological 
way with an effort to describe 
the individual (sub)problems by a set (inwardly anonymous) integral and integrating experimental 
characteristics, and/or by idealised simplified model situations of individual partial problems, which are, 
after their understanding gradually completed and seamed into a real compact state. The first way is reliant 
to selectively set experiments, enabling to study the effect of individual supposed parameters and it 
requires a costly experimental background, whereas the other way necessitates the mastering of very 
demanding mathematic instrument and knowledge of all, even marginally reached results and it even does 
not fear different qualitative views on its essence, mainly on the onset of the study of given issue,. Both 
approaches rely on possibility to be involved in the entire grasping of the studied problem, within the 
results achieved by them both, appreciating the possibility of mutual linking the results of effort gained by 
these two approaches. 

2. QUALITATIVE CONSIDERATIONS ABOUT POSSIBLE PROCESSES DURING JOINT FORMATION 
LEADING TO FORMATION OF BOUNDARY WITH A PERIODIC CHARACTER 

From metallographic analysis of explosion welded joint together with regard to other considerations it 
follows that a part of metal on the joint boundary was in liquid phase or at least in plastic state for a certain 
time interval. This fact could be very easy verified by a simple qualitative estimation. 

Responsibility for formation of periodic structure on the boundary of two metals for sure depends on 
several mechanisms. Here belongs also the mechanism of tangential stress formed due to „rolling“ of the 
accelerated metal, having not only normal but also tangential component of velocity and impulse at impact 
under the effect of explosion shock wave. Due to friction between the surfaces, enhanced also by 
formation of plastic state on both surfaces in a very short interval at impact of the colliding metal, the 
tangential component of friction will be exerted in formation of tangential forces, leading to occurrence of 
undulated boundary. Similar effect takes place during mutual sliding of two plasticized layers (for example 
nesting of subduction layer in geologic processes, molten rocks during lava flow,...), during mutual motion 
of two non-mixing liquids, during blowing the surface of free liquid level by a gas jet, during wind acting on 
a free water level etc. Some of mentioned boundaries are formed by environments with significantly 
differing properties, some not. However, principle remains the same – tangential motion of two continual 
environments along a mutual boundary. 

The following model expression involves several almost unpardonable approximations and assumptions 
and it grasps the entire essence just in negligible measure and it by no means pretends consideration of all 
mechanisms occurring in explosion welding, whereby the impact of metals is just one of them, though 

Fig. 2. Line concentration profiles of the selected elements 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

412 

a significant process, from the total number. First of all, to relax this clumsy situation, the formation of 
normal effects, which would cause mutual interactions with tangential effects, owing to inner friction in the 
plasticized metal volume and finally would lead to approaching the reality by regarding, though desirable 
but with great problems manageable undesirable non-linear effects, will not be taken into account. Then, 
also with the aim of avoiding the consideration of other non-linear effects, neither dissipative processes will 
be considered, connected with energetic loss due to friction, mainly in the plasticized portion of metal. 
Thus, the analysis will be conducted in not too demanding qualitative level.  

Let mutually move two environments, for sakes of simplicity with two constant velocities 1v�  and 2v� , having 

just tangential components, different in magnitude, oppositely oriented, parallel to mutual surface of 
environments. With the aim of another almost insignificant and no limitations causing simplification, only 
relative mutual velocity of environments will be next observed, thus one environment will be steady, 

exerting the velocity 0
�

(zero), the other will move over it with a constant non-zero velocity 0
��

Nv . 
Orientation of movement is in ),,0( yx  plane, in direction of Ox  axis, the undulation will be expected and 

observed in the direction of Oz  axis. Motion of such environment with such a velocity will principally cause 
velocity perturbation v�O  in both environments and for a qualitative assessment this supplementing change 
will be at the beginning observed just in the moving environment, thus its resultant velocity will be vv �� O
 .  

Assumption of constant velocity 0
��

Nv  is rather unreasonable, in the ),,0( yx  plane and in direction of Ox  

only impact point is constantly moved (displaced), but the boundary not. However, being aware of strongly 
required and demanding approximation it can be supposed, that this is true for the boundary at least in 
a small section, at least during the existence of liquid (plastic) phase. 

Regarding the task symmetry it can be supposed that for velocity only the components of vector in the 
direction of Ox  axis will remain. 

From the complete Navier-Stokes equation, after considering the incompressibility of liquid (what is a real 
requirement also for the molten metals), leading to invariance of density const�- , neglecting the 

thermal processes, ... just the part with velocity change and pressure perturbation pO  will remain 

pvv
t
v OP��OPO

$
O$ ���

-
1)(                                   (1) 

and together with the equation of continuity of incompressible liquid 

0�OPv�
�

                                            (2) 

these will form a complete system of differential equations. After considering the mentioned symmetry for 
the velocity components for the perturbed component of velocity and pressure the following relation will 
be valid  

pv
x
vv

t
v O��O

$
O$O


$
O$

-
1

,                                    (3) 

within which the neglecting of inner friction in liquid/melt has occurred. This step, aimed at considerable 
simplification of further procedure is rather controversial, since on one hand the friction (at least) on the 
boundary of environments is inevitably required, however it is deliberately omitted on the other hand. 
Next objections may be stopped by assumption of friction formed between the surfaces in the initial phase 
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of their mutual motion, thus the inner friction will be „switched off“, eventually without existence of inner 
friction the formation of tangential forces caused by formed surface unevennesses, resulting from 
„endurance“ of normal force component of the colliding metal can be supposed, which will not be 
otherwise regarded.  

After application of operator P
�

 (div) to equation (2) there will remain 02 �OP p
�

, event. the relation,  

0�O�p                                            (4a) 

and after considering the supposed task symmetry we will obtain the expression 

02

2

2

2

�O%%
&

'
((
)

*
$
$



$
$ p

xz
,                                     (4b) 

for which the solution may be found in the form  
)..().(),,( txkiezftzxp Q�RO                                   (5) 

and by its inserting into relation (4b), the dependence for function )(zf can be obtained 

0)()( 2
2

2

��
$

$ zfk
z

zf
,                                     (6) 

which leads to a formal solution?  
zkepzf .

0.)( �O� , constp �O0 ,                                (7) 

with selection of only „-“ sign, owing to requirement of a finite (limited) value for �#z , therefore the 
resultant solution will be  

)..(.
0.),,( txkizkeptzxp Q�
�O�O ,                                 (8) 

what unanimously calls attention to periodic change of pressure on the boundary, leading alternatively to 
formation of a local underpressure and overpressure. This is just the result allowing a justified expectation 
of a periodic structure on the boundary of surfaces, though in the sense of all sometimes „slightly“ 
exaggerated assumptions. However, the effort for only a qualitative view on the studied processes in the 
boundary was advised on the very beginning. 

Pressure present on the boundary, will be an enforcing factor for the course of events in its vicinity. 
Therefore, supposing similar dependence also for the velocity of boundary by setting the resultant relation 
(8) to equation (3), the expression for vOmay be derived 

� � 0... pkvvkii O��OO
�
-

Q ,                                  (9) 

which expresses, besides others, also the dispersion effects? 

Let the boundary surface be expressed by the function ),,( tzx  and let the velocity follows in each place 

and time the change of this surface 
dt
dv 

RO . Since for a full time derivation  )( PO

$
$

�
��v

tdt
d

is 

valid, then, on assumption of a real approximation  )( PO�O�
$
$ ��� vv

t
is also valid, therefore for relation of 

boundary surface and velocity the following expression can be written down 
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)(. Q


�O
O

R
vki
v

                                       (10) 

Subsequently, for the pressures above and below this boundary the following relations are valid 

2
1

1
1 )(.. v

k
p O���O Q-

,  22
2 .. Q-

k
p �O , ale  �� 21 , therefore it is possible to compare both 

expressions for 1pO  through this variable 

and also 2pO  and so a quadratic relation may be derived finally  
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2
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2
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 kvkv --Q-- ,                            (11) 

from which the following may be expressed 
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It can be shown that the first member of expression (11) type YX ��Q  is positive 0�X  and the 
expression below the radix is negative 0�Y , and therefore for the frequency Q  the following is valid 
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what leads to unstable, ever growing oscillations, which growth is in real case stopped due to existing 
friction on dissipative processes, but which are not considered in this model.  

Expressions (9 to (13) allow to express the geometric processes of wave process and, owing to that also its 
resultant manifestation. 

The interference processes of the acoustic waves, propagating in the colliding and stable material are 
another mechanism contributing to formation of an undulated boundary. This mechanism is completed 
also due to different velocity of propagation of the transverse and longitudinal waves in both these 
materials. This would, at consideration of combustion velocity of explosive and mentioned sound velocities, 
enable to express the pressure field in both materials and on their boundary and finally also prediction for 
possible reasoning of the boundary. Naturally, all possible mechanisms realising during this process would 
be represented in some measure. The measure of representation must take into account some hidden 
mechanism of energy distribution to individual partial processes, though its solution may be by no means 
an easy task. 

3. CONCLUSIONS 

The aim of this contribution was to find and express the reasoning of possible processes leading to 
a periodic structure of boundary in explosion welding of metals. In spite of a great number of reality 
significantly modifying assumptions, the relations were obtained, which at least quantitatively and with 
relatively low measure of agreement describe the studied process and formation of undulated boundary.  
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Abstract 

The mechanical properties (conventional yield strength, ultimate strength) of HSLA steel (grades HC260LA, 
HC300LA, HC380LA and HC420LA to EN10268) in the process of cold deformation are investigated. 

Mechanical properties of HSLA steel depending on the degree of deformation (a single-factor experiment) 
and depending on degree of deformation and temperature of steel (multifactor experiment) was 
researched. Empirical coefficients of hardening curves are defined. They are defined for equation of A.V. 
Tretyakov by the method of least squares. Decrease of resistance to deformation depending on 
temperature of a strip and deformation degree is defined. It’s calculated for the range of temperatures 
from 25 0С to 150 0С. The results of research may be used in the wide spectrum of theoretical and applied 
problems of cold deformation processes of HSLA steels. 

Keywords: HSLA steel, conventional yield strength, ultimate strength, cold rolling, approximation by 
linearization, tensile test, experimental randomization, mathematical model, strip temperature, 
deformation heating 

1. INTRODUCTION 

The construction of adequate mathematical models is required for debugging and development of cold 
rolling technology. Mathematical simulation of the cold deformation process is impossible without taking 
into account the physical and mechanical properties of the material. In present work we are researching 
the high-strength low alloy steels (HSLA). In literature the information about the properties of HSLA steel is 
present in the limited quantity. In present article the results of experimental investigation of hardening 
low-alloy hardly-deformed steel are described. 

2. PLANNING AN EXPERIMENT 

We started this work in order to determine the dependence of mechanical properties of steel from the 
total degree of deformation and factors of the temperature during cold rolling. 

To achieve the goals and objectives of research the experiment was planned as follows: selection of hot 
rolled HSLA steel samples; cold rolling of samples on a laboratory mill with different total deformation; 
tensile test of samples, analysis of test results - mathematical formulation of cold-rolling hardening.  

At the first stage of research we received the equation where an independent variable is the total 
deformation in cold rolling and conventional yield strength of steel is the dependent variable. The 
independent factors (variability of chemical composition, mode of hot-rolling, cold-rolling, the heating of 
the metal during cold deformation) are affected on the conventional yield strength in the process of cold 
rolling in industrial conditions (in addition to the total degree of deformation). Randomization of the 
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experiment was carried out to eliminate the influence of uncontrollable factors on the outcomes of the 
experiment [1]. 

Randomization of the experiment was provided by the following methods: 

� heterogeneity of the chemical composition was compensated by selection of hot-rolled samples of 
each investigated brand from several melting and then the results of mechanical tests averaging; 

� samples were cut from the strips with the most identical technological processing parameters of hot 
rolling; 

� hot-rolled samples were cut at the sites of the strip with steady-state condition of rolling; 

� all groups of samples with a different set of independent factors are rolling on a laboratory mill with 
the same step of the total deformation; 

� tensile tests were performed under identical conditions for all samples on the universal test machine 
Z100 BT1�FR100SN. A2K («Zwick», Germany). 

Thus was formed an array of randomized data, conducted it’s statistical analysis, screening errors, the 
averaging of data and the subsequent construction of the required yield strength depending on the degree 
of deformation during cold rolling [2]. 

At the second stage of researches we are studied the influence of the temperature of metal on the 
mechanical properties of steel. Experiment was planned as follows: 

� selection of hot rolled HSLA steel samples; 

� cold rolling of samples on a laboratory mill; 

� grouping samples in the identical thickness; 

� tensile test of each group of samples (with identical thickness) at temperatures 25 � 150 0C with a 
step on heating 25 0C. The level of temperature was established on the basis of practical data of 
warming up a strip in the process of cold rolling on mill 2030; 

� construction of hardening curves, statistical treatment of data. 

In research we studied steel grades HC260LA, HC300LA, HC380LA and HC420LA. These grades are widely 
used and problematic for treatment on five-stand cold rolling mill 2030. 

3. EXPERIMENTAL RESEARCH OF A CONVENTIONAL YIELD STRENGTH OF HSLA STEELS IN THE PROCESS 
OF COLD ROLLING 

Selection of hot-rolled samples. Samples of steel (grades HC260LA, HC300LA, HC380LA and HC420LA) were 
taken after etching. The cards (length 210-250 mm) in the entire width of rolled strip were sampling at the 
entrance (recoiling machine) of cold rolling mill 2030. Each sample was divided into longitudinal sample 
width of 150 and 40 mm. Blanks of "dumbbell" shape for tensile test (State standards 1497-84, 9651-84) 
were received from the samples of size of 150 mm. The samples size of 40 mm were designed for further 
cold rolling [3, 4]. 

Cold rolling on a laboratory mill. Cold rolling of the hot rolled samples of hardly-deformed steels HC260LA, 
HC300LA, HC380LA and HC420LA different melting in the intermediate-thickness was performed on 
a laboratory mill 250 with using a concentrate of high effective emulsion.  

During cold rolling we received: 
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� maximum total degree of deformation is 83,16% (rolling from 2,85 to 0,48 mm) for steel HC380LA; 

� maximum total degree of deformation is 77,89% (2,76 → 0,61 mm) for steel HC420LA; 

� maximum total degree of deformation is 84,11% (3,02 → 0,48 mm) for steel HC260LA; 

� maximum total degree of deformation is 83,33% (2,46 → 0,41 mm) for steel HC300LA. 

Samples with various combinations of independent factors was rolled in 12 - 15 of intermediate thickness 
[5]. 

Tensile tests of steel grades HC380LA and HC420LA. Hot-rolled and hardened samples after cold rolling 
were subjected to mechanical tensile test with measurement of the conventional yield strength, ultimate 
strength, unit elongation and hardness. Results of measurements are presented on Fig. 1. Thus was formed 
an array of measurements of the conventional yield strength and the total degree of deformation for each 
of the studied steels [5]. 
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Fig. 1. Conventional yield strength (a) and ultimate strength (b) of steels HC380LA, HC420LA depending on 
total degree of deformation (results of mechanical tests) 
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Mathematical construction of hardening curves steel grades HC380LA, HC420LA. After dropping out of 
errors and average of tensile tests data in each intermediate thickness the obtained values (Fig. 1) were 
smoothed by three-parameter dependence of A.V. Tretyakov with using the method of least squares. 

As a result the dependences of the conventional yield strength and ultimate strength of the total degree of 
deformation during cold rolling of high strength steel grades HC380LA and HC420LA are received. For steel 
grade HC380LA the correlation coefficient of equations (1, 2) is 0.963 and 0.966 respectively [6]: 

0,75
T 19,026 +483 = M	�� ,          (1) 

0,942
B 8,005 +545 = M	�� ,          (2) 

where T�  � conventional yield strength; B�  � ultimate strength. 

For steel grade HC420LA the correlation coefficient of equations (3, 4) is 0.977 and 0.982 respectively 
0,689

T 23,138 +612 = M	�� ,          (3) 

0,748
B 17,807 +675 = M	�� .          (4) 

Tensile tests of steel grades HC380LA and HC420LA. Hot-rolled and cold�rolled samples were subjected to 
mechanical tensile test at temperatures 25 � 150 0C with a step on heating 25 0C. Heating of samples 
carried out in the temperature chamber for heating of test samples of metal at test for stretching at the 
increased temperatures (0 � 350 0C) type EC2084 («Zwick», Germany) according to State Standard 
9651�84. The conventional yield strength and an ultimate strength for six values of temperature of heating 
of samples were defined. Results of tests are presented on Fig. 2, 3. 
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Fig. 2. Conventional yield strength (a) and ultimate strength (b) of steel HC260LA depending on 
temperature and total degree of deformation 
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Fig. 3. Conventional yield strength (a) and ultimate strength (b) of steel HC300LA depending on 
temperature and total degree of deformation 

3 DISCUSSION OF RESULTS 

Within research the maximum quantity of possible options of previous processing (influence of a chemical 
composition, modes of hot rolling etc.) is considered at the stage of sampling. Cold rolling of hardly 
deformed steels with total deformation over 80 % is carried out on a laboratory mill. Tensile test are carried 
out in identical conditions on the certificated equipment. Constants of a cold hardening of the equation of 
A.V. Tretyakov for steel grades HC260LA, HC300LA, HC380LA and HC420LA are defined as a result of 
approximation of empirical data of research. The empirical equations of dependence of mechanical 
characteristics (conventional yield strength and an ultimate strength) from total deformation are received. 
Accuracy of the equations is from 96 % to 98 %. Dependences are applicable in particular for modeling of 
processes of cold deformation. For steels HC260LA, HC300LA research of influence of temperature of 
a strip on hardening at cold rolling is carried out. Total decrease of the conventional yield strength is 40 
MPa when we are heating not deformed samples of steel HC260LA to temperature 150 0С. For steel 
HC260LA total decrease of the conventional yield strength is 36 MPa. Total decrease of the conventional 
yield strength is 44 MPa when we are heating deformed samples (total deformation 50%) of steel HC260LA 
to temperature 150 0С. At the same total deformation for steel HC300LA decrease of the conventional yield 
strength at temperature 150 0С is 54�68 MPa. Decrease of the conventional yield strength at temperature 
150 0С is 54�107 MPa (steel HC260LA) and 75�165 MPa (steel HC300LA) when we are heating deformed 
samples with total deformation over than 50% (maximum total deformation of steel HC260LA is 84%, 
HC300LA is 83%) to temperature 150 0С. 

Hardly deformed steels in the process of cold rolling are warming up. It’s causes loss of strength and 
changing of power energy parameters (efforts, the moments, rolling capacity). Increase of a total 
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deformation causes warming up of HSLA steel and leads to proportional decrease of hardening 
characteristics. It is necessary to take into account this fact in modeling of processes of cold deformation 
and calculation of the modes of treatment of HSLA steels. The influence of temperature of heating of steel 
on decrease of data of conventional yield strength is growing when the total deformation is over than 50%. 
Decrease of data of the conventional yield strength during an experimental research was from 54 to 165 
MPa. The work we have done has demonstrated that this decrease of conventional yield strength is more 
for steel HC300LA than for steel HC260LA. 

4. CONCLUSIONS 

An experimental research on definition of mechanical properties (conventional yield strength, ultimate 
strength) of hardly-deformed steel (grades HC260LA, HC300LA, HC380LA, HC420LA to EN10268) is carried 
out 

Dependences of conventional yield strength and ultimate strength from the total degree of deformation 
during cold rolling of steels HC380LA, HC420LA were built. Empirical coefficients of hardening curve of HSLA 
steels are defined. They are defined for equation of A.V. Tretyakov by the method of least squares. These 
coefficients for the calculations in different types of cold deformation (cold rolling, forming) may be used. 
Decrease of the conventional yield strength depending on temperature of a strip and total degree of 
deformation is investigated. It’s investigated for the range of temperatures from 250С to 1500С (for grades 
HC260LA, HC300LA). The results of research may be used in the wide spectrum of theoretical and applied 
problems of processes of cold deformation of HSLA steels. 

LITERATURE 

[1] HICKS C. Fundamental Concepts in the Design of Experiments. London, 1967. 407 p.  

[2] KRASOVSKY G. Fundamental Concepts in the Design of Experiments. Moscow, 1983. 393 p.  

[3] State standard. Metals. Methods of tension tests. GOST 1497-84 (ISO 6892-84). 

[4] State standard. Metals. Methods of tension tests at elevated temperatures GOST 9651-84 (ISO 783-89).  

[5] BORISOV S. Determination of hardening curves of HSLA steel in the process of cold rolling 20th Anniversary 
International Conference on Metallurgy and Materials. May 18-20, 2011. Brno, Czech Republic, EU. Conference 
proceedings. – 5 p. 

[6] MAZUR I. Mathematical modeling of the process of high-strength steel cold rolling in the continuous five stand 
mill 2030. Izvestiya VUZ. Chernaya Metallurgiya, 2010, № 5, P. 41-44. 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

423 
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Abstract  

Tube rolling by means of the push bench process is the fourth technological operation in ZP rolling mill. The 
principle is that the mandrel bar with elongated and mounted steel shape is being pushed through 
retrenching roll calibers on a high speed (up to 7 m/s), causing that the steel shape is being rolled over a 
mandrel bar. The roll calibers are not driven, they are rolled on material as a result of its rectilinear 
movement and friction. The aim of this work is to describe thermo-deformational processes and to define 
the critical phenomena, which appear by the push bench process itself. One of these is the risk of the 
hollow bottom tear off, where in preference the shear stress applies and we have pointed out, that the tear 
off may coincide with the bottom thickness as well. Another objectionable phenomenon is the size of 
’’threadbare end’’ whose length is negatively influencing the weight of technological scrap. We suppose 
that its size is determined by the input material shape – nibs that occur in previous technological 
operations – calibration and punch pressing. The article also shows, that the ’’threadbare end’’ is also 
created by the push bench process itself and that its creation is in coincidence with an uneven heat 
generation by the deformation through retrenching roll calibers and consequential formation of 
longitudinal strips with uneven temperature fields.  

Keywords: push-bench process, numerical simulation, thermo-deformation processes 

1. INTRODUCTION 

Push bench (Stossbank) represents final forming operation in the production of tube stock (tube semi-
product). The hollow bloom is transported from three-roll elongator to push bench and further elongated 
using a mandrel bar as an internal tool. The push force is applied to the mandrel bar by rack-and-pinion 
arrangement, reaching operating speeds up to 6 m/s. In ZP push bench, 16 roll stands are arranged in push 
bench bed. All roll stands comprise three non-driven, circumferentially distributed grooved rollers. The 
gradually decreasing cross sections of the roller passes cause the hollow bloom to be rolled on the mandrel 
bar. Because the rollers are non-driven, they rotate due to friction force, acting between rollers and linearly 
moving tube stock. In ZP push bench, tube stock with wall thickness of 3.0 ÷ 12.5 mm can be produced. The 
calculation of particular calibration series considers mandrel bar diameter, 2 x wall thickness and required 
tolerance, respectively. For every calibration series, both fixed and adjustable calibers are usually 
considered. According to the last fixed caliber used, adjustable calibers are determined in order to match 
actual and required final tube dimensions [1]. 

2. SIMULATION PRELIMINARIES 

Parameters of simulation were as follows: 
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Numerical model of a push bench was created with nine fixed and two adjustable roll stands. Due to 
symmetrical arrangement of modeled process, ½ model was chosen to speed up computation time (¼ 
model is also possible). Initial conditions of the model were set up, using basic data from previous 
operations. Input characteristics of ZP Tube Rolling Mill At were provided, ensuring tube stock with 141 mm 
diameter and 5.5 mm wall thickness as the simulation result.  

Input data: 

� Material: grade 11 steel with carbon content of 0.1 %  

� length of hollow bloom : 1590 mm  

� inner diameter: 222 mm [2] 

� bottom thickness: 30 mm 

� temperature of hollow bloom : 1200 °C 

 

The rollers are non-
driven. The rotation 
of rolls was modeled 
by means of rotation 
function in DEFORM 
3D software where 
user can enter a 
small torque and 
thus simulate 
rotation of rollers by 
means of friction 
forces. 

 

Fig. 1 Work pass of a push-bench roller (up), estimated length of elongated tube 

3. SIMULATION RESULTS 

3.1. Rolled shape analysis  

Gradual reduction of wall thickness of a tube stock passing through selected roll stands can be seen in Fig. 
2. Reduction of a particular caliber can be seen in Fig. 1. The shape of the tube stock cross-section as it 
passes through each roll stand takes the shape of a cylinder caliber. It can be seen that the smallest wall 
thickness of the tube stock coincides with axes of mirror symmetry of rolls whereas the biggest wall 
thickness can be observed between each of the neighboring rolls. Nevertheless, unevenness of the wall 
thickness is gradually reduced as the tube passes through the last two adjustable roll stands. 

The wall thickness of a tube stock during elongation decreases from 45.0 mm down to 5.5 mm. The 
simulated tube stock elongation model exhibits local wall thickness from 5.4 up to 5.6 mm. 
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Fig. 2 Gradual wall thickness reduction of a tube stock as it passes through first, intermediate and last roll 
stand, respectively 

3.2. Stress distribution analysis 

Mechanical stresses induced in material as it passes through each roll stand are caused by oval-shaped 
rollers. Calculated effective stress reached minimum of approx. 70 MPa and the maximum of approx. 170 
MPa (Fig. 3). 

 

Fig. 3 Effective stress in each roll stand during elongation 

 

Stresses during the rolling process didn’t 
change significantly. Maximum value of 
effective stress obtained after 7th roll 
stand was approx. 170 MPa. 

3.3. Temperature field analysis 

The temperature of a rolled material 
during elongation gradually increases 
from the initial temperature of 1200 ˚C to 
approx. 1300 ˚C (Fig. 4). This is mainly due 
to the heat generated at high strain and, 
especially, at high strain rate when 
passing through each roll stand. Heat 
transfer into the rollers and to the 
surroundings is not significant given the 

1.1 1.6 A 1.2 

Fig. 4 Temperatures in selected points during elongation 
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short duration of the process (approx. 3.5 s). Heat transfer into the mandrel bar is also reduced due to the 
550 ˚C mandrel bar preheating. 

 

In Fig. 4 we can clearly see that that the surface temperature at the same distance of the material is not the 
same. This is mainly due to the heat generated during oval rollers passes, as mentioned above. The largest 
amount of heat is generated right in the middle of each roller (smallest caliber). For this reason, we can 
observe longitudinal strips of different temperatures (Fig. 5). These temperature strips occur during 
elongation in real push-bench production process as well. 

 
Fig. 5 Surface temperature field, exhibiting longitudinal strips 

3.4. Uneven deformation of tube end 

   
Fig. 6 End of elongated material, exhibiting uneven deformation 

In presented numerical model, uneven deformation of tube end occurs and is clearly visible in Fig. 6. Such 
uneven deformation is common in real production process, exhibiting even longer “protrusions”. In our 
case, the simulation confirms formation of these protrusions even if the input model did not include data 
with the uneven deformation that naturally occurs during technological processes of calibration and 
piercing. For this reason, we can conclude that the resulting protrusions would be even more pronounced. 

As this uneven deformation of tube end occurs even without considering the previous technological 
operations, we can conclude that its occurrence is caused by high strain-rate heat generation and 
subsequent formation of longitudinal strips of different temperatures.  
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4. CONCLUSIONS AND RECOMMENDATIONS 

Simulation of a push-bench process as the fourth technological operation in production of seamless tubes 
in ŽP a.s. is crucial for the knowledge of thermo-mechanical processes that govern the process of seamless 
tube rolling. During push-bench process, various phenomena occur which need to be eliminated if possible. 
One of them is the danger of tearing-off the bottom of tube stock, where shear stresses act in tube stock 
bottom, reaching magnitudes up to 120 MPa. We think that the cause of bottom tearing-off may be 
strongly related to the actual thickness of the bottom (30 mm in this case). It is therefore suggested that 
numerical simulations with various thickness of tube stock bottom should be performed in order to asses 
this hypothesis. 

Another harmful phenomenon is the occurrence of ’’fins’’. Although cropped off by hot saw, „finned“ tube 
end negatively influences the weight of technological scrap. As described in section „Temperature field 
analysis“ we assume that the occurrence and size of „finned“ end is caused not only by uneven 
deformation during calibration and punching processes but also by push-bench process itself (longitudinal 
temperature strips). 
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Abstract  

The work described in this paper had several objectives: charting the temperature field after the last rolling 
pass by means of mathematical modelling and in-situ temperature measurement, finding cooling curves for 
various sets of operating conditions and predicting mechanical properties (impact energy, yield and 
ultimate strengths) for selected sections: flat and angle bars. The temperature field after hot rolling was 
mapped using inverse analysis in FormFEM program on the basis of the known surface temperature vs. 
time curve for the bar after rolling. Thermal properties of the steels were explored in a laboratory 
experiment. For mechanical properties to be predicted in TTSteel program, the CCT diagram of the steel 
was constructed. Mechanical properties of the rolled products were determined for various cooling 
methods: immediately behind the rolling stand or on the cooling bed. An optimum cooling schedule and 
production guidelines were drafted on the basis of the collected data. 

Keywords: Hot rolling of shapes, Finite element method, Cooling, Inverse analysis 

1. INTRODUCTION  

The main objective of industrial research and development consists in optimisation of means of production 
at manufacture of the given product. Optimisation criteria may be different in dependence on the 
requirements to the final product. It is generally valid that determination of suitable optimisation criteria 
must be preceded by a maximum understanding of the manufacturing process. In technology of forming 
and subsequent heat treatment the decisive role is played by knowledge of deformation mechanisms and 
of structure forming processes running in the given forming process and immediately after it. We 
practically cannot determine from industrial (pilot) experiments or from physical modelling (laboratory 
rolling, plastometres) the exact time flows of thermo-mechanical quantities, and we are certainly unable to 
determine their distribution for example across the product cross-section in majority of cases. That’s why 
importance of use of computer simulation at process modelling of technology of metal forming is growing.  

2. PROCESS MEASUREMENT  

Our work was aimed at determination of distribution of temperature field after the last reduction, 
determination of cooling curves at various conditions, and at prediction of mechanical properties 
(hardness, yield point and strength) for 4 chosen sections (2 flat bars and 2 angle bars) for the steel grade 
ČSN 11 523, the exact chemical composition of which is given in Tab. 1. The result consisted of evaluation 
of possibility of influencing of properties of given sections by change of conditions of cooling on the cooling 
bed or by modification of chemical composition. The measurements were performed on the rough mill of 
the Cross Country type at ArcelorMittal Ostrava a.s. 
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 Tab. 1 Chemical composition of the steel grade ČSN 11 523 (wt. %) 

C Mn Si P S Cr Ni Cu Al V Nb N 
0.16 1.38 0.206 0.015 0.013 0.05 0.02 0.10 0.004 0.06 - 0.0039 

For the first rolled section – angle bar 100x100x10 – we determined temperatures on the rolled product 
surface with use of precise portable pyrometer. Fig. 1. shows dependence of the measured values of 
temperature on the material surface on time for 25 bars rolled in one sequence. It is evident here that at 
the time τ = 0 - 5 s the difference between minimal and maximal measured temperature achieved even 
200 °C, while at the time τ = 35 s the interval of temperatures was approx. 70 °C. This was probably caused 
by the fact that distance of the measuring station No. 1 was only 3 m from the 9th stand, that’s why 
measurement of temperatures might have been influenced for example by vapour generated at cooling of 
the rolling stand. 

Fig. 2. demonstrates dependence of temperature on the section surface on time, during which the section 
was cooled down on the cooling bed. During measurement fans under the cooling bed were switched on. 
The wind velocity at the fan’s mouth was 15.5 m.s-1 at maximum.  

  
Fig. 1. Temperatures measured behind the last 

stand 
Fig. 2. Temperatures measured on the cooling bed 

3. VERIFICATION OF TEMPERATURE PROPERTIES OF THE USED STEEL  

The objective of this laboratory measurement consisted in obtaining of cooling curves characterising 
cooling on air of the laboratory sample taken from the investigated steel. These curves were compared 
with results of simulation on PC. Good agreement of the measured and calculated curves is the basic pre-
requisite for subsequent mathematical modelling. A thermocouple of the type K: Pt – PtRh, isolated in 
ceramic capillary from 99.99 % Al2O3 was installed into the central part of the sample with dimensions 
10.04 x 23.9 mm. Furnace temperature was 1 200 �C. The sample was left in the furnace till the 
temperature read by thermocouple got stabilised. Afterwards the sample was taken out from the furnace 
and it cooled down freely on air.  

Fig. 3. presents a comparison of measured (red curve) and calculated (black curve) values. Cooling curves 
showed a very good agreement between the measurement and PC simulation. Deviations occurred at the 
temperature of approx. 750 °C, cooling rate of the laboratory sample was slightly higher than that 
presented by the mathematical model. At the temperature of 560 °C it is possible to see deceleration till 
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complete stop of decrease of temperature of the laboratory sample, caused by heat accompanying 
formation of pearlite. 

 

  
Fig. 3. Comparison of cooling curves from 

laboratory experiment and curves calculated by 
FormFEM 

Fig. 4. Comparison of measured average surface 
temperatures with cooling curves based on original 

temperature field (const. =1 000 °C), and on 
temperature field obtained by reverse analysis (IA) 

4. FE ANALYSIS OF COOLING OF SECTIONS  

4.1. Determination of temperature field of the section L100x100x10 after rolling by method of reverse 
analysis  

The primary pre-requisite for the following calculations of cooling of the section L100x100x10 was 
a constant distribution of temperature across the section’s cross-section. The initial temperature was 
chosen on the basis of measurements as t0 = 1 000 °C. The resulting cooling curve corresponding to this set 
initial temperature is in the diagram in Fig. 4. plotted in red colour and it is compared with the measured 
average surface temperatures of individual bars. It is evident from the measured values that surface 
temperature during the first moments after rolling increases, which indicates that temperature of centre of 
the section is higher than that of its surface. 

Using the method of reverse analysis we have found such temperature field of the section after finish 
rolling, which would ensure the best agreement of the subsequent cooling curve with the measured values 
(see Fig. 4., black curve). The sought temperature field after rolling is shown in Fig. 5. 

4.2. Determination of heat transfer coefficient for cooling of the section L100x100x10 on the conveyor 
by reverse analysis method  

It is possible to assume for outer sides of the section a radiation into free space, and then angle heat 
transfer coefficient C12 = 1 and C21 = 1. The angle coefficient for inner sides of the section is [1]: 

667,0
2
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3
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S
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S
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(1) 

where: 

S3 is fictive area (see Fig. 6.) 
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S1, S2 are areas of section’s inner walls. 

Temperature dependence of the heat transfer coefficient obtained by reverse analysis is shown in Fig. 7. 

Fig. 5. Temperature field 
of the section 

L100x100x10 after finish 
rolling, obtained by 

reverse analysis 

Fig. 6. Diagram for 
calculation of the angle 
coefficient C12 for inner 

sides of the section 

Fig. 7. Temperature dependence of the heat 
transfer coefficient obtained by reverse analysis 

(air temperature 22 °C) 

4.3. Calculation of cooling curves 

Cooling curves were calculated for thee different values of ambient temperature from 5 to 40 °C. The 
calculation has shown that ambient temperature has negligible influence on the course of cooling. 

4.4. Determination of heat transfer coefficient for cooling of the section L100x100x10 on the cooling 
bed by reverse analysis method  

The procedure is similar to that described in the chapter 4.2. The established temperature dependence α is 
given in Fig. 8. In comparison with the assumptions the value α is substantially lower than it would 
correspond to cooling on air. It may be caused by mutual radiation from the surface of bar and cooling bed, 
another possible explanation may be partial separation of layer of scale, after which an air gap is formed 
between the scale and bar surface with thickness of approx. 0.1 mm, which acts as an insulator. 

4.4.1. Simulation of cooling of the section L100x100x10 on the cooling bed  

Simulation was performed for various velocities of the 
cooling air: v5 = 5 m.s-1, v10 = 10 m.s-1. The values of 
heat transfer coefficient obtained in the previous 
chapter (v0) were re-calculated to a forced convection 
of air with ht velocities of 5 and 10 m.s-1 (see Fig. 8.). 
Cooling curves for all 3 air velocities are given in Fig. 9. 
Three curves are given for each velocity, which 
correspond to: 1. bar surface, 2. centre of the sample 
of notch toughness testing (node of the FEM mesh 
N1513), 3. the place of the bar, which cools down the 
slowest (N629). 

Fig. 8. Temperature dependence of the heat 
transfer coefficient for 3 velocities of air: v0 = 

0 m.s-1, v5 = 5 m.s-1, v10 = 10 m.s-1 (air 
temperature 22 °C) 
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5. MATHEMATICAL SIMULATION OF HEAT 
TREATMENT  

Time and temperature coordinates of the 
beginning and end of phase transformations were 
determined with use of pressure dilatometer DIL 
805A/D made by the company BAHR 
Thermoanalyse [2]. On the basis of these results 
we have modified pars of the curves describing 
the beginnings and ends of phase transformations 
in the program for simulation of heat treatment 
TTSteel. The result is presented in Fig. 10. Points 
in the ARA diagram come from dilatometric 
experiment, lines represent their interpolation 
made by the program TTSteel. The black cooling curves (surface) from Fig. 9. were exported into TTSteel, 
and then structural shares and mechanical properties were calculated (Tab. 2). 

 
Fig. 10. Temperature dependence of the heat transfer coefficient fro 3 velocities of air: 

v0 = 0 m.s-1, v5 = 5 m.s-1, v10 = 10 m.s-1 (air temperature 22 °C) 

 Tab. 2 Results from TTSteel – structural shares and mechanical properties – heat 926 
Structural components: v = 0 m.s-1 v = 5 m.s-1 v = 10 m.s-1 
Ferrite 39.6 [%] 19.2 [%] 15.7 [%] 
Pearlite 49.4 [%] 31.6 [%] 24.8 [%] 
Bainite 11.0 [%] 49.2 [%] 59.5 [%] 
Martensite 0.0 [%] 0.0 [%] 0.0 [%] 
Mechanical properties after quenching     
Hardness HV 215 [-] 254 [-] 263 [-] 
Hardness HB 201 [-] 239 [-] 247 [-] 
Hardness HRC 16 [-] 22 [-] 24 [-] 
Yield point  431 [MPa] 565 [MPa] 594 [MPa] 
Ultimate tensile strength 661 [MPa] 795 [MPa] 825 [MPa] 

 
Fig. 9. Connected cooling curves characterising cooling 

of the beam L100x100x10 from the 9th stand to the 
cooling bed for 3 velocities of air v0 = 0 m.s-1, v5 = 

5 m.s-1, v10 = 10 m.s-1 (air temperature 22 °C) 
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6. CONCLUSIONS AND RECOMMENDATIONS FOR INDUSTRIAL OPERATION 

From the viewpoint of chemical composition no other way exists for this type of steel, only alloying with Al 
or Ti. Risk of coarsening of the TiN precipitate in the austenite (it appears at the temperature of approx. 
1 280 °C) at the temperatures exceeding 850 °C may be partly eliminated by accelerated cooling 
immediately after finish rolling. 

The values of notch toughness may be increased by heat treatment. This, again, requires more rapid 
cooling from approx. 50 °C above Ac3 down to approx. 700 to 660 °C, followed by slower cooling with the 
aim to avoid bainitic area. Increased cooling rates below the temperature t = 850 °C may lead to an 
undesirable banding of pearlite, and thus to deterioration of fracture properties (see Fig. 11.). 

The existing state when the bar is cooled down more quickly only on the cooling bed at the temperatures 
below Ac3 (840 °C for P150x25) is unsatisfactory from the perspective of the values of notch toughness. It is 
even possible to expect amelioration of the values, if no accelerated cooling is applied at all [3].  
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Fig. 11. Influence of cooling rate on banding 
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Abstract 

Titanium and its alloys are highly successful materials for the fabrication of dental and orthopedic implants, 
on account of their favorable combination of properties such as low specific weight, high strength to weight 
ratio, low modulus of elasticity, very high corrosion resistance and excellent general biocompatibility. This 
paper describes manufacture of ultra-fine grain titanium, its structure and properties. Ultra-fine grain 
titanium has higher specific strength properties than ordinary (coarse-grained) titanium. Ultra-fine grain 
titanium was produced by the ECAP process. 

Keywords: ultrafine-grain titanium, ECAP process 

1. INTRODUCTION 

It is required that a material for dental implants is bio compatible, it must not be toxic and it may not cause 
allergic reactions. It must have high ultimate strength Rm and yield value Rp at low density r and low 
modulus of elasticity E. Metallic materials used for dental implants comprise alloys of stainless steels, 
cobalt alloys, titanium (coarse-grained) and titanium alloys. Semi-products in the form of coarse-grained Ti 
or Ti alloys are used as bio-material for medical and dental implants since the second half of the sixties of 
the last century. Titanium is at present preferred to stainless steels and cobalt alloys namely thanks to its 
excellent bio-compatibility. Together with high biocompatibility of Ti its resistance to corrosion evaluated 
by polarisation resistance varies around the value 103 R/=m. For these reasons pure titanium still remains 
to be a preferred material for dental applications. Development trend in case of this material is oriented on 
preservation of low value of the modulus of elasticity and on increase of mechanical properties, especially 
strength. According to the Hall-Petch relation it is possible to increase considerably strength properties of 
metals by grain refinement [1]. That’s why it is appropriate to use for dental implants rather fine-grained Ti 
instead of coarse-grained Ti. Use of ultra-grained concerns numerous fields including medicine. Bulk ultra-
grained structural metallic materials are used for dental applications. These are materials with the grain 
size smaller than approx. 100 to 300 nm. High-purity titanium is used for dental implants.  

2. MECHANICAL PROPERTIES OF DENTAL MATERIALS  

Strength properties of ultrafine-grained titanium must have the following values: Rm � 1000 MPa, Rp0,2 � 
850 MPa. Apart from the strength, another important properties of dental implants is their so called 
specific strength (strength related to density). Mechanical properties of metallic material for implants are 
evaluated in relation to its density as so called specific properties. In case of classical coarse-grained 
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titanium the relation (Rm/-) varies around 70 to 120 (N·m/g), for the alloy Ti6Al4V it varies around 200 
(N·m/g), and for (n)Ti it is possible to predict the values Rm/r = 270 (N.m/g). As a matter of interest it is 
possible to give the specific strength also for some other dental materials: steel AISI 316L - Rm/- = 65 
(N·m/g), cobalt alloys Rm//- = 160 (N.m/g)). Disadvantage of dental implants based on steel or cobalt alloys 
is their high tensile modulus of elasticity: E = 200 to 240 GPa, while in case of titanium and its alloys this 
value varies between 80 and 120 GPa. At present only few companies in the world manufacture 
commercially bulk nano-materials.  

2.1. Materials of dental implants  

The use of endosseous implants for replacing missing teeth became possible, only when scientists found 
a suitable material such as titanium that could integrate with human bone. The materials used for 
implantation must have some specific characteristics such as immunity to corrosion, bio-compatibility, 
strength, damage tolerance and capacity for joining with bone and other tissues (osseointegration). 

 CP Titanium. Commercially pure Titanium is the first material found that combines the most favorable 
mechanical and physical properties for successful use in dental implants. It is immune to corrosion by body 
fluids,acids and oxygen, it is bio-compatible, hard enough to withstand the forces of chewing and 
osseointegrates well with the japone [2]. Titanium also is almost completely nonmagnetic and is extremely 
strong for its weight. The majority of dental implants are made of commercially pure titanium which ~99% 
titanium and small amounts (0.18-0.40%) of oxygen with trace amounts of iron, carbon, nitrogen, and 
hydrogen. The concentration of carbon and iron determines the grade of the alloy. 

Titanium alloy (Grade 5-Eli ). Recently there is increased use of this titanium alloy containing 90% Titanium, 
6% Aluminum and 4% Vanadium. It is believed to offer better strength and fracture resistance with similar 
osseointegration performance as commercially pure titanium [3].  

Zircon Dioxide of zirconium (ZrO2) is a new type of material used by some manufacturers of dental 
implants. Zirconium is a metal with similar biocompatibility properties with titanium. Zircon implants are to 
be used when there are more aesthetic requirements such as for restoring front teeth but they are much 
more expensive than titanium ones. The Zircon type of dental implants can offer better aesthetic results 
because the color of the implant components is completely white and no metal is visible through the 
ceramic restoration affecting the tooth color. 

2.2. Types and size of dental implants  

The average width for standard implants ranges from 3.5 to 4.5 mm but several factors can make necessary 
the use of different width implants [4]. The dentist must evaluate properly the condition of the patient's 
jaw and the position of the missing tooth in the mouth and in relation to the adjacent teeth.  

Wide form implants (large diameter), Fig. 1a 

Back teeth have to withstand much more load than the rest of the teeth during chewing. If there is enough 
healthy jawbone in the area, the dentist may prefer to use wide form implants for better stability and force 
distribution. Wide platform dental implants range between 4.5 - 6.0 mm in diameter.  

Shorter implants, Fig. 1b 
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If there is close proximity with a facial nerve, a shorter implant has to be used to avoid the risk of nerve 
damage. The use of shorter types of dental implants is also recommended in some special cases for the 
upper jaw to avoid damage to the sinus.  

 

Narrow form implants (small diameter), Fig. 1c 

The implant must not disturb the roots of the natural teeth on its sides. If the empty space is not wide 
enough, the dentist may decide to use narrower implants to allow adequate space from adjacent roots for 
better osseointegration of the implant. Narrow implants are also known as mini dental implants and their 
diameter varies from 1.8 to 3.5 mm.  

The use of mini dental implants has increased significantly over the recent years. Many dentists promote 
the use of small diameter implants because they involve less surgical time making them a simpler and low 
cost solution.  

a)   b)  

c)  
Fig. 1 Photographs of the three types of implants: a) large diameter implant, b) shorter implant, c) small 

diameter implant 

3. TECHNOLOGY FOR MANUFACTURE OF ULTRA-FINE GRAINED TITANIUM  

The main objective of experiments was manufacture of ultra-fine grained titanium, description and 
optimisation of its properties from the viewpoint of their bio-compability, resistance to corrosion, strength 
and other mechanical properties from the viewpoint of its application in dental implants [5]. 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 ECAP 
technology. The output was ultra-grained titanium with strength about 1050 MPa. The obtained ultrafine-
grained titanium was further processed by technology (of rotation forging) and drawing to the shape 
suitable for dental implants.  

4. STRUCTURE AND PROPERTIES OF TITANIUM 

Commercially pure titanium (CP) bars and sheets were used in this study. The average grain size of the as-
received CP titanium is ASTM no. 4. Tensile specimens with a gauge of 50 mm length, 10 mm width and 3,5 
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mm thickness were machined with the tensile axis oriented parallel to the final rolling direction [6,7]. The 
specimens were deformed at room temperature with different initial strain rates. After testing, the 
deformed specimens in order to preserve the microstructure Fig. 2- 4.  

     
 Fig. 2 Initial microstructure of CP titanium    Fig. 3 Microstructure of titanium after rolling 

                          (deformation ��= 46 %) 

a)   b)  
Fig. 4 Microstructure of CP titanium after: a) cold deformation 98 %; b) annealing 670°C / 2 hour 

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. Chemical analysis and mechanical 
properties titanium are given in the Tab. 1-3. 

 

 Tab. 1. Chemical analysis titanium Gr. 2, w. % 

N O C Fe Al Cr Ti 

0,004 0,068 0,008 0,03 0,01 0,01 Rest. 

 

 Tab. 2. Mechanical properties cp titanium after annealing 650 °C/ 1 h. 
  Tensile strength     Yield strengh        Elongation      Reduction of area 
   [MPa]         [MPa]          [%]          [%] 

365 212 51 71 
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Tab. 3. Hardness (HV30) cp titanium after cold rolling 

Hardness  Initial sample        Sample after cold rolling         

HV30 
 1   2   1   2    3     4    5   6  

 128 128   140   139   131    200   202  205 

5. OBTAINED RESULTS AND THEIR ANALYSIS  

Semi products from individual heats were processed according to modified programs by the ECAP 
technology and then drawn to a wire. Wire diameter varied about 5 - 8 mm. ECAP technology and drawing 
was made in variants : 

� 8 passes ECAP at a temperatures of 280 oC; with annealing between individual passes. 

� rotation re-forging to a diameter of 10 mm (cold forming : e = 2.2). 

� The following technology of drawing was realised at increased temperatures. 

The samples for mechanical tests and for micro-structural analyses were prepared from individual variants 
of processing. On the basis of the results, 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. Structure of ultra-fine grained titanium after 
application of the ECAP process is shown in the Fig. 5, The structure was analysed apart from light 
microscopy also by the X-ray diffraction. Tab. 4 summarises the obtained basic mechanical properties.  
 

 Tab. 4. Mechanical properties ultrafine grain titanium after 8 passes ECAP and drawing 

Forming processed 
UTS 
[MPa] 

Elong. 
[%] 

E 
[GPa] 

dz 
[nm] 

ECAP (8 passes) 
960 
960 

12 100 100 to 300 

Drawing (� = 20 % ) 

Drawing (� = 20 % ) 
1030 to 1050 9 - 

100 to 300 
100 to 300 

 

a)  b)   

Fig. 5. Microstructure of titanium after: a) initial structure, b) after equivalent strain 7.1 (8 passes ECAP) 
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6. CONCLUSION 

Technology of manufacture of ultrafine-grained titanium was proposed and experimentally verified. Grain 
refinement in input materials was obtained using the ECAP process. In conformity with the Hall-Petch, 
relation the strength properties of titanium increased significantly as a result of grain refinement. The 
obtained mechanical properties correspond with the declared requirements. Ultrafine titanium has higher 
specific strength properties than ordinary titanium. Strength of ultrafine – grained titanium after drawing 
varies around 1030 to 1050 MPa, grain size around 100 to 300 nm.  
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Abstract  

Advantage of magnesium alloys is in their low specific mass. This is the lowest of usual technical alloys. 
Specific strength (Rm/-) is double in comparison with aluminium. These alloys are at forming characterised 
by low cold formability caused by hexagonal crystal lattice. The main alloying elements of magnesium alloys 
are aluminium, zinc and manganese, or possibly also Si, Zr, Th and elements of rare earth metals. In case of 
higher of Al, or Zn and Th it is possible to use hardening in order to increase the strength. Magnesium alloys 
are used in automotive industry for an extensive assortment of components, such as parts for chassis, 
sheets and wheels. 

Keywords: magnesium alloys, forgings, mechanical properties  

1. INTRODUCTION 

Automotive industry, which is characterised by the biggest potential of development, belongs to important 
outlets for magnesium materials. Use of magnesium in vehicles was for decades limited to castings of 
complicated shapes for engines and wheels. Traditional die casting dominated for economic reasons. 
A possibility of use of magnesium materials components also for chassis and drives is now being 
considered. It turns out that it is suitable to replace the use parts made of steel and aluminium with 
magnesium alloys. Use of magnesium alloys for components of chassis puts high requirements to their 
strength, toughness and service life. Majority of these properties is achieved by forging. Importance of 
application of forgings from magnesium alloys in passenger vehicles in comparison with the currently used 
die cast castings is continuously increasing. Use of magnesium alloys in cars depends on price relation 
between aluminium and magnesium alloys (Tab. 1). The Tab. compares the current economic possibilities 
of replacement of aluminium alloys with magnesium alloys, as well as price relations expected in years to 
come [1]. 

 Tab. 1. Price relations between forgings made of aluminium and magnesium alloys  
Price relation 
aluminium - 
magnesium 

Aluminium Magnesium – current price Magnesium – target price 

EUR/kg EUR (dm3) EUR/kg EUR (dm3) EUR/kg EUR (dm3) 

Basic metal 2-4 6-5 4-3 7-7 3-6 6-5 
Initial blank 0-7 1-9 2-9 to 4-3 5-2 to 7-7 1-4 to 2-1 2-5 to 3-7 
Forging and finishing 5 to 7 14-3 to 19-8 10 to 20 18 to 36 5 to 10 9 to 18 
Total costs 8 to 10 23 to 28 17 to 29 31 to 51 10 to 16 18 to 28 
Comparison with Al 
alloys  100% 100% 210 to 280% 140 to 180% 120 to 160% 80 to 100% 
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Density of magnesium alloys is by 25% 
lower than that of aluminium alloys. 
Density of magnesium alloys varies in 
dependence on the on the content of 
alloying elements from 1350 to 1830 
kgm-3. Magnesium alloys have the 
biggest ratio between strength and 
density (Rm/-) of all structural 
materials. They are characterised by 
good Machinability and majority of 
alloys also by good weldability at arc 
welding under protective atmosphere. 
Certain drawback of magnesium alloys 
consists in their lower resistance to 
corrosion. Another disadvantage is 
their high reactivity (in some cases 
even at machining) and low strength at high temperatures, as well as low notch toughness. Mechanical 
properties of cast structure may be increased by forging, Fig. 1. 

2. MAGNESIUM ALLOYS  

Mechanical properties of Mg can be substantially increased by alloying by aluminium (up to 10%), zinc (up 
to 5 to 6%), manganese (up to 2.5%) and zirconium (up to 1.5%). Aluminium and zinc form a solid solution 
with magnesium. Inter-metallic phases of the type Mg4Al3 and MgZn2 are formed at its higher contents. In 
both cases the quantity of admixtures increases the basic mechanical properties. Manganese forms with 
magnesium a solid solution 3. Solubility of manganese in magnesium decreases with the decreasing 
temperature and 1 phase precipitates from the solid solution 3. Addition of manganese does not influence 
the achieved strength characteristics, but it influences favourably resistance to corrosion. Increase of the 
level of resistance to corrosion can be explained by the fact that a thin layer of Mg - Mn oxides is formed on 
the surface. Addition of manganese decreases effect of iron in magnesium. Manganese and Fe form 
a compound of high density, which settles at melting at bottom of the bath. Apart from basic addition 
elements also addition of tin is used in magnesium alloys. Tin is soluble in magnesium at the temperature 
of 645°C up to the content of approx. 10%. Its solubility decreases with temperature with simultaneous 
precipitation of �1 phase (Mg2Sn). Complex alloys Mg-Al-Mn alloyed additionally with 5% of Sn have good 
hot formability. Silicon is insoluble in magnesium. It forms with Mg an inter-metallic phase of the type 
Mg2Si, which strongly strengthens the basic matrix. Due to significant increase of brittleness the content of 
silicon in alloys is under 0.3%. Alloying of magnesium alloys with zirconium refines grain, the achieved level 
of mechanical properties increases and at the same time resistance to corrosion decreases. Elements of 
rare earth metals or thorium increase refractoriness of magnesium alloys. Beryllium in the amount from 
0.005 – 0.012% decreases oxidation of alloys at melting, casting and heat treatment.  

Wide assortment of products made of the formed magnesium alloys covers numerous products from 
forgings to sheets. Forgings are made from the following alloys: AZ31B-F, AZ61A-F, AZ80A-T5, AZ80-T6, 

Fig. 1. Mechanical properties of cast and forged magnesium 
alloys 
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M1A-F, ZK31-T5, ZK60A-T5, ZK61-TS and ZM21-F (in the state F to T6). Tab.2 gives chemical composition of 
selected magnesium alloys. 

 Tab. 2. Chemical composition of magnesium alloys for forgings  
Alloy Content of alloying elements in wt.% 

Al Zn Mn Si Cu Fe Zr Th Ni 
AZ31 2.50-3.50 0.20-0.80 S 0.200 D 0.100 D 0.05 D 0.005 0.0 - D 0.005 
AZ61 6.76 0.38 0.13 0.05 0.006 0.011 0.0 - - 
AZ91 8.76 0.73 0.22 0.05 0.010 0.011 0.0 - - 
ZK60 0.12 4.80-6.20 0.11 0.04 0.005 0.003 S4.50 - - 
M1A - - S1.20 D0.100 D0.05 - - - D0.010 
AZ80 7.80-9.20 - S 1.20 D 0.100 D 0.05 D0.005 - - D 0.005 
HM21 - - 0.45-1.10 - - -  1.50-2.50 - 

3. PROPERTIES OF SELECTED MAGNESIUM ALLOYS  

Magnesium and majority of its alloys crystallises in hexagonal system. This system is characterised by 
reduced formability, which is caused by small number of slip mechanisms. Slip of dislocations takes place in 
selected crystallographic planes and directions, and it is controlled by three known laws. Up to the 
temperature of 220°C the only slip plane in magnesium is basal plane (0001) and directions [1120]. At 
higher temperatures the slip begins at the planes (1010) in direction [1120], and in the planes (1011) in 
direction [1120]. These are the planes and directions in HTU lattice, which are occupied by atoms the most 

densely. Formability increases significantly with an increase of slip systems. Values of critical slip stress (.kr) 
are low for pure magnesium. Value of critical slip stress depends on purity of metal, structure and thermo-
dynamic conditions of deformation. The higher purity of metal, the lower magnitude of critical slip stress. 

Impurities forming solid solutions with the basic metal increase .kr more intensively than impurities that 
are insoluble in basic metal. If metal and admixture form a solid solution, then the value of critical stress 
increases in dependence on the on difference between magnitude of atoms of both metals, and on the 
difference of electro-chemical properties of both metals. 

Admixture elements in magnesium interact with dislocations and they increase critical slip stress. Influence 

of admixture elements on .kr can be determined by the following equation: 

n
kr c�.               (1) 

where c is concentration of admixture atom, n is exponent (n ~ 0.5 to 0.66). 

Value of critical slip stress decreases in majority of metals with increasing temperature. Influence of tem is 
not unequivocal in case of magnesium and its alloys. Various slip planes can function at various 
temperatures. For example at room temperature Mg alloys have only one system of slip planes. Number of 
active slip planes increases with increase of temperature, which is manifested by rapid decrease of slip 
stress. Yield strength of magnesium alloys can be determined approximately from the equation: 

m
kr

k
.

� �              (2) 

where m is Schmid’s factor (mmax ~ 0.5). 
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 Tab. 3 presents the basic parameters of technical procedure of forging of magnesium alloys, as well as 
their mechanical and technological properties  

 Tab. 3. Forging temperatures, mechanical and technological properties of forgings from magnesium alloys  

Alloy 
Forging temperatures, oC Mechanical properties Technological properties 

for forgings for die 
forgings 

Re 
[MPa] 

Rm 
[MPa] 

A 
[%] Weldability Resistance 

to corrosion 
AZ31 290-345 260-315 195 260 9.0 o g 

AZ61 315-370 290-345 180 295 12.0 g g 

AZ91A 300-385 205-290 250 345 5.0 g g 

ZK60 290-385 205-290 270 325 11.0 nr sa 

Note: o - outstanding, g - good, sa - satisfactory, nr – not recommended  
 

Basic properties of magnesium alloys depend on the achieved structural state, which is function of chemical 
composition, applied deformation and heat treatment. Strengthening of matrix also depends on as well. In 
this relation it is advisable to pay attention to pars of processing of alloys and to their optimisation aimed at 
reliable achievement of required and reproducible properties.  

4. HEAT TREATMENT OF MAGNESIUM ALLOYS  

Forgings are used in heat treated, as well as in non-treated state. Input blanks are before forming subjected 
homogenisation annealing at temperatures of 380 - 420°C. Duration of annealing is 15 - 30 h. The objective 
is to remove segregation heterogeneities of admixture elements. During homogenisation annealing the 
segregated phases on grain boundaries dissolve in basic matrix and chemical composition of the alloy is 
more homogenous, Fig. 2. This improves formability and enhances level of mechanical properties [2]. 

  
a)            b) 

Fig. 2. Micro-structure of the alloy AZ91 in as-cast state (a) and after homogenisation annealing (b) [4] 

Re-crystallisation annealing is performed at the temperature around 350°C. Beginning of re-crystallisation 
of magnesium alloys strengthened by deformation lies in temperature interval of 250 - 280°C. This 
temperature interval depends on the degree of strain hardening [3]. Majority of magnesium alloys alloyed 
by manganese or aluminium is used heat treated condition, i.e. after quenching and aging. Achieved higher 
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strength is connected with changed solubility of admixture elements - Al, Zn, Zr in dependence on the on 
temperature. Heating before quenching is selected in such a way that segregated inter-metallic phases of 
the type MgZn2, A13Mg4, Mg3A12Zn2 are dissolved in solid solution. A homogenous oversaturated solid 
solution is obtained after quenching. During aging the strengthening phases precipitate. Characteristic 
property of magnesium alloys is small rate of diffusion processes, that’s why the processes of phase 
transformation run very slowly. During heating before quenching the dwells of 4 to 24 hours are applied. 
Artificial aging runs in magnesium alloys within the interval of 16 to 24 hours. Selected magnesium alloys 
can be quenched also by cooling on air from the finish forging temperature. Consequential aging directly 
from the finish forging temperature is used, without inclusion of previous solution annealing and 
quenching. Temperatures of solution annealing of magnesium alloys vary around 380 to 420°C. Controlled 
aging is performed at temperatures of 200 to 300°C. This procedure of heat treatment is marked as T1 and 
T4. For achievement of maximal level of strengthening it is necessary to apply aging temperature of 175 to 
200°C. Changes of properties achieved by aging are smaller in magnesium alloys in comparison with 
aluminium alloys. Increase of strength properties after aging is not higher than 20 to 35%. Plastic properties 
of alloys, however, decrease after aging. For these reasons the most frequently used heat treatment is 
homogenisation annealing. Mechanical properties are enhanced as a result of more homogeneous 
structure. Application of natural aging does not lead practically to more significant changes of strength 
properties. 

5. FORGING OF MAGNESIUM ALLOYS  

Deformation behaviour and development of 
structure of six alloys and several shapes of 
products were verified experimentally. Initial 
samples had a shape of cylinder with 
diameter from 30 to 120 mm. Mass of initial 
blanks varied between 120g to 1500 g. The 
paper deals with three alloys only and one 
shape of product. Shape of forgings is shown 
in Fig. 3. . 

  Fig. 3. Shape of forgings from the alloy AZ61  

Structure of initial blanks for forging was in as-cast 
state. One half of the samples was in the state after 
homogeneous annealing, the second was without 
annealing. Secondary phases and zinc and 
aluminium based precipitates dissolved during heat 
treatment in basic matrix. Deformation behaviour 
and evolution of structure was verified by forging at 
the temperatures of 380 and 420°C. After forging 
a fine-grained structure was obtained, but with 
different grain size along the cross-section of 
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forgings. Average grain size varied in dependence on the on temperatures around 50 to 60 �m. It depended 
on chemical composition, forging temperature, magnitude of deformation and manner of cooling from 
finish forging temperatures [4].  

Mechanical properties of forgings and their evolution in dependence on the on heat treatment were 
verified by tensile test and by hardness HB [5]. Results of hardness are given in Fig. 4. 

6. CONCLUSIONS 

Magnesium alloys are very interesting for applications in automotive industry. They have the biggest ratio 
Rm/p of all structural materials, as well as high characteristics of vibration damping. At present numerous 
car components are made of various magnesium alloys. Wheels made of the alloy Electron belong to the 
most frequently used products, which are supplied in two executions – cast or forged. Deformation 
behaviour of the alloys AZ31, AZ61, AZ91, ZK60, AZ63a M1A at die forging was verified experimentally. 
Influence of forging technology and homogeneous annealing on structure and properties of forgings was 
compared. Forging procedures differed by forging temperature. Influence of heat treatment and forming 
temperature on final structure and mechanical properties was evaluated. Results confirmed suitability of 
inclusion of heat treatment before the heating and forging. This procedure enables obtaining of forgings 
with more homogeneous structure. Within the investigated temperature interval no significant differences 
in structure of samples were obtained. The highest strength and hardness was obtained in the alloy AZ91. 
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Abstract  

Steels with 17–22 wt. % Mn and 0.6 wt. % C exhibit low stacking fault energy (SFE) at room temperature. 
The optimum recommended stacking fault energy value is between 18 and 30 mJ·m-2. During deformation, 
this causes mechanical twinning and, when combined with dislocation gliding, it leads to the twinning-
induced plasticity phenomenon (TWIP). Exceptional mechanical properties in this TWIP alloy with face-
centred cubic lattice are provided by the interaction between dislocation slip (reduced free path), 
mechanical twinning and the formation of complex microstructure (competing martensite formation (ɛ - 
martensite or α'- martensite). When compared with other steels used in automotive industry, such as HSLA, 
DP or TRIP, the TWIP-based steels exhibit a strain hardening coefficient n of 0.4 at low strains, which is 
a twice higher value. This strengthening effect results in tensile strength of approximately 1200 MPa, 
combined with increased elongation with peaks up to 70 %. Recently, these steels began to be used more 
widely, particularly in the automotive industry. 

Keywords: high manganese steel, TWIP, metalography 

1. INTRODUCTION 

The solubility of carbon in austenite is high. An addition of manganese thus stabilizes austenite and, at the 
same time, strengthens the solid solution and the steel’s 
lattice. It restricts the potential for �-martensite by raising 
the value of stacking fault energy. The combined effect of 
manganese and carbon on the structure of steel of certain 
chemical composition is illustrated in Fig. 1. [1]. 

Furthermore, the impact of Nb upon these TRIP/TWIP 
steels was explored. It was found that the addition of 
0.017% Nb increased the stacking fault energy and thus 
inhibited martensitic transformations. This resulted in an 
increase in elongation of the TWIP steel and in a strength 
decrease. Evaporation of a significant portion of 
manganese during melting dictates that it is added in 
greater than the resulting amount.  

Advantages of TWIP steels include their ability to be 
produced using proven manufacturing procedures for 

Fig.1 Dependence of the stacking fault energy 
on the manganese content in the Fe – Mn 
system, as reported by various authors [1] 
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other steel grades and compatibility with processing methods, such as continuous casting, rolling, pressing 
and welding. Minor technical difficulties might occur in metallurgical production of these steels. A portion 
of manganese might be lost during melting due to high manganese vapour pressure.  

The course of transformation depends, besides chemical composition, on temperature and strain rate, on 
the orientation and size of initial grains and on thermal and deformation processing history. Formation of 
the ���phase precedes the formation of 3‘-martensite. Transformations of � to ��phase, as well as ��to 3‘ 
phase remain incomplete. The 3‘ phase forms at the expense of the ��phase. Consequently, the amounts of 
individual phases at various stages of deformation are varied.  

The restricting factor for the sequence of transformations of � to � and then to 3‘ is the transformation of � 
to �-martensite. The above suggests that the propensity of the steel to form � phase and the initial content 
of this phase will have a strong impact on the microstructure stability. 

The stability of austenitic steels with low stacking fault energy when subjected to deformation can 
therefore be characterized as their resistance against � to � transformation. Stability of an austenitic steel 
during deformation may be affected by two factors. One of them is its propensity for forming � phase and 
for its growth during deformation. The other is the amount of � phase present before deformation. 

 
Fig. 2 Dependence of mechanical properties of the Fe–23Mn–2Si–2Al–Nb steel on the test temperature: 

strength properties, b) elongation [2] 

An impact of the initial grain size is reported to have an effect 
as well [3, 4]. Dynamic recrystallization leads to formation of 
fine grain in steel, which effectively prevents martensitic 
transformation. When compared to the effect of concentration 
of lattice defects, grain size appears to be the dominating 
factor in promoting or suppressing the transformation. Where 
large numbers of twins are present, they may prevent the 
movement of Shockley partial dislocations and may act as 
barriers to the growth of martensite plates. The combined 
effect of twins and of the presence of fine grain provides 
austenite with an extreme stability. It was reported that 
martensitic transformation was completely suppressed in 
a dynamically recrystallized microstructure produced by hot deformation at 1100°C, where the grain size 
was 10 �m [4]. On the other hand, in a microstructure with a large grain size (40 �m) and low twin density, 
the transformation of austenite to martensite can be easier. 

Fig. 3 Appearance of cast ingots of the 
experimental alloy 
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2. EXPERIMENTAL 

The experiment comprised several stages. First, experimental batches of the material were planned and 
cast. The chemical composition of the resulting ingots was verified; their as-cast microstructure was 
examined by metallographic techniques; and the microhardness of as-cast material was measured. The 
material was then heat treated. Its samples were hot rolled using various thermomechanical schedules and 
sectioned to specimens. Gleeble plastometer testing. Metallographic evaluation of microstructure, 
measurement of microhardness. Tension tests and evaluation of fracture characteristics.Cold rolling, mech. 
properties testing and metallography [5 - 8]. 

A gas ionization-based plasma furnace with a horizontal crystallizer was employed for processing the 
samples.Chemical composition of the five samples produced was as follows: C (wt. %) from 0.65 to 1.01; 
Mn from 21.34 to 23.11 and Nb from 0.010 to 0.015.  

As-cast microstructure is shown in the following micrographs. 

 

    
Fig. 4. Micrographs of central regions of selected as-cast specimens, showing their porosity: 

specimen 5; b) specimen 7 (300 μm) 

Chemical composition of the material on the cross 
section of specimens was tested with energy 
dispersive microanalysis (EDAX). Area analysis and 
measurement of dendrite bodies showed, in most 
cases, the ratio of Mn/Fe at the level of 25/75, 
whereas interdendritic spaces showed the 
proportion of 32/68. The as-cast samples were 
homogenized at 1125°C for 3 hours and water-
cooled prior to the actual rolling process. The 
purpose of the homogenisation was to eliminate 
segregations of alloying additions. 

The first rolling stage was aimed at reducing the 

Fig. 5 Microstructure of specimen no. 5 with marked 
analysed areas (subgrains) 
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thickness of the cast ingots and crushing the as-cast structure. Identical conditions were used for all 
specimens, except sample 7. Samples 5, 6, 8 and 9 were soaked at 1100°C for 20 minutes to ensure their 
temperature is uniform throughout. They were then reduced in two rolling passes to a thickness of 8 mm. 
Specimen 7 was rolled to a thickness of 10.7 mm. It was sectioned to 8.5×15×20 mm prisms and used for 
testing in the Gleeble 3500 simulator. 

Rolled and sectioned samples were then rolled from the temperature of 1100 °C to various final thicknesses 
between 3 and 6 mm with the finish rolling temperatures of down to 950 °C. 

Microstructures of all rolled specimens were examined and their microhardness was measured with 
a Vickers indenter using ten indentations and a load of 0.2. Grain size was measured by comparison with 
standard patterns according to the ČSN EN ISO 643 standard. In selected specimens, grain size was also 
measured using the linear intercept method. 

Tension testing was performed and selected specimens were used for metallographic observation on their 
cross-sections and longitudinal sections through the fraction surface. Types of fracture and fracture angles 
were determined. 

Analysis of results of tension tests, microhardness data, flow stress values calculated from rolling forces, 
stress-strain curves from continuous and interrupted tests, activation energies, mathematical description of 
peak strains and the degree of softening and other experiment are published elsewhere [5-8], as well as 
mechanical properties upon the subsequent cold rolling. 

However, an illustrative finding is that through the hot rolling process, higher yield strengths were achieved 
at lower temperatures (1000 °C) and with larger reductions (60 %). The ratio between the yield and 
ultimate strengths Rp/Rm decreases with increasing temperature but, at the same time, declines with 
increasing reduction. Contrary to expectations, higher carbon level (which strengthens the solid solution) in 
the samples did not lead to a definite increase in strength. 

   
Fig. 6. Microstructures of specimens with different amounts of reduction: a) Specimen 5/1 with the 

reduction of 66.4 % (20 μm) b) Specimen 5/2 with the reduction of 27.9 % (70 μm) 
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Metallographic sections through tension test specimens exhibited significantly higher number of slip bands 
and twins due to severe strain introduced during tension test. Microstructure of material upon this 
deformation at room temperature is shown in Fig. 7 with a micrograph of a transverse cross section. 
Longitudinal sections exhibit deformation pattern in the form of elongation of grains in tension direction.  

Examination of fracture surfaces of tension test specimens brought interesting findings. No necking or 
localised deformation occurred prior to fracture. The fractures were transgranular and ductile with 
dimples; typically at an angle of 45o. Fig. 8 shows the fracture surface of the specimen 5/1. 

  
 
 

 

  
 

 

Some of the above-described specimens upon tension test were used for cold rolling. The specimens were 
cut to two parts and their edges were removed by milling in order to eliminate surface cracks. Rolling was 
performed in the Q110 laboratory four-high rolling mill with working rolls diameter of 62 mm. Specimens 
were rolled to various reductions of 15 or 30 % at room temperature. Rolling led to elongation of austenite 
grains in the rolling direction. The resulting grain pattern is more pronounced upon 30% reduction. The 
deformation mechanism was slip but the microstructure of specimens also clearly indicates of twinning. 

Fig. 7. Specimen 8/1 with a reduction 
of 65.7 % (transverse section) (70 μm) 

Fig. 8. Fracture surface of specimen 5/1 upon tension 
test 

Fig. 9. Specimen 9/1/2 with the 
engineering strain of 30 % 

Fig. 10. Portion of surface of specimen 
5/1 
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Surface roughness of cold-rolled specimens varied greatly upon particular passes, as seen in specimen 5. 
Roughness depth in this part of specimen is between 27 and 38 micrometres. History of specimens had an 
impact as well: greater amount of oxides was found in specimens rolled at higher temperatures [9]. 

  

3. CONCLUSION 

The paper gives an overview of metallographic observation of a laboratory-processed TWIP steel.  

The micrographs show as-cast microstructures and areas examined using EDAX analyzer. The as-cast 
microstructure of specimens was observed upon etching. The centre and near-surface areas were 
compared. Typical as-cast dendritic microstructure was found, showing extensively branched dendrites. 
Neither segregations, dendritic segregations nor significant amount of inclusions were observed. In some 
specimens, mild porosity was found. Some of the pores could have been the remainders of inclusions, 
which had already been etched away. The only difference between the centre and the edges of specimen 
consisted in the directional alignment of grains (dendrites) due to the thermal gradient between the edges 
and the centre during cooling of castings. The manganese content as measured by the EDX analysis is 
slightly higher than the weight percentage results of the spectral analysis of cast samples. At the same time 
a number of micrographs show that inderdendritic spaces contain up to 5% more manganese than the 
dendrites. 

Microstructures of all specimens showed slip bands and numerous twins with varying thickness. The 
microstructure of the material appears to be austenitic in all cases. No martensite was detected. As the 
chemical composition of experimental specimens matched that of TWIP steels, according to [1] one can 
assume that the stacking fault energy ranges between 18 and 35 mJ/mm2, and therefore twinning comes 
into play during deformation. This was evidenced by the micrographs.  

Fracture surfaces of tension test specimens were explored using EDX microanalysis and isolated inclusions 
were examined. Generally, no undesirable carbides were detected, even in specimen 6, which had the 
highest carbon content. Small amounts of the following inclusions were found: oxide-sulphide inclusions 
with certain proportion of aluminium or aluminium oxides.  

Prior to cold rolling, the specimens’ microstructure was austenite. Rolling led to elongation of austenite 
grains in the rolling direction. The resulting grain pattern is more pronounced upon 30% reduction. The 

Fig. 11 a) Microstructure of the edge of specimen 5/1/2 – detailed view (left); 

                   11 b) centre of specimen 5/3/1 (right) 
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deformation mechanism was slip but the microstructure of specimens also clearly indicates occurrence of 
twinning. 

Surface roughness of cold-rolled specimens varied greatly upon particular passes. The depth of roughness is 
on the order of tens of micrometres. History of specimens played a role as well: greater amount of oxides 
was found in specimens rolled at higher temperatures. In the microstructure, work-hardened partially 
orientated martensite was found [8]. 
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MATHEMATICAL MODELING OF EQUAL-CHANNEL ANGLED DRAWING IN STEP TOOL  
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Abstract  

In recent decades the processes realizing intensive plastic deformation (IPD) have significantly been 
transformed. The uniqueness of any IPD process is that there is a difficulty in forecast of their behavior 
because these processes are non-monotonous and non-stationary in some cases. 

In spite of this fact they are paid more attention by the scientists from all over the world as they possess 
their extraordinary properties (plasticity, strength and so on) as a result of intensive structure 
comminution.  

By the moment almost all the familiar IPD processes have been brittle with responsively small sizes of items 
therefore they are inefficient for industry. Only a few cases of these processes usage in manufacture 
conditions are known, and terms of their expenses justifying are considerably long.  

Considering the written above, it is possible to make a conclusion that the researches are necessary based 
on the results of IPD process, as well as the necessity of the development a method of making items with 
significant sizes at least in one of the directions. 

One of the prospective methods of processing metals with pressure, allowing realize intensive plastic flow 
throughout the whole deformed slab is the process of equal-channel angled drawing (ECAD).  

In this particular work the modeling of ECAD process is described, the analysis of the main technological 
parameters of the process is carried out based on the results of modelling, also their influence to the 
process stability is found out.  

Keywords: equal-channel angled drawing; IPD processes 

1. EQUAL-CHANNEL ANGLED DRAWING 

In recent decades the processes realizing intensive plastic deformation (IPD) have significantly been 
transformed. The uniqueness of any IPD process is that there is a difficulty in forecast of their behavior 
because these processes are non-monotonous and non-stationary in some cases. 

In spite of this fact they are paid more attention by the scientists from all over the world as they possess 
their extraordinary properties (plasticity, strength and so on) as a result of intensive structure 
comminution.  

By the moment almost all the familiar IPD processes have been brittle with responsively small sizes of items 
therefore they are inefficient for industry. Only a few cases of these processes usage in manufacture 
conditions are known, and terms of their expenses justifying are considerably long [1].  

Considering the written above, it is possible to make a conclusion that the researches are necessary based 
on the results of IPD process, as well as the necessity of the development a method of making items with 
significant sizes at least in one of the directions. 
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Currently there are relatively few information about continuous IPD processes. 

In their work Suriadi and Thomson [2] researched the process of equal-channel angled drawing (ECAD) 
through equal-channel angled matrix with angles of crossing channels of 90. The project was purely 
researchable because the tests were carried out with the samples of 10x10x10mm sizes. Implementing the 
process the degree of accumulated deformation was the same as by the classic equal-channel angled 
extrusion (ECAE), the main feature of the process – the sample fining during the deformation process. 
Therefore the majority of the works are based on combination of the ECAD and ECAE processes. 

In the work [3] the combined process of rolling-drawing through ECA matrix is offered which allows to 
deform long-measured metal articles with the length of more than 1500 mm.  

The disadvantages of this mode are the limits in the implementation of deformation mechanism (simple 
motion) [4]. 

The idea of a billet pushing at a time of its drawing has several difficulties connected with the synchronizing 
of extrusion and drawing processes. 

Perez and others [5] offer to use calibrating belt during the process of slab drawing with the aim of more 
homogeneous geometry obtaining, thereby fining reaches 20%. 

The influence of the accumulated (equivalent) deformation of motion on structure processing is limited up 
to the usage of joint rounding, radius which is equal to the diameter of processed article. 

As a result of numerous limits used during the implementation ECAD process, an essential condition is the 
usage of methods simplifying the process, thereby the deformation loss must be minimized. 

An alternative to the contemporary modes and tools of ECAD process is the usage of device as deforming 
supply offered by the authors [6]. Thereat the drawing direction stays invariable because of additional 
motion, the motion deformation additivity factor has the high rate of accumulated deformation at one 
stage.  

The actual scientific issue is the metal behavior research at its drawing in the tool with step location of 
channels. 

The aim of the work is the development of mathematical model of ECAD process of aluminum cylinder slab 
according to the scheme offered by Suriadi and others, as well as the analysis of the results of the total 
modeling process. 

 

 
1 – segment 1; 2 – segment 2; 3 - slab 

Fig. 1. Equal-channel step matrix 
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The main point of the modeled ECAD process is that the cylinder billet with the diameter equaled to the 
channels diameter (the diameters of all channel are the same) bends taking the channels form [2]. As 
a pulling (drawing) device there are two right-angled blocks that are parallel to each other in the 
longitudinal plane (the planes are not pointed out due to the usage of various schemes of routes [7]) which 
imitates the tongs grabbing the front end of a billet. The grabs move along a longitudinal axis OX. The 
matrix’s segments (Fig. 1.) stay moveless in drawing process, thereat the segment 1 has a motion towards 
axis OY when a slab bends.  

Before the beginning of the process, after the segments have completely closed, there is a grabbing of 
billet’s front end from each side with the purpose of obtaining of homogeneous contact surface. Then with 
the help of tongs the billet is pulled towards OX axis. That is the essence of the ECAD process in the step 
matrix (Fig. 2.).  

          
a)     b) 

Fig. 2 Model ECAD; а – initial billet; b – billet pulling process 

During the calculation scheme completing the following permits were considered: 

� As the hardness rate of the deforming tool is higher the hardness rate of the billet and the 
parameters of strengthened – deformed state were not considered so the tongs and the matrix 
segments are admitted to be the bodies with absolute hardness rate, the billet, in its turn, is 
admitted to be the plastic body.  

� Working out the complete billet model, the geometry simplifies were implemented with the aim of 
calculation time decreasing. Calculation wasn’t included a part of a billet with the aim of decreasing 
its length. 

� The following step is the task of tribologic properties of the technologic process.  

 

In the model there is a consideration of a contact between bodies with absolutely hardness rate (billet’s 
segments) and deformed body (billet), friction is used like “shear” (motion by Zibel). The friction coefficient 
is equal to 0.08 (segments – billet), the grabbing – billet zone has non-separable properties. The initial data 
are in Tab. 1. 
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 Tab. 1 Initial data and technological parameters of ECAD 

№ Modeling parameters Indicator’s mean 

1 Initial data of a billet and a tool (whole models) 

1.1 Geometric parameters of tool, billet: form and 
size 

According to the draft the length of the first 
horizontal channel is 20mm, the second horizontal 
channel is 10mm, crossing angle of channels is 30  

1.2 Geometric parameters of tool: 

- segment 1 – the total length is 36mm, the 
width is 7.5mm, cavity radius is 2.5mm 

- segment 2 - the total length is 36mm, the 
width is 7.5mm, cavity radius is 2.5mm 

 

 

Right-angled ones has a height of 12mm and a 
profiled operated surface  

1.3 billet material Aluminum A0 (Al 1100) 

1.4 Tool material Steel 35XM (AISI 4135) 

1.5 billet and tool temperature 20 Celsius  

2 Parameters of technological process and mathematical model 

2.1 Puncheon movement speed 1 mm .c-1 

2.2 Transversal feed of upper segment 1 mm .c-1 

2.3 Friction coefficient “segment – billet” 0.08 

2.4 Friction coefficient “puncheon –billet” Non-separable condition 

2.5 The number of elements the whole model is 
broken into 

2500 elements, relative coefficient is equal to 1 

2.6 Calculation step and the total calculation 
period 

t = 0.1 sec 

T = 100 sec 

2.7 The number of calculation steps 1000 steps 

2.8 The material of model slab corresponds to the 
real one 

Mizes’ plastic model 

2.9 Tool material (segments, puncheon) 
corresponds to the real one 

Hard bodies 

 

Fig. 3 shows mode of distribution of equivalent deformations and equivalent stress in billet.  
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a)       b)  
Fig. 3 Mode of distribution in billet: a – equivalent deformations �, b - equivalent stress 

As we can see on the graphics of the 4th Fig. a, b, c, the deformation � distribution is non-homogeneous 
throughout the billet section, the surface layers of billet are deformed more than the central part, which is 
the result of influence of channel joints. Further deformation doesn’t cause significant changes in 
deformation distribution, homogeneous stays during the following steps. By the second and the third step, 
the average increase of equivalent deformation means is � = 0.5 – 0.7. Also the graphics show that the least 
means of equivalent deformation are in the central part of the strip (� = 1.25 after the third step), that, in 
its turn, has a negative influence on the whole process of deformation distribution throughout the billet 
section. Force distribution (Fig. 5) during ECAD process is line and uniform one, over-falls are observed at 
the initial stage of deformation that would be explained that according to the technology of equal channel 
angled drawing, the billet is firstly set up in the tool, then it is pulled through the matrix, thereat the hard 
ends provide this initial over-fall up to the mean of 370H, then the force decreases up to the constant mean 
of 315H. 
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Fig. 4 Distribution of equivalent deformations � throughout the strip section, measured at three points; a –

 the first step, b – the second step, c – the third step 

 

Fig. 5 Graphic of force distribution in ECAD process 

 

0 

50 

100 

150 

200 

250 

300 

350 

400 

0 20 40 60 80 100 

Fo
rc

e,
 N

 

Time, s 

0 

0,5 

1 

1,5 

2 

2,5 

350 360 370 380 390 400 410 Time, s 

Eq
ui

va
le

nt
 d

ef
or

m
at

io
n 

point 1 

point 2 

point 3 

Non-gomogenious 

  deformation 

0 
0,2 
0,4 
0,6 
0,8 

1 
1,2 
1,4 
1,6 

110 160 210 260 
Time, s 

Non-gomogenious 
deformation 

point 1 

point 2 

point 3 

Eq
ui

va
le

nt
 d

ef
or

m
at

io
n 

b) 

c) 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

459 

While the billet passing channels joints, the various kinds of strain appear. During the whole drawing 
process the strain changes its sign when passing the first and second joint. Thus the stripping stress has the 
highest mean in the upper part of the strip of 122 MPa, and on the contrary, squeezing stress has the mean 
of -125 MPa in the lower part. This distribution of main maximum stress indications is shown on the Fig. 6. 

 
Fig. 6 Graphic of main maximum stress distribution through the billet section 

The graphic shows that stress changes its sign when passing the channels joints in surface layers of strip, 
thereat the strain saves its positive sign in the central part of the strip (stripping stress of 125 MPa).  

 
Fig. 7 Graphic of damaging distribution through the billet section 

 

Damaging distribution is homogeneous while passing the first joint, then while passing the second joint 
there is a sharp increase of damaging means, the highest of them is 0.22 in borders of the strip, the central 
parts have the means of 0.1. The highest means of damaging in the upper layer of the strip are, the most 
possibly, caused by sharp change of channels joints where the main maximum stress changes its sign. So, at 
the remarked point with increased damaging means (Fig. 7, point 3) in comparison with the graphic of main 
maximum stress (Fig. 6) we can observe that at the second channel joint part (at the strip exit out of 
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deformation hearth), the stripping stress has maximum means – that is the reason of increased damaging 
means. 

2. CONCLUSIONS  

The mathematical model of equal channeled angled drawing process has been worked out, which allows to 
show the real conditions of this process procedure. The distribution of main maximum stress, as well as the 
equivalent deformations and damaging throughout the strip have been researched. Also the stress 
distribution during the ECAD process has been demonstrated. 

In this work there is a solution to the task of ECAD process of aluminum wire, also the analysis has been 
carried out which allows to make a conclusion of trustworthy of admitted assumptions and simplifying for 
the calculation scheme. 
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Abstract 

This paper summarizes the effort made in numerical simulation of cross roll straightening processes in tube 
straightening machines. Even though the theory of sophisticated material models for cyclic plasticity and 
cyclic viscoplasticity has made great progress over the last two decades, reports on numerical simulations 
of straightening process are quite sparse. Here, Chaboche model as a typical representative of material 
models for cyclic plasticity is briefly presented. Its main parameters were obtained by fitting the numerical 
results to the record of a specifically designed cyclic bending experiment. The predicted response was in 
good agreement with the measured data and hence the applicability of this constitutive model on tube 
straightening was validated. Chaboche model with the determined parameters was then utilized in the 
simulation of straightening process in a six-roll straightener. The resulting history of reaction forces in each 
roll provides a reasonable start point for the comparison of various concepts of straightening machines in 
the field of virtual prototyping. 

Keywords: cyclic plasticity, Chaboche model, numerical simulation, cross roll straightening 

1. INTRODUCTION 

Since 1989, when L. J. Chaboche presented the set of complex constitutive equations for cyclic plasticity 
and cyclic viscoplasticity [1], he has pursued the research of this topic [2,3]. Many researchers became 
inspired to further elaborate, verify and widely utilize various forms of Chaboche model [4,5,6] for 
analyzing cycling processing especially in metal technology. At least four major FEM solvers (ABAQUS, 
ANSYS, COSMOS, MSC.Marc) have incorporated some form of Chaboche model. For instance, MSC.Marc 
(version 2010) offers the material model which combines the isotropic hardening rule and the nonlinear 
kinematic hardening to describe typical characteristics of cycling plasticity like Bauschinger effect, 
ratcheting and mean-stress relaxation effect. While the isotropic hardening is often specified with a stress-
strain curve, the nonlinear kinematic hardening is widely described by means of the following equation 

(1) 

 

where the material coefficient C has the units of stress and� is a dimensionless coefficient quantifying the 

measure of diverting from linear kinematic hardening (which applies for � = 0 ). The remaining terms in the 

equation above have the following meaning: 

� X is the back stress tensor [7] representing the center of the yield surface in stress space  

� J is the von Mises measure [7] in the space of deviatoric stress or principal stresses, i.e. 
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R represents the evolution of the yield surface 

� k stands for the initial size of the yield surface 

� � is the plastic multiplier 

2. DETERMINATION OF MATERIAL COEFFICIENTS 

A specific cyclic bending test was designed to determine the crucial material coefficients C and � . Basically, 

the deformation state of a tube being bended in a real six-roll straightener was substituted with a very 
similar deformation state achieved by just one press roll and two hollow housing. The profiles of the 
cavities in the housings correspond with the geometry of the press rolls and additionally prevent the tube 
from slipping aside. This substitution is obvious from Fig. 1a and Fig. 1b. 

Fig. 1a: Bending of a tube in a six-roll 
straightener 

Fig. 1b: Substitutive bending test with one press roll and two 
profiled housings 

 
Fig. 2: Experimental set-up of the cyclic bending test 

 
Fig. 3: FEM model for the numerical simulation of the cyclic bending test 
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Once the experimental measurements and the corresponding numerical simulations were prepared (see 
Fig. 2 and Fig. 3), the unknown material coefficients significant for description of the cyclic plasticity 
phenomenon could have been found by fitting the numerical results to experimental records. The trial and 
error method was used to find the values of the coefficients C and� providing a satisfactory agreement 

between the experiment and the simulation (compare Fig. 4 and Fig. 5) 

 

 

3. NUMERICAL SIMULATION OF STRAIGHTENING PROCESS IN A SIX-ROLL STRAIGHTENER 

For the sake of FEM simulation of the 
straightening process the six-roll 
straightening machine was 
represented only with six rigid contact 
surfaces positioned and revolving in 
the same manner as in the real 
machine (see Fig. 6). The deformable 
tubes with initial curvature radius 5 m 
or 10 m was fed through a conical 
guide which prevented the tube from 
sliding away from the straightening 
path between the three pairs of cross 
rolls, spaced 310 mm. In the particular 
simulation presented in this paper the 
vertical shift of the middle pair of 
cross rolls (i.e. contact bodies 
“TOP_02“and “BOTTOM_02“) against 
the side pairs of cross rolls was set to 5 
mm downwards.  

Fig. 4: Record of the experimental cyclic loading 
history for tube 14x1.5mm 

Fig. 5: Numerically evaluated F-d history with 
material coefficients 40000�C MPa and 800��  

Fig. 6: Definition of rigid contact bodies 
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Fig. 7: With properly set-up rolls the contact 
areas between the tube and cross rolls 
should have the form of line contact during 
the whole straightening process 

Fig. 8: Time history of reaction forces on 
individual press rolls (straightening of the 
tube 14x1.5xR10000) – time period 
corresponding to only one halve of the 
revolution of the tube is displayed here to 
show the force oscillations due to changes 
in contact detection 

 

Fig. 9: Time history of reaction forces on 
individual press rolls (straightening of the 
tube 14x1xR5000) – time period 
corresponding to one complete revolution 
of the tube is displayed to demonstrate the 
repetitive character 
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4. CONCLUSIONS 

It turned out that numerical simulations of 3D straightening processes in a six-roll straightener were 
extremely time-consuming as well as unstable, especially due to frequent changes in contact detection (see 
Fig. 8 and Fig. 9). Also, the results and the convergence depended strongly on other parameters not 
mentioned in this paper, e.g. presumed initial geometry of the tube, clamping force imposed on the cross-
rolls, element size, friction coefficients, set-up of the rolls and material properties. 

� The presented results suggest that apart from widely accepted effect of three-point bending in a six-
roll straightener there can exist even more significant effect of “local straightening“ especially 
between the first pair of cross-rolls if the clamping forces are high and long line contact occur 
between the rolls and the tube (see Fig. 7). This “straightening duality” is explained in Fig. 10.  

 
Fig. 10: Schematic records of reaction forces demonstrating the “local straightening“ between the rolls of 

the first pair of cross rolls (i.e. “TOP_01“ and “BOTTOM_01“). The straightening due to three-point bending 
taking place between all three roll pairs result in much lower reaction forces in remaining rolls 
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Abstract  

Flow curves of the material are very important part of the input data for every metal forming process 
analysis, modeling and simulation. In this study, ultra-fine grained 7075 aluminum alloy, fabricated by equal 
angular channel pressing (ECAP) was investigated. Flow stress curves at different strain rates and 
temperatures were obtained. Phenomenological constitutive model was received. 

Keywords: 7075 aluminum alloy; ECAP; Flow stress curve; Ultra-fine grained materials 

1. INTRODUCTION 

The most important material parameter, from the metal forming point of view, is the flow curve of the 
material. This parameter characterizes the hardening or softening behavior of the material and it is an 
essential part of the input data for every metal forming process analysis, modeling and simulation.  

The 7075 aluminum alloy is well known in practice and it is utilized for many applications in industry, 
especially in aircraft industry. A considerable amount of articles has been published in regard to plastic flow 
of this material [1], [2]. Unfortunately, there is lacking of information about plastic flow curves of 7075 
aluminum alloy in ultra-fine grained (UFG) condition. This fact unusually make difficult to simulate different 
forming processes of above-mentioned material. 

2. OBTAINING OF SAMPLES OF INVESTIGATED MATERIAL AND EXPERIMENTAL PROCEDURE 

The chemical composition of investigated material (AA7075) is shown in Tab. 1. The material was in UFG 
condition, obtained by using ECAP technique, shown on Fig. 1. 

 Tab. 1 Chemical composition of investigated alloy AA7075 

Material Element % 
Mg Zn Cu Si Fe Al 

AA7075 2,8673  5,5861 1,8327 0,2435 0,3486 Balance 

 

ECAP tool with φ = 60° was used and six passes were realized at temperature T = 20°C. The initial billet was 
with dimensions 70 х 9,9 х 9,9 mm. After every pass the billet was rotated before the next pass according 
to Fig. 2. For six passes the deformed material accumulated strain about 400%.  

The experimental flow curves were obtained by means of compression tests, at temperatures 20°C, 100°C, 
200°C, 300°C and strain rates 0,014s-1, 0,003 s-1, 0,0003 s-1, which were performed by the Instron universal 
testing machine.  
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Fig. 1. Equal Channel Angular Pressing (ECAP) 

c) 

 
Fig. 2. Deformation sequence and sliding 

planes at ECAP 

The specimens for compression testing were machined from ECAP-ed samples. The dimensions were Ø 9 × 
12 mm. Teflon was used like a lubricant to prevent barreling. Before deformation the testing specimens 
were heated for 300 s.  

3. FLOW STRESS CURVES 

Flow stress curves of ultra-fine grained AA 7075 at different temperatures are shown on Fig. 3.  

  
T = 20°C                  T = 100°C 

  
T = 200°C                  T = 300°C 

Fig. 3. Flow stress curves of ultra-fine grained AA 7075 at different temperatures and strain rate �� = 
0,003 s-1 
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Comparing the shown above curves, it is obvious the flow stress as well as the shape of the flow curves is 
sensitively dependent on temperature. The dependence of flow stress from strain rate is not strong. When 
the flow stress relative to the temperature is compared to the flow stress relative to the strain rate, there is 
no doubt that the effect of temperature on the flow stress is more pronounced. For all of specimens, after 
initial yielding, the flow stress decreases with varying softening rate.  

Examine the shape of flow curves, it is realize the curves’ shape look in such a manner like at hot 
compression tests, even for T = 20°C. This fact is determinates by dynamic recovery or by dynamic 
recrystallization. Regardless of testing temperatures and strain rates during deformation, work hardening 
rates counterbalanced by dynamic recovery (DRV) or by dynamic recrystallization (DRX). For compression 
test with T=20°C and �� = 0,003 s-1 (Fig. 1), the flow stress saturates after an initial period of work 
hardening and after that a plateau can be observed. For the same strain rate, but for T = 100°C the curves’ 
shape is indicator for dynamic recrystallization process during compression test. It is clear; curves’ peak is 
followed by decrease of flow stress and increase again after that. Symptoms for DRX are also marked, for 
the other cases of testing (for T = 100°C, T = 200°C and T = 300°C) but not so strong indicated. Other UFG 
aluminum alloys have similar mechanical behavior, for example commercial pure aluminum and AA 5005 
[3]. 

 

  
�� = 0,014 s-1                          �� = 0,0003 s-1 

Fig. 4. Flow stress curves of ultra-fine grained AA 7075 at different strain rates and temperature T = 100°C 

Fig. 5. θ / σ diagram after pick point of flow curve for ultra-fine grained AA7075 at strain rate  
�� = 0,003 s-1 and temperature T = 100°C 
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The critical condition for the onset of DRX are attained when the value of strain hardening rate θ = dσ/dε 
reaches the minimum after pick point of the flow curve [4]. The plot θ versus σ is is shown on the Fig. 5.  

It can be seen from the Fig. 5, the DRX onset at true strain ε = 0,329 and for true stress σ = 284,4 MPa. 

4. PHENOMENOLOGICAL CONSTITUIVE MODEL 

In order to understand the plastic behavior of UFG 7075 aluminum alloy, obtained flow curves are analyzed 
to determine a material constitutive equation. For this goal, the flow stresses values at the curves are 
correlated to the strain rate and temperature [5], [6]. 

The relation between flow stress - σ, strain – ε, strain rate - ��  and temperature – T is presented by the 
equation: 

σ = Cεn �� m exp(bT + sε )            (1) 

where C is constant; n is the work-hardening coefficient; m is the strain-rate sensitivity index; s is an 
exponent for the work softening influence; b is constant. In this study s=d(lnσ)/dε. 

Equation (1), also, can be presented 

lnσ = lnC + n lnε + m ln ��  + bT + sε           (2) 

If presumed that the value of lnC+n lnε+ m ln ��  + sε at a condition with certain strain and strain rate is a 
constant of K1. The following formula can be obtained from (2). 

lnσ = bT+K1              (3) 

Such a relation between lnσ and T, for ε = 1 and �� = 0,003, are shown on the Fig. 6. On the base of several 
lnσ/T diagrams for different strains and strain rates the mean value of slopes can be obtained and. This 
value was accepted as b value. For entire investigation, b = -0,0057. 

For calculation of m value, have to assumed, that at certain strain and temperature 

lnσ = m ln ��  + K2             (4) 

Then, m value was obtained from relation lnσ/ ln ��  (Fig. 7). For investigated material m = 0,023. 

  
Fig. 6. Linear relationship between ln σ and 

T at ε = 1 and �� = 0,003 

Fig. 7. Linear relationship between ln σ and 
ln ��  at ε = 0,2, ε = 0,3, ε = 0,5, 

ε = 1,5 and temperature T = 100°C 

ln ��  
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Calculation of n value have been done by the same approach like the values of b and m. For n 
value n = 0,1661 was accepted. 

Equation 

lnσ = n (lnε) + sε + K3             (5) 
was used for calculation of s value. 

If ε = e-1, then 

lnσe-1 = -n + s e-1 + K3             (6) 

If ε = e-2, then 

lnσe-2 = -2n + s e-2 + K3             (7) 
From (6) and (7) the next formula can be written  

s = [ln (σe-1 / lnσe-2) – n] / (e-1 - e-2 )           (8) 

According to (8) s = 0,504. 

The value of C is C = 2051,404721 and was calculated from (1). Thus for ultra-fine grained AA 7075 the 
received phenomenological constitutive model is 

σ = 2051,404721ε0,1661 �� 0,023 exp(0,504ε - 0,0057T ) [MPa]       (9) 

5. CONCLUSIONS 

Fabricating of ultra-fine grained aluminum alloys by ECAP is very effective process. The UFG materials 
present significant changes of theirs flow curves shape and, generally, in theirs mechanical properties. 

During compression tests, softening effect occur, even at room temperature. The softening is determinates 
by dynamic recovery or by dynamic recrystallization. The onset of DRX can be determines using θ / σ plot. 

For investigated material a phenomenological constitutive model was received. 
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Abstract 

Magnesium alloys are widely used especially in the automotive, aerospace and military industries and also 
in medicine. The increase of mechanical properties at retaining suitable plasticity of Mg alloys is the main 
goal of the current research. One of the possible solutions of this problem consists in the use of the SPD 
process in order to achieve high grain refinement and thereby also substantial increase of mechanical 
properties in these alloys. Process of grain refinement was realised with use of the new ECAP tool geometry 
(with the built-in the helix with pitch angle of 30° to the horizontal channel). Such design allows us to apply 
back pressure during the extrusion process and to increase thus the efficiency of the SPD process. This 
paper gives an analysis of the influence of the number of passes on the median grain size, as well as of the 
influence of the structure and initial input of heat treatment on the resulting grain refinement. 

Keywords: Process ECAP, new channel geometry, magnesium alloy, stress-strain curves, hardness, 
microstructure 

1. INTRODUCTION  

Important processes ensuring the efficient and economical use of materials in products' structures 
comprise also the replacement of the steel products by much lighter materials based on non-ferrous 
metals, such as Al, Mg, Cu, which have comparable mechanical properties and maintain or only slightly 
reduce the formability [1, 2]. The second, very important, factor is the possibility of achieving a significant 
increase of mechanical properties of structural steels, which will enable their use as a replacement of 
expensive alloyed steel. Achievement of the required properties is conditioned by achievement of ultra-fine 
grained structure in these materials (UFG structure). The basic process enabling achievement of UFG 
structures in metallic materials is a process of severe plastic deformation (SPD). 

At present, stabilisation of structure of thus created materials, which is associated with an optimum heat 
treatment of produced materials from the viewpoint of preservation of their high mechanical properties 
with unchanged or only slightly reduced ductility, is the subject of very intensive research at important 
scientific-research institutions and universities. Use of these materials at the manufacture of components, 
particularly in the automotive, medical, and aerospace and defence industries significantly reduces 
production costs. Experimental results achieved in numerous reputable working sites indicate that use of 
high or severe plastic deformation of metals makes it possible to produce materials with extraordinary 
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physical and mechanical properties, which could be used for production of technologically extremely 
stressed parts or structures [3, 4]. This naturally leads to reduction of their weight. It turns out that this way 
of research and possible practical realisation of the achieved results is very perspective. It is also presented 
as the future of technological development in the given area. A number of phenomena and relationships, 
conditions and consequences of effects of internal and external forces in the microstructure of potentially 
suitable metals, subjected to severe deformation by extreme pressures, is far from being adequately 
investigated. Before it is possible to start their technological applications in material production, it is 
necessary to expand objective knowledge not only through the study of all available information, but 
primarily also by demonstrating and confirming it by experimental research. 

2. BASIC METHODS FOR PRODUCTION OF UFG MATERIALS  

The basic methods of production of UFG materials are the following:  

ECAP - Equal Channel Angular Pressing, DCAP - Dissimilar Channel Angular Pressing, HPT - High Pressure 
Torsion, CCDC - Cyclic Channel Die Compression, CEC - Cyclic Extrusion Compression, CONFORM - 
Continuous Extrusion Forming, ARB - Accumulative Roll Bonding, CGP - Constrained Groove Pressing, TE - 
Twist Extrusion [4,5]. 

With use of the above mentioned methods it is possible to achieve 
refining of the structure and thus of the grain size in the order of 
nanometres. The major world automakers, such as Opel, Audi, 
Jaguar, Ford, Fiat, Volvo, Toyota, as well as companies operating in 
the aircraft, military and aerospace industries, started recently 
development of entirely new materials based on Al, Mg, Ti, Ni and 
on their alloys. Other materials that are currently being tested are 
called UFG steels (low- and medium carbon duplex steels), which 
achieve even double tensile strength and at the same time also 
high ductility. Achieving the desired structure depends mainly on 
temperature-deformation and stress-strain conditions of the 
forming process, development of deformation, tool geometry, 
number of passes, achieved size and strain rate, and lubrication 
conditions. 

The proposed design will verify the totally new concept of the forming tool - called 
ECAP + TE (ECAP tool with helix built into the horizontal channel - see Fig. 1) 

 

This new approach will make it possible to significantly increase the efficiency of 
the process of severe plastic deformation (SPD). The material will be strengthened 
very intensely, allowing us to achieve a high degree of deformation of material at 
lower number of passes through the forming tool. At the same time high 
homogeneity of the structure will be achieved. We want to realise the verification 
of the results in collaboration with the Zilina University, Faculty of Mechanical 
Engineering. The selected type of material will be pressed through the ECAP tool 
with counter-pressure. The principle of the method is shown in Fig. 2. The results 

Fig. 1 Insert of the ECAP tool with 
built-in helix 

Fig. 2 ECAP + BP 
method 
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achieved by both methods will be mutually compared [6]. 

3. EXPERIMENTAL MATERIAL 

AZ31 alloy is commercially produced aluminum alloy after casting and extrusion at 400°C to the final rod 
with diameter of 20 mm. Chemical composition of the AZ31 alloy is given in Tab.1.  

 Tab. 1 Chemical composition of AZ31 alloy 

Element Al Zn Cu Mn Other Mg 

[%] 33.07 00.765 00.0016 00.246 00.15 Rest 

For comparison of the influence of ECAP tool geometry on structure refining the alloy AZ31 was used and 
three specially made ECAP tools, differing mainly by their design. All three instruments were made of high-
alloyed tool steel - HOTVAR. The first tool used in the experiment was the classic ECAP tool with vertical 
and horizontal channel connections at an angle φ = 90°, outer radius R1 = 2.5 mm, inner radius R2 = 0.2 mm 
and cross-section of the channel of 10x10 mm. The second tool was based on the geometry of the first 
type. The tool was modified in the horizontal part of the channel – by deflection of the horizontal channel 
of 20° around the axis "z" (see Fig. 3). Test specimens for experimental purposes were made from the strips 
of alloys with cross-section of 10x10 mm and length of 40 mm (geometry with the channel deflection of 
20°), and with cross-section of 15x15 mm and length of 60 mm (geometry with helix) in the direction of 
rolling [7]. 

The third modification of the tool used in the experiment was the new tool of ECAP with helix built into the 
horizontal part of the channel (see Figs. 4 and 5). The helix angles were 10° and 30°. Value of the outer 
channel radius was R1 = 2.5 mm, inner radius R2 = 0.5 mm, and the angles of the channel had values φ = 90°, 
ψ = 90. The main benefit of the new geometry consisted in increasing the backpressure and in increasing 
the degree of deformation.  

Fig. 3 ECAP channel with deflection of the horizontal channel - 20° around the axis "z"  
Fig. 4 ECAP channel with the helix in the horizontal part of the channel 10°  

Fig. 5 ECAP channel with the helix in the horizontal part of the channel 30° [7] 

 

 

   

Fig. 3 Fig. 4 Fig. 5 
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3.1. Stress –strain curves 

The results of experiments conducted on hydraulic press DP 1600 kN, showed a significant effect achieved 
by modification of the ECAP tool geometry (helix matrix 30°). According to the assumptions the increase of 
the flow stress occurs in all the ECAP tools with the increasing number of passes.  

Selected readings of stress-strain 
curves after selected number of passes 
of the magnesium alloy AZ31 through 
the channel is shown in Fig. 6. 
Experiments were performed at the 
temperature of 220°C. Very good 
results were achieved using geometry 
of tools with built-in helix after the 1st 
and 5th pass through the ECAP tool. 

 

As it can be seen in Fig. 6 the stress-
strain curve in the 1st pass shows 
different character of its evolution 
than the stress-strain curves obtained in the 2nd to 5th passes. This difference is caused by change of 
geometry of the tested specimen after the 1st pass. When the specimens enters the ECA/ tool (1st pass) its 
front face is straight and after its passage through the zone of plastic deformation the formed material is 
immediately strengthened. In the 2nd and in the following passes the front face of the specimen is bevelled, 
which causes progressive start of material strengthening (the course shows gradual increase of material 
strengthening). it is evident from evolution of the stress-strain curves that max. strengthening was achieved 
after the 5th pass through the ECAP tool, which corresponds with the initial assumptions. Results of 
experiments confirmed suitability of use of new geometry of the tool, particularly from the perspective of 
achievement of higher strengthening in individual passes through the ECAP tool, as compared with the 
classical geometry of the ECAP tool, and thus achievement of the necessary grain refinement at lower 
number of passes. 

3.2. Values of hardness  

For evaluation of hardness of the formed 
material the Vickers hardness test according 
to EN ISO 6507-1 was used, when five 
indents were investigated in the on its 
surface and in central parts of the specimen. 
Initial hardness of the alloy AZ31 increased 
significantly already after the 1st to 3rd passes 
in all of the used ECAP tools. The 
measurements showed a gradual increase in 
hardness with the increasing number of 
passes. In all used types ECAP tool 

Fig. 6 The stress – strain curves of magnesium alloy AZ31 

Fig. 7.Hardness HV 10 
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geometries the hardness increased substantially after the 5th and 6th passes. The highest values of hardness 
were achieved by the tool with the built-in helix and spiral angle of 30º. 

3.3. Metallographic analysis 

For metallographic analyses a series of samples was prepared after passes by cutting them perpendicularly 
to the direction of forming. Metallographic analysis of the final structure of the AZ31 alloy was performed 
by light microscopy (see Fig. 8) and by TEM method (see Figs. 9 and 10). 

 
Fig. 8 Results of metallographic analysis of the magnesium alloy AZ31, a) initial state, b) 3rd pass, c) 5th pass 

(cross section) 

 
a)      b) 

Fig. 9 TEM analysis – initial state a) longitudinal section, b) cross section 

 
a)      b) 

Fig. 10 TEM analysis – after 4 passes through the ECAP tool a) longitudinal section, b) cross section 

The basic matrix of Mg is acting as precipitates, which reinforce the material and prevent secondary grain 
growth. The presence of precipitates is very important, because it is impossible to refine pure Mg by the 
ECAP process and exactly the precipitates limit movement of dislocations and limit thus also growth of 
grains. Initial grain size of was of the order of 40 - 60 �m (see Fig. 9 a, b). Many intermetallic inclusions 
originated in the vicinity of small grains. Heterogeneity of structure is achieved as a result of primary 
recrystallisation and formed defects. Structure of the alloy after the fifth pass through ECAP tool with the 
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helix matrix 30° showed a fine-grained structure with mean grain size of 1 �m to 2 �m and high 
disorientation between the grains (see Fig. 10 a, b). Results of experiments with the alloy AZ 31 confirmed 
increase of strengthening in individual passes through the ECAP tool with new geometry, as well as 
achievement of substantial refinement of structure, and thus also significant enhancement of mechanical 
properties. This has proved also substantial increase in efficiency of the SPD process. 

4. CONCLUSIONS 

The main aim of the experiments was to achieve a refinement of the structure of the AZ 31 alloy by the 
minimal number of passes through the special ECAP tools. If we want to achieve an increased intensity of 
deformation, as the basic factor that influences refining of structure, the necessary prerequisite for this is 
modification of the ECAP tool geometry. The experimental results confirmed achievement of very good 
grain refinement of the structure. It is well-known that it is difficult to achieve grain refinement in Mg alloys 
at lower temperatures (about 220°C). The results obtained with the alloy AZ 31 will be important as they 
will be used for grain refinement also in other types of Mg alloys. Exactly the Mg alloys are broadly used in 
military, automotive and aircraft industries.  
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Abstract  

The experimental work presents the results of carbon and nitrogen redistribution calculations for 
heterogeneous weld joints of X10CrMoVNb9-1 (P91)/10CrMo9-10 (P22) steels. The CALPHAD method was 
applied for phase equilibrium calculations of both creep-resistant steels. This method can be used for the 
solution of both local and global phase equilibrium problems concerning the base material and weld metal. 
The creep-resistant steels were thermodynamically considered as Fe – Cr – V – Mo - N - C based closed 
systems. The CALPHAD approach complemented with appropriate diffusion model given in DICTRA code 
enabled to simulate phase and element profile evolutions inside diffusion-affected zone of weld joint. The 
simulation respects an existence of fusion region on the weld interface that is occurred in real weldments. 

Keywords: creep-resistant steel; weld joint; CALPHAD; DICTRA 

1. INTRODUCTION  

Fossil-fired power plants are complex systems, in which it is practically impossible to rule out welding 
different kinds of creep-resistant steel. The choice of weld metal is very important for welds used at high 
temperatures. In the case of dissimilar weld joints, the redistribution of interstitials (C, N) can be occurred 
in the stage of their post weld heat treatment (PWHT) and also in the course of subsequent exploitation. 
The carbon redistribution leads to the appearance of carbon depleted zone (CDZ) and carbon enriched zone 
(CEZ). The structure of the CDZ forms usually ferrite grains without any apparent carbide precipitate [1], [2], 
[3]. The similar redistribution for nitrogen can be also found in dissimilar weld of steels alloyed with 
nitrogen. The region of CDZ and CEZ can be the weakest area of the dissimilar weld join under long-time 
creep but the other parts of the weld (for example temperature influence zone) have to be considered also.  

The aim of the present work is to present the experimental results of redistributions of carbon and nitrogen 
in the real weld joint of (P91)/ (P22) steels. These results are compared with theoretical simulation using 
DICTRA program [4], which combine diffusion and thermodynamics CALPHAD approach [5]. These methods 
can be used with advantage for description of diffusion controlled phase transformations. 

According the CALPHAD approach, the investigated steel represents the closed multi-component system in 
which each phase have different thermodynamic description defined in the applied thermodynamic 
database [6]. The CALPHAD approach permitted a solution of phase equilibrium based on constrained 
minimization of the total Gibbs energy in a closed system at a given composition, temperature and pressure 
[2], [5]. 
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2. EXPERIMENT 

Three weld joints were fabricated from creep-resistant steel known as P91 (X10CrMoVNb9-1) and steel 
marked as P22 (10CrMo9-10). Straight pipes made from P91 and P22 steels with external diameter 
324 mm, thickness 25 mm and length 400 mm were jointed together by gas tungsten arc welding (GTAW). 
The chemical compositions of the used steels are given in Tab. 1. 

 Tab. 1 Chemical composition of creep-resistant steels 

Steel 
Chemical composition [wt.%] 

C Mn Si Cr Ni Mo V W Nb N Fe. 

P91 0.11 0.50 0.29 8.50 0.40 0.93 0.20 - 0.08 0.07 rest 

P22 (filler metal) 0.07 0.80 0.50 2.30 - 0.90 - - - 0.01 rest 

 

Welding was carried out using internal protection by inert gas. Inductive heating with thermal insulation 
ensured a pre-heating temperature in the range from 200 °C to 250 °C. Filler metal on the base P22 (2.25Cr-
1Mo) was used for welding P91 and P22 steels. Post-weld heat treatment (PWHT) of the P91/P22 dissimilar 
weld joints was carried out in electric furnace for 2.5 hours at 730 °C. The specimens were heat treated at 
525 °C, 550 °C and 600 °C. Creep-testing was carried out using cross-weld specimens also and it is given 
separately [6]. 

The specimens after 
creep testing were cut 
along their longitudinal 
axis and polished by 
Villella’s reagent or 2% 
Nital reagent. Schematic 
view is in Fig. 1. The 
structure of weld joints 
was observed using 
scanning electron 

microscopy (SEM) 
Philips XL30. Changes in 
chemical composition 
across the weldments 

were measured using energy dispersive X-ray (EDAX) spectrometer 
for metal element and wave dispersive X-ray spectrometer (WDX 
400) for light element (carbon and nitrogen) 

3. THEORETICAL MODEL 

Phase diagrams of the steels and temperature dependent carbon and nitrogen activities of the investigated 
steels were calculated using CALPHAD approach [4] and thermodynamic database STEEL16 [7]. The 

Fig. 1 Weld joint of P91/P22 – 
600 °C/15 875 h (etched by Nital 

reagent). Creep crack in right hidden 
part 

Fig. 2 Redistributions of Cr, Mo, Ni, 
Mn Si, V in P91/P22 real weld joint 

heat treated at 600 °C/15 875 h 
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Fig. 3 Experimental and simulated 
redistribution of carbon in real weld joint 

P91/P22 – 600 °C/15 875 h 

thermodynamic behaviour of the steels was approximated by Fe- Cr- V- Mo- N- C system. The bulk 
composition of the Fe, Cr, V, Mo, N, and C given in Tab. 1 were used in calculations. The activities of the all 
elements in the given steel can be obtained by the same way as the phase equilibrium calculation [8]. 

The CALPHAD approach complemented with appropriate diffusion model given in DICTRA code enabled us 
to simulate element and phase profile evolutions inside diffusion-affected zone of weld joint. The 
simulation supposed a coexistence of different phases (carbides, nitrides and carbonitrides) in the weld 
joint. The assumption that the local phase equilibrium holds under the examined conditions and that bulk 
diffusion is the mayor control process of phase transformations [1] was supposed. The linear changes of 
concentrations of substitutional elements were assumed within fusion region. 

4. EXPERIMENTAL RESULTS 

Changes in chemical composition of Fe, Cr, Mo, V, Ni, and Si across the weldment are given in Fig. 2. Carbon 
and nitrogen redistributions were measured at the samples heat treated at 525 °C/8 690 h, 550 °C/11 190 h 
and 600 °C/15 875 hours. The example of measured carbon and nitrogen concentration profiles are given in 
Figs. 3, 4. 
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Carbon and nitrogen diffused from P22 low alloy Cr-steel into high alloy Cr-steel P91 (again concentration 
gradient). The maximum and minimum carbon and nitrogen concentrations in the carbon and nitrogen 
enriched zone (CNEZ) and in carbon and nitrogen depleted zone (CNDZ) are given in Tab. 2. 

Tab.. 2 Extreme carbon and nitrogen concentrations in the CNEZ and in CNDZ (simulated values in brackets 
will be explained in capture “Discussion”) 

Annealing NExpC max 

[wt.%] 

NExpC min 

[wt.%] 

NExpN max 

[wt.%] 

NExpN min 

[wt.%] 

525 °C/8 690 h 0.33 (0.2) 0.03 (0.017) 0.095 (0.07) n.a (0) 

550 °C/11 190 h 0.375 (0.31) 0.015 (0.013) 0.12 (0.071) n.a (0) 

600 °C/15 875 h 0.45 (0.39) 0.01 (0.009) 0.13 (0.096) n.a (0) 

Fig. 4 Experimental and simulated 
redistribution of nitrogen in real weld joint 

P91/P22 - 600 °C/15 875 h 
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Fig. 8 Phase diagram of the P91 steel 
(1...BCC+MX+M23+M6, 2..BCC+FCC+MX+M23) 

Fig. 9 Phase diagram of the P22 steel 
(1..BCC+M6+MX, 2..BCC+M7+M6+MX, 

3..BCC+M7+MX, 4..FCC+BCC+MX); dash 
lines represent carbon content of the steel) 

The experimental observation confirmed that the matrixes of both steels are ferritic at annealing 
temperatures 525 °C, 550 °C and 600 °C. The CNDZ of the P22 steel is formed by rough ferritic grains and 
high precipitate density is occurred in the CNEZ of the P91 steel (see Fig. 5 to 7). The chromium rich M23C6 
type carbide and vanadium rich MX carbonitrides in P91 steel were detected and analysed. The 
molybdenum rich phase (M6C type carbide or Laves phase) was observed in P22 steel on weld interface.  

 

 
Fig. 5 Weld joint of P91/P22 after 600 °C/15 875 h (over all view, Villella – Bain etched, light microscopy) 

Fig. 6, 7 Precipitates on P91/P22 weld interface after 600 °C/15 875 h (detail, Villella-Bain, SEM) 

5. PHASE DIAGRAM AND ACTIVITY CALCULATIONS  

The ThermoCalc pro-gram code was used for the phase diagram calculations of the steels P91 (Fig. 8) and 
P22 (Fig. 9). (MX=Vana-dium Carbonitride, M23= M23C6, M7= M7C3, M6=M6C, M3= M3C, BCC=Ferrite and 
FCC=Austenite). 

 

 

 

 

 

 

 

 

 

The thermodynamic activities of the substitutional and interstitial elements represent important 
information from point of diffusion [2]. The temperature dependences of the calculated activities of carbon 
and nitrogen for P91 and P22 steels are given in Fig. 10.  
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Fig. 11 Simulated phase profiles of P91/P22 weld joint – 600 °C/15 875 h 

Fig. 12 Micro hardness HV 0.05 measurement; P91/P22, 600 °C/15 875 h 

 
Fig. 10 Calculated carbon and nitrogen activity of steels P91 and P22 

6. DIFFUSION SIMULATIONS  

An important result of phase equilibrium calculations is the evaluation of the activities of interstitial 
elements in the steels with respect to standard element reference (101 325 Pa, 25 ºC). The activity 
difference of the given element in different materials (see Fig. 10) can be used as a first approximation for 
weld joint stability judgement because each element diffuses to a place with lower activity and this 
diffusion flux is roughly proportional to the product of the activity difference and element mobility. Here 
both carbon and nitrogen diffuse from P22 steel to P91 steel. It is in agreement with our experimental 
finding (see Fig. 3 and Fig. 4). The temperature dependences of the carbon and nitrogen activity for the 
examined steels predict that the carbon will diffuse from P22 to P91 at temperatures 500-840 °C. The same 
direction of diffusion is predicted for temperatures higher than 840 °C, when the matrices of steels are 
completely 
austenitic.  

In the case of real 
welds both the 
weld preparation 
and annealing 
history is 
important. In our 
experiment, all 
dissimilar P91/P22 
welds under view 
reveal the fusion 
regions. It was 
found that the 
thickness of the 
fusion regions is fluctuating within 80-120 μm range and the concentrations of substitutional elements 
change between steels linearly. This arrangement of the fusion zone was therefore supposed at all diffusion 
simulations. The results of diffusion simulations (at 600 °C/15 875 h, fusion zone thickness 100 μm) give to 
us carbon and nitrogen calculated profiles presented in Fig. 3 and Fig. 4. The relevant phase profiles are 
given in Fig. 11. The results of the simulations at 525 °C and 550 °C were qualitatively the same. The 
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calculated maximum and minimum carbon and nitrogen concentrations in the CNEZ and in CNDZ at all 
temperatures are given in Tab. 2. 

7. DISCUSSION 

The presented experiment and theoretical calculations focussed on the real P91/P22 welds after PWHT 
extent former results dealing with model joints having neglect able thickness of fusion zone [8], [9], and 
[10].  

The chemical composition profiles of the substitutional elements (Fig. 2) show that the fusion zone P91/P22 
real weld is formed. The thickness of the fusion zone in the investigated samples prepared by GTAW 
process can be put to 100μm. The changes of chemical compositions of the substitution elements can be 
represented with linear function crossing the fusion zone. This linear substitution element redistribution is 
created during GTAW welding process and the shape of the redistribution is highly influenced by 
convectional fluxes in the melt. The mass balance is fulfilled in any case. The melted portion of P91 material 
is conventionally spread in melted filling material and the substitution element profiles close to linear tend 
are formed in place where convectional fluxes are not active (in the fusion zone). The linear composition 
change is the result of steady state diffusion [2], [11] in convection unaffected liquid melt. The profiles are 
very stable after solidifying due to their neglect able diffusion of the substitution elements in solid state. 
PWHT neither following weld service do not change the substitution element profiles. The approximation of 
stability of substitutional element profiles can be supposed for consequent carbon and nitrogen diffusion 
simulations.  

The carbon and nitrogen are the interstitial elements in P91 and P22 steels. Their element profiles are 
changing also in solidified welded steels. The formation the CNEZ and CNDZ zones start just at PWHT. The 
propagation of the carbon and nitrogen redistributions continues at next heat treatment. The directions of 
diffusion fluxes are in accordance with carbon and nitrogen activity differences (see Fig. 10). The formation 
and solving of the carbonitride phases were occurred and predicted in P91/P22 joint (see Figs. 5 to 7 and 
Fig. 11). The Laves phase was predicted at temperatures 525 ºC and 550 ºC. Moreover the M6C phase was 
predicted at all temperatures. Fortunately, because of kinetic reasons, the microstructure having 
molybdenum rich phases was occurred inside fusion zone close weld interface (Fig. 6) only. The 
microstructure has influence on mechanical properties of the P91/P22 weld interface as given in Fig. 12.  

The maximum of the micro hardness (Fig. 12) respect the prediction of CNEZ (Fig. 3 and Fig. 4). The good 
agreement between experimental and predicted carbon a nitrogen maxima (see Tab. 2) was occurred at 
600 °C/15 875 h because the higher temperatures the system is closer to phase equilibrium. The nitrogen 
maxima are less reliable because the accuracy of weaker theoretical carbonitride description. The 
presented approach applied for the investigated creep samples gives results in accordance with 
experimental findings on P91/P22 real weld interface.  

It is necessary to note that the creep break of the real P91/P22 weld was located inside P22 heat affected 
zone for all experimental samples. The break times were given by creep conditions (stress and 
temperature) applied for the P91/P22 weld samples. The break times of the samples used in our 
investigations do not over pass 1.8 yrs. It implies that the P91/P22 weld combinations cannot be used at 
these creep conditions in industry where much longer live time is necessary. At the least, the lower applied 
creep stress is needed. At these conditions, degradation processes inside diffusion affected zones can 
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overcome the degradation processes inside heat affected zone. In this case, the described theoretical 
method can be used with advantage for diffusion simulations at long annealing times close to industrial 
operating times (10 years or more) because the simulation is not time limited as creep experiment.  

8. CONCLUSIONS 

The presented simulations of the investigated weld joints (P91/P22) enable better understand of interstitial 
element diffusion and phase transformations. The simulations performed provided information that can be 
used for failure risk predictions for long annealed weld joints. The simulations respect an existence of 
fusion region on the weld interface that is occurred in real welds (GTAW). 

These calculated carbon and nitrogen redistribution temperature dependences are very important for 
a design of dissimilar weld joints under long-time high temperature creep. The presented method is of 
great importance for power industry.  
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Abstract 

This work is focused on testing and evaluation of creep properties of P92 base material and welded joint as 
well. Up to date results of creep rupture test of P92 steel and P92 welds are presented in this article. Creep 
strength of welded joints initially reaches values close to the base material, with longer times to fracture 
and especially at higher temperatures, creep strength of welded joint decreases and the data is closer to 
the lower 40% tolerance band. The microstructure in the as welded condition and after long-term creep 
exposure of P92 welds has been investigated, too. 

Keywords: Steel P92, base metal, welded joint, creep rupture strength, creep tests 

1. INTRODUCTION 

The need for increasing of the thermal efficiency of advanced power plants and environmental protection 
leads to worldwide effort of the development of modified 9-12% Cr steels with very high creep resistant 
strength (CRS).  

In Europe, steel X20CrMoV12-1 has been used for thick-walled steel components in the past. This steel is 
suitable for temperatures up to 560°C [1]. Increasing steam parameters required the development of steels 
with higher creep strength and working temperature. Firstly, there was developed a modified 9% Cr steel, 
designated as P91. Further development brought alloying of steels by tungsten. Typical representatives of 
modified chromium steel with tungsten are steels E911, P122 and P92 in particular. Currently considered 
one of the best modified chromium steel in terms of achieved values of creep rupture strength is steel P92. 
Initial estimates of creep rupture strength of this steel, based on short-term creep tests, were about 190 
MPa at 600°C for 100.000 hours. Recent research based on long-term creep tests resulted in settlement of 
CRS between 110 and 120 MPa at 600 ° C for 100.000 hours. [1, 2]. In comparison to other chromium steels 
it is very high value. 

High creep resistance of modified chromium steels (including steel P92) is the result of precipitation of 
especially vanadium nitrides. These very finely dispersed and stable particles effectively prevent the 
movement of dislocations and thereby slow down the creep deformation. Vanadium nitrides precipitate 
not only during tempering but also during creep exposure, especially on dislocations within subgrains. 
Higher creep resistance can be thus expected in steels with high density of dislocations. In addition to 
dispersion strengthening, which is caused by vanadium nitrides and M23C6 particles, solid solution 
strengthening is involved in high creep resistance of steel P92. This is due to substitution elements Mo and 
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W dissolved in the solid solution. The maximum value of creep rupture strength according to the Japanese 
authors is reached with 1.8% W and 0.5% Mo [2]. The latest research shows that to achieve high values of 
creep rupture strength of steel P92 nitrogen and especially boron is essential. It has been shown that P92 
steel without boron has low values of creep rupture strength, even lower than steel P91 [1].  

2. EXPERIMENTAL MATERIAL 

Special welded joints of steel P92 were prepared for further experiments. Chemical composition of base 
material is shown in Tab. 1. Forged plates with thickness 20 mm were welded by manual metal arc welding 
(111). Consumables used for welding were covered electrodes Thermanit MTS 616 (EN 1599: 
E Z CrMoWVNb 9 0,5 2 B 4 2H5). 

 Tab. 1. Chemical composition of experimental base material 

Heat C Mn Si Cr Mo V W Ni Nb Al N 

33975 0.090 0.50 0.34 8.85 0.50 0.21 1.90 0.31 0.084 0.008 0.0595 

3. CREEP TESTS 

Parent material and welded joint of P92 steel were tested in extensive experimental program of creep 
rupture tests.  

3.1. Creep of base material P92 

 Tab. 2 shows the values of creep rupture strength at 10,000, 30,000 and 50,000 hours of determined using 
parametric equations of Larson-Miller [3], SVÚM [4] and Seifert [5]. Values of creep-strength extrapolated 
for 50 000 hours are given in brackets, because they do not fulfil the condition of achieving the time to 
fracture at least 1/3 of extrapolated time [4, 5]. 

Tab.2: Creep rupture strength of forged steel P92 

Temperature, °C 600 625 650 

Time, h 104 3.104 5.104 104 3.104 5.104 104 3.104 5.104 

Larson-Miller  132 121 (115) 107 97 (93) 87 78 (75) 

SVÚM 134 120 (113) 120 101 (95) 78 65 (60) 

Seifert 140 126 (119) 108 95 (89) 79 68 (63 

ČSN EN 10216-2 153 134 125 119 101 92 88 71 64 

 

For graphical comparison of the results was also used experimental data conversion method according to 
Larson-Miller parametric equation: 

� �/ 0tCPLM log
�            (1) 

Where: 

T – temperature in Kelvin  
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t – time to rupture in hours  

Results are shown in Fig. 1. The Larson-Miller constant C for the base material (steel P 92) was calculated 
based on the data listed in [2, 6] using method of least squares. The value is 26.80, which can be considered 
usual for this type of steel. 

Solid line in Fig. 1 represents standardized mean creep rupture strength values, while dashed line shows 
allowed -20% scattering band round the mean value valid for base material. Open symbols represent still 
running tests. 

Fig. 1 shows that the results of creep tests lie below the mean value, but practically all of them are in the 
allowed scattering band, 20% below mean value (dashed line). 

10

100

1000

23500 24500 25500 26500 27500 28500
PLM = T(C+log(t))

St
re

ss
, M

Pa

600°C

625°C

650°C

P 92 (ECCC)
+experiment

 
Fig. 1: Dependence of stress on the value of Larson-Miller parameter for assessing heat of the base material 

and standardized mean values of steel P 92 

 

The comparison of these results of completed creep tests shows that creep tests with the lowest 
temperature and shortest time to fracture are located in the lower part of the scatter band around the 
mean value. However, with increasing value of the L-M parameter (and hence higher temperature and 
longer time to rupture), the experimental results are closer to the mean standardized value and thus give 
very good prospects for use of this steel in the most demanding conditions of the coal fired power plants. 

3.2. Creep of P92 welds 

The creep tests of welded joints were carried out on joints welded by MMAW technology (111). Creep tests 
were conducted at three test temperatures - 600, 625 and 650°C. Six test bars were machined for each 
temperature and they were loaded at such a stress that corresponded to the mean times to rupture of base 
material - steel 92 P /2, 6 0 at 100, 300, 1000, 3000, 10 000 and 30 000 hours, but reduced by a further 20%, 
what is usual in the case of testing of fully loaded welded joints. 

Table 3 shows the values of creep rupture strength at 10 000 and 30 000 hours determined using the 
Larson-Miller and SVÚM parametric equations. 
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 Tab. 3: Creep rupture strength of P92 welded joint 

Temperature, °C 600 625 650 

Time, h 104 3.104 104 3.104 104 3.104 

Larson-Miller  119 93 80 (62) 54 42 

SVÚM 119 96 86 (64) 54 37 

ČSN EN 10216-2 153 - 119 - 88 - 

ibid -40% 92 - 71 - 53 - 

 

To evaluate the creep resistance of the weld joint was also used calculation of experimental results on 
values of Larson-Miller parameter PLM, with the constant C of 26.80. 

Graphically is the dependence of creep rupture strength on the Larson-Miller parameter shown in Fig. 2. 
Solid line in Fig. 2 represents standardized values, dashed line then the allowed -20% scattering band for 
base material and dotted line represents allowed -40% scattering band for welds. Open symbols represent 
running tests. 
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Fig. 2: Dependence of stress on the value of Larson-Miller parameter for assessing welded joints, the base 

material and standardized mean values of steel P92 

4. DISCUSSION OF RESULTS 

Results of completed base material creep tests show that the experimental results lie within the allowed -
20% scattering band. With the increasing value of the L-M parameter (and thus extending the time to 
rupture), experimental results tend to be closer to the mean standardized value. 

Creep strength of weld joints is almost the same like creep strength of the base material at short times to 
rupture. However, with increasing time to fracture, and especially at higher testing temperatures, the creep 
strength of welded joint decreases and the individual data are situated closer to the allowed -40% 
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scattering band. Even, according to the most recent results, the data have also fallen below the lower 
boundary of the 40% scattering band. 

Originally optimistic conclusions about the creep resistance of welded joints of new advanced chromium 
modified steels and especially steel P 92, based on the results of short-term creep tests, need to be 
corrected. It turns out that the prediction of the impossibility to maintain a high creep resistance of weld 
joints with prolonging the time to fracture was correct. Like in the other precipitation strengthened low-
alloy and chromium modified steels, welding affects the strengthening especially of the intercritical zone of 
heat affected zone (HAZ), which leads to degradation of creep properties during the long-term exposure. 

5. CONCLUSIONS 

The results of creep tests show that analyzed heat is actually very well placed to meet demand for creep 
strength level of steel P 92 and even show that it could reach to mean values of creep rupture strength, as 
is defined in the relevant material standard. Specifically, the experimentally determined creep rupture 
strength calculated using the Larson-Miller equation are significantly closer to this mean value with 
increasing value of the L-M parameter (and thus increasing temperature and time to rupture). 

It turned out that the behaviour of analyzed weld is similar to the behaviour of all the group of Cr-Mo-V 
steels, where significant decreasing of creep strength of weld joints in comparison with the base material 
occurred as a result of microstructural changes especially in the intercritical part of HAZ. In this softest part 
of HAZ and also of all weldment the fine and dispersed particles of secondary phases (especially vanadium 
nitride and niobium carbonitride) partly coarsen and partly dissolve during welding. However, almost all 
presented results of creep tests are in the allowed 40% scattering band around the mean standardized 
values of creep rupture strength of steel P92. 
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Abstract 

The effect of two levels of niobium (0.1 and 0.3wt.%Nb) in AISI 316LN austenitic steels and intentional 
additions of nickel (0.5 and 1.15wt%Ni) to 12CrMoVNbN martensitic steels on precipitation reactions was 
studied. Minor phase evolution at temperatures 475-650°C was studied on creep ruptured specimens with 
times to rupture extending up to 220,000 hours. Thermodynamic and dimensional stability of nitrogen rich 
Z-phase and M6X (Cr3Ni2SiX type) precipitates in dependence on chemical composition of steels and the 
temperature of exposure was investigated. 

Keywords: heat-resistant steels, precipitation, nitrides, TEM 

1. INTRODUCTION 

Dislocation creep in metallic materials is controlled by an evolution of dislocation substructure /10. 
However, changes in dislocation arrangement are strongly affected by dislocation interactions with 
precipitates. That is why both thermodynamic and dimensional stability of individual minor phases play 
a crucial role in the field of dislocation creep. The role of precipitates in the achievements of good creep 
properties of steels has been extensively studied for a long time. Many minor phases are now well 
documented /20. However, it is not true in the case of some interstitial phases in nitrogen-bearing steels. 
A limited amount of information is available about such nitrogen rich minor phases as Z-phase and M6X.  

Z-phase, a complex NbCrN nitride, was firstly detected in 1950Os in austenitic steels /20. Raghavan et al. /30 
suggested that some carbon could be dissolved in this phase. Z-phase is seldom reported, even in alloys 
liable to form it on creep/aging. This could be a result of its composition and its general features of 
formation, which are not very different from those of MX precipitates. It has the tetragonal unit cell of 
dimensions a=0.3037 nm, c=0.7391 nm /40. The metal atom arrangement is characterized by double layers 
of similar atoms alternating along the c axis of the unit cell to give an AABBAABB... sequence. In austenitic 
steels particles of this phase in the shape of short rods usually form from the solid solution. The kinetics of 
Z-phase precipitation is generally fast /2,50. The solvus temperature of NbCrN nitrides in austenitic steels 
was reported to be between 1250 and 1350°C, depending on the steel composition /20. Fine Z-phase 
particles in austenitic heat resistant steels have frequently been credited with beneficial strengthening 
effects during creep /60. 

On the other hand, in martensitic (9-12)%Cr steels niobium in Z-phase is partially substituted by vanadium 
and this results in a reduction of the tetragonal unit cell of this modified Z-phase: a=0.286 nm and c=0.739 
nm /70. The kinetics of (Nb,V)CrN precipitation in tempered martensite is slow. An important role of MX 
(NbX and (V,Nb)X) particles in the Z-phase formation was reported [8]. In situ transformation of fine 
(V,Nb)X particles to the Z-phase structure was proposed and experimentally proved. At early stages of the 
Z-phase formation, when chromium atoms diffused into (V,Nb)X precipitates, an FCC unit cell with the 
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lattice parameter of a=0.405 nm was detected and this was at longer exposures gradually transformed into 
the above tetragonal cell /90. These results suggest that the FCC precursor at early stages of in situ 
transformation of (V,Nb)X phase to modified Z-phase is related to imperfect ordering of metal atoms along 
the c axis /100. Due to a very small directional misfit in the �001�3 and (001)Z planes the growth rate of 
plate-like modified Z-phase particles in the ferritic matrix is fast. The solvus temperature of the modified Z-
phase in martensitic steels was reported to be approximately 800°C /110. Studies on 12CrMoVNbN steels 
exhibiting a dramatic drop in creep strength during long-term testing revealed that precipitation of 
modified Z-phase occurred concurrently with breakdown in creep strength /7,120.  

M6X has a diamond cubic structure (�-carbide, FCC, space group Fd3m) and it refers to a phase of very 

variable composition from XMM ´
33 to SiXMM ´

23 , where M and M´ indicate substitutional elements, while 

X specifies an interstitial element, such as N and/or C /130. Time-temperature parameters of its 
precipitation in steels are variable because its appearance is strongly linked to that of other minor phases. 
It has been proved that nitrogen stabilizes this minor phase and its composition in nitrogen-bearing steels is 
usually referred as Cr3Ni2SiX, although its actual composition can include substantial amounts of 
molybdenum and iron /140. The lattice parameter of Cr3Ni2SiX phase varies with its chemical composition 
(a=1.062-1.070 nm) and is very close to that of M23C6 /150. M6X often nucleates on particles of other minor 
phases. Furthermore, dimensional stability of M6X particles in both austenitic and martensitic steels is 
generally poor and that is why the positive effect of this phase on long-term creep properties of heat 
resistant steels is not expected /20. The effect of the above multi-component minor phases on long-term 
creep properties of heat resistant steels is the subject of permanent interest. Conditions of their formation 
are not very clear and even less understood is their relative stability. Missing thermodynamic data about 
these minor phases complicate reliable numerical simulations of microstructural evolution in heat resistant 
steels /160. This paper deals with the stability of Z-phase and M6X, forming during long-term aging/creep 
exposure in both austenitic and martensitic heat resistant steels.  

2. MATERIALS AND EXPERIMENTAL PROCEDURES 

Investigations on minor phase evolution in austenitic AISI 316LN+Nb steels and martensitic 12CrMoVNbN 
steels were carried out on creep ruptured specimens. Chemical compositions of AISI 316LN steels with 
additions of 0.1 and 0.3wt.%Nb are given in Tab. I. Solution annealing of Casts A and B was carried out at 
1050 and 1120°C, respectively. Microstructure in the as-received state was fully austenitic. Long-term creep 
rupture tests were carried out in air at temperatures of 600 and 650°C. Chemical compositions of 
12CrMoVNbN steels are shown in Tab. II. Both casts had a common base composition in which different 
amounts of nickel were added. Quality heat treatment of Casts C and D consisted of normalizing and 
tempering at 650 and 675°C, respectively. In the heat treated condition particles of primary NbX, M23C6 and 
M2X phases were present in tempered martensite of both casts. Furthermore, a small number density of 
(V,Nb)X particles was detected in Cast D. Creep rupture tests were carried out in air at 475, 550 and 600°C 
for times to rupture extending up to 100,000 hours /120. 

 Tab. I Chemical compositions of AISI 316LN+Nb steels, wt.% 
Cast C N Mn Si Cr Ni Mo B Nb 
A 0.023 0.161 1.34 0.48 18.1 12.5 2.82 0.0012 0.106 
B 0.021 0.158 1.11 0.42 17.8 12.6 2.64 0.0020 0.300 
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 Tab. II Chemical compositions of 12CrMoVNbN steels, wt.% 
 
 
 
 

Detailed microstructural studies were performed on heads of creep ruptured specimens using analytical 
transmission electron microscopy. The electron microscopy was carried out on carbon extraction replicas 
using a Philips CM20 TEM fitted with an EDAX 9900. SAED and EDS techniques were used for the 
identification of minor phases. Quantification of EDS spectra was performed using PM THIN software, the 
results being normalized to 100%. Diagrams showing minor phase evolution in individual casts were 
constructed using data of microstructural investigations on at least 5 specimens with prolonging time of 
exposure at the given temperature.  

3. EXPERIMENTAL RESULTS 

3.1. Austenitic AISI 316LN+Nb steels 

The following minor phases were identified in the AISI 316LN+Nb steels after long-term creep exposure at 
600 and 650°C: Z-phase, M6X (Cr3Ni2SiX type), �-Laves (Fe2Mo type) and �-phase, Figs. 1a and 1b. Primary 
Z-phase particles, about 100nm in size, were present in both casts after solution annealing. Secondary Z-
phase particles in the form of short rods, which precipitated during ageing/creep exposure, were very 
dimensionally stable /50. Most secondary Z-phase particles in Cast A after exposure 600°C/223,603 hours 
were finer than 10nm. High dimensional stability of Z-phase particles was also observed in other austenitic 
steels /60. These particles nucleated directly from the solid solution, mainly on dislocations.  

 

  
a)                          b) 

Fig. 1 Minor phase evolution in Casts A (a) and B (b) at 650°C 

 

At short times of creep exposure a small amount of M23C6 particles formed in Casts A and B at grain 
boundaries and incoherent twin boundaries. This phase was gradually replaced by M6X phase (Cr3Ni2SiX 
type) at longer exposures /170. Chromium and nickel in this phase were partially substituted by 

Cast C Si Cr Mo V Nb Ni N 
C 0.16 0.28 11.20 0.61 0.28 0.29 0.52 0.074 
D 0.14 0.13 11.74 0.50 0.29 0.30 1.15 0.064 
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molybdenum and iron, respectively. Only a small amount of niobium was dissolved in this phase. The 
kinetics of Z-phase precipitation was faster than that of M6X. However, particles of M6X coarsened much 
faster than Z-phase particles. After long-term creep exposure at 650°C the typical size of secondary Z-phase 
particles was less than 20 nm, while particles M6X reached up to 1 �m /50. Both minor phases coexisted in 
Casts A and B even after the longest exposures at both 600 and 650°C. It proves that thermodynamic 
stability of both Z-phase and M6X in nitrogen-bearing austenitic steels is high. 

Chemical compositions of Z-phase and M6X particles in Cast A after creep exposure at 600°C for 223,603 
hours are shown in Tab. III. In nitrogen-bearing austenitic steels M6X phase is regarded to be a nitride and 
its precipitation in these steels might be very intensive /150. However the fact that M6X gradually replaced 
M23C6 particles suggests that some carbon is also dissolved in this phase.  

Studies on the effect of niobium additions to AISI 316LN steels revealed that the growing niobium content 
strongly reduced the minimum creep rate and prolonged the time to the onset of the tertiary stage of 
creep /50. This can be attributed to intensive precipitation of fine secondary Z-phase particles on 
dislocations. However, the enhanced creep resistance of niobium-bearing AISI 316LN steels in the primary 
and secondary stages has not been accompanied by the longer creep life that might have been expected 
/5,170. The positive effect of niobium on the creep resistance was gradually surpassed by its effect on 
acceleration of the �-phase, M6X and �-Laves formation. Coarse �-phase and M6X particles facilitated the 
formation of creep cavities /50. These results demonstrate that fine intragranular Z-phase particles can have 
a very positive effect on the minimum creep rate but the final effect on long-term creep properties will also 
depend on coexisting minor phases in the austenitic matrix. 

 Tab. III Z-phase and M6X compositions in Cast A after exposure 600°C/223,603h., wt.% 
Phase Si Cr Fe Ni Nb Mo 
prim. Z-phase - 26.2±0.6 7.8±0.4 - 60.9±1.7 5.1±0.5 
M6X 4.3±0.4 40.5±1.8 4.4±0.6 27.5±2.0 1.7±0.3 21.6±1.4 

3.2. Martensitic 12CrMoVNbN steels 

Both casts of martensitic 12CrMoVNbN steels exhibited sigmoidal creep rupture behaviour which was 
associated with marked softening of tempered martensite due to microstructural degradation effects 
occurring during the creep process /120. Minor phase evolution in Casts C and D during long-term exposure 
at 550 and 600°C is summarised in Figs. 2 and 3. At the beginning of creep testing the material was 
precipitation strengthened by the combined effects of finely dispersed M2X and secondary MX ((V,Nb)X) 
precipitates within the matrix together with M23C6 particles at prior austenite grain and lath boundaries. 
With progressive aging/creep exposure at 550 and 600°C, dissolution of fine M2X and secondary (V,Nb)X 
precipitates occurred with the simultaneous precipitation of modified Z-phase. Metallic composition of this 
phase in Casts C and D was variable but approximately conformed to the ratio: 50 at% (Cr+Fe) and 50 at.% 
(V+Nb). Compositions of Z-phase particles in specimens tested at 550°C are shown in Tab. IV. Precipitation 
of Z-phase was also accompanied by partial dissolution of primary NbX particles. Nucleation of Z-phase 
particles on NbX was often observed. The kinetics of Z-phase precipitation was slow but the growth of 
particles was fast. The typical size of Z-phase particles in specimens tested at 600°C reached several 
hundreds of nanometres. Such particles did not contribute to precipitation strengthening. The preferential 
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growth of Z-phase in the form of thin plates took place on cube planes of the ferritic matrix. Furthermore, 
minor �-Laves (Fe2Mo type) precipitation was identified in Cast C, especially after exposure at 550°C. 

 Tab. IV Chemical compositions of modified Z-phase in 12CrMoVNbN steels at 550°C, wt.% 

Cast Time /h.0 V Cr Fe Ni Nb Mo 

C 100,538 37.2�2.0 49.2�3.2 5.0�0.5 0.1�0.1 7.1�2.6 1.4�0.7 

D  24,024 27.9�2.1 40.6�1.7 4.2�0.5 0.6�0.2 22.1�3.6 4.6�1.0 

 Tab. V Minor phases in 12CrMoVNbN steels after long-term exposure at 475°C 

 

 

 
 Y = yes 

 Tab. VI Chemical compositions of M6X in Cast D at 550 and 475°C, wt.% 

Exposure Si V Cr Fe Ni Nb Mo 

550°C/24,024h. 6.6�0.6 10.2�0.8 29.5�2.6 7.6�1.0 26.1�1.8 3.3�1.1 16.7�0.5 

475°C/39,287h.  6.3�0.6 5.6�0.4 35.8�1.5 6.4�1.0 26.7�1.5 1.6�0.2 17.5�0.9 

 

In the nickel rich Cast D dissolution of finely dispersed M2X and secondary MX ((V,Nb)X) particles at 
temperature of 550°C was accompanied by the formation of both Z-phase and M6X particles. At the test 
temperature of 475°C fine M2X and secondary MX precipitates in Cast D were solely replaced by M6X phase, 
Tab. V. No evidence of Z-phase was found at this low test temperature in both casts investigated. Chemical 
composition of M6X phase corresponded to Cr3Ni2SiX, Tab. VI. Chromium and nickel in this phase were 
partly substituted by vanadium, molybdenum and iron, respectively. Niobium content in M6X phase was 
low.  

   

a)                    b) 

Fig. 2 Minor phase evolution in Cast C, a) 600°C, b) 550°C 

Cast Time /h.0 NbX M23C6 M2X (V,Nb)X Z-phase �-Laves M6X 

C 83,929 Y Y Y - - - - 

D 39,287 Y Y - - - - Y 
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a)                  b) 

Fig. 3 Minor phase evolution in Cast D, a) 600°C, b) 550°C 
 

In 12CrMoVNbN steels the driving force for precipitation of M6X phase increases with increasing the nickel 
content. Similarly like in the case of Z-phase, precipitation of M6X is accompanied by dissolution of fine M2X 
and secondary (V,Nb)X precipitates. Precipitation of M6X in Cast D was preferred to Z-phase at 
temperatures below 550°C. Dimensional stability of M6X particles was poor. A similar effect of nickel 
content on the relative stability of M2X and M6X phases was also observed in 12CrMoV steels /180.  

4. CONCLUSIONS 

Thermodynamic stability of both Z-phase and M6X (Cr3Ni2SiX type) in austenitic AISI 316LN+Nb steels is 
high. Both minor phases coexisted in the casts investigated even after the longest exposure times at 600 
and 650°C. The kinetics of Z-phase formation during creep exposure is faster than that of M6X. Dimensional 
stability of Z-phase particles is excellent, M6X particles coarsen fast.  
Thermodynamic stability of modified Z-phase ((V,Nb)CrN) in martensitic 12CrMoVNbN steels is high but the kinetics of 
its formation is slow. The formation of Cr3Ni2SiX phase (M6X) in 12CrMoVNbN steels was detected only in the cast 
containing 1.15wt.%Ni. Precipitation of M6X was preferred to Z-phase at temperatures below 550°C. Dimensional 
stability of both modified Z-phase and M6X particles in 12CrMoVNbN steels is poor. 
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Abstract 

This work is focused on evaluation of material changes of heat and creep strained steel Cr-W (P92) using 
electrochemical methods. Samples were exposed at temperatures 600 – 650 °C for different times (up to 
20,000 h) and by application of various strain. Structural changes were evaluated by polarization methods, 
structure of steels was characterized using light and scanning electron microscope. On measured 
polarization curves significant local peaks in the passive / transpassive area were observed. Correlation 
between curve characteristic parameters and time of heating was determined. It is also shown, that 
electrochemical method could be used for detection of structural instability and creep damage of material. 

Keywords: Fe-9% Cr martensitic steels, electrochemical behaviour, polarization curves, creep-strength 

1. INTRODUCTION 

At present, an intense expansion of coal-fired power plants with ultrasupercritical steam parameters (600 – 
620 °C, 25 – 35 MPa) occurs, which make it possible to significantly increase the efficiency of the power 
plant. This expansion is given by development of heat-resistant martensitic Fe-9% Cr steels. These steels 
have very high creep resistance, sufficient resistance to steam oxidation and also relatively low compared 
to other heat-resistant materials. The fundamental steps leading to increase of creep resistance of Fe-9%Cr 
steels is achieving of martensitic structure with high dislocation density, alloying with molybdenum and 
tungsten (solid-solution strengthening) and addition of vanadium and niobium, which form very fine 
dispersed precipitates of carbonitrides (precipitation strengthening). Representative of this steel group is 
X10CrWMoVNb 9-2 (P92) with maximum working temperature 620 °C [1-3]. 

The microstructure of steel P92 in optimal state before operational use is composed of tempered 
martensite, carbides M23C6 and MC (M = Fe, Cr, Mo, W) and nitrides and carbonitrides V(C,N) a Nb(C,N) 
[1,4]. The dislocation density in tempered state is > 1014 m-2 [2]. During service heating structural changes 
like coalescence of carbides, precipitation of carbonitride phases enriched with alloying elements, forming 
of Laves phase with composition (Fe,Cr)2(W,Mo) and precipitation of nitride Z phase with general formula 
Cr(V,Nb)N take place [1, 2, 5]. These changes lead to general decrease of creep strength, ductility and also 
corrosion resistance of the material.  

Compared to another steels from this group (P9, P91) steel P92 is characterized by higher amount of 
tungsten, which significantly contributes to solid-solution strengthening and suppression of diffusion 
processes in the material. Moreover, presence of tungsten slows down the precipitation of the Laves 
phases and coalescence of M23C6 type carbides. In addition, the introduction of boron in concentrations of 
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more than 0.003 wt. % also slows down coalescence of carbides and contributes to increasing of creep 
resistance of the steel [2]. 

The structural stability and creep damage, which is required for remaining-life prediction of aged 
components, is possible to evaluate by using suitable methods for detection of structural changes. Methods 
like testing of mechanical properties (yield and ultimate strength, hardness, Charpy impact), evaluation of 
changes in magnetic properties [6, 7], sound speed measurements [8] or Mössbauer spectroskopy [9] could 
be used. Additionally, the electrochemical polarization procedure seems to be very simple nondestructive 
method. This procedure is based on evaluation of local peaks on polarization curve of the material caused 
by preferential dissolution of phases in suitable solutions [5, 10]. 

The aim of this work was to confirm possibilities of using electrochemical polarization procedure for 
detection of structural changes of steel P92 after heat and creep strain and their combination. 

2. EXPERIMENTAL 

The specimens were fabricated from steel X10CrWMoVNb 9-2 (P92), the chemical composition of this steel 
is given in Tab. 1Tab. . The samples were quenched (1050 °C, 20 min, water) and tempered (780 °C, 10 min, 
air). Afterwards they were exposed to various conditions of heating (samples H), creep strain (samples C) 
and their combination (HC), see Tab. 2.  

Tab. 1. Chemical composition of P92 (wt.%) 
C Mn Si Cr Ni Mo V W Nb N 

0.11 0.48 0.37 8.6 0.09 0.33 0.23 1.62 0.06 0.037 

 Tab. 2. Heating and creep conditions of P92 
Denomination Heating conditions Creep conditions 
H1 650 °C / 1 h - 
H2 650 °C / 10 h - 
H3 650 °C / 100 h - 
H4 650 °C / 1,000 h - 
H5 650 °C / 8,000 h - 
H6 650 °C / 15,000 h - 
H7 650 °C / 20,000 h - 
C1 - 600 °C / 130 MPa / τ1 = 20,961 h 
C2 - 625 °C / 105 MPa / τ = 15,788 h 
C3  650 °C / 90 MPa / τ = 5,044 h 
C4 - 650 °C / 150 MPa / τ = 30 h 
C5 - 650 °C / 200 MPa / τ = 1 h 
HC1 650 °C / 10,000 h 600 °C / 140 MPa / τ = 1,561 h 
HC2 650 °C / 10,000 h 600 °C / 250 MPa / τ = 1 h 
HC3 650 °C / 10,000 h 650 °C / 85 MPa / τ > 4,580 h 
HC4 650 °C / 10,000 h 650 °C / 200 MPa / τ = 0.5 h 
1 τ = rupture time 

The electrolytes (0.5 mol/l H2SO4 and 0.1 mol/l NaOH) were prepared from H2SO4 (p.a) or NaOH (p.a.) and 
distilled water. The experiments were conducted at a room temperature in an aerated solution. 

A common three-electrode cell with a platinum wire as counter-electrode and a silver/silver chloride 
electrode (ACLE) as the referent electrode (197 mV compared to the standard hydrogen electrode) was 
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used. All potentials reported in this paper are compared to the ACLE. Potentiodynamic measurements were 
carried out by the PC3 system and Gamry electrochemical software. The corrosion potential was stabilized 
before the polarization measurement. The scan rate was 3 mV/s.  

3. RESULTS AND DISCUSSION 

In this work the influence of heating, creep strain and their combination on polarization curve of steel P92 
with impact on electrochemical behaviour in the area of transpassivity and secondary passivity was studied. 

3.1. The influence of heating 

The specimen of steel P92 were subjected to the thermal aging at 650 °C for duration ranging from 1 to 
20,000 h followed by electrochemical polarization in solution of NaOH and H2SO4. 

In a 0.5 mol/l H2SO4 solution, transpassive dissolution (at potential around 700 mV) followed by secondary 
passivation leading to formation of local peak at potential 1,200 mV (Fig. 1a) was observed. The 
phenomenon of secondary passivation is attributed to local decreasing of chromium in surface layer 
(caused by transition into soluble Cr6+ state) and consequently increasing of the relative iron content, which 
leads to slowing down of increase and following decrease of dissolution rate [11]. The peak current density 
(jmax) shows increasing tendency with rising aging time (21.2 A/m2 for H1, 74.8 A/m2 for H7). The influence 
of jmax on heating time t [h] could be described by equation (1). 

7.22log1.11max 
� tj [A/m2] (1) 

 
Fig. 1. Anodic polarization curves of steel P92 after long-term heating, a) in H2SO4 solution (0.5 mol/l), b) in 

NaOH solution (0.1 mol/l) 

 

The position of the local peak is expected to be connected with local enrichment of phases with elements 
easily soluble in transpassive area. Therefore, the increase of jmax with aging time is assumed to be caused 
by increasing amount of phases precipitated during the aging [10].  
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Anodic polarization curves of specimens in 0.1 mol/l NaOH solution show significant local peak at potential 
around 450 mV (Fig. 1b). As in acid solution, this peak is expected to be caused by secondary passivation 
and the peak current density tends to rise with increasing heating time. 

The specimens after long-term heating were potentiostatically etched at peaks potentials (E = 1,200 mV in 
H2SO4 solution and E = 475 mV in NaOH solution) and these phases were characterized by EDS analysis on 
scanning electron microscope. Analysed phases were enriched with alloying elements (predominantly with 
tungsten). From the point of chemical composition these phases are similar to W-rich Laves phase 
(FeCr)2(MoW), which is well known to occur in heat-resistant steels after long-term heating and creep 
strain [1-2, 5]. 

3.2. The influence of creep 

The influence of creep strain was studied on specimens of steel P92 in temperature range 600 – 650 °C at 
stress level up to 200 MPa. Fig. 2 shows polarization curves measured on gage sections (the location of 
creep rupture). 

In acid solution no significant changes of peak position (E = 1,200 mV) of creep strained specimens was 
observed. Nevertheless, the electrochemical behaviour in the area of active-to-passive state transition is 
different compared to aged specimens (Fig. 2a). The transition into the passive state is much more difficult 
and accompanied by rough shape of the polarization curve in this area. That could be explained by the 
presence of creep cavities in the material. The presence of cavities was confirmed by metallographic 
observation, theirs seize was up to 10 μm. The current density around potential 500 mV is significantly 
higher compared to thermally aged specimens. 

Polarization curves measured in alkali solution show very slight shift of the peak position (E = 475 mV) 
towards higher current densities and lower potentials (Fig. 2b) with increasing temperature of creep 
exposition. This shift is probably connected with decreasing of corrosion resistance of the steel during 
increasing of temperature and stress level. 

 
Fig. 2. Anodic polarization curves of steel P92 after creep strain, a) in H2SO4 solution (0.5 mol/l), b) in NaOH 

solution (0.1 mol/l) 
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3.3. The influence of combination of heating and creep strain 

Mutual influence of aging and creep was also studied. The specimens were aged at 650 °C for 10,000 h 
followed by creep strain. Measured data are plotted on Fig. 3 together with curves of the sample in the 
standard (as tempered) state and sample H6 (650 °C / 15,000 h). 

From anodic curves measured in sulphuric acid solution the aging process is obvious to shift the 
polarization characteristics towards higher current densities (increase of active-to-passive transition current 
density and the value of jmax) and the additional creep strain has no influence on these parameters. 
However, the shape of the curves in the area of transition into the passive state is different and the current 
density significantly higher. These measurements confirm expected influence of long-term heating 
(precipitation of phases) and creep strain (forming of cavities).  

Using of sodium hydroxide solution leads to similar results (Fig. 3b). The aging leads to significant increase 
of peak current density (sample H6), the additional creep strain shifts this value only very slightly. 

 
Fig. 3. Anodic polarization curves of steel P92 after combination of long-term heating and creep strain, a) in 

H2SO4 solution (0.5 mol/l), b) in NaOH solution (0.1 mol/l); H = heating at 650 °C / 10,000 h 

4. CONCLUSIONS 

This paper discusses the possibility of using electrochemical polarization procedure for detection of 
structural changes formed during long-term heating and creep strain on heat-resistant martensitic steel 
P92. The long-term heating showed to cause an increase of local peak current density created due to 
secondary passivation. This increase is expected to be connected with precipitation of phases during aging. 
The creep strain led to more difficult transition into the passive state in acid solution, which is expressed as 
a rough shape of the polarization curve in this area. This behaviour could be explained by the presence of 
cavities formed during the creep exposition. The electrochemical polarization method could be used for 
nondestructive evaluation of the material state during service, where it is exposed to the combination of 
heating and creep strain. The polarization in acid solution seems to be more suitable because of more 
sensitive reaction on the presence of the structural instability.  
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Abstract 

The rest residual lifetime of boiler tubes from SA – 213 T22 material was evaluated by using a short-term 
creep test method. The tests were carried out on samples made from boiler piping after approximately 
150.000 working hours. Attention was paid not only to time to rupture, but also to microstructure and 
hardness changes of the tested boiler tubes. The microstructure evaluation was done at light and scanning 
electron microscope. On the basis of the creep tests, the hardness tests and the microstructure evaluation, 
a rest residual lifetime of the boiler tubes was assessed.  

Keywords: microstructure, small punch creep test, creep, residual lifetime, tube 

1. INTRODUCTION 

This paper describes lifetime evaluation of superheater tube from Saudi Arabia (Fig. 1). The customer 
delivered one of the tubes from the superheater. Because of the early destruction of the tube the boiler 
was long time out of use. The creep tests were carried out on samples from the tube and also chemical 
analysis and microstructure observation were undertaken. 

 

 
Fig. 1 Superheater tube from Saudi Arabia 

 

In VZÚ Plzeň a database of micrographs both from materials in the stage after manufacturing and materials 
after operation is being prepared. Also micrographs of samples after creep tests are taken into 
consideration. In the future, this database will be helpful not only for better and superior evaluation of the 
material degradation but also for faster and smarter assessment of the residual lifetime. Currently, this 
assessment is usually done using time-consuming creep tests which are at the moment the most 
convenient method. At the same time, SP creep tests (Fig. 2, Fig. 3, Fig. 4 and Fig. 5) are carried out on this 
material; these tests are useful due to the small size of the samples and also the sample preparation is 
relatively fast compared to the traditional creep tests [1]. 
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2. EXPERIMENT 

2.1. Creep tests 

Reliability of power plant components depends also on preventing material defects which is closely linked 
to the estimation of the residual lifetime of power equipment. Verification of microstructural status can 
significantly contribute to this purpose. This verification can be done in two ways - using nondestructive 
investigation of microstructure or traditionally by sampling. The aim is to find out real status of power plant 
parts and to essentially contribute to the estimation of residual lifetime of power plant parts [1]. Stress 
rupture strength for material 15 313.5 (SA 213-T22) was calculated 76 MPa [2]. According to the relevant 
diagram 15 313.5 (SA 213-T22) the Larson-Miller parameter (Fig. 2) for the value of 19700 was determined 
and also the residual life-time for operating temperature 542°C was calculated as 14 690 h [3].  

 

Tube: 

 PLM = 19 700  
 

             (1) 

 

 

 

 Tab. 1 Values of the creep tests for material SA 213-T22 material were taken from superheater tube 
Temperature 580°C 

 

Sample No. 

Stress 
Time to 
rupture 

Ductility Contraction 
PLM 

[MPa] [Hours] [%] [%] 

1 120 176 29,3 80,5 18977,6 

6 120 189 23,1 56,1 19004 

2 130 163 25,4 56,1 18949,2 

7 130 155 29,4 81,7 18930,6 

3 140 79 25,9 71,1 18680,9 

5 140 108 27,4 68,2 18796,7 

8 160 94 30,2 72,8 18745,3 

4 160 68 29,7 81,7 18625,3 

9 80 2160  30,9 71,1 19906,6 

10 100 504  29,3 78,7  18625,3 
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Fig. 2 Diagram according to Larson-Miller for steel 15 313.5 (SA213-T22) Red points and red curve – original 
material Magenta points and magenta curve – material after operation Green points and green curve – SP 

material after operation 

2.2. Small Punch creep tests 

Small Punch (SP) test is a new growing method, which was first presented in 1981 at MIT (Massechussets 
Institute of Technology) to study radiation embrittlement. In this paper is shown that it is possible to carry 
out Small Punch Tests at creep temperatures inside special SP creep machines. The specimen with 
thickness 0,500±0,005 mm is putted into a special SP creep machines and is extruded with ball with 
diameter 2,5 mm. This ball is Al2O3 or Si3N4 based and this ball is then pressed into the sample with 
constant loading until there is a destruction of the tested sample. Deformation vs. time relation and time to 
rupture are recorded. It is necessary to create correlation between traditional creep tests and SP creep 
tests. This is shown in Fig. 2. Results of the traditional creep tests and SP creep tests are summarized in the 
Tab. 1, 2. 

 Tab. 2 Values of the SP creep tests for material SA 213-T22. Material was taken from superheater tube  

 

 

 

 

 

 

 

 

ample No. 
Temperature Time to rupture 

PLM 
Load 

[°C] [Hours] [N] 

1 580 225 19068,65 600 

2 580 334 19215,01 500 

3 580 216 19053,52 400 

4 580 7 17782,95 800 

5 580 100 18768,2 600 

15 313.5 (SA213-T22)
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Fig. 3 Parts of SP creep test machine Fig. 4 SP creep testing Fig. 5 SP sample after creep test 

3. METALOGRAPHY 

3.1. Microstructure evaluation before creep tests 

Metallographic examination was performed on the cross-sections of the tube sample, where it was possible 
to observe local mechanical properties of this material. No abnormal occurrence of non-metallic inclusions 
was observed in the sample material. The microstructure of the sample consists of ferrite and broken 
pearlite (Fig. 7, 8). Grain size is regular. Ferrite contains particles of carbides uniformly distributed in the 
grains and locally also on the grain boundaries. The microstructure is similar around the whole 
circumference of the tube. There is rather striped structure near the inner surface (Fig. 6) [4]. 

   

Fig. 6 Microstructure before the 
creep tests, inner surface of the 

tube, mag. 100x 

Fig. 7 Ferrite-pearlite, mag. 
1000x 

 

Fig. 8 Ferrite-pearlite, SEM, 
mag. 3000x 

 

The microstructure was evaluated according to the Tab.s of “Classification of Microstructure Condition” 
and “Classification of cavitation damage”. Classification of condition: Degree 1/I-II.  

3.2. Microstructure evaluation after creep tests 

In this degree of failure the microstructure consist of Ferrite-Pearlite, where content of ferrite 
predominates (Fig. 9, 10, 11). Pearlite is mostly broken and occurs in this material in low quantity also 
because of low content of carbon. Pearlite degraded into individual particles of carbides. New carbides 
precipitate along the grain boundaries and they became coarser.  
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Fig. 9 Microstructure after creep 
tests near to the fracture surface, 

elongated grains, mag. 200x 

Fig. 10 Microstructure after 
creep tests further away from 

the fracture surface, mag. 200x 

Fig. 11 Ferrite-pearlitte, 
mag. 500x 

 

 

The creep tests were carried out in conditions which guarantee a short time to fracture (so called short-
term-creep) regarding to the customer’s requirements. The samples show a small amount of cavities due to 
the high applied stresses used and resulting short times to failures.  

The microstructure was evaluated according to the tables of “Classification of Microstructure Condition” 
and “Classification of cavitation damage”. Classification of condition: Degree 2/III.  

4. CONCLUSION 

In the microstructure of the tested specimen, not very high level of damage was observed. However, the 
creep test results indicate that the residual lifetime of the tested tube is probably at the end. It was 
recommended to the customer to replace the superheater tubes. In general, the evaluation of the residual 
lifetime of components is very complicated and also local mechanical properties must be taken into 
account. Therefore, it is essential to carry out a complex analysis which includes creep tests, SP creep tests, 
microstructure analysis, hardness measurements, chemical analysis and additional tests. It is necessary to 
consider that these conclusions are relevant for the tested tube only and cannot be generalized for the 
whole superheater of the boiler. 
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Abstract  

The paper contains results and discussion of experiments performed as a supplementary programme to the 
Research Centre project FORTECH, coordinated by the University of West Bohemia (UWB), Prof. Bohuslav 
Mašek. Fatigue strength including fatigue limit of an experimental 42SiCr steel after different heat 
treatment procedures was investigated. The 42SiCr steel belongs to the group of materials suitable 
particularly for manufacture of transport vehicles components like shafts, pins, screws or springs. The 
42SiCr steel contains an increased amount of Si with the aim to improve strength and fatigue resistance. 
The steel was treated by conventional heat treatment and by advanced quenching and partitioning (Q-P) 
processes, respectively, the latter having been developed in UWB. The Q-P process consists in quenching at 
intervals between martensite start and martensite finish temperatures and results in stabilisation of 
untransformed austenite by carbon diffusing from martensite. As a result, well balanced properties, i.e. 
strength about 2000 MPa and ductility more than 10 – 15 %, can be achieved, unlike standard heat 
treatment resulting in high brittleness.  

Fatigue strength of the steel treated by Q-P process was high. Fatigue damage initiation mechanisms and 
links between fatigue properties and microstructure, analysed particularly from fracture surfaces, are 
discussed in the paper. Particular attention was paid to an evaluation of reasons of rather high scatter of 
fatigue test results, where hardness scatter and initiation mechanisms including role of inclusions was 
considered.  

Keywords: Fatigue strength, quenching and partitioning, microstructure, inclusions, fatigue mechanisms 

1. INTRODUCTION 

Development of advanced modifications of steels and advanced treatment technologies is affected by 
recent needs for cost reduction, weight saving, fuel economy, higher mechanical performance and higher 
safety and reliability of structures and components exposed to high static and particularly fatigue service 
loading, in response to environmental and economic demands /10. New steels, their modifications or 
advanced heat treatments giving improved performance are being developed.  

Fatigue strength and resistance to fatigue damage of steels usually is connected with static strength, 
whereas microstructure issues play an important role, too /20. As an example, in quenched and tempered 
0.2%C-Ni-Cr-Mo steels, increased martensite contents produces higher impact energies and lower fracture 
appearance transition temperatures. Fatigue live in the high cycle regime increases with martensite content 
and fatigue strength and ultimate tensile strength (UTS) are directly related.  

Another situation occurs when the material contains small natural defects like inclusions or other similar 
microstructure imperfections. Fatigue strength is then affected by resistance of the material to growth of 
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physically short cracks or standard fatigue cracks. Material endurance limit then depends on the weakest 
link, which may be either resistance to fatigue crack initiation on smooth surface or resistance against 
growth of small fatigue cracks from the defects, either surface, subsurface or internal. Size of 
microstructure defects is an essential factor, in combination with the resistance to small fatigue cracks, 
which can be considered as a material characteristics /3-50.  

High strength steels with a good resistance to fatigue crack initiation on smooth surface have unfortunately 
usually reduced resistance to crack growth, including short cracks (e.g. /60). This may be the reason why 
experimental evaluation of endurance limit of high strength steels may be complicated, is connected with 
large scatter and depends on statistical distribution of inclusions, hardness and other factors.  

In this paper, results of experimental investigation of fatigue properties of an experimental 42SiCr steel 
after different heat treatment procedures are presented. Links between fatigue strength on one side and 
material hardness (strength) and microstructure on the other side are discussed. 

2. EXPERIMENTAL MATERIAL 

The experimental programme was carried out on a 42SiCr steel representing a modification of materials 
suitable particularly for manufacture of transport vehicles components like shafts, pins, screws or springs. 
The chemical composition of 42SiCr steel is 0.43 % C, 2 % Si, 0.59 % Mn and 1.33 % Cr (weight %). In 
comparison with similar steels of this category, the 42SiCr steel contains an increased amount of Si with the 
aim to improve strength and fatigue resistance.  

The steel was heat treated with an innovative, so called quenching and partitioning (Q-P) process, 
consisting in quenching at intervals between martensite start and martensite finish temperatures and 
resulting in stabilization of untransformed austenite by carbon diffusing from martensite. As a result, well 
balanced properties, i.e. strength about 2000 MPa and ductility more than 10 – 15 %, can be achieved. 
Optimum parameters of the Q-P process obviously depend on chemical composition of the material /70. For 
a comparison, another part of the steel was treated by an alternative conventional heat treatment. This 
material is marked as HT further in the paper. Details of both the Q-P and HT regimes used in the specific 
investigated case are described in /80. The treatments resulted in the following characteristics and 
properties of the steel: 
� Q-P: strength 1992 MPa, proof stress 1722 MPa, ductility 21 %, residual austenite 11.5 %,  
� HT: strength 2047 MPa, proof stress 1803 MPa, ductility 15.8 %, residual austenite 2.9 %.  

Note that the strength and proof stress is similar for both the groups and the values are very high.  

3. EXPERIMENTAL PROGRAMME 

The most important part of the investigation programme consisted in high cycle fatigue experiments with 
the aim to find both endurance limit and fatigue strength in the region of limited fatigue life. The tests were 
performed on a high frequency resonance fatigue machine Instron 1603, at load frequency between 140 
and 145 Hz. Specimens with circular cross section were used with M 10 threads. Initially, the diameter in 
central gauge area was 7 mm. As some breaks occurred in threads in the beginning of the test programme, 
the diameter of most of the specimens was reduced to 5 mm (all specimens heat treated and treated with 
Q-P process and most of as received specimens). Fatigue loading was of tension – compression type (load 
asymmetry R = -1).  
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After finishing the fatigue tests, some specimens were selected to carry out further analysis, namely  

� metallograpfical analysis of microstructure using optical microscopes Neophot 32,  

� hardness measurement HV 5 (Vickers Limited HTM device) and microhardness measurement HV 0.04 
(Neophot microscope with Hanemann device), respectively, 

� fractographical analysis of fracture surfaces of limited number of selected specimens, performed on 
scanning electron microscope JEOL JSM 35, targeted in explanation of fatigue crack initiation 
mechanisms.  

4. RESULTS AND DISCUSSION 

Total survey of results of fatigue tests is shown in Fig. 1 The diagram contains also regression lines 
evaluated for both the groups of specimens, endurance limits and confidence bands along regression lines. 

The diagram in Fig. 1 contains quite a lot of information, which can be outlined as follows:  

� Results of fatigue tests, particularly in case of Q-P treatment, are characteristic with quite a big 
scatter. 

� In spite of the scatter, fatigue resistance and endurance limit of Q-P treated steel can be evaluated as 
higher than the HT one. Regression line of the Q-P group is outside the confidence band of the HT 
group and vice versa.  

� If the two results of the heat treated group with the weakest fatigue life (premature breaks at 670 
MPa and 550 MPa amplitudes, respectively) are excluded, the scatter of results of HT material is 
considerably lower than that of the Q-P one. 
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Fig. 1. survey of results of fatigue tests with regression analyses 
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After finishing the fatigue test programme, hardness HV5 of most of the tested specimens was evaluated 
on their cross section cuts. The hardness spectra are shown in Fig. 2. It follows from the diagram that 

� average hardness of HT specimens is higher than that of Q-P specimens, which corresponds to the 
somewhat higher strength of the HT steel already mentioned,  

� there is a considerable scatter of hardness values of both the HT and Q-P specimens, the hardness 
spectra being similar to each other,  

� the hardness scatter of both the groups is very comparable, unlike the scatter of the fatigue test 
results.  

Macroscopic hardness 
could not therefore 
explain all details of the 
scatter of fatigue tests. 

Microhardness measu-
rement was performed on 
selected specimens, 
namely HT13 and QP4. 
Results are in Fig. 3. It 
should be pointed out 
that the points do not 
represent dependen-cies 
on any distances, like e.g. 
distances from the 
surface, just random 
measurements within 
each of the specimen 
area, i.e. either near surface or in 
the centre. 

The results in Fig. 3 may explain, 
why scatter of fatigue test results 
is higher for the Q-P specimens 
than for the HT ones. Fatigue 
initiation in case of high cycle 
fatigue is localised process, which 
occurs on or near the surface in 
the area of locally wake fatigue 
resistance. It means that if there is 
even one small area of reduced 
fatigue resistance on the 
specimen surface, this local point 
determines the fatigue initiation 
and life of the whole specimen.  
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Fig. 3. Microhardness measurement performed on selected 
specimens 
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a) b) 

Fig. 4. Microstructure of a) QP specimens and b) HT specimens 

Results of microstructure evaluation (Fig. 4) were in agreement with the microhardness measurements. In 
general, microstructure corresponded to tempered martensite in both the cases – Q-P and HT material. 
There were, however, light and darker bands in the scratch patterns, caused by different etching of zones 
of slightly different chemical composition. These zones were more distinct in Q-P specimens (Fig. 4a) 
indicating that chemical composition inhomogeneity was bigger in Q-P material. Such inhomogeneity is 
likely connected with the microhardness scatter.  

   a)        b) 

Fig. 5. Different initiation zones in Q-P specimens with different relative fatigue life, a) group of large 
inclusions in specimen with strongly bellow-average life, b) very tiny inclusion in specimen with strongly 

above-average life – indicated by arrow 

 

There is, however, another issue, namely inclusions. Fig. 4 shows that material purity was not perfect. 
Particularly in case of Q-P specimens, quite large inclusions were present in the material, which usually 
become points of fatigue initiation, particularly in case of high strength materials. Fractographical analysis 
was performed with the particular aim to explain causes of the extreme results of fatigue tests, either 
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negative or positive. One Q-P specimen with poor fatigue life, tested at amplitude 720 MPa, and one 
specimen with good life, tested at 800 MPa amplitude were selected. Results of the fractographical analysis 
strongly indicated that inclusions and impurities were the main causes of premature break – Fig. 5.  

5. CONCLUSIONS 

The main results of the experimental study of two different heat treatment conditions, namely (i) 
conventionally heat treated (HT) and (ii) heat treated using advanced quenching and partitioning (Q-P) 
process on fatigue resistance of 42SiCr steel can be summarised as follows: 

� Endurance limit of the Q-P material was excellent, evidently better than of HT material. The same 
concerned the region of limited fatigue life, where, however, results were affected by large scatter, 
characteristic particularly for the Q-P treated steel. In general, effect of increased residual austenite 
content on fatigue resistance of the steel could be evaluated as very beneficial.  

� Strong effect of large inclusions on initiation and growth of fatigue process was shown.  

� Further subsidiary factors affecting the fatigue results, scatter and damage mechanisms were 
indicated, like inhomogeneity of chemical composition or scatter of microhardness.  
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Abstract  

The effect of some methods of surface treatment on fatigue strength under the fretting conditions was 
investigated in EA1N normalized carbon steel with 0,4% C and in EA4T quenched and tempered low alloy 
CrMo steel. There were applied surfacing methods creating favorable compressive stresses in surface layer 
and, in some cases, an increased hardness of surface. To obtain data on the effect of work-hardened 
surface by shot peening, ion-nitriding and ion-carbonitriding on the life-time of fretting fatigue loaded 
parts, specially instrumented fatigue tests under conditions of fluctuating loading with fretting were 
performed. The procedures of surfacing as well as typical parameters characterizing the surface layers are 
described in detail. Fatigue limits relating to 107 cycles were evaluated from the fatigue curves. The results 
of fatigue tests of surface treated bars are compared with those obtained on bars without surfacing.  

Applied types of surfacing had an important – and mostly very favorable – effect on the fatigue strength 
under conditions of fretting. The extent of favorable effect in ion-nitrided and carbonitrided bars depended 
on the type of the base material as well as on the hardness and chemical composition of surface layers. In 
some cases, the unfavorable effect of fretting on the fatigue strength was almost completely suppressed.  

The increase of hardness in surface layer influenced favorably the conditions of seizing and roughening in 
the contact areas. Compressive residual stresses in surface layers also played an important role as they 
caused the retardation of nucleation and growth of fretting cracks and, in this way, they contributed to 
prolongation of the fatigue life-time.  

Keywords: fatigue, fretting damage, steels, surface treatment 

1. INTRODUCTION 

The results of our recent work [1] show that the choice of steel type and heat treatment aimed at obtaining 
the higher strength usual in industrial practice, i.e. 600 – 1100 MPa, need not necessarily lead to an 
important increase of fatigue strength under conditions of fretting. This opinion was supported also by the 
results of fatigue tests of bulk model parts with press fitted layers where fretting plays the decisive role 
[2,3]. It is a substantial difference in comparison with the parts without this unfavorable effect, where 
commonly used heat treatment causing a higher strength leads also to an increase of fatigue strength. On 
the other hand, the results of experiments carried out by Tanaka et al. [4] on carbon and spring steels with 
markedly different strengths (718 and 1677 MPa) suggest that extreme differences of strength can be 
related to the important changes of fatigue strength under conditions of fretting (130 and 305 MPa). 

Our paper deals with the effect of surfacing procedures on the fatigue strength of fretting loaded 
machinery parts. These procedures influence markedly the surface properties by substantial increase of 
hardness in the surface layer or by inducing favorable compressive residual stresses at the surface or, in 
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some cases, by these both factors. The attention is payed to the shot peening and ion- nitriding and 
carbonitriding strengthening effects on the surface. While the shot peening leads above all to the initiation 
of compressive residual stresses in the surface layer and is not connected with an important increase of 
hardness values, ion-nitriding and carbonitriding results both in the initiation of favorable compression 
stresses and in the hardness increase in the surface layer [5]. 

2. STEELS, SPECIMENS, EXPERIMENTAL METHODS 

Flat test bars for experiments (Fig. 1) were produced from two steels used for railway vehicles axles – EA1N 
(plain) carbon steel (0,39 % C; 0,77 – 0,99 % Mn) with ReH = 375 - 379 MPa and Rm = 578 – 620 MPa values 
and EA4T low-alloy CrMo quenched and tempered steel (0,287 – 0,33 % C; 0,75 % Mn; 1,14 % Cr; 0,2 % Mo) 
with Rp0,2 = 572 – 576 MPa and Rm = 736 – 754 MPa values. 

Fretting fatigue tests were performed on the resonance fatigue testing machine for tension-compression 
loading at approximately repeated stress (R = 0) with low value of lower cycle stress σmin = 13 MPa. Special 
jig developed in our laboratory, was used for tests (Fig. 2). It consists of two opposite bridges with pads that 
are pressed to the bar. The hardness of the pads was about 225 HV. They have a narrow (3 mm) contact 
area adjacent to the bar across its whole width. The adherence force is produced by a screw. It is measured 
by means of strain gauges placed on both connecting flat arms of the jig. 

 
       Fig. 1 Test bar    Fig. 2 Jig for testing with fretting 

The adherence force of 3 kN was chosen for all experiments. Corresponding specific pressure of the pads 
during the contact with the test bar was 21,7 MPa. 

Slip relations at the tests are given by the cyclic deformation of the test bar between the pair of adjacent 
pads. Loading at the fatigue limit results in the slip values of 13 – 17 μm. Fretting tests are performed 
without any lubrication.  

Dependences N (σhC) with fatigue limit values at N = 107 cycles were obtained from the fatigue tests. 

3. SURFACE PROCEDURE OF THE TEST BARS 

3.1. Shot peening 

Surface treatments took place in the 1.Toušeňská machinery in a chamber air shot blasting machine with 
ø 4 – 5 mm steel balls. The test bars were clamped and shot peened from the both sides. Shot peening 
intensity was measured with the help of Almen gauges and the values of 0,33 – 0,39 mm were found. To 
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remove the formed unevennesses, the regrinding and repolishing of surface followed after the shot 
peening. 

In the case of EA4T steel, the hardness values of shot peened surface were 295 – 300 HV 0,04 and those in 
the core 240 – 260 HV 0,04. Corresponding values of EA1N steel were 210 - 230 HV 0,04 and 180 – 190 HV 
0,04, respectively. According to the course of HV 0,04 hardness, the depth of the strengthened layer was 
0,12 mm in both steels. 

3.2. Ion nitriding 

Nitriding and carbonitriding of the test bars for 
our experimental programme was carried out at 
the Technical University Brno. At first, test bars 
were exposed to the cleaning cycle in H2 + N2 
atmosphere at 500 °C for 45 minutes. Then the 
nitriding in the mixture atmosphere H2 (30 
dm3/h) + N2 (8 dm3/h) at 500 °C under the 
pressure 2,5 mbar and voltage 520 V followed. 
The last step was the diffusion annealing in H2 
atmosphere (20 dm3/h) at 480 °C for 2 hours.  

The course of hardness HV 0,04 of EA4T nitrided 
and carbonitrided steel bars is shown in Fig. 3. 
Hardness values are 750 – 850 HV 0,04 at the 

surface and 250 – 290 HV 0,04 under the surface layer, the thickness of which is 0,45 – 0,50 mm. Hardness 
values of surface layers in EA1N carbon steel are considerably lower; at the surface 320 – 420 HV 0,04, 
under the surface layer 170 – 210 HV 0,04. The layer thickness is 0,5 – 0,6 mm. 

3.3. Lon carbonitriding 

The above mentioned cleaning cycle was also applied to the carbonitriding procedure. It followed 
carbonitriding in the mixture atmosphere H2 (10 dm3/h) + N2 (30 dm3/h) + NH4 (2,4 dm3/h) at 550 °C for 2 
h, under the pressure 2,8 mbar and voltage 510 V. 

It follows from the course of hardness in EA4T steel that the hardness level in the carbonitrided layer (580 – 
630 HV 0,04) is lower than that of nitrided layer (Fig. 3). The layer thickness is 0,5 – 0,6 mm. For this layer, 
the occurrence of compact microlayer of carbonitrides at the surface, the thickness of which is 3,6 – 4 μm, 
is typical. Hardness values in carbonitrided layer of EA1N carbon steel are only 320 – 370 HV 0,04. The 
thickness of the compact microlayer of carbonitrides at the surface is 4 – 6 μm, the thickness of the whole 
layer being 0,45 – 0,6 mm. 

4. RESULTS OF FATIGUE TESTS 

All results of fatigue tests are summarized in Fig. 4 and Tab. 1. There are given the results of tests 
performed on bars of both investigated steels EA1N and EA4T (tests with and without fretting, bars without 
surface processing, shot peened bars, ion nitrided and ion carbonitrided bars). 

 

Fig. 3 Hardeness variation of nitrided and 
carbonitrided surface layer of EA4T steel 
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Fig. 4 Comparison of fretting fatigue limits of the EA4T 
and EA1N bars 

It can be concluded from Tab. 1 and Fig. 4 as 
well as from the comparison of values of 
fatigue limits σhC and notch factors βKa that the 
effect of surfacing on fatigue properties under 
fretting conditions was favorable in all cases. 
EA4T steel test bars without surfacing show 
a marked notch effect of fretting on the fatigue 
strength – the value of notch factor is relatively 
high, βKa = 1,90. Surfacing methods applied, 
particularly ion nitridation, lead to the 
substantial improvement of this state. The use 
of ion nitridation practically eliminated the 
unfavorable fretting effect and the value βKa = 

1,07 was obtained. The favorable influence of shot peening is not so striking as in the preceding case; the 
value of βKa = 1,31. Carbonitridation has the smallest effect but the obtained value of βKa = 1,57 is still 
plausible. 

 Tab. 1 Results of fatigue tests  

Steel Treatment Type of fatigue test 
Fatigue limit σhC 

[MPa] 
Notch factor βKa

1) 

EA4T 

heat 
treated 

base material without fretting 480 - 

base material with fretting 260 1,90 

base material + shot peening with fretting 370 1,31 

base material + ion nitriding with fretting 450 1,07 

base material + carbonitriding with fretting 310 1,57 

EA1N 

normalized 

base material without fretting 320 - 

base material with fretting 260 1,24 

base material + shot peening with fretting 310 1,03 

base material + ion nitriding with fretting 320 1,00 

base material + carbonitriding with fretting 270 1,19 

βKa = (σhC without fretting – σmin) / (σhC with fretting – σmin), lower cycle stress σmin = 13 MPa 

In the case of EA1N carbon steel, the unfavorable effect of fretting on the fatigue strength in test bars 
without surfacing is less marked. The notch factor βKa = 1,24, what is substantially lower value in 
comparison with that of EA4T heat treated steel (βKa = 1,90). Nevertheless, the surfacing methods applied 
are still effective. The value of notch factor βKa is close to 1 in some cases what means that the unfavorable 
effect of fretting is practically eliminated. It was found in the case of both ion nitrided bars (βKa = 1,0) and 
shot peened bars (βKa = 1,03). 
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The influence of carbonitridation is also favorable but less pronounced (βKa = 1,19). 

5. DISCUSSION 

Favorable results obtained during the fatigue tests with fretting in the case of ion nitrided and 
carbonitrided test bars are given apparently by an increased hardness in the surface layer. It is supported 
by the fact that advantageous conditions for high hardness values in the surface layer are particularly in 
EA4T low-alloy steel where the presence of Cr and Mo favors the formation of hard nitrides and 
carbonitrides. Hardness values in the surface layer of about 800 HV were found in the case of nitridation 
and of about 600 HV in the case of carbonitridation. EA1N carbon steel does not contain these carbide-
forming elements and thus the hardness values after nitriding and carbonitriding are substantially lower. 
They reach only about 400 HV in the case of nitridation and about 350 HV in the case of carbonitridation. 

The results of fatigue tests with fretting performed on shot peened bars are also favorable in spite of the 
fact that the surface hardness increased only a little after this type of surfacing. The measured values are 
240 – 260 HV 0,04 in the interior and 295 – 300 HV 0,04 at the surface in the case of EA4T steel and 180 -
190 HV 0,04 and about 210 HV 0,04 in EA1N steel. On the other hand, high compressive residual stresses in 
the plastically deformed surface layer arise from this type of surfacing. 

Apparently, from the point of view of fatigue damage with fretting, the both factors – increased hardness 
of the surface layer and high level of compressive stresses – play an important role. The presence of high 
compressive residual stresses in nitrided and carbonitrided layers is well-known and has been confirmed 
also by our measurements of nitrided layers [6]. 

Compressive residual stresses contribute to the retardation of crack growth which are formed at the 
surface during the fatigue damage, inhibit effectively the transition of these cracks to the fatigue crack and, 
in this way, they influence favorably fatigue properties.  

The first stage of damage, up to the formation of the first cracks, is importantly connected with the friction 
and seizing properties of the surface layer. Oscillating vibration movement causes in the contact area the 
formation of wear products and surface roughening (Fig. 5). It can be supposed that high hardness values 
and suitable friction properties of the surface layer slow down this process. 

The situation (stress and microstructural 
conditions) in surfaces possessing a low hardness 
corresponding to the annealed or quenched and 
tempered state and lower strength values of the 
steel differs considerably from that of surfaces 
with high hardness and a rapid development of 
seizing occurs in this case. It results in more rough 
surface and in the increase of cyclic friction 
forces. Increasing number of cycles leads to the 
formation of surface fretting cracks with oblique 
orientation to the surface during the first stage of 
damage. 

In this stage of damage, a favorable effect of 
compressive stresses in the surface layers plays 

  

Fig. 5   Development of coarsening and first seizing  
(arrows) in contact area. Nitrided EA4T bar   
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an important role. Compressive residual stresses lead to the crack closing and slow down their rapid 
growth. These small fretting cracks develop during the next stage into the fatigue cracks inclined to the 
surface and leading finally to the failure of the part. 

6. CONCLUSIONS 

With the help of instrumented fatigue fretting tests on flat bars, data on the influence of surfacing methods 
– shot peening, nitriding and carbonitriding – on fatigue limit of parts loaded in this way have been 
obtained. The tests were performed on two steels used for railway vehicles, on EA1N carbon normalized 
steel with strength 578 - 620 MPa and on EA4T low-alloy quenched and tempered steel, the strength of 
which was 736 - 754 MPa. Applied surfacing methods led in both steels to the increase – quite substantial 
in some cases - of fatigue strength. 

The results obtained are as follows: 

a) EA4T quenched and tempered low-alloy CrMo steel  

� Shot peening led to the increase of fatigue limit under fretting conditions by 42 %; however, this 
value is still by 31 % lower than that of bars loaded without fretting 

� Nitridation increased the fatigue limit in the case of fretting by 73 % what is only by 6 % lower than in 
bars without fretting 

� Carbonitridation increased the fatigue limit in the case of fretting by 19 %; this value is still by 35 % 
lower than that of bars loaded without fretting 

� EA1N normalized carbon steel 

� Shot peening increased the fatigue limit in the case of fretting by 19 % 

� Nitridation increased the fatigue limit in the case of fretting by 23 %. This value is practically the 
same as in the case of bars without fretting 

� Carbonitridation increased the fatigue limit in the case of fretting only slightly, by 4 % 

 

Nitridation and shot peening are more effective methods than carbonitriding, particularly in the case of 
low-alloy EA4T steel, where the fretting caused up to 46 % decrease of fatigue limit. They led to the 
increase of the fatigue limit under conditions of fretting by 73 % and 42 %, respectively. 

Favorable effect of methods applied can be attributed above all to two factors: 

� Substantial increase of hardness owing to the surfacing prolongs the life time as it retards the 
formation of seizing that leads to the increase of cyclic friction forces and to the formation of the 
fretting cracks 

� High compressive residual stresses, especially in shot peened and nitrided surfaces, slow down the 
fretting crack growth and their transition to the main fatigue crack  
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Abstract 

The mechanical properties of 18CrMo4 steel under multiaxial stress field loading have been investigated. 
Especially crack growth rate analysis under mixed model crack loading was carried out in this work. 
A numerical model result of fatigue crack growth and the results from experimental studies using two 
different specimen geometries and loading conditions are discussed. The main aim of this work is to 
develop mathematical model in order to predict the response of materials and state the crack propagation 
under mixed mode fatigue loading typical for wide range of applications. 

Keywords: crack growth rate, fatigue crack, mixed-mode 

1. INTRODUCTION 

Typically the study of fatigue crack behavior in high strength steel using fracture mechanics has been 
largely focused on model I loading. However engineering components of structures are usually subjected to 
both normal and shear loading which can be usually mode II and mode III type. This multiaxial fatigue 
problem was usually studied using classical fatigue analysis (S-N curve approach) or the mixed-mode 
fatigue crack problem within the context of fracture mechanics. In this work the main aim is focused on 
high strength low alloyed steel (HSLA) fatigue crack growth analysis under mixed model fatigue loading and 
crack path orientation analysis. Application of high strength steel for shafts and gear wheels production 
brings typical complex stress state which caused the mixed model crack tip loading. 

The basic solution for multiaxial fatigue is application of some fatigue criteria function. There are many of 
criteria function to predict tensile stress dominated of shear dominated fracture. In the case of this study 
the maximal tangential stress criteria is used and the predicted crack path direction is compared with 
experimental fracture behavior. 

2. MATERIAL CHEMICAL COMPOSITION AND HEAT TREATMENT 

The study was carried out using a commercial 
grade steel. Two steel of different chemical 
composition were studied. The steel samples 
marked as CSN ISO 15 124 and JIS SCM420H were 
studied. Those two kinds of steels are commonly 
used for shaft and highly load structural parts. 
Chemical composition is state in Tab. 1. Samples 
were heat treated to achieve typical mechanical 
properties according graph which is shown in Fig. 

 
Fig. 1 Heat treatment diagram 
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1. Oil-quenching was carried from the temperature 850 °C and tempering at 450 °C during 30 minutes 
cycle. Mechanical properties like tensile properties and Vickers hardness of steel are summarize in the Tab. 
2. 

 Tab. 1 Chemical composition of materials 

Specimen C Si Mn P S Ni Cr Mo Cu
15124 0.18 0.3 1.21 0.01 0.019 0.112 0.908 0.2 0.016
SCM420H 0.21 0.24 0.84 0.01 0.017 0.02 1.09 0.16 0.1
[% of volume contain]  
 Tab. 2 Mechanical properties 

Specimen HV
�y

MPa
�UTS

MPa

15124 421 890 980

SCM420H 462 930 1030
��Note: �y, �UTS evaluated using tensile test

 

3. EXPERIMENTAL MODEL 

For the fatigue experimental analysis the single edge notch flat speciment was taken into the study. 
Experimental model was designed according to plane strain condition and mixed mode crack tip loading. 

3.1. Flat specimen 

Higher strength and lower value of fracture toughtness are typical mechanical properties of studied steel. 
To achieve plane strain state the geometrical dimension of the test sample fit the condition which is based 
on the equation (1). According this the sample thickness B = 3 mm. Geometry of samples for fatigue crack 
growth rate analysis is ilustrated on Fig. 2b. Mixed mode which combine in plane mode I and mode II crack 
tip loading is achieved using wedge system which is shown on the Fig. 2a. 

2

5.2,, %
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'
(
(
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Fig. 2. a) Mixed mode loading jig b) SEN sample geometry drawing 
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Fig. 3. Approximation function for KI factor under pure 

mode I loading 

3.2. LEFM model 

Application of linear elastic fracture 
mechanics brings the problem of analysis 
stress state near the crack. The effective 
stress intensity factor value has to be 
evaluated to achieve real fracture loading 
condition. Parameters like crack surface 
friction and crack path are taken into the 
analysis. To evaluate stress field the finite 
element method is applied. Geometrical 
model and boundary condition are equal to 
real sample size and loading condition as is 
ilustrated on the Fig. 2a 

Numerical model considerate the real stress 
state of the sample loading condition. To predict crack path trajectory maximum tangential stress (MTS) 
criterion is used. This criterion is widely used due to its simplicity and good agreement with experimental 
observation. MTS criterion was proposed by Erdogan and Sih [7], [8]. The crack propagation direction is 
defined like the perpendicular to maximum tangential stress in front of the crack tip. Mathematically the 
condition for the crack growth direction can be expressed as: 

0�
$
$
,
�,  a 02

2
�

$
$
,
�,            (2) 

where, ,� is tangential stress.  

Mathematical model to was build to analyse in plane fracture behavior using KI a KII modeling. Assessment 
of the size and loading type aproximation function was state for crack lenght interval in the range 
a <1; 4.5> mm. On this interval the function for stress intensity factor mode I can be writen in the form 
KI = f(F, a, B), where F is loading force, a crack lenght and B is the sample thickness. Then the aproximation 
function can be expressed as: 

)exp(),,( qaFCK BFaI �           (3) 

Where, the constant C = 0.15 and exponent q = 0.2. 

Crack growth rate analysis 

Aim of the experimental work is to establish methodological approach to crack growth rate analysis under 
the biaxial loading. Paris Law in equation (4) is used to crack growth description. The increment of crack 
growth takes the form given below where C is the Paris Law constant, m is the Paris Law exponent, N is the 
number of cycles. 

� �mIIIKC
dN
da

,��            (4) 
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3.3. Fatigue crack path 

However, biaxial experiments are required to determine the crack path direction which is influenced by 
loading more ratio or material microstructure. In the case of mixed mode loading the trajectory of crack 
path is influenced by material and loading condition. Measurement of crack path direction angle of is 
shown on the Fig. 4. 

4. RESULTS 

Based on experimental observation the crack growth rate 
curve for mode I and model II were analyzed. Crack path was 
traced using digital camera and lenses with fixed focusing. 
Calibration of the optical system was made by optical 
microscope and calibration grid. There are plotted fatigue 
crack growth curves obtained by two sets of specimens of 
two material types. Crack growth rate curves and Paris – 
Erdogan law data fit are plotted in graphs on the Fig. 5 and 
Fig. 6. There is comparison of tensile stress mode and shear 
stress mode of crack tip loading. The parameters of power 
law of crack growth are summarized in the Tab. 3. 

 

 Tab. 3 Fatigue crack growth rate parameters 

Mode I Mode II

Specimen C I n I C II n II

15124 1.59 10-15 3.61 1.06 10-22 10.53

SCM420H 4.89 10-15 3.58 5.01 10-22 10.15  
 

 
Fig. 4. Crack path direction under 

Mode I and Mode II loading 

Fig. 5. Crack growth rate curves for Mode I and 
Mode II specimen A (CSN ISO 15124) 

Fig. 6. Crack growth rate curves for Mode I 
and Mode II, specimen B (JIS SCM420H) 
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Fig. 7. Numerical model of the test - equivalent stress distribution 

 

The influence of loading on the crack path direction is illustrated in Fig. 8, considering the four values of 
loading direction γ. MTS criterion prediction using FE calculation is compared with the experimental crack 
path of studied materials. 

  
Fig. 8. Crack path direction under mixed mode loading 

 

Crack growth tracking using optical analysis is illustrated on Fig. 9. In this result image is plotted sample A2 
(15 124 steel) after mode I and mode II loading. 

 
Fig. 9. Fatigue crack path SEN specimen and crack declination angle φ (pure shear mode) 
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5. CONCLUSION 

The results of fatigue crack growth rate analysis are summarized in this work. New experimental procedure 
was proposed to achieve mixed model crack tip loading. Crack growth rate curves were described based on 
the experimental observation which was studied of 18CrMo4 grade steel with two different chemical 
composition set. The differences of crack growth rate were observed and SCM420H steel achieves higher 
crack growth rate under the mode I and mode II loading than 15124 steel. Experimental data provide 
material properties of this steel grade for future crack growth modeling of rolling contact fatigue problem. 
New experimental test proposal allowed optimization of chemical and technological parameters. 
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THE SENSITIVITY OF 42SICR STEEL TO INCLUSIONS UNDER FATIGUE LOADING FOR THREE 
DIFFERENT WAYS OF HEAT TREATMENT 

Jiří SÍS, Ivo ČERNÝ, Dagmar MIKULOVÁ 

SVÚM Research and Testing Centre, Prague, Czech Republic, EU, sis@svum.cz 

Abstract 

The aim of this work was the interpretation of results of fatigue tests of low alloy 42SiCr steel. Three 
different types of heat treatment conditions were compared: (i) as received hot rolled material, (ii) 
classically heat treated material (quenched and tempered) and (iii) heat treated material using advanced 
quenching and partitioning (Q-P) process. The results of fatigue tests in combination with fractographical 
analysis showed significant differences concerning effects of inclusions on fatigue crack initiation evaluated 
as a dependence on the type of heat treatment of the samples. The influence of inclusions was evaluated 
by Murakami´s model (Murakami and Endo, 1994 [1]). This influence was compared with the difference of 
real fatigue life and expected fatigue life from Wöhler curve. 

Keywords: fatigue, inclusions, heat treatment, steel 

1. INTRODUCTION 

The presence of inclusions in the microstructure, or imperfections in general, leads often to initiation of 
fatigue crack at stresses lower than fatigue limit of the material without the defects. This problem is well 
known and experimentally proven. There are a lot of papers in the technical literature, which are focused 
on explanation the influence of presence of non-metallic inclusions in the structure but there is not the one 
complex theory after more than 40 years that can explain all aspects of influence of inclusions. 

Many studies deal with the influence of size of inclusions on fatigue behavior. There were presented 
mathematical models for prediction of fatigue life when inclusions were present in the structure. In 
general, there are two ways how to study this phenomenon: studies based on fracture mechanics 
approaches and studies that lead to empiric or semi-empiric equations.  

First sort of studies usually works with quantities of fracture mechanics like K or ΔK. These theories are 
usually very difficult from mathematical point of view so it is common to use simulation methods like FEM 
(Finite Elements Method). [2-5] 

Second sort of studies is based on results from tests on real specimens. These studies search the correlation 
between properties of inclusion where the fatigue crack initiated and common mechanical properties like 
fatigue limit σC, hardness of material etc. This attitude was used in this work and should be described more 
detailed. The basic series of studies were presented by Frost et al. in 60`s [6]. Very simple and fairly 
accurate equation (1) was the result of these studies:  

Clw �	� 3
             (1) 

Many theories build on Frost`s model – some of them are cited in the next text.  
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Model of Murakami and Endo [1] was used in this work. Base of their work is in differentiation of inclusion 
location (or inhomogeneity in general) and geometrical √area parameter application. There are two 
equations (2,3) for evaluation the influence of inclusion size on probability of fatigue crack initiation on this 
inclusion:  
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Equation (2) is valid for surface defects, equation (3) for internal defects, respectively. The equation (4) is 
valid for getting parameter α in equation (2) and (3). Model of Murakami and Endo was used in many 
works, for example [1,7,8]. 

El Haddad et al.´s model [10] is also well known. This model is on the line between two attitudes how to 
study this problem mentioned in before. His model is characterized by the equation (5):  
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2. EXPERIMENTAL PROCEDURE 

This work builds on our previous work, which was focused on evaluation and comparison of fatigue 
properties of 42SiCr steel (chemical and mechanical characteristics in Tab. 1 and Tab. 2, respectively) in 
three different metallurgical states: 

� hot rolled material (BM) – ferritic pearlitic structure 

� classically heat treated (HT, quenching and tempering) 

� heat treated using advanced Q-P process (QP – quenching and partitioning) 

 

 Tab. 1 The chemical composition of 42SiCr steel 

Chemical element C Si Mn Cr 

Content [weight %] 0,43 2,00 0,59 1,33 

 

 Tab. 2 Basic mechanical characteristics and content of residual austenite (RA) [11] 

Treatment state UTS [MPa] Proof stress Ductility [%] RA [%] HV10 

As received (hot rolled) 981 592 30,0 - 295 

Quenched and tempered 2047 1803 15,8 2,9 573 

Q-P process 1992 1722 21,0 11,5 531 

 

The fatigue tests were performed on the samples using load asymmetry R=-1. Fractographical analysis of 
fracture surfaces was performed on scanning electron microscope JEOL JSM 35 targeted in explanation of 
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fatigue crack initiation mechanisms. The results are summarized in Wöhler curve (Fig. 1) and were 
published in [11]. The values on Wöhler curve were characteristic by quite a high scatter (Fig. 1), which 
should be explained. This higher scatter was observed especially in case of HT and QP samples, respectively, 
but not in BM samples (hot rolled, basic material). The aim of this work was to explain this phenomenon. 
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Fig. 1 Total survey of results of fatigue tests with regression analyses 

3. RESULTS AND CONCLUSIONS  

Fractographical analysis 
showed that extreme 
values of the fatigue life, 
i.e. either preliminary 
fatigue break or fatigue 
life significantly longer 
than the average, are 
probably caused by 
presence of inclusions 
and by initiation of 
fatigue crack on these 
inclusions. We used 
Murakami´s model 
(Murakami and Endo, 
1994) for evaluation and 
comparison these inclusions 
at the start and then we 
compared these values with values of number of cycles to failure. The Wöhler curve was known, so we 
evaluated the difference between “real number of cycles” and “expected number of cycles”. Also 
“Murakami area” and “real area” of inclusions were known and so these values could be compared.  
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samples 
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Fig. 2 shows pair of inclusions from each type of samples and their different influence on fatigue life of the 
sample. Selected samples were not tested with stress equal to fatigue limit so the areas of inclusions 
cannot correspond exactly to Murakami´s model. But the results give us information, that different type of 
heat treatment causes different sensitivity of the material to presence of inclusions during loading over 
fatigue limit, which cannot be explained only by different hardness of material.  

The results showed that the behavior of BM samples agreed with Murakami´s model or deviations are at 
conservative, safe, site. But it was found out that Murakami´s model is insufficient for HT and QP samples, 
respectively. Tab. 3 shows that in some cases the fatigue crack initiated on inclusions is smaller than 
predicted by Murakami´s model. For example in cases of samples QP3 and QP14 the area of fatigue crack 
initiated inclusion could be consider as equal to Murakami area. The danger of this situation is that real 
fatigue life of these samples is shorter in comparison with Wöhler curve about more than 60%. These 
results show that heat-treated samples (both ways of heat treatment) are more sensitive to presence of 
inclusions in surface area. The heat-treated samples where fatigue crack is initiated on the inclusion in the 
center are with sufficient agreed with Murakami´s model.  

 Tab. 3 The examples of characteristics of inclusions in comparison with fatigue life for each type of 
samples 

Sample No. 
Inclusion 
area [μm2] 

Location 
Murakami 
area [μm2] 

Real life of the 
sample [cycles] 

Expected life of 
the sample [cycles] 

BM3 448 Surface 21 699 000 10 000 000 *) 

BM11 376 Surface 21 263 000 40 000 

QP3 128 Surface 134 516 000 1 400 000 

QP4 468 Surface 134 1 040 000 1500000 

QP14 160 Surface 134 457 000 1 250 000 

TZ11 9 585 Internal 4 259 3 405 000 5 000 000 

TZ13 910 
563 μm from 
surface 

4 259 217 000 1 500 000 

*) The test is stopped after 10 000 000 cycles and the sample considered as loaded under fatigue limit 

The explanation of higher sensitivity of heat-treated samples could be seen in different type of failure. Fig. 
3 shows examples of photos from stereomicroscope Olympus SZ61. On the left side is fracture area of BM 
sample with usual type of mechanism of failure. On the right side is fracture area of heat-treated sample (in 
this case QP) with slippage mechanism in the last stage of fatigue failure. This type of failure is typical for all 
HT and QP samples, respectively. The width of the slippage area of the sample is 400-800μm 
approximately. Whole this area is more sensitive to presence of inclusion in comparison with Murakami´s 
model. The sample No. TZ13 in Tab. 3 could approve this theory. The fatigue failure initiated inclusion is in 
the distance 563μm from surface, so it should be considered as a internal. But the inclusion area is much 
smaller than expected by Murakami´s model not only for inclusions in the center but also for inclusions in 
the surface.  

There is no reason to expect that final stage of fatigue failure could have the influence on initiation of 
fatigue crack on inclusions but these two phenomenons could be affected by the same or similar 
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influences. It could be consider expanded area of surface for this type of failure mechanism for prediction 
and it could be used the equation (2) with correction of coefficient 1,43 from Murakami´s model. 

 
Fig. 3 The examples of two different types of failure for BM samples (left) and HT and QP samples (right) 

Further tests should be performed to fully confirmation this theory and finding united causality that affect 
the higher sensitivity of both types of heat-treated samples on presence of inclusions and different type of 
final stage of fatigue failure.  
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Abstract  

Specific treatment used for TRIP steels, as well as quenching and partitioning (Q-P) processing rely on 
producing multi-phase microstructures with retained austenite in low-alloyed steels in order to achieve 
excellent mechanical properties. It is namely the values of the product of strength and elongation that 
reach outstanding levels. The desired microstructure for exploiting the TRIP effect consists of carbide-free 
bainite, ferrite and a small amount of retained austenite. It can be produced by intercritical annealing. 
Depending on the chemical composition of the steel, this microstructure may exhibit strengths between 
800 and 1000 MPa and elongations up to 30 %. Microstructures with martensite matrix produced by Q-P 
process contain retained austenite in the form of films between martensite laths. They show strengths of 
up to 2000 MPa and elongations of about 10 %. In order to achieve such properties, suitable combinations 
of alloying elements must be chosen to prevent carbide precipitation and to suppress competing reactions. 
Suitable heat treatment or thermomechanical treatment must be applied as well. 

Experimental schedules involving intercritical annealing and Q-P process that are described in this paper 
were carried out on two low-alloyed steels containing various levels of carbon, manganese and chromium. 
The intercritical annealing comprised a hold at 425 °C. Its purpose was for bainite to form and for retained 
austenite to stabilize. In the Q-P process, quenching was carried out below the Ms temperature. Q-P-
processed 42SiCr steel (0.4 %C) showed ultimate strength of 1900 MPa and an elongation above 15 %. In 
comparison, Q-P processed CMnSi TRIP steel (0.2 %C) showed a strength of 1175 MPa and elongation of 
A5mm = 16 %. Heat treatment of 42SiCr steel simulating intercritical annealing produced atypical bainite-
martensite-austenite microstructures with strengths above 1900 MPa and elongations of 7 %. The CMnSi 
TRIP steel contained ferrite-bainite structure with retained austenite and an elongation of 36 % combined 
with a strength of 835 MPa. 

Keywords: TRIP steel, Q-P process, thermomechanical treatment, high strength steels 

1. INTRODUCTION 

In recent years, materials with microstructures of multiple components and with retained austenite have 
been proven to show an excellent combination of strength and ductility. There are several types of 
treatment relying on retained austenite as a means of improving plasticity of steels. The best-known ones 
include intercritical processing and Q-P processing. Both of them can be used successfully for treating low-
alloyed steels. 

Intercritical annealing produces a TRIP-type microstructure consisting of ferrite, bainite and retained 
austenite, showing elongation of almost 40% and strength of 900 – 1000 MPa. Intercritical processing 
comprises five steps: rapid heating, the actual intercritical annealing, rapid cooling, a hold at the 
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temperature of bainitic transformation, and cooling to room temperature [1-2]. The key aim of Q–P 
processing is to achieve high strength and to retain sufficient ductility. Strengths obtained through this 
process exceed 2000 MPa. The elongation is about 10-15% [3-5]. Q-P process comprises austenitizing, rapid 
cooling below Ms, and a hold at a temperature below Ms. During this hold, carbon partitions from 
oversaturated martensite and contributes to stabilization of retained austenite. 

The main purpose of the experimental programme was to explore the application potential of these two 
types of treatment for steels with different carbon levels. Another of its objectives was to find the 
achievable limits of mechanical properties, namely strength and elongation. 

2. EXPERIMENTAL 

The experimental program included intercritical annealing (IG) and Q-P process (QP) trials and optimization 
of selected processing parameters, namely the soaking temperature, number of incremental deformation 
steps and cooling rate. Selected thermomechanical treatment schedules were performed in 
a thermomechanical simulator as well. The simulator offers precise control of temperature and 
deformation schedules. Incremental deformation during cooling was employed to refine the microstructure 
of the experimental material and, consequently, to improve its mechanical properties. The resulting 
microstructures were examined using a light microscope (LM), laser confocal microscope (LCSM) and 
scanning electron microscope (SEM). In order to differentiate various microstructure components, Klemm’s 
and Le Pera’s tint etchants were used. 

2.1. Experimental Materials  

Two low-alloyed steels were selected for the experiments. 42SiCr steel with 0.4 % carbon is a typical steel 
used for Q-P processing. CMnSi steel with carbon content of 0.2 % is a typical TRIP steel ( Tab. ). Both steels 
contain alloying elements which stabilize retained austenite, inhibit carbide precipitation, delay pearlite 
formation and strengthen the solid solution, such as carbide, manganese and silicon [2]. In addition, 42SiCr 
contains chrome that enhances its hardenability and strength. A special alloying element in CMnSi TRIP 
steel is niobium, which modifies transformation reactions, enrichment of austenite with carbon and 
martensite nucleation [6]. The initial microstructure of 42SiCr steel consisted of a majority of pearlite and a 
small amount of ferrite. Microstructure of CMnSi steel consisted of ferrite and pearlite with 33 % pearlite 
and a ferrite grain size of 9.9 �m. 

 

 Tab. 1 Chemical composition of experimental steels [wt %] 

 C Mn Si P S Cr Ni Cu Al Nb Mo 
Ms 
[°C] 

Mf 
[°C] 

42SiCr 0.43 0.59 2.03 0.009 0.004 1.33 0.07 - 0.008 0.03 0.03 298 178 

TRIP 
CMnSi 

0.21 1.449 1.797 0.008 0.005 0.008 0.072 0.058 0.006 0.059 0.02 370 257 
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  Fig. 1 CCT diagram for 42SiCr steel 

 
  Fig. 2 CCT diagram for CMnSi TRIP steel 

CCT and TTT diagrams for both steels were calculated on the basis of their chemical composition using 
JMatPro software for the austenitizing temperature of 900°C (Fig. 1, Fig. 2). Ms of 42SiCr steel was found to 
be 298 °C. Owing to its lower carbon content, CMnSi TRIP steel's Ms temperature was higher: 370 °C. 

2.2. Experiments 

The experimental programme was conducted in two stages. Intercritical annealing, which is typically used 
for TRIP steels, was carried out first. Q-P process was then performed in the second stage to produce 
martensite with foils of retained austenite. Both experimental materials were treated using identical 
schedules. 

Intercritical annealing (IG) 

Intercritical processing was performed on 42SiCr steel first. Soaking at 900 °C for 100 s was followed by 
twenty incremental deformation steps with a cumulative strain magnitude of C = 5, cooling down to the 
bainitic transformation temperature of 425 °C, a 600 s hold (IG1) and cooling down to room temperature. 
In order to obtain a sufficient amount of ferrite, this basic schedule was modified by reducing the soaking 
temperature to 850 °C. As a result of this modification, the heating took place in a two-phase region (IG2). 
In another modification, the number of deformation steps was decreased to 15. The cumulative logarithmic 
strain was�C = 3.6 (IG3). The last parameter to be varied was cooling rate. It was reduced from 14.3 °C/s to 
9.5 °C/s (IG4) (Tab. 2). 

 

 Tab. 2 Parameters of intercritical annealing and results of mechanical testing 

Steel  TA/tA  

[°C/s] 

Def. 
steps 

Def. Interval 
[°C] 

Cooling 
rate [°C/s] 

TB/tB 

[°C/s] 
Rm  

[MPa] 

A5mm  

[%] 

HV10 

[-] 

RA  

[%] 

42SiCr 

IG1 900/100 20 900-720 14.3 425/600 1700 9 510 18 

IG2 850/100 20 850-720 14.3 425/600 1820 8 533 17 

IG3 850/100 15 850-720 14.3 425/600 1616 7 531 16 

IG4 900/100 20 900-720 9.5 425/600 1904 7 586 16 

TRIP 
CMnSi 

IG1 900/100 20 900-720 14.3 425/600 835 36 278 14 

Q-P process (QP) 
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The first stage of Q-P processing was soaking at 900°C for 100 s (QP1). It was followed by twenty 
deformation steps between 900 and 720 °C, the same as in the intercritical processing schedule. The 
material was then cooled down to 200°C, which is above the Ms temperatures of both steels but still above 

Mf. The 600-second hold at 250 °C was to facilitate diffusional partitioning of carbon. In order to explore 
the austenitizing process, a schedule with a soaking temperature of 930 °C was performed as well (QP2) 
(Tab. 3). 

 

 Tab. 3 Q-P processing parameters and results of mechanical tests 

  TA/tA  

[°C/s] 

Def. 
steps 

Def. Interval 
[°C] 

QT/Qt 
[°C/s] 

PT/Pt 
[°C/s] 

Rm  

[MPa] 

A5mm  

[%] 

HV10 

[-] 

RA  

[%] 

42SiCr 
QP1 900/100 20 900-720 200/10 250/600 1959 15 566 16 

QP2 930/100 20 900-720 200/10 250/600 1953 20 578 14 

TRIP 
CMnSi 

QP2 900/100 20 900-720 200/10 250/600 1175 16 413 12 

2.3. Results and Discussion 

The first intercritical processing schedule performed on 42SiCr steel (900°C/100 s – 20×def. – 425 °C/600 s) 
produced bainitic-martensitic microstructure with 18 % retained austenite and hardness of 510 HV10 (Fig. 
3, Fig. 4). Austenite regions were either dispersed between bainite regions or arranged as wide bands. The 
M-A constituent and martensite were often found predominantly in the latter. This microstructure showed 
a strength of 1700 MPa and an elongation of 9 % (Tab. 2). Upon another otherwise identical schedule with 
a reduced soaking temperature of 850 °C, the microstructure of the material was very similar to that in the 
previous case, containing 17 % retained austenite and a small amount of pearlite. The strength level was 
higher, 1820 MPa, whereas the elongation value remained the same: A5mm = 8 %. A schedule where the 
number of deformation steps was reduced from 20 to 15, led to a lower strength of 1616 MPa and 
elongation of 7% (Fig. ). Colour etching using Klemm’s reagent showed that retained austenite remained in 
the microstructure, particularly in small regions between bainite areas. 

 
Fig. 3 42SiCr - 900°C/100s – 20×def. – 425°C/600s with 

cooling rate of 14.3°C/s (IG1) – Nital, LCSM 

 
Fig. 4 42SiCr - 900°C/100s – 20×def. – 425°C/600s 

with cooling rate of 14.3°C/s (IG1) – SEM 
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Fig. 5 42SiCr - 850°C/100s – 15×def. – 425°C/600s with 

cooling rate of 14.3°C/s (IG2) – KLEMM, LM 
Fig. 6 42SiCr - 900°C/100s – 20×def. – 425°C/600s 

with cooling rate of 9.5°C/s (IG4) – Nital, LCSM 

 

Mechanical properties were strongly affected by the cooling rate. In the following schedule, the cooling 
rate was reduced from 14.3 to 9.5 °C/s. The resulting material contained larger martensite areas than 
specimens subjected to previous schedules. Martensite probably formed by decomposition of retained 
austenite during cooling from the holding temperature for bainitic transformation (Fig. 5, Fig. 6). Hardness, 
strength and elongation of this microstructure were 586 HV10, 1904 MPa (notably higher than in previous 
cases) and 7 %, respectively. 

The CMnSi TRIP steel with 0.2 % C was processed according to the same schedule (900°C/100 s – 20×def. – 
425 °C/600 s and cooling rate of 14.3 °C/s). The material contained ferrite, bainite and 14 % retained 
austenite. Its hardness was 278 HV10. Its microstructure was therefore typical TRIP steel microstructure. In 
some cases, ferrite grains in place of the initial austenite grains formed along the bainite sheaves. This 
material’s strength, despite lower carbon level and no chromium addition, was 835 MPa. Elongation was 
36 %. 

 

 
Fig. 7 42SiCr - 900°C/100s – 20×def. – 

425°C/600s with cooling rate of 9.5°C/s (IG4) 

 
Fig. 8 TRIP CMnSi - 900°C/100s – 20×def. – 425°C/600s 

with cooling rate of 14.3°C/s (IG1) – Nital, LSCM 

B 

F 

RA 

B M 

MA-constituent B 

M

M 

B P 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

537 

 

Fig. 9 42SiCr - 900°C/100s – 20×def. – 400/10s 
– 250°C/600 s (QP1) - SEM 

 

Fig. 10 TRIP CMnSi - 900°C/100s – 20×def. – 400/10s – 
250°C/600 s (QP1), KLEMM, SM 

 

Q-P processing schedules with various parameters were used for both experimental steels. 42SiCr steel was 
subjected to two schedules with different soaking temperatures (Tab. 3). The resulting predominantly 
martensitic microstructures contained 16 and 14 % retained austenite and small amounts of ferrite (Fig.  9). 
When a higher soaking temperature of 930 °C was used, the resulting hardness was 578 HV10 (in the 
previous case, it was 566 HV10). The ultimate tensile strength was 1953 MPa and elongation ranged 
between 15 and 20 %. 

CMnSi TRIP steel was treated according to a single schedule with a soaking temperature of 900 °C. The 
resulting microstructure contained martensite, ferrite -which was present along the prior austenite grain 
boundaries, and 12 % of retained austenite. Colour etching revealed that retained austenite had been 
present in ferrite grain boundaries around the martensite regions (Fig. 10). The presence of martensite 
caused hardness as well as strength to increase to 413 HV10 and 1175 MPa, respectively. Elongation was 
A5mm = 16%. 

3. CONCLUSION 

Two steels, 42SiCr and CMnSi TRIP steel were used as experimental materials. Two types of 
thermomechanical treatment schedules were investigated. Both included incremental deformation and 
were aimed at producing retained austenite to improve the combination of strength and hardness of the 
material. In 42SiCr steel with 0.42 % carbon, intercritical processing produced bainite and martensite with 
a high level of retained austenite. Due to the material’s alloying additions, it was difficult to obtain free 
ferrite in the microstructure, which could have further improved plasticity. Despite that, this treatment led 
to a strength of 1907 MPa and an elongation of 7%. The same steel upon Q-P processing contained 
martensite and showed strength above 2000 MPa and an elongation of 20 %.  

CMnSi TRIP steel (with a low content of carbon of 0.2 % and no chromium) upon intercritical processing 
contained a typical TRIP steel microstructure of ferrite, bainite and retained austenite with a strength of 
835 MPa and high elongation of 36 %. The effort to produce a typical martensitic microstructure with 
retained austenite by Q-P processing was complicated. It led to a microstructure with martensite and 
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ferrite, which occurred along prior austenite grain boundaries. Using this schedule, the material showed 
strength of 1175 MPa and elongation of 16 %. 
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ACCELERATED CARBIDE SPHEROIDISATION (ASR) IN LOW-ALLOYED STEELS 

Jaromír DLOUHY, Daniela HAUSEROVA, Zbyšek NOVY  
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Abstract  

Steel plastic ability restoring and softening is necessary part of many manufacturing processes, mainly in 
cases, when product final shape is achieved by cold forming. Steel softening is usually performed by soft 
annealing, which is time-consuming treatment lasting several hours or even tens of hours in some cases. 
However, it is possible to achieve carbide spheroidisation and grain recovery in much shorter time by ASR 
process (Accelerated carbide Spheroidisation and Refinement). This newly developed form of thermal 
treatment is able to spheroidise carbides in ferritic matrix during several tens of seconds or several 
minutes. Thus, it is possible to reduce significantly time and energetic demands of manufacturing process. 
This article deals with accelerated carbide spheroidisation of two kinds of low-alloyed steels with 0.2%C in 
form of cold-drawn wires. The aim of the thermal treatment was to decrease hardness and increase 
plasticity of the materials. 

Keywords: Carbide spheroidisation, low-alloyed steel, soft annealing 

1. INTRODUCTION  

Soft annealing is one of most used thermal treatment for steel semi products. It is necessary to carry out 
this annealing before many technological processes – especially machining and cold forming. The research 
presented in this paper is devoted to two kinds of low-carbon low-alloyed steels. These steels are softened 
in order to further cold forming. Conventional soft annealing of these steels requires dwell at temperature 
around 700°C for approx. 15 hours. Diffusion of carbon requires many hours even in temperatures close to 
the temperature A1. Resulting structure after conventional soft annealing consists of ferritic grains and 
globular carbides of size ca. 1μm. Long dwell is necessary to ensure diffusion of carbon and carbides 
coarsening. The aim of this research was to reduce rapidly time necessary for carbide spheroidisation and 
material softening. 

2. EXPERIMENTAL  

2.1. Materials 

The experiment was carried out for two low alloyed steels marked A and B (for chemical composition see 
Tab. 1). Initial microstructure of steel A was ferritic-pearlitic with fine lamellar pearlite. Steel B was in initial 
state composed of ferrite, bainite and small amount of martensite. Both steels were obtained in form of 
cold drawn rods 10 mm in diameter. 
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 Tab. 1: Chemical composition of materials A and B 

Material (composition in wt,%) C Si Mn Cr Ni Mo Al B 

A 0,21 0,20 1,10 - - - 0,035 0,003 

B 0,23 0,25 1,30 0,50 0,50 0,20 0,038 - 

 

  

 
Fig. 1 Steel A – fine lamellar pearlite. Hardness of 

initial state was 231 HV10 

 
Fig. 2 Steel B – mixture of ferrite, bainite and 

martensite. Hardness of initial state was 306 HV10 

Metallographic observation was performed by optical microscope Nikon Epiphot 200 and scanning electron 
microscope JEOL JSM 6370. Hardness was measured by hardness tester Wilson Wolpert 430SVD. 

2.2. Heat Treatment – ASR (Accelerated Carbide Spheroidisation and Refinement) 

Heat treatment of samples was carried out in in the quenching dilatometer Linseis L78 RITA (Rapid 
Induction Thermal Analysis). Samples had cylindrical shape with diameter 3mm and length 10mm. Heating 
of samples was ensured by induction heating, cooling by flow of gas (nitrogen). 
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It is known from previous work [1] that accelerated carbide spheroidisation together with grain refinement 
(ASR) can be achieved by rapid temperature cycling around temperature Ac1. The more cycles take place, 
the better carbide spheroidisation. Literature resources [2] also says that deformed structure is more 
favourable for carbide spheroidisation, because high density of lattice defect in ferritic matrix supports 
carbon diffusion and thus reshaping of carbides from lamellar or needle morphology into globules. Thus, 
regimes consisting of 
heating above temperature 
Ac1 and subsequent dwell 
below temperature Ac1 
were designed. TH was the 
highest temperature of 
temperature peak and TL 
was the temperature of 
dwell. Heating rate was 
always 50°C/s and there 
were one or two 
temperature peaks carried 
out (Fig. 3) in one regime. 

2.3. Steel A 

For Steel A was chose dwell temperature TL = 690°C and duration of dwell 200 seconds. Regimes with two 
temperature peaks had TH1 = TH2. Regimes are listed in following Tab.: 

 

 Tab. 2 Parameters of regimes for steel A 

Regime parameter 1 temperature peak 2 temperature peaks 

TH [°C] Regime Hardness HV10 Regime Hardness HV10 

740 A1-740 220 A2-740 195 

770 A1-770 195 A2-770 180 

800 A1-800 193 A2-800 172 

820 A1-820 179 A2-820 165 

 

Hardness of initial state was 231 HV10. There is an evident trend of decreasing hardness with increasing 
temperature TH and increasing number of temperature peaks during heat treatment. However, this 
hardness decrease is probably caused mainly by recovery of deformed ferritic matrix. Due to low carbon 
content carbide spheroidisation does not affect hardness significantly. The best carbide spheroidisation was 
observed in samples which underwent regime A2-740. In this case was observed partial spheroidisation of 
initial lamellar pearlite whereas higher temperatures TH led to formation of new fine lamellar pearlite and 
ferritic grain refinement (see figs. 4-7). 

Fig. 3 Scheme of heat treatment regime 
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Fig. 4 A1-740, 220 HV10 

 
Fig. 5 A2-740, 195 HV10 

 
Fig. 6 A1-820, 179 HV10 

 
Fig. 7 A2-820, 165 HV10 

2.4. Steel B 

The dwell temperature TL had to be decreased below 690°C because of alloying by nickel and chromium. TL 
of 690°C was not sufficiently below Ac1 to ensure decomposition of austenite formed during temperature 
peaks and martensite remained in structure after 200 seconds dwells after each temperature peak. Only 
regimes with two temperature peaks are shown. Regimes with unequal maximal temperatures of 
temperature peaks were designed to ensure ferritic matrix recovery by higher firs peak and carbide 
spheroidisation by second lower peak. Hardness of initial state was 306 HV10. 

 Tab. 3 Regimes for steel B (TH1 – first peak temp., TH2- second peak temp., TL- dwell temp.) 

Regime TH1 [°C] TH2 [°C] TL [°C] Hardness HV10 

B 790/690/790 790 790 690 287 

B 790/650/790 790 790 650 188 

B 790/610/790 790 790 610 245 

B 790/570/790 790 790 570 307 

B 790/650/770 790 770 650 195 

B 790/650/770 790 750 650 203 
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Regimes B 1 – 4 were designed to find out optimal temperature TL to ensure the fastest austenite 
decomposition, the best was regime B 2 with TL = 650°C. Regimes B 6 and B 7 should possess the best 
combination of ferritic matrix recovery and carbide spheroidisation. Lower second peak should cause less 
austenite formation and subsequently smaller amount of martensite in final structure. 

 
Fig. 8 B 2, 188 HV10 

 
Fig. 9 B 2 – martensitic islands 

 
Fig. 10 B 6, 195 HV10 

 
Fig. 11 B 7, 203 HV10 

Regimes with lowest hardness exhibited the lowest content of martensite in final structure. Carbide 
spheroidisation was partial. Carbides were in shape of fine globular particles or short lamellae and were 
distributed in bands. Ferritic grains were equiaxial. Lowering of the temperature TH2 led to slight increase of 
hardness. It could be caused by worse ferrite recovery and recrystalization which requires sufficient 
temperature. 

3. CONCLUSION 

There were carried out regimes of heat treatment in duration up to 5 minutes to replace conventional soft 
annealing in duration over 10 hours. Two cold-drawn low-alloyed steels were examined. Material softening 
and carbide spheroidisation was achieved for both steels. Hardness of steel A (alloyed by manganese) 
decreased from initial 231 HV10 to 165 HV10 and hardness of steel B (alloyed by manganese, chromium 
and nickel) from 306 HV10 to 188 HV10. In both cases ferritic matrix recovery and recrystalization was 
crucial for hardness decrease. However, temperatures which are sufficient for significant ferrite softening 

martensite 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

544 

are too high to ensure accelerated carbide spheroidisation and caused formation of new lamellar pearlite in 
case of steel A. In case of steel B, maximum temperature of temperature peaks and temperature of dwell 
has to be tailored to minimize amount of martensite in final structure. Further optimization of heat 
treatment regimes should be done to combine ferrite softening and carbides spheroidisation in one regime. 
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ACCELERATED CARBIDE SPHEROIDISATION IN 100CRMN6 BEARING STEEL 

Daniela HAUSEROVÁ, Jaromír DLOUHÝ, Zbyšek NOVÝ 

COMTES FHT a.s., Dobrany, Czech Republic, EU, daniela.hauserova@comtesfht.cz 

Abstract  

Carbide spheroidisation is a significant metallurgical process, which contributes to profound changes in 
microstructure and mechanical properties. During annealing, softening and, in some cases recrystallization, 
take place. Carbide spheroidising occurs through diffusion, which is a long-term and energy-intensive 
process. The holding times, sometimes up to tens of hours make soft annealing one of the most expensive 
heat treatment processes. The process, which was newly designed at the company COMTES FHT, shortens 
carbide spheroidising several times and therefore yields considerable time and cost savings. The 
importance of bearing steels in industrial production is continuously increasing. These steels are not fit for 
further working unless soft-annealed in many cases. The purpose of this annealing process is to obtain 
globular carbides uniformly distributed in the matrix and achieve overall softening. The present paper 
explores the effect of newly-designed time-saving thermal schedules on the carbide spheroidisation 
behaviour and on the decrease in hardness in bearing steel grade 100Cr6. The total heat treatment time is 
on the order of minutes. This offers a vast potential in this area. 

Keywords: Accelerated spheroidisation, ASR, bearing steel, soft annealing 

1. INTRODUCTION 

Carbide spheroidisation is a significant metallurgical process which contributes to general changes in 
microstructure during annealing processes [1]. Current processes leading to carbide spheroidisation rely on 
diffusion of carbon in steel heated to a temperature close to or slightly below Ac1 [2]. Diffusion-based 
processes of this type are time-consuming. The holding times of up to tens of hours [3] make soft annealing 
one of the most expensive heat treatment processes. During annealing, softening and, in some cases, 
recrystallization processes take place [4]. The process which was newly designed by the company COMTES 
FHT reduces the processing time for carbide spheroidisation several times and therefore yields 
considerable cost savings. The present paper explores the effect of the newly-designed thermal schedules 
on the carbide spheroidisation behaviour and on decrease in hardness in bearing steel grade 100Cr6. 

2. EXPERIMENTAL 

The experimental material was a bearing steel grade 100Cr6 with a chemical composition given in Tab. 1. 
The initial microstructure consisted of pearlite with a small amount of cementite precipitated along prior 
austenite boundaries Fig. 1. The initial material was hot forged. Its hardness was 351 HV10. 
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Fig. 1 Initial microstructure of 100Cr6 steel; hardness: 351 HV10 

 Tab. 1 Chemical composition of the 100Cr6 steel according to ISO 683-17 [weight%] 

 C Si Mn P S Cr Mo 

Min 0.93 0.15 0.25 - - 1.35 - 

Max 1.05 0.35 0.45 0.025 0.015 1.60 0.10 

2.1. Heat Treatment 

The heat treatment process was designed to promote accelerated carbide spheroidisation leading to 
reduced hardness of the material. This heat treatment experiment was conducted in the quenching 
dilatometer Linseis L78 RITA (Rapid Induction Thermal Analysis), in which the specimens were heated by 
electrical induction and cooled by flowing gas. The dilatometer allows the specimen temperature to be 
controlled precisely and with a very short response time during heating and cooling at a rate up to 200°C/s. 
Furthermore, it records the changes in length, time and temperature of phase transformations. The heat 
treated specimens were 3 mm in diameter and 10 mm in length. 

The first schedule consisted of partial austenitization and subsequent transformation to pearlite during 
cooling (1x15 s schedule). Heating to the temperature of partial austenitization took place at the rate of 
50 °C/s and was followed by a 15-second hold above Ac1. Other schedules consisted of repeated heating 
steps and a hold above Ac1. Temperature holds in these schedules were 5, 10 and 15 seconds. Diagrams of 
schedules are shown in Fig. , together with the method of comparing the results of heat treatment. 

3. RESULTS AND DISCUSSION 

The following micrographs present microstructures of specimens upon all heat treatment schedules, as 
illustrated in (Fig. ).  

 
Fig. 2 Diagram of heat treatment schedules 
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Fig. 6 Schedule 2x15 s, 289 HV10  Fig. 7 Schedule 3x15 s, 277 HV10 

 

Metallographic observation revealed that this schedule with a single 15-second hold did not lead to 
complete conversion of original cementite lamellae. Original cementite lamellae were still discernible, 
although disintegrated into globular or bar-like fragments. No new fine cementite lamellae were found. The 
hardness of this sample was 305 HV10. Microstructures in specimens subjected to schedules with two-
stage and three-stage repeated heating and a 15-second hold showed tendency to conversion. 
Disintegration of cementite lamellae became more progressive with increasing number of heating stages 
(Fig. 4, Fig. 5, Fig. 6). Upon three-stage repeated heating, cementite became almost fully spheroidised (Fig. 
8). Hardness of the specimen subjected to 2x15 s schedule was 289 HV10. Hardness of the specimen 3x15 
s was 277 HV10. 

 
Fig. 8 Schedule 2x15 s, 289 HV10 

 
Fig. 9 Schedule 3x15 s, 277 HV10 

 

 
Fig. 3 Schedule 3x5 s, 281 HV10 

  
Fig. 4 Schedule 1x15 s, 305 HV10  Fig. 5 Schedule 3x10 s, 287 HV10 
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Metallographic observation revealed the effect of heat treatment parameters on microstructure. The 
proportion of spheroidised carbides in the 3x5 s specimen (three-stage heating with 5-second holds) was 
greater than that in the 1x5 s specimen (one 15-second hold). Hardness in the specimen upon multiple-
stage heating was 281 HV10 whereas that in the specimen upon heating with a single 15-second hold was 
305 HV10. More spheroidised carbides were found in the 3x10 s specimen (three-stage heating with 10-
second holds) than in the 2x15 s specimen (two-stage heating with 15-second holds). Their hardness values 
were similar: 287 and 289 HV10, respectively. 

Another heat treatment parameter was the duration of holds in three-stage heating schedules. The 
proportion of spheroidised carbides increased with the duration of the hold (5, 10 and 15 seconds). 
Hardness values in all three specimens were rather close: 281, 287 and 277 HV10.  

No impact of heat treatment parameters on the size of carbides upon spheroidisation was observed. The 
process is controlled by short-path carbon diffusion. The size of carbides is therefore constrained by the 
initial thickness of the cementite lamella. 

4. CONCLUSION 

Heat treatment of 100Cr6 bearing steel in the quenching dilatometer produced a microstructure with 
spheroidised carbides and reduced hardness. Carbide spheroidisation was promoted by interruptions in the 
heating process, as well as by extending the aggregate duration of the holds. The fraction of spheroidised 
carbides increased and hardness decreased with the growing number of heating stages. The best results 
were obtained upon a schedule with three-stage heating and 15-second holds. Microstructure in the 
specimen subjected to this schedule was almost perfectly spheroidised and showed hardness of 277 HV10. 
The time of this heat treatment schedule was under 200 seconds.  

The experimental heat treatment schedules significantly reduced the time required for carbide 
spheroidisation from several hours to minutes. These schedules can be used for products where better 
machinability is required and for optimising the initial condition of material prior to heat treatment. 
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Abstract 

It is known that the mechanical properties of steels are dependent on the final microstructure resulting 
from phase transformation during heat treatments. Hot rolled mine support profiles are produced 
generally from unalloyed quality steels. After the hot rolling, heat treatments of quenching and tempering 
result in a tempered martensite microstructure with high strength and toughness. The retained austenite 
phase may also be expected in the microstructure due to the lack of alloying elements. In this study 
a microstructural characterization of a mine support profile is carried out before and after the quenching 
and tempering to investigate the effect of heat treatments on the microstructure. A dilatometric analysis is 
performed to detect the phase transformation temperatures. Dilatometric analysis is carried out at 
different cooling rates from austenite phase region. Depending on the different cooling rates, ferrite, 
pearlite and bainite phases are determined using dilatation curves, light microscope, and Vickers hardness 
tests. The results indicate that critical temperatures can be determined by dilatometric analysis. 

Keywords: Dilatometric analysis, Microstructure, Phase transformations, Mining support profiles, 
Unalloyed steels 

1. INTRODUCTION 

Hot-rolled, nonalloyed quality steels are widely used in modern construction applications. The 
manufacturing methods of this type of steel should be optimized continuously due to the expectation of 
reducing cost and improving properties. Therefore, final heat treatment of long products come into 
importance as well as the thermomechanical processes. Parameters like temperature, time and cooling 
rate should be controlled in an appropriate manner to achieve the desired microstructure after the heat 
treatment. Ferrite, bainite, martensite or cementite phases can form depending on the cooling rate. 
Through the principles of physical metallurgy, the size, amount and morphology of these phases can be 
changed during the heat treatment proces [1,2]. 

Measuring the physical properties of materials is a method of determining the temperature and time of 
phase transformations.The change in physical properties indicates the temperature and time of lattice 
structure changes of material. The dilatometer method is more precise for solid-solid phase 
transformations. In this method, the change in specific volume accompanied by a phase transformation or 
thermal expansion is detected through the change in length.  

Measuring the thermal expansion with high accuracy is also a reason for commonly using of dilatometer as 
thermal analysis method [3]. In a dilatometric analysis of Jung et al. [4] have precisely determined the Bs 
and Ms (bainite and martensite start) temperature of a medium-carbon steel in their dilatometer work.  



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

550 

Phase transformations are very critical to determine the heat treatment parameters. The heat treatment of 
TH profiles used for mining applications is carried out in 3 stages consisting of austenitization, quenching 
and tempering. After the heat treatment process, TH profiles are bended to produce bow-shaped steel 
supports that can be attached to each other by sliding joints. In this study, microstructural investigations of 
TH profiles before and after heat treatment are presented for 0.37C-0.87Mn-0.28Si steel. The TH profiles 
produced in a continuous heat treatment line in compliance with the DIN EN 21530 standard [5]. The 
influence of cooling rates on phase transformations and microstructures was examined using dilatometer 
and light optical microscopy. 

2. EXPERIMENTAL 

A schematic drawing of the continuous heat treatment line is shown in Fig. 1. Heating system is supplied via 
a pusher type furnace. The temperature of TH profile is about 900 ºC at the exit of furnace. The surface of 
profile is cooled with water jets resulting in different cooling rates from the surface to the center as shown 
in Fig. 2. After the martensitic phase transformation, the temperature rise again to the temperature above 
the Ms (martensitic start). Therefore, the structure will be in a sense of self-tempered condition. Finally, the 
hardened structure formed after quenching is tempered at 570 ºC in an annealing furnace. The chemical 

composition of 0.37C-
0.87Mn-0.28Si steel is given 
in Tab. 1.  

 

  Fig. 1. Schematic view of continuous heat treatment line of TH profile. 

 

 
Fig. 2. Cooling regime during quenching of TH profiles 

 Tab. 1. Chemical composition of investigated steel 

Chemical composition (w-%) 

C Si Mn P S Cr Mo Ni Al 

0,37 0,28 0,87 0,020 0,006 0,04 0,02 0,08 0,047 
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The microstructure of samples taken from TH profiles is investigated. The samples were metallographically 
prepared by grinding with 120, 600 and 1000 mesh SiC paper and followed by polishing with diamond 
paste. Finally, the sample surface was etched by 3% nital solution.  

In principle, TTT (Time-Temperature-Transformation) diagrams can be drawn by using values obtained from 
transformation temparature 
and time determined from 
dilatometric analysis and 
measuring the phase amount 
in the final microstructure. In 
this study, Netzsch 402C type 
dilatometer is used to obtain 
the TTT diagrams. The 
samples of diameter 5mm 
and length 10 mm are heated 
inductively in a vacuum 
chamber. Helium gas is used 
to cool the samples. During 
experimental procedure, the 
samples were firstly heated 
to 900 ºC, austenite region at 
a constant heating rate of 50K/min and austenitized for 5 min at constant temperature (Fig. 3). After 
austenitizing the samples were cooled at different cooling rates (18.75 - 0.02 K/s) measured in the 
temperature range between 800-500 ºC.  

3. RESULTS 

3.1. Microstructural investigations 

 
a)       b) 

Fig. 4. Light microscope microstructures of the specimens TH profile, a) before and b) after the quenching 
and tempering heat treatments 

It is seen that the microstructure of TH profiles is in ferritic-pearlitic microtructure before heat treatment 
(Fig. 4a). Widmanstaetten ferrite formation is observed in the microstructure due to the small amount of 

Fig. 3. The temperature-time cycle of the dilatometer experiments 
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rapid cooling effect. The Vickers Hardness measurements indicate that the TH profile hardness is about 182 
HV. After quenching and tempering heat treatment, the microstructure is transformed to tempered 
martensite and some amount of retained austenite (Fig. 4b). The average hardness is increased to 245 HV 
by the formation of martensite. 

3.2. Phase transformations 

Fig. 5 shows the length change (dilatation) curves of 0.37C-0.87Mn-0.28Si samples measured during 
continuous cooling from 900 ºC. The length change values are normalized to curve of 0.02 K/s for easier 
comparison. It can be seen from curves that the temperature of transformation from austenite (A) to 
ferrite-pearlite (F+P) is shifted to lower temperature by increasing cooling rate. In this manner the phase 
transformation start and finish temperature can be determined for each cooling rate from curves of change 
in length.  

  
Fig. 5. Dilatation curves measured during continuous cooling at rates of 0.08-0.47 K/s after austenitization 

at 900 ºC for 5 min. The cooling rates are the average cooling rates measured between 500 and 800 ºC. 
Inflection points of the curves indicate the start and finish temperatures of phase transformation 

 

Continuous cooling transformation (CCT) diagram is obtained in accordance with the measured 
transformation temperatures. Microstructural investigations as well as the results of dilatometer analysis 
have also been used to obtain the CCT-diagram. As seen in Fig. 6, allotriomorphic ferrite and pearlite are 
observed in microstructural investigations after cooling from 900 ºC at cooling rates of 0.02-1.46 K/s. 
However, at higher cooling rates such 5.46 and 18.75 K/s, some amount of bainite packets are detected 
besides Widmanstaetten ferrite and pearlite phases.  

Ferrite (F), pearlite (P), bainite (B) and martensite (M) phase regions are indicated in the CCT-diagram given 
in Fig. 7. The transformation curve lies in a temperature range from ~760 °C to ~280 °C. Phase 
transformation temperatures and final hardness values depending on the cooling rate are also shown on 
the CCT-diagram. In this study, the maximum cooling rate of 18.75 K/s could be reached due to the cooling 
capacity of the dilatometer. Therefore, martensite phase can not be obtained. It is seen also from CCT-
diagram of steels with similar carbon content given in literature [6,7] that martensite formation required 
higher cooling rates.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

Fig. 6. Light microscope microstructures of the specimens cooled at (a) 0.02 K/s, (b) 0.08 K/s, (c) 0.17 K/s, 
(d) 0.47 K/s, (e) 0.88 K/s, (f) 1.46 K/s, (g) 5.46 K/s, and (g) 18.75 K/s after austenitization at 900 ºC for 5 min 

using a dilatometer 
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Fig. 7. CCT diagram of 0.37C-0.87Mn-0.28Si steel (discontinuous lines are obtained from empirical 

equations [8] and modeling [9]) 

 

On the other hand, Andrews equations [8] and modelling [9] as well as the experimental method were 
applied to determine the Ae1, Ms ve Bs critical transformation temperatures. The obtained values from 
experimental work, modeling and literature are summarized in Tab. 2. The Ms and Ae1 temperatures are 
calculated according to equation (1) and (2) and calculated Ms is used in CCT-diagram. 

Ms = 539-423%C-30.4%Mn-17.7%Ni-12.1%Cr-7.5%Mo      (1) 

Ae1 = (723) - (10.7Mn) - (16.9Ni) + (29.1Si) + (16.9Cr) + (290As) + (6.38W)    (2) 

Ae1 also experimentally determined as approximately 760 ºC. On the other hand, Bs is experimentally 
determined from the cooling curve where bainite was first observed. 

 

 Tab. 2. Critical temperatures from the experimental work, modeling and literature 

 Ms Bs Ae1 

Experimental work - 530 760 

Modeling[9]  360 500 700 

Literature[7] 355 - 720 
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4. DISCUSSION 

In this study, the continuous cooling transformation (CCT) diagram of 0.37C-0.87Mn-0.28Si steel is 
experimentally determined by dilatometer analysis, metallography and hardness measurement. Phase 
transformation investigations done by dilatometer shows that ferrite, pearlite and bainite phases can form 
at cooling rate up to 18,75 K/s. The experimental studies were in well agreement with the temperature 
obtained by modeling and theoretical calculations. Furthermore, the effect of quenching and tempering 
heat treatment on microstructure of TH support profiles developed for mine application is investigated. It 
can be concluded after the heat treatment that the ferritic-pearlitic structure of the steel is transform to 
tempered martensite and a small amount of retained austenite due to the high cooling rate effect. 
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Abstract  

The sensitivity to intergranular attack of stainless austenitic steels is caused by gradient of chromium 
concentration in the structure. This is caused by precipitation of carbides on the grain boundaries and thus 
drop of chromium concentration in the adjacent region.  

The degree of sensitization was studied using double-loop electropotentiokinetic reactivation method in 
0.5M H2SO4 with addition of NH4SCN. The samples of austenitic stainless steel AISI Super304H were aged at 
different temperatures (620-720°C) and times (1-1000h). The structure of the samples was studied using 
optical and scanning electron microscopy. The results showed that even the steel stabilized with Nb is 
prone to sensitization; the experimental rate of sensitization fits the Larson-Miller equation.  

Keywords: steel, intergranular, corrosion, precipitation 

1. INTRODUCTION 

Intergranular corrosion is a localized attack caused by structural inhomogeneity. The inhomogeneity can be 
either local depletion of certain alloying element, precipitation of secondary phase or segregation. All of 
these result in concentration gradient of certain element in the structure of the material. If the local 
concentration of chromium in the case of stainless steels, drops below 14% wt., the material is unable to 
form passive layer in this area the surface becomes active and it corrodes with high corrosion rates. 
Material is therefore “sensitized”. 

1.1. Sensitization 

During the thermal or thermo-mechanical processes, precipitates can form in the steel structure. In the 
austenitic steel, the precipitated phase causing sensitization is the chromium carbide (Cr23C6). The 
precipitation of the carbide causes transport of chromium from surrounding area to the nucleation site. 

The combination of precipitates varies with steel compositions, exposure length and temperature. There 
can be large variety of carbides (M23C6, M6C), nitrides (Cr2N, TiN), carbonitrides (MX), Laves-phases (Fe2Mo, 
Fe2Nb), δ-phase (FeNi)x(CrMo)y, χ-phase Fe36Cr12Mo10, G-phase (Ti4C2S2) and in the case of copper alloyed 
steels even the ε-phase [1-9]. 

The composition of the steel does not only affect the composition of the secondary phases, but mainly their 
solubility in the solid solution. This is more affected by lattice structure than the element composition. This 
explains the difference in the sensitization temperature range between ferritic and austenitic steels. The 
austenitic steels sensitization temperature range is 450-850°C [10, 11], and the range for the ferritic steels 
is 430-930°C [12]. The differences between the two are different diffusivities of carbon and other elements 
in the given lattice. The higher carbon diffusivity in the ferritic lattice allows nucleation of the precipitate at 
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lower temperature while the low diffusivity of carbon in austenitic lattice requires higher temperatures to 
start the nucleation.  

1.2. Causes and prevention 

The most common cause of sensitization is a wrong thermal treatment regime - i.e. exposure of the 
material which is prone to sensitization in the temperature zone where carbides with high chromium 
content can form.  

The “bulk” sensitization, e.g. exposure in the power plant, causes growth of the carbides on the grain 
boundaries in all of the material. It should be noted, that chromium diffusion from the grains during long-
term high temperature can equalize the differences between the grain boundary and bulk grain chromium 
concentration, thus causing “self-healing” [3, 4, 13] 

1.3. Parameters affecting sensitization/desensitization 

The degree of sensitization is proportional to the carbon content (L-grade steels) in the structure and can 
be prevented by alloying with an element which forms carbides more easily than chromium, such as 
titanium or niobium. These carbides begin to form at around 800-900°C and deplete the available carbon, 
which is thus not available to form chromium carbides. The minimizing of carbon content is technically 
more demanding, requires further raffination of steel and the material can still be sensitized during 
prolonged exposures [10, 14, 15].  

Other parameter known to affect the sensitization/desensitization is cold work prior to the sensitization. 
According to some authors [13, 16, 17], the cold work promotes both sensitization and desensitization of 
the material (AISI 304). This is probably due to the increase of both short and long-distance chromium 
diffusion. This was explained by increase of dislocation density and higher number of vacancies which 
promote the long-distance transport, and grain refinement which enhances short-distance transport due to 
shorter diffusive lengths. 

1.4. Nucleation of carbides 

The intergranular corrosion has severe effect on mechanical properties. The net of chromium carbides 
alongside the grain boundaries causes drop-off of the grains and provides a net for a potential crack 
growth. The nucleation of carbides on the grain boundaries is free-energy driven. The grain boundaries are 
basically lattice imperfections with higher surface energies and thus are the preferential sites for 
nucleation. The twin- boundary interfaces are generally more resistant compared to the grain boundaries 
[10]. 

The aim of the work was to determine the parameters of sensitization of steel AISI Super 304H using the 
double-loop electro potentiokinetic reactivation. The goal is to determine the maximum sensitization for 
each temperature and length of exposure.  

2. EXPERIMENT 

2.1. Samples 

The material used for all the experiments was creep resistant austenitic stainless steel AISI Super 304H. The 
composition is summarized in  Tab. 1. 
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 Tab. 1: Composition of the sample 

Element 
C Si Mn Cu Cr Ni Nb N 

0.08 0.2 0.8 3 18 9 0.1 0.1 

2.2. Thermal aging 

The samples were thermally worked in an induction furnace as follows: 

� solution treatment - heating to 1250°C/30 min, water quenched 

� thermal aging: 620-720°C for 1-1000h. 

Thermal aging simulates the exposure in a real power plant. The real exposure does not have stable 
exposure temperature, fluctuations caused by start-up and failures in the circuit can cause overheating of 
the material. 

2.3. Sensitization quantification 

The double-loop electro potentiokinetic reactivation 
method (DL-EPR) was used to quantify the degree of 
sensitization. The method consists of anodic 
polarization of the sample to the passive region and 
then back to the corrosion potential. The potential 
range and exact composition of the electrolyte was 
modified to match the higher corrosion resistance of 
the material. We used cyclic polarization range -700 to 
+500mV/Ecor and electrolyte composition of 0.5M 
H2SO4 + 0.01/0.001M NH4SCN. The active dissolution 
and reactivation peak from the curve was integrated 
(Fig. 1) and the degree of sensitization (DOS) was 
calculated from electrical charges using: 

 

 

 

(1) 

(2) 

 

2.4. Structure study 

The sensitization was assessed from the structure of the material. The samples were ground using grinding 
paper up to P2500 roughness and then polished with TOPOL solution. As prepared surface was 
potentiostatically etched in 10% wt. (NH4)2S2O8 at +6V/Ecor. The structure was studied using optical 
microscope Zeis Axio Observer. 
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Fig.1: Integration of active and repassivation peak 
of the potentiodynamic curve 
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The metallography samples were then studied using electron scanning microscope TESCAN VEGA with 
backscatter electron detector.  

3. RESULTS AND DISCUSSION 

The sensitization of the samples with different thermal history is visible from Fig. 2, Fig., 3. It is visible, that 
the sensitivity results are affected by the composition of testing electrolyte. In the beginning we even used 
the 0.1M NH4SCN, but the forming oxygen made the sensitization curves unreliable in most cases. The 
curve support show the previously mentioned phenomenon of sensitization and subsequent “self-healing”. 
It is also visible, that the sensitization time and thus the time to begin nucleation are higher for lower 
temperatures. The chromium diffusion, which is the limiting process of M23C6 forming, is temperature 
driven and can be fitted by Larsson-Miller parameter: 

The maximum measured degree of sensitization 
of the sample aged at 670°C for 100h was 
38/50% depending on the composition of 
electrolyte. The same degree of sensitization for 
the samples aged at 620/720°C was calculated 
to be 3.5 hours, resp. 3500h. While the first 
value (720°C) is in good agreement with the 
experimental results (Fig. 3-4), the other 
sample, aged at 620°C (Fig. 2), requires further 
thermal aging.  

The samples with highest degree of 
sensitization were then prepared to observe the 
structure. For the sake of keeping this short, we 
only show the pictures from the scanning 
electron microscope. The Fig. 5 shows the 
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Fig. 3: Sensitization as function of aging 
time; temperature 670°C 

Fig. 2: Sensitization as function of aging 
time; temperature 620°C 

Fig. 4: Sensitization as function of aging time; 
temperature 720°C 
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structure of sample aged at 620°C for 100h. There is clearly visible ditch structure with carbides (dark lines) 
spread around the grain boundaries and within the grain itself (grain carbide decoration). There are also 
two twins with carbides on the incoherent interfaces and almost no precipitates at the coherent interfaces 
(longer sides of the twins). Same phenomenon was observed on twins of the other samples (Fig. 6, 7); 
however there was almost no grain boundary decoration. All three structures contain bright spots of NbC 
carbide which is distributed alongside the former deformation texture. The annealing temperature was not 
high enough to dissolve these.  

 
 

 

 

 

 

4. CONCLUSION 

We have shown the effect of thermal aging on austenitic stainless steel AISI Super304H.  

Our electrochemical experiments using double-loop potentiokinetic reactivation method showed that the 
material is prone to sensitization - the time to reach the maximum sensitization can be fitted by Larsson - 
Miller parameter. The maximum degree of sensitization differs depending on the electrolyte composition - 
however it seems that electrolyte with the higher activator content (0.01M NH4SCN) is too aggressive for 
the material and thus yields unlikely results (95% DOS). The maximum degree of sensitization in the other 
electrolyte was 37.5/50/61% for samples aged at 620/670/720°C. This suggests that higher temperatures 
cause higher DOS probably due to the higher short-range chromium diffusion rates. The structure all the 
samples with highest DOS show a ditch structure; in case of the 620°C/1000h aged sample the grain 
boundary is decorated with carbides.  

Fig. 5: Structure of the sample aged at 620°C for 
1000hOur date showed that maximum degree of 
sensitizationation adn nning electron microscopy. 
The results showed that even stabilized - detail of 

the grain boundary 

Fig. 6: Structure of the sample aged at 670°C for 
100h 
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Our data showed that even the material designed 
for exposure in aggressive high temperature 
environments is prone to sensitization and that the 
sensitization and desensitization is temperature and 
exposure time driven. This is especially important 
for practical application; the start-up or failures 
cause overheating of the material. In the worst case 
scenario, the material can be sensitized during the 
start-up and so-sensitized material can be then 
operated at much lower temperature - the 
desensitization (self-healing) in this case can take up 
to several thousand hours.  

The future work, currently in progress, will compare 
data from this and more conventional methods to 
determine degree of sensitization (Streich, Strauss, 
oxalic acid test etc.) and will focus on further 
mathematical modeling of such processes. 
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Abstract 

Austenitic steels and nickel alloys are used in power plants with higher working parameters (temperature, 
pressure). These materials are applied especially at the outcome levels producing over-heated or super-
critical steam. Creep strength is achieved by comprehensive strengthening of materials given by their 
fundamental constitution and proceeding even under operation temperatures. Under these conditions, 
oxidation resistance depends predominantly on both the content of chromium and its ability to transfer 
towards the metal-oxide interface. The paper compares different high-alloyed materials mostly in the 
subsurface area, which interacts with steam during the application. 

Keywords: high alloyed steels, steam oxidation, surface state 

1. AUSTENITIC CREEP-RESISTANT MATERIALS AND ALLOYS 

Various austenitic creep-resistant steels and alloys in a form of tubes were used to compare basic material 
properties, namely HR3C (CrNiNb 25-20), 316H (1.4918, X6CrNiMo 17-13-2), 347HFG (X6CrNiNb18-10), 
A800H (X8NiCrAlTi 32 – 21), SUPER 304H (X10Cr18Ni9NbCu3BN), Tab. 1. Some steel brands were available 
in various forms differing mainly in the character of the tube internal surface.  

 Tab. 1 Composition of steels 

Element C Si Mn Cr Ni Cu Nb B N Al Ti Mo 

Super304H/NZ 0,10 0,23 0,8 18,6 8,66 2,97 0,53 0,005  0,011     

347HFG 0,08 0,6 1,6 18 10  0,8          

HR3C 0,06 0,4 1,2 25 20  0,45  0,2     

A800H 0,08 0,5 1,2 21 32       0,4 0,5   

AISI 316H 0,06  0,75  0,75 17 13           2,3 

 

The selected group of steels represents the currently most utilised steels for unit super-heaters with 
elevated or super-critical operation parameters, [1],[2]. It is obvious (see Tab. 1) that materials differ in the 
content of chromium and the mechanism of strengthening. One of the mechanisms applied to enhance 
creep resistance is the change of the ratio of stabilization elements in steel. Stabilization of creep resistant 
steels requires a different w(Ti+Nb) : w(C) ratio compared to stainless steels. Another method is used to 
strengthen steels containing Cu; optimum effects are achieved at approx. 3%wt. of Cu in steel, [2], [13]. 
Higher resistance of evaluated steels against oxidation is achieved first of all by increasing the content of 
chromium (CrNiNbN 25 – 20, X8NiCrAlTi 32 – 21) or, in the case of standard austenitic steels, by surface 
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treatment (X10CrNiCuNbBN 18-10-3, X6CrNiNb18-10). X6CrNiMo 17-13-2 steel with an untreated surface 
and varying morphology was used for comparison.  

2. THE IMPACT OF THE SUPERFICIAL STATE ON THE PROPERTIES OF HIGH-ALLOYED ALLOYS  

Considering high-alloy steels, the state of surface is reported to have a different impact under conditions of 
low-temperature oxide formation (a passive layer), [6],[7] and high-temperature oxide formation, 
[5],[8],[9]-[13]. While in the case of electrochemically treated surface, less oxides are carried over in the 
aqueous phase (l) (i.e. up to the temperatures of 300°C), letting the surface show the highest corrosion 
resistance, [6],[7], in the steam phase, on the contrary, it is the resistance to oxidation in the superficial 
layer of a refined-grain surface that improved, e.g. by plastic deformation. From obvious reasons this effect 
is applicable at steam temperatures ranging from 550°C to 650°C. Besides surface blasting, other methods 
of increasing resistance to high-temperature oxidation in steam were tested, such as nitridation of 
stabilized steels, chromium plating or chromating of the internal surface, etc. However, the problem 
encountered with all methods based on surface treatment (blasting or smoothing applied the most at 
present) is that the treated surface is damaged by assembly weld seams. The impact of the grain size in 
austenitic steels on the course of oxidation in steam has been known for a long time, Fig. 1. Refining of the 
grain is related with intensification of Cr flow towards the surface of fine-grain steels, i.e. function as 
another internal source of Cr for oxide formation on the steel surface, [8]. Should the content of Cr in steel 
exceeds 25% wt. the impact of the grain size is no longer significant, for sufficient content of chromium in 
matrix. An effective method is alloying of steel with silicon, especially when it comes to materials with a low 
content of Cr; 2% of Si in steel with 16% of Cr completely prevents exfoliation of oxides in steam. Si has 
a much smaller beneficial impact in steel with 20%wt. of Cr than in steel with 16%wt. of Cr, [13]. 

 
Fig. 1 The impact of the grain size on formation of an oxidic layer, [11] 

3. COMPARISON OF PIPES INTERNAL SURFACE MORPHOLOGY  

Morphology of the internal surface of pipes was documented and in some cases also quantitatively 
evaluated using the laser scanning confocal microscope (LSCM). As apparent from the photographs, the 
types of surface differed in terms of both quality of steels and declared final treatment of the inner surface, 
Fig. 2 to Fig. 5. SUPER 304H austenitic creep-resistant steel was subject to more extensive testing in order 
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to obtain sufficient results for evaluating its properties when exposed to the required high temperature. 
This type of steel is derived from AISI 304 (Cr18Ni8) steel with the content of carbon up to 0.1%wt. with an 
addition of Cu, Nb and N. It is highly resistant to creep deformation mainly due to the addition of copper, 
which precipitates in a form of a finely dispersed phase and nitrogen which strengthens the solid solution 
and increases the sum of stable Nb carbide-nitrides. Another hardening phase is induced by precipitating 
Me23C6 carbides. The microstructure was documented in places of micro-hardness measurements. 
Hardness increase was identified in the layer adjacent to the internal surface (to 260 �m); finer grains were 
identified in this area compared to the centre of the pipe wall. After etching, the microstructure was 
observed by LSCM at 2400x zooming; relatively big particles were visible on and below the surface. A local 
analysis revealed that it was not copper but Nb-enriched particles, which was also confirmed by a chemical 
phase analysis. The chemical composition map implied that copper was distributed evenly within the 
matrix. Traces of forming were apparent on longitudinal cuts and also particles of Nb-based primary 
inclusions were arranged in lines and the also occurred more frequently in the superficial layer. 
Morphology of the pipe internal surface was documented by the LSCM, Fig. 4. The volume of formations 
rising above the basic level (“volume”) and the actual area of the internal surface profile (and the of actual 
area : geometrical area ratio, RA/G) were measured, Tab. 3. As the results imply, the actual area is 
approximately twice as large as the geometrical area. The surface is not too precipitous and no 
appearances heterogeneities have been identified. It is a surface formed by cold rolling.  

  

Fig. 2 Morphology of the internal surface of a pipe made of TP 347HFG / 316H steel, RA/G = 3,7 - 4 

   
Fig. 3 The microstructure of Alloy 800H / HR3C steel, RA/G = 2 – 2,3 
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The chemical phase analysis shown that only a part of Nb was in a form of carbide, in this case free carbon 
is available in the solid solution for hardening by carbide Me23C6 precipitation during the operation 
exposure. Copper in detectable particles is separated to a minimum extent. In addition to other things, the 
possibility of Me23C6 formation was demonstrated by en elevated sensitivity of steel to intergranular 
corrosion and oxidation along grain boundaries, [4], Tab. 2. 

 Tab. 2 Results of the electrochemical reactivation method; solutions of w(H2SO4)=0.5 mol.dm-3 + 
w(NH4SCN) 

QA/QP, % (QA/QP B grain boundary sensitivity to corrosion / oxidation) 
w(NH4SCN) = 0,1 mol,dm-3 0,01 mol,dm-3 0,001 mol.dm-3 

OS / RZ 1,7 / 0,12 1,3 / 0,14 1,1 / 0,3 

670°C 
100h 48 31 74 
1000h 1,2 6,2 

720°C 
1h 61 47 8,0 
10h 78 47 8,0 

OS – original state (as delivered) RZ – 1250°C / 30min / cooling in water 

 
Fig. 4 Morphology of the internal surface of the pipe made of Super 304H (NZ)/(VP) steel, RA/G = 1,8 – 2 

 

 Tab. 3 Quantification of morphologic properties of the internal surface; Super 304H (VP) steel 

 Volume1, �m3 Area, �m2 Actual area, �m2 RA/G
2 Mean height, �m  

Max. 139449 
12501 

24350 1.95 10.5 
Average 120960 23407 
Min. 92335 21856 1.75 7.4 
Volume1 is calculated above the „zero“ level, i.e. from the lowest point determined by the selected area. 

Ratio2 = Actual area : Area (geometrical) 

4. QUANTIFICATION OF THE PROFILE OF THE INTERNAL SURFACE OF AISI 316H STEEL PIPES AND 
TESTING OF THE SURFACE TREATMENT ON STEEL RESISTANCE TO OXIDATION  

The most significant differences in the internal surface morphology were identified for tubes made of 316H 
(X6CrNiMo 17-13-2) steel. Therefore, two samples with a visibly different surface were selected and 
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compared as to the size of the actual surface, RA/G, etc. Fig. 6, which may be important in the initial phases 
of an oxidic layer formation at high temperatures. The precipitous character of the surface was visible when 
documented by the scanning microscope, at the same time it was absolutely clear that the emerged 
internal surface was a consequence of improper chemical treatment that had etched grain boundaries. 
Morphology of both types of surface was quantitatively assessed using the LSCM microscope; 
measurements of the area, surface and volume proved that in some locations of the pipe with a not typical 
state of surface, the actual surface was up to 10x larger than the geometrical surface, RA/G = 10, which 
might have caused more massive formation of oxides in initial phases of the operation exposure.  

Cuts from Super 304H SP steel and cuts from two pipes of X6CrNiMo17-13-2 steel with different superficial 
states were used for oxidation experiments, Fig. 4, Tab. 3; a sample after standard pickling was used (the 
sample was marked NORM, RA/G = 2), Fig. 5, and a sample with more precipitous surface and deeper etched 
austenitic grain boundaries, i.e. a sample indicating that the steel was over pickled (market as PREM, RA/G = 
9); partially uncovered austenitic grains or their larger clusters, which tended to be wiped off, were 
apparent at this sample. Roughness was evaluated for both samples in longitudinal direction, According to 
expectations, significant differences were identified, Tab. 4, Fig. 6.  

The superficial layer of the samples was analysed to test potential massive depletion of chromium, which 
could affect the oxidation rate in the initial phase. However, it was not proven that chromium would be 
depleted from the surface. A higher oxidation rate was reported for 316H steel with a different character 
(up to 1,000 h) corresponding approximately to the ration of the actual and geometrical surfaces. 
Comparing of various types of Super304H / 316H steels that differed not only in their composition but also 
in their superficial state revealed that both oxide layers and their chemical composition differed, too. 
Differences in the contents of chromium and iron in the surface can be attributed to competing effects 
associated with the transition of elements at higher oxidation levels to the steam phase (Nb–Cr–Mo). It is 
also apparent that the initial phases of exposure may lead to formation of a variably efficient oxidic barrier 
(with a variable content of Cr), Tab. .  

 Tab. 4 Basic parameters of roughness of the internal surface of pipes 

Surface roughness characteristics, ��m Sample NORM Sample PREM 

Ra, mean arithmetic profile deviation 2.4 – 3.1 12 – 20 

Rz, max. height of profile roughness  12 – 15 68 – 99 

RSm, mean height of profile roughness  50 – 65 189 – 265 

Rq, standard profile deviation  3 – 3.7 15 – 24 

 Tab. 5 Results of surface analysis of two types of austenitic steel after exposure to steam environment of 
550°C / 24.4 MPa 

 X10CrNiCuNb18-9-3, RA/G = 1,9 X6CrNiMo17-13-2, RA/G = 2,1 
Oxygen in steam, ��g.kg-1  < 5 B 1400 < 5 B 1400 
Fe 1.1 5.2 0.8 12.5 
Cr 16.5 16.3 11.7 3.3 
Nb 5.6 1.9   
O 76.8 76.6 80.7 84.3 
Thickness, nm 210±50  B420 B 350 
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5. SUMMARY 

Different resistance to oxidation in steam may be achieved by the level and character of steel alloying, 
surface morphology and the state of the steel layer adjacent to the surface (pipe internal wall). 
Morphology, especially the ratio of the actual and geometrical surface, affects the oxidation kinetics only in 
the first phase of exposure to a steam environment, grain refinement in the layer adjacent to the pipe 
internal wall may be effective, depending on the depth of the impact (and the exposure temperature) up to 
105h. 

 
Fig. 5 Appearance of surfaces with different morphology – NORM / PREM marking,  

RA/G = 2 / 9 resp. 
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Fig. 6 Comparison of roughness of the pipes internal surface 
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Abstract 

The paper describes effect of hydrogen on mechanical properties and fracture characteristics of two 
variants of the TRIP 800 steels; C-Mn-Si variant and C-Mn-Si-Al variant. TRIP steels are very promising 
materials thanks to their combination of a very good strength and toughness. However, these steels can be 
embrittled by hydrogen during technological operations related to hot dip galvanizing. That is why the 
knowledge of effects of hydrogen on the properties and fracture characteristics of the TRIP steels is of 
particular importance. In the presented study, effects of hydrogen were studied by tensile tests at 
simultaneous electrolytical hydrogen charging. Special cells were used for this kind of testing. Electrolytical 
hydrogen charging was performed in diluted solutions of sulfuric acid. In some cases, potassium 
thiocyanate was added to the solution to promote hydrogen absorption. Hydrogen provoked 
embrittlement in both steel variants and changed their micromechanism of failure. The manifestations 
were different to those observed earlier if tensile tests were performed on specimens charged previously 
by hydrogen. Hydrogen embrittlement manifested itself mainly by a loss of plasticity. Index of hydrogen 
embrittlement, expressed on the base of a relative drop of elongation to fracture, reached values between 
65 and 85 %. No significant difference was observed between two steel variants studied. Concerning 
fractographic characteristics, steels containing higher hydrogen content displayed transgranular cleavage 
fracture in the centre of the fracture area and quasi-cleavage fracture at the borders of the fracture area. 
The cracks always initiated at the specimen borders at the presence of hydrogen.  

Keywords: Hydrogen embrittlement, tensile test, TRIP steels, fractography 

1. INTRODUCTION 

Technical requirements of the properties of steels in many industrial segments, and especially in the 
automotive industry, are increasing rapidly. The main demand is to support safety-based car body 
construction and design, and nowadays, this includes a high tensile strength and high fracture toughness, 
as well as high ability to absorb energy during an impact. Other necessary properties include good cold-
working properties, weldability, and a capability for hot-dip galvanizing. There is a growing interest in the 
so-called advanced high strength steels (AHSS) that can be used for the construction of car bodies [1]. TRIP 
steels, representing one group of AHSS, represent good prospective materials for this application because 
of their positive tensile strength to toughness ratio. Moreover, TRIP steels are known for their high energy 
absorption during impact. The properties of TRIP steels depend on an optimal chemical composition, and it 
is essential to include elements that inhibit cementite and/or carbide precipitation to ensure a sufficient 
quantity of retained austenite (RA) remains in the steel microstructure at ambient temperature [2]. The 
optimal content of retained austenite is in the range 10%–15% [1, 2]. Conventional TRIP steel alloying 
elements are: Mn (approx. 1.5 wt%), Si (approx. 1.5 wt%), and/or Al, which can more or less substitute for 
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Si [3, 4]. The use of different elements is related to their influence on hot-dip galvanizing. The carbon 
content of TRIP steels with a tensile strength up to 1000MPa is approx. 0.2 wt% [1]. Optimal mechanical 
properties are achieved using a proper heat treatment that usually includes an intercritical annealing and 
an annealing in the region of the bainitic transformation. During both annealing processes, the retained 
austenite is enriched by carbon to 1.0% approx. [1]. This provides RA stability at ambient temperature [2]. 
One of the basic technological demands of TRIP steels is easy hot-dip galvanizing to ensure high corrosion 
resistance [5]. A pre-treatment process, e.g., acid pickling in different acids (most often in HCl), precedes 
hot-dip galvanizing. This operation represents a risk of hydrogen embrittlement (HE), as hydrogen can enter 
the steel during the acid pickling [6]. The retained austenite in steels is favourable as it can form traps that 
bind hydrogen strongly [7–9]. It is supposed that a high TRIP steel resistance to hydrogen embrittlement 
will be achieved if the size of the RA region is < 1�m and if the length/width ratio of the RA particles is > 5 
[10]. The resistance of TRIP steel to hydrogen embrittlement can be reduced in the same way as in the case 
of other steels by the presence of non-metallic inclusions, especially if they are large and/or elongated. 
Another reason for the hydrogen embrittlement of TRIP steels is the presence of marked segregations [9].  

In this work, we have evaluated the resistance to hydrogen embrittlement of two TRIP 800 steels with a 
minimum tensile strength of 800MPa (C-Mn-Si and C-Mn-Si-Al) using tensile tests on simultaneously 
hydrogen charged specimens. Obtained results are compared with those obtained on the same steels 
tested also by tensile tests but on specimens charged by hydrogen prior to tensile testing [11].  

2. EXPERIMENTAL PART 

2.1. Material description 

Thin sheets (thickness 1.5 mm) made of two variants of the TRIP 800 steels, C-Mn-Si variant (designated as 
A in the following text) and C-Mn-Si-Al variant (designated as B), were used in this study. The chemical 
composition of the studied steels is given in Tab. 1. Both variants of the TRIP 800 steel were prepared 
under laboratory conditions. Sheets were annealed in the intercritical region, at 810 °C for 360 s. After that 
they were cooled rapidly (cooling rate >10 °C·s-1) to the temperature of 410 °C. At this temperature, sheets 
were annealed for 300 s and finally they were air cooled. 

 Tab. 1 Chemical composition of the studied TRIP 800 steels (wt. %). 

Steel 
variant 

C Mn Si P S Cr Ni Mo Cu Al 

A 0.20 1.48 1.48 0.014 0.004 0.17 0.15 0.006 0.06 0.06 

B 0.21 1.57 1.05 0.013 0.005 0.16 0.15 0.006 0.07 0.54 

Steel microstructures were studied using light microscopy (LM) and scanning electron microscopy (SEM) 
after Nital etching. Fine grain microstructure consists predominantly of ferrite and bainite. Small regions of 
martensite may be present but could not be proved. Retained austenite regions cannot be revealed by LM. 
The average grain size of ferrite was determined as the mean intercept length using digital image analysis 
employing the Image ProPlus software package. The mean intercept length was 4.6 ± 0.5 μm in the steel 
variant A and 4.2 ± 0.5 μm in the steel variant B. The area percentage of ferrite was evaluated by the point 
counting method. In the steel variant A, the area percentage of ferrite was 46 ± 2%. An example of the 
microstructure observed using SEM is shown in Fig. 1 for the steel variant A and in Fig. 2 for the steel 
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variant B. Substructure analysis of both steel variants was performed using transmission electron 
microscopy (TEM). The results were presented in [12].  

2.2. Mechanical properties 

The mechanical properties of the studied steels in the as-received state are summarized in Tab. 2. Steel 
variant A shows higher yield strength (YS) and ultimate tensile strength (UTS) compared to steel variant B. 
Both steel variants display a high elongation value, typical of this kind of steel. In the case of the studied 
steels, higher values of YS and UTS in the steel variant A can be probably attributed to the higher content of 
Si, which acts as strong solution hardening element.  

The retained austenite content determined by means of X-ray analysis using Co Kα source (� = 0.17902 nm) 
is included in the Tab. 2 too.  

 Tab. 2 Mechanical properties of TRIP 800 steels. 

Steel variant Yield strength YS 

(MPa)* 

Ultimate tensile 
strength UTS (MPa)* 

Elongation A 

(%)* 

RA content 

(vol. %)** 

A 457 958 26.0 11 � 2 

B 421 918 23.8 14 � 2 

* Mean values from 3 tested specimens. 

** Mean values from 5 tested specimens; confidence interval is given for 95% probability. 

2.3. Hydrogen embrittlement testing 

Resistance of the steels to hydrogen embrittlement was evaluated by means of tensile tests at 
simultaneous hydrogen charging of tensile specimens. Special cells were used for this kind of testing. 
Hydrogen charging was performed electrolytically in 0.05 M solution of sulphuric acid (H2SO4) at different 
current densities (1 and 5 mA·cm-2). In some cases, KSCN (potassium thiocyanate) at a concentration of 
1 g·l-1 was added to the solution. The KSCN acts as hydrogen absorption promoter and can thus increase 
hydrogen content in steels. Tensile test bars were loaded at a loading rate v = 0.1 mm/min, which 

Fig. 1: Microstructure TRIP 800 steel of variant A 
(SEM, Nital etch.) 

Fig. 2: Microstructure TRIP 800 steel of variant B 
(SEM, Nital etch.) 
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corresponded to the strain rate of 10-5
 s-1 approximately. Low strain rate was chosen in order to ensure 

sufficient time for distribution of hydrogen through the sample volume. 

Hydrogen embrittlement was evaluated using the so-called hydrogen embrittlement index Iemb, which is 
calculated according to the following equation: 

100
0

0 	
�

�
A

AAI H
emb  (%)          (1) 

where A0 is elongation in the as-received state 
(without hydrogen charging) in %; and AH is 
elongation after hydrogen charging in %. 

Higher hydrogen content resulted in less or more 
pronounced embrittlement of the studied steels, 
which mainly manifested by a drop in elongation. 
Tab. 3 shows the values of hydrogen embrittlement 
index Iemb for both variants studied under differing 
conditions of hydrogen charging. It is evident from 
the presented results that KSCN is a very strong 
promoter of hydrogen absorption. In addition, it can 
be seen that TRIP steels absorb much more hydrogen 
compared to other kinds of advanced high strength 
steels. High values of hydrogen embrittlement index Iemb for both of the steel variants will probably be 
strongly influenced by RA content, as austenite can absorb much more hydrogen in comparison with all 
other microstructure constituents in the TRIP steels. Furthermore, it can be deduced from Tab. 3 that the 
degree of HE is less or more similar for both steel variants studied. In contrast, for testing on previously 
hydrogen charged specimens [11] more significant hydrogen embrittlement was found in the steel variant B 
with higher content of aluminium. This could be related to the higher amount of non-metallic inclusions 
rich in aluminium. Influence of hydrogen on elongation (A) and other mechanical properties as yield 
strength (YS) and ultimate tensile strength (UTS) is shown in Fig. 3 on the tensile diagrams of TRIP 800 steel 
(variant A) for the as-received state and for states under different hydrogen charging conditions. Significant 
reduction of elongation is observed in the case of hydrogen charged specimens. 

Tab. 3 Hydrogen embrittlement index under different hydrogen charging conditions. 

Steel variant 
Conditions of hydrogen charging 

Current density i (mA·cm-2) / solution 

Yield strength 
YS 

(MPa)* 

Ultimate tensile 
strength UTS 

(MPa)* 

Elongation AH 

(%)* 

Iemb 

(%)* 

A 

1 / 0.1N H2SO4 439 767 8.7 66.5 

5 / 0.1N H2SO4 437 784 7.5 71.2 

1 / 0.1N H2SO4+KSCN 416 682 4.5 82.7 

5 / 0.1N H2SO4+KSCN 420 613 4.3 83.7 

B 

1 / 0.1N H2SO4 446 724 7.2 69.8 

5 / 0.1N H2SO4 411 740 6.5 72.9 

1 / 0.1N H2SO4+KSCN 428 637 3.9 83.8 

5 / 0.1N H2SO4+KSCN 423 584 3.3 86.1 

* Mean values from 3 tested specimens. 

Fig. 3: Tensile diagram of TRIP 800 steel (variant 
A) for as-received state and for states under 

different hydrogen charging conditions 
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2.4. Fractographic analysis 

A detailed fractographic analysis was performed on the specimens after tensile tests using scanning 
electron microscope JEOL JSM 6490LV. In the as-received state, the failure of both variants corresponded to 
ductile failure with dimple morphology, but areas of cleavage fracture were also locally observed. Fracture 
surfaces of specimens tested during hydrogen charging were different. The fracture always initiated on 
specimens borders where areas of quasi-cleavage failure were observed (Fig. 4). Further from the borders 
the fracture surface consisted of a mixture of cleavage and ductile failure (Fig. 5). In the middle of the 
fracture surface a typical ductile failure with dimple morphology was found (Fig. 6). In specimens that were 
hydrogen charged in the solution containing KSCN, areas with cleavage fracture were also observed in the 
centre of the fracture area (Fig. 7). Non-metallic inclusions did not play any role in hydrogen embrittlement 
at simultaneous hydrogen charging. On the opposite, in the case of testing on specimens previously 
charged by hydrogen [11] non-metallic inclusions represented sites of hydrogen provoked damage, 
especially in the steel variant B with coarser particles of aluminium oxides and nitrides. 

 

 

 

 

 

 

 

 

 

 

 

 

3. C
O
N

CLUSIONS 

Study of hydrogen embrittlement of two variants of TRIP 800 steels (C-Mn-Si and C-Mn-Si-Al) by means of 
tensile tests at simultaneous hydrogen charging confirmed reduced resistance of both variants to hydrogen 
embrittlement. Hydrogen manifested itself particularly by reduced elongation at tensile test, as well as by 
changes of failure micromechanism, i. e. by the presence of quasi-cleavage fracture at the borders of the 

Fig. 4: Quasi-cleavage fracture at the border 
of the specimen 

Fig. 5: Mixture of ductile and cleavage 
fracture at a certain distance from the border 

Fig. 6: Ductile failure in the centre of the 
specimen charged at low current densities 

KSCN addition without 

Fig. 7: Cleavage fracture in the centre of the 
specimen charged at higher current densities 

with KSCN addition 
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fracture area and the mixture of ductile and cleavage fracture in a certain distance from the border. The 
degree of hydrogen embrittlement was less or more similar for both variants studied in condition of 
simultaneous hydrogen charging. For testing performed earlier, using tensile tests on previously 
hydrogenated specimens, results were worse for the steel variant B, due to coarser particles of aluminium 
rich oxides and nitrides. These particles acted as hydrogen embrittlement initiation sites. In the present 
case, i.e. for tensile testing at simultaneous hydrogen charging, non-metallic inclusions did not play any 
important role in hydrogen embrittlement. 
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Abstract 

The paper deals with the evaluation of resistance of ferritic-austenitic duplex steel 22Cr05Ni to sulfide 
stress cracking (SSC). The steel was tested in the as-received state (rolling + solution annealing) and after 
laboratory annealing by the mode 800oC/5h/air, which resulted in precipitation of brittle σ-phase. Testing 
was performed in accordance with the NACE TM 0177-2005 standard in the testing solution A. We used 
two test methods with different modes of loading – tensile test and the four-point bending test. The aim 
was to determine the influence of microstructural parameters on the duplex steel resistance to SSC at 
different loading modes. 

Keywords: sulfide stress cracking (SSC), testing methods, duplex steel, microstructure 

1. INTRODUCTION 

Hydrogen embrittlement in media containing certain portion of hydrogen sulfide presents a problem of 
exceptionally important industry, namely industry of extraction, transport, storage and refining of oil, or of 
other related products, particularly natural gas. Oil and natural gas are often contaminated with hydrogen 
sulfide. During corrosion reaction of steel with the given medium atomic hydrogen is formed, which can be 
absorbed by steel, and which may under certain specific conditions cause formation of cracks or even 
catastrophic fractures of drilling rigs, oil pipelines, pressure vessels, etc. [1]. 

The problem of negative effect of hydrogen sulfide in oil industry is getting more and more important and 
urgent, since it is necessary to drill deeper 
oil and gas wells for opening new oil and 
gas fields, and moreover extraction oil 
production is now concentrated into more 
contaminated deposits (contaminated also 
by hydrogen sulfide), as deposits of higher 
quality have already been fully exploited. In 
this connection the demand of oil 
companies for steels sufficiently resistant in 
acid environments is ever increasing. In the 
environments containing hydrogen sulfide it 
is possible to classify three basic types of 

Fig. 1 Distribution of failure sources of gas processing and 
chemical treatment equipment components [5] 
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hydrogen embrittlement. It is hydrogen induced cracking (HIC), sulfide stress cracking (SSC) a stress-
oriented hydrogen induced cracking (SOHIC). In the case of HIC crack formation occurs without external 
stress. The cracks run in parallel with the product surface and they may converge into the so called 
stepwise cracks, or they may form blisters near surface. In the case of SSC the damage of steel is caused by 
simultaneous effect of tensile stresses and environment containing hydrogen sulfide. The cracks are 
oriented perpendicularly to the acting stress. This is one of the most serious manners of steel damage in 
petrochemical industry, which is demonstrated in Fig. 1. The SOHIC is then special type of hydrogen 
embrittlement, which occurs namely in heat affected zones of weld joints. The formed cracks are 
combination of HIC and SSC cracks [2-4]. 

2. EXPERIMENTAL MATERIAL  

Duplex steel 22Cr05Ni was chosen for experiments, which was supplied in the form of sheet with thickness 
of 12 mm. Chemical composition of the steel is given in Tab. 1. Resistance of the steel to SSC was tested in 
the as-received state (after rolling and solution annealing, marked as AR), and in the state after laboratory 
annealing by the mode 800oC/5h/air (marked as AN). Microstructural analysis of the steel after electrolytic 
etching in 20% NaOH was performed using light microscope ZEISS NEOPHOT 32 and it is documented in Fig. 
2. In case of the state AR 
the structure was ferritic-
austenitic, and volume 
fraction of both phases 
determined by image 
analysis was approx. 60 % 
and 40 % (Fig. 2a). 
Laboratory annealing 
(state AN) lead to an 
intensive precipitation of 
the brittle phase σ at the 
interface ferrite/austenite (Fig. 2b). Volume fraction of σ-phase was approx. 8 %, distribution in full volume 
of the sample was homogenous. Mechanical properties of steel in both states were determined on 
universal machine MTS 100 kN and they are presented in Tab. 2. It is evident that in case of precipitation of 
the phase σ (AN) plastic characteristics were significantly deteriorated and ultimate tensile strength was 
increased in comparison with the state AR. The objective of the work consisted in assessment of influence of 
microstructural changes and of use of various modes of load on resistance of the duplex steel to SSC.  

 Tab. 1 Chemical composition of the investigated steel (mass %) 

C Cr Ni Mo Mn Si P S Cu V 

0.019 21.30 4.92 2.86 1.04 0.24 0.023 0.014 0.079 0.05 

 Tab. 2 Mechanical properties of the steel in longitudinal direction 

state of steel E (MPa) Rp0.2 (MPa) Rm (MPa) A5 (%) Z (%) 

AR 193 505 455 668 45.5 81 

AN 180 543 423 743 29 18 

a b

Fig. 2 Microstructure of duplex steel in the as-received state (a) and in the 
state after laboratory annealing (b) 
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3. EXPERIMENTAL PROCEDURE 

The experiment was realised in conformity with 
the directive NACE TM 0177-2005 with use of 
testing solution A [6]. Altogether 24 test 
specimens were used for testing. Half of test 
specimens (6 pieces in the as-received state and 6 
pieces in the state after laboratory annealing) was 
subjected to an uniaxial tension in accordance 
with the ASTM G49-85 [7]. Short proportionate 
test rods with diameter of 3 mm were used. 
Another 12 test specimens were exposed to 
a load of four-point bending in accordance with 

the ASTM G39-99 [8], half of test specimens was again 
in the as-received state and half in the state after 
laboratory annealing. Length of used test specimens 
was 115 mm, width 15 mm and thickness 5 mm. 
Testing parameters were identical for both methods 
of loading and they are given in Tab. 3. Exposition of 
test specimens is documented in Fig. 3. During 
standard time of testing, i.e. 720 hours, not a single 
test specimen ruptured and also no surface defects 
were detected during observation on stereo-
microscope OLYMPUS SZX12 using tenfold 
magnification. All the test specimens were therefore 
cut and metallographic polished sections were then prepared on their exposed parts, prevailingly in 
longitudinal direction, see Fig. 4a, b. The samples were etched in solution V2A and they were afterwards 
subjected to evaluation on the scanning electron microscope JEOL 6490 LV, the results of which are 
presented in Figs. 5 – 7. 

In the samples exposed to tensile load very small cracks were found that were oriented mostly 
perpendicularly to the testing rod surface. The cracks propagated preferentially in austenite in samples in 
the as-received state (AR), or in the phase σ at the interface ferrite/austenite in the samples after 
laboratory annealing (AN). Lengths of cracks did not exceed 15 μm, however their occurrence was more 
frequent in the state AN. Characteristic micrographs of these cracks were presented in the work [9]. 

The samples subjected to the four-point bending showed similar character of damage as the samples 
subjected to tensile load. In the as-received state (AR) minor cracks running perpendicularly to the sample 
surface were also found. They penetrated mostly to the depth of 5 μm in the area of austenite (Fig. 5). In 
the samples after laboratory annealing (AN) the cracks propagated mostly in the places of occurrence of σ-
phase, i.e. at the interface ferrite/austenite and their length was up to 100 μm, see Fig. 6. Areas with strong 
corrosion attack were found in the places of occurrence of σ-phase, from which minor cracks projected 
both to ferrite and austenite (Fig. 7). 

 

Analyzed areas 

Fig. 3 Exposition of test specimens in testing 
solution 

Fig. 4 Scheme of cutting of test specimens 

a) 

b) 
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Tab. 3 Test specimens load parameters  

AR AN 

stress Rp0.2 (%) critical stress values (MPa) stress Rp0.2 (%) critical stress values (MPa) 

97 441 97 410 

90 410 90 381 

90 410 90 381 

80 364 80 338 

80 364 80 338 

70 319 70 296 

 

 Fig. 5 Sample AR, bending , 90% Rp0.2 (410 MPa)   Fig. 6 Sample AN, bending, 90% Rp0.2 (381 MPa)  

Fig. 7 Sample AN, bending, 90% Rp0.2 (381 MPa) 

4. CONCLUSIONS 

The presented paper dealt with influence of microstructural changes and of different methods of load on 
the resistance of the duplex steel 22Cr05Ni to SSC. Duplex steel was tested in two different structural 
states. Microstructure in the samples of steel in as-received state, i.e. after rolling and solution annealing 

b) a) 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

580 

(marked as AR) was formed of ferrite (approx. 60 %) and austenite (approx. 40 %). The second structural 
state was the state after laboratory annealing by the mode 800oC/5h/air (marked as AN). In this case 
microstructure of steel contained approx. 8 % of the phase σ, which had precipitated at the interface 
ferrite/austenite.  

Testing of resistance of the duplex steel was performed in accordance with the standard NACE TM 0177-
2005 in testing solution A. Testing methods comprised tensile test and four-point bending test. All 12 test 
specimens were used for testing for each loading mode, and then 6 test specimens were used for each 
structural state. During the standard time of testing, i.e. 720 hours, not a single test specimens ruptured 
and also no surface defects were detected at observation of these test specimens using tenfold 
magnification. It means that investigated duplex steel was resistant to SSC. Metallographic polished 
sections were then prepared on test specimens, which were subjected to evaluation on scanning electron 
microscope. 

In the samples subjected to tensile load very small cracks were found that were oriented prevailingly 
perpendicularly to the testing rod surface. The cracks propagated preferentially in austenite in the samples 
in as-received state (AR), or in the phase σ at the interface ferrite/austenite in the samples after laboratory 
annealing (AN). Lengths of cracks did not exceed 15 μm, however their occurrence was more frequent in 
the state AN.  

The samples subjected to the four-point bending showed similar character of damage as the samples 
subjected to tensile load. In the as-received state (AR) minor cracks were found as well, which ran 
perpendicularly to the sample surface. They penetrated mostly to the depth of approx. 5 μm in the area of 
austenite. In the samples in state after laboratory annealing (AN) the cracks propagated mostly in the 
places of occurrence of σ-phase, i.e. at the interface ferrite/austenite and their length achieved even 100 
μm. Areas with strong corrosion attack were also found in the places with occurrence of σ-phase, from 
which minor cracks propagated both to ferrite and austenite. 
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Abstract 

Hydrogen induced cracking of Ti clad to the 304 SS in annealed state after explosive welding was 
investigated. The total crack sensitivity ratio (CSR), crack length one (CLR) and crack thickness ratio (CTR) 
according the NACE Standard TM0284 item No. 21215 were evaluated. The results were confronted with 
the 5L ANSI/API Specification valid for country tubular goods. Results were discussed on the basis of 
metallographic evaluation of the weld interface and its close neighbourhood. Numerous short and thick 
cracks were detected in materials of both processing types. After heat treatment, bimetal showed lower 
cracks count. Generally, the cracks were situated in the vicinity of bonding line of weld in intermetallic 
phases. 

Keywords: Ti + 304 SS, annealing, hydrogen induced cracking, crack, microstructure 

1. INTRODUCTION  

Hydrogen embrittlement has paid attention for a long time and numerous theories were already presented 
being responsible for this important technical problem [1-4]. The problematic has not been solved by now 
thanks the variability of studied materials and conditions under which those were applied. In technical 
praxis a generation of the substance of the matter complicates the situation. It is generally known, the 
localised concentration of hydrogen atoms, hence their in-homogeneous redistribution in matrix, enhances 
the negative hydrogen embrittlement. Consequently, the more potential homogeneous hydrogen traps are 
at the disposal, the more homogeneous hydrogen redistribution can be awaited and hereby the matrix is 
susceptible to hydrogen cracking to smaller extend. Dislocations, precipitates, inclusions and grain 
boundaries are sources of hydrogen trapping. Laths and/or plates tips of such hard bainite or martensite 
generally present localised areas of stress and with hydrogen atom presence can be dangerous from point 
of view of hydrogen cracking. The similar situation represents textured microstructure, e.g. deformation 
bands [5]. Explosively welded bimetal of the 304 SS and titanium generally represents materials individually 
showing a good hydrogen cracking resistance [6, 7].  

In the stainless steel a precipitation of the Ni2Cr particles represents the worse dangerous. As Miyata et al. 
reported [8] the cracks are initiated and propagated preferentially along the most potential slip plane in the 
FCC microstructure. In the ordered specimens, there are two types of dislocations, super-dislocation triplet 
and ordinary single dislocations which are enhanced by hydrogen charging. The interaction of these 
dislocations has led to anisotropic deformation identified with twinning deformation and pile-ups of 
dislocations on the (111)-plane. In case of titanium two embrittlement types can assert oneself. Firstly it is 
hydrogen susceptibility under high load rate, being typical for the material with Ti-3, e.g. under high impact 
load with high deformation rate at low exposition temperatures, high hydrogen content and stress 
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concentration existence are the necessary conditions for hydrogen cracking. Under a low rate of load, the 
embrittlement approximates to conditions corresponding to stress corrosion cracking. Fracture 
characteristics under given conditions of evaluation are similar and so the support given imaginations [9].  

The weakest place of the mentioned sandwich is its joint and its neighbourhood. In the bonding interface 
and its vicinity cavities, oxides, melted zones with different intermetallic phases can be localised. Cavities 
can absorb numerous hydrogen atoms without negative impact on any hydrogen cracking. Regarding the 
intermetallic phases those mostly show high hardness. Accumulation of stresses around the sharper 
interphases can be the most probable source of higher hydrogen susceptibility [10, 11]. The explosive 
welding introduces to sandwich and to the interface and its close vicinity residual stresses, which are 
dangerous from point of view of hydrogen embrittlement. 

The investigated bimetal type is suitable for application in heavy chemistry and also in energetics, where 
the hydrogen ions can be presented and in the long time term negative influence the applied material. In 
case of titanium clad to stainless steel of the 304 SS type the hydrogen induced cracking (HIC) was studied 
minimally [11] and therefore it is target of presented work. 

2. EXPERIMENTAL PROCEDURE 

For investigation of hydrogen induced cracking stainless steel explosively welded with titanium of 
commercial purity (made in EXPLOMET Opole) was used. The bimetal sheet was composed of 110 mm 
(stainless steel) and 6 mm (titanium). The chemical composition of titanium was the following (in wt. %): 
0.01C, 0.05Fe, 0.05O, 0.005N, 0.006H and chemical composition of the stainless steel corresponded to (in 
wt. %): 0.04C, 0.45Si, 1.95Mn, 18.42Cr, 9.74Ni, 0.0065P, 0.011S and 0.1Mo. From bimetal in as-clad state 
consequently heat treated at 650°C/1.5h/air three samples sets of dimensions 20 x 14.5 x 80 mm were 
manufactured, which were exposed in corrosion solution during 96 hours [12]. At the beginning of the test 
in as-clad state the pH corresponded to 2.75 and the final pH to 3.85. In case of the heat treated bimetal 
the pH was 2.78 in the beginning and 3.92 in the end of the HIC test. The test temperature reached 25�3°C. 
Critical parameters of the hydrogen induced cracking - the CLR (crack length ratio), the CTR (crack thickness 
ratio) and the CSR (total crack sensitivity) were mathematically evaluated according to the NACE Standard 
TM 0284, Item No. 21215, [12]. The corrosion test and evaluation itself were performed in accordance with 
the above mentioned Standard and the results were confronted with the ANSI/API specification 5L [12], 
generally used for oil country tubular goods (OCTG). According to the mentioned specification the 
parameters CLR, CTR and CSR should be equal and/or lower than 15 %, 5 % and 2 %. Three exposed 
samples were divided into four same perpendicular sections. Consequently, nine samples were prepared 
for the metallographic evaluation, again in accordance with the NACE Standard [12]. The welded materials 
were etched in nitric acid and hydrofluoric acid and in water solution of hydrochloride and nitric acid. 
Metallographic evaluation of cracks was carried out using the light microscope OLYMPUS X70 and the 
electron microscope SEM JEOL LSM-6490 equipped with EDAX.  

3. RESULTS AND DISCUSSION 

Results of the hydrogen induced cracking after heat treatment of the bimetal 304 SS explosively welded 
with Ti are summarised in Tab. 1. In the frame of all nine evaluated samples the average crack length ratio 
CLR was in the range of 0.59 to 1.7 % corresponding to 14.4 % and 13.3 % reserve in comparison with the 
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permissible level of 15 %. In longitudinal direction the mean value of all measurements corresponded to 1.2 
% and it represents reserve of 13.8 %. The crack thick ration CTR reached minimally 1.34 % and maximally 
3.66 %, respectively 2.5 % on average in frame of all nine measurements. In given case the minimal reserve 
was 1.34 %, maximal one 3.66 % and on average 2.5 %, because the accepted value should be equal or 
lower than 5 %. The total crack sensitivity CSR was at minimal and/or maximal level of 0.01/0.02 %. This 
represents favourable minimal and/or maximal reserve of 1.99 and/or 1.98 %. Minimal revealed length of 
crack corresponded to 0.01 mm, maximal length 0.14 mm and minimal crack thickness reached 0.01 mm 
and maximal one 0.14 mm. From the total observed 58 cracks only 5 cracks were longer than 0.09 mm and 
8 defects thicker than 0.09 mm. As the results in the Tab. 1 demonstrate, all cracks sensitivity in length, in 
thickness and also in total comply with the requirements of the ANSI/API specification 5L.  

 Tab. 1 Results of hydrogen induced cracking after heat treatment [%] 

Sample CLR CTR CSR CLR CTR CSR 

 Individual values Mean values 

1 1.90 3.24 0.013 1.30 3.00 0.01 

2 1.18 3.30 0.003    

3 1.10 2.60 0.006    

4 0.55 1.20 0.001 0.59 1.34 0,02 

5 0.52 1.12 0.001    

6 0.73 1.69 0.054    

7 1.80 3.66 0.012 1.67 3.00 0.010 

8 1.60 2.80 0.005    

9 1.60 2.60 0.0133    
 
a)       b) 

   

Fig. 1. Example of bonding line and its close neighbourhood after exposition in corrosion solution bubbled 
with H2S a) sample 2, b) sample 6 
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After exposition in corrosion solution the 
welded interface has not changed its wavy 
character as the Fig. 1 shows and all 
observed cracks were located in 
intermetallic phases preferentially situated 
in the curls of the interface, respectively its 
close neighbourhood as it can be seen in 
Fig. 2. The cracks showed 45° - 90° 
orientation towards the bonding line and 
none stride to any basic material. None 
cracks were detected outside intermetallic 
phase area. All were closed just inside of 
the mentioned phases as Figs. 2 and 3 
demonstrate. However, it is not possible to 
assert that the cracks were preferentially 
situated in one concrete intermetallic 
phase type. The bimetal interface also 

showed no cavities and inclusions. 
Those could be important 
hydrogen trapping. From point of 
hydrogen susceptibility cavities 
represent strong potential located 
hydrogen traps where numerous 
hydrogen atoms could be 
localised without any negative 
impact on the cracking as well as 
homogeneously dispersed finer 
inclusions. The intermetallic 
phases, being often hard and 
brittle, with low plasticity, may be 
very dangerous from the point of 
view of hydrogen trapping 
position. 

After exposition and hydrogen 
susceptibility evaluation analyses of presented intermetallic phases were carried out. As from Fig. 2 follows, 
four basic different colour areas can be seen there. The quite black areas and/or spots signed as 1 
represent pure clad titanium that was revealed minimally, whereas the dark shadow places symbolised by 
number 2 represent intermetallic phase having lower titanium share, approximately 18-20 at. %, with the 
high iron content, being lightly depleted in chromium and especially in nickel in comparison with the basic 
304 SS. Number 3 represents areas showing minimal titanium content (of 0-10 at. %), again lightly depleted 
matrix in chromium and a bit more in nickel. The pale shadow colour area marked as 4 was typical for 15-16 
wt. % of titanium and partially depleted matrix both in chromium and in nickel. Low aluminium, silicium, 

Fig. 2. Intermetallic phases with cracks closed inside wave 
curls (sample 1 in detail) 

1

3
4

2

Fig. 3. Intermetallic phases with cracks closed inside wave curls 
(sample 7 in detail) 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

586 

manganese and molybdenum contents were part of intermetallic phases as the Tab. 2 summarises. In the 
position 3 and 4 the closest chemical composition of the 304 SS were detected. In position 2 and 3 some 
carbon was also detected in case of sample 3, 8 and 9. It could be some rest of dirt which penetrated to 
matrix during explosion. 
 

 Tab. 2:Chemical composition of observed intermetallic phases close the bonding line analysed in sample 7 
(see Fig. 3) [at. % ] 

No. Al Si Ti Cr Mn Fe Ni Mo 

2  0.29 19.3- 11.8 1.2 42.7 5.9  

3 0.15 0,38 9.4 15.3 1.5 54.1 8.1 0.2 

4  0.42 15.9 16.5 1.8 42.8 5.9  
 

The observed results were more favourable than in case of samples in as-clad state as was presented in the 
work [6]. After heat treatment the cracks number was approximately by 31 % lower. After heat treatment 
the tensile test was not carried out, however it can be supposed the strength went down and the ductility 
was increased. According the presented results of the intermetallic analyses after heat treatment and in as-
clad state none changes in intermetallic phases types were revealed. It implies the heat treatment had no 
influence on the intermetallic phase changes. It can be assumed the higher plasticity of bimetal after the 
heat treatment was the main reason of the positive hydrogen response. Of course, some other test should 
be done after the heat treatment so that the positive result would be reliably confirmed. In given 
connection it could be noted, the samples were not 100 mm in length as the NACE Standard TM 0284, Item 
No. 21215, demands [12], however just 80 mm. It signifies the corrosion conditions were stricter in 
presented case in comparison with the mentioned NACE Standard, because during the exposition time of 
96 hours the hydrogen could be dispersed in lower volume what represented more favourable conditions 
for hydrogen concentration in the presented traps. After the heat treatment the grain size of titanium 
matrix was finer by 2.1 % and austenite one was coarser by 18.8 % on average and grains were generally 
more regular. In any case the regularity and fine grains are positive for the hydrogen atoms dispersion. The 
coarser austenite grain sizes with lower number of deformation bands affect in reverse. The austenite 
matrix of the 304 SS generally shows very good hydrogen resistance and so the loss of grains surfaces and 
deformation bands seems not had detrimental effect on the hydrogen embrittlement. Verification of that 
theory will be continuing in the next part of investigation.  

4. CONCLUSIONS  

The hydrogen susceptibility tested in accordance with NACE Standard, TM 0284 Item No. 21215 of the 
bimetal Ti welded with the 304 SS and subsequently annealed (600°C/1.5 hours/air) showed followed 
results: 

In any cases all investigated parameters were in agreement with the above mentioned Standard, even 
when the samples were of smaller dimensions than the mentioned Standard requires. Thereby the 
corrosion conditions were stricter. The cracks were only situated in the intermetallic phase areas. In total 
58 cracks were detected. Their thickness was in the range of 0.01 mm to 0.14 mm and the thickness ranged 
from 0.01 mm to 0.14 mm. Cracks showed 45-90° orientation to the weld interface.  
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The crack length ratio (CLR) showed maximally 14.4 % reserve, the minimal corresponded to 13.3 % and on 
average it was 13.8 %. Regarding the crack thickness ratio (CTR) the average reserve corresponded to 2.5 % 
and the minimal one was 1. 5 %, while the maximal reserve was 3.7 %. The total crack sensitivity showed 
minimal reserve of 1.98 %. 
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Abstract  

Within the optimization of material processing technology for heavy forgings made from the steel SA 508 
for power industry (especially shafts), kinetics of grain growth, recrystallization and precipitation processes 
in order to prevent the occurrence of coarse-grained structures were evaluated. In the typical range of 
forging temperatures of 850 °C - 1250 °C the austenite grain coarsens significantly above a temperature of 
1100 °C. Evaluation of recrystallization processes shows significant inhibition of dynamic and consequently 
postdynamic recrystallization after deformation of 60 % at temperature 850 °C. With increasing 
deformation temperature the contribution of dynamic and postdynamic recrystallization grows. Particles 
present in the microstructure evaluated by TEM are mostly M3C type. The optimization of material 
processing technology forged steel SA 508 for power supply applications has been evaluated and grain 
growth kinetics of precipitation processes in order to prevent undesirable coarse-grained structures. 

Keywords: microstructure, grainsize, recrystallization, precipitation 

1. INTRODUCTION 

The work deals with the influence of heating conditions and deformation on the kinetics of austenite grain 
growth of steel SA-508. This work is a part of the research motivated by efforts to optimize the processing 
conditions to obtain fine-grained structure during the manufacture of wind turbine rotors by free forgings. 
Production of heavy forgings is specific and very expensive. Using the wrong technological processes, as in 
the production of ingot and during his subsequent treatment by forming, together with other factors could 
lead to production of non-conforming product, which entails the necessity of repeated production and 
therefore considerable economic losses. The common defects occurring during forming of rotors include 
unwanted local grain coarsening, which can occur as the presence of casting defects in the ingot, the 
temperature distribution and the inhomogeneity of deformation. The paper dealt with the issue of the 
deformed state of the material, recrystallization processes and the factors influencing them and possibly 
occurring during hot forming [1-4]. Objective of the experiment focuses on the laboratory evaluation of 
kinetics of austenite grain growth depending on the temperature of forming and recrystallization behavior 
of steels in the range of typical forging temperatures. 

2. EXPERIMENTAL 

Experimental material was supplied by PILSEN STEEL s.r.o. in the form of machined forging made from steel 
SA-508 Grade C1.1 (20MnMoNi5-5). 

Results of the analysis of chemical composition of evaluated steel are shown in Tab. 1. 
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Microstructure of the steel was evaluated in the as-delivered state. To evaluate the kinetics of austenite 
grain growth, the temperature range corresponding to the typical range of temperatures including final 
forging steps (850, 900, 1000, 1100, 1200, 1250 °C) was chosen. Samples were heat treated in the filling of 
corundum and crushed coke, restricting decarburization. Heating-up and cooling curves of backfill, furnace 
and samples were collected for to ensure repeatability of experiments. Holding times at the temperature 
were 15 and 60 minutes. Dwell time of 15 min was selected for laboratory processing with minimal 
decarburization, whereas 60 minutes dwell time better simulates real forging conditions. Samples of 
dimensions of 15 x 15 x 15 mm were cooled in water after the treatment allowing austenitic grain 
evaluation. 

 Tab. 1 Chemical composition of evaluated steel SA 508 [wt. %] 

C Mn Si P S Cr Ni Mo 

0,18 1,27 0,27 0,005 0,001 0,07 0,64 0,48 

Cu Co Ti V Al Nb B N 

0,03 0,005 0,002 0,010 0,029 0 0,0003 0,004 

 

Cylinders with a diameter of 8 mm and a height of 15 mm were used for the purpose of recrystallization 
behavior evaluation. The laboratory upsetting was applied using gravity falling hammer weighing 11.6 kg 
and with a lines height of 3500 mm. Ram impact velocity is 8.3 m.s-1. In case of a sample with a height of 
15 mm the equivalent strain rate is approximately 5.5 .102s-1.The required deformation of the samples was 
achieved by inserting a stopper. All the cylinders were deformed to 60 % of their original height. Handling 
time of the ample from the final deformation to cooling in water was 2 seconds. 

Samples were processed using the same austenitizing temperature of 1200 °C for 15 min and air cooling at 
deformation temperature afterwards. Subsequently, 15 minutes equalizing dwell was performed at the 
deformation temperature. The samples were deformed by upsetting. Part of them was immediately cooled 
down in water for the purpose of the dynamic, respectively metadynamic recrystallization evaluation. The 
other samples were put back into furnace for 60 s, 180 s and 300 s and subsequently cooled down in water. 
These were used for the purpose of static recrystallization evaluation. The deformation temperature was 
850 °C or 1100 °C. 

The microstructure was evaluated by light microscopy and scanning electron microscopy combined with 
EDS microanalysis. A more detailed analysis of the particles was performed using TEM with EDS 
microanalysis at collodion and carbon extraction replicas. Samples were etched in NITAL and Villela-Bain 
agents or in hot picric acid reagent in solution with surfactant. 

3. RESULTS AND DISCUSSION 

3.1. As delivered state 

The microstructure of forgings in as-delivered state is homogeneous, predominantly bainitic (Fig. 1). The 
size of the original equiaxed austenite grain is from 50 to 70 �m. Distribution and shape of carbides was 
evaluated using SEM and subsequently TEM on carbon and collodion replicas (Fig. 2).  
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Carbides are distributed mainly at the boundaries of ferritic needles (Fig. 2). Diffraction images examination 
complemented by EDS microanalysis of particles shows that the majority of present particles is of the M3C 
or M2C type. Iron makes a primary contribution, followed by manganese and molybdenum. Typical micro-
alloying elements like Ti and V, together with Al were detected in small quantities in M3C particles and 
sporadically in the form of separate carbides, nitrides or carbonitrides. 

 

3.2. Kinetics of austenite grain growth 

The results of measurements of grain size after annealing at the defined temperatures with the dwell time 
at the temperature of 15 or 60 minutes are graphically presented in Fig. 3. From the results it is clear that 

the grain size does not change 
significantly up to temperatures of 
1000 °C. In case of dwell time 15 
minutes, grain growth does not take 
place even at a temperature of 
1100 °C. Significant grain coarsening 
was observed between the 
temperatures of 1100 °C and 1250 °C. 
At a temperature of 1250 °C the grain 
sizes in case of both holding times are 
similar. 

Microstructure of samples 
austenitized at 900 °C and cooled in 
water contains a considerable amount 

of carbide particles at grain boundaries and between the martensite needles (Fig. 4). The grain does not 
coarsen at this temperature; the particles may effectively inhibit its growth. After austenitizing at 1250 °C, 
the quantity and particle size are reduced considerably (Fig. 5). Their inhibiting effect decreases, the 
boundaries can migrate more easily and austenitic grain becomes coarser. A more detailed analysis and 
particle identification was performed by transmission electron microscopy on extraction replicas. (Fig. 6). 
Using the electron diffraction patterns the particles of M2C and M3C (Fe, Mn, Mo), sporadically TiC and AlN 
type were identified. 

Fig. 1  Microstructure- as delivered state, LM Fig 2 As delivered state, TEM, collodion replica 

Fig. 3 Kinetics of austenitic grain growth 
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Fig.4Microstructure after annealing 900 °C / water, SEM 

 
Fig. 5 Microstructure after annealing 1250 °C / water, SEM 

 
Fig. 6 Microstructure after annealing 1100 °C / water, TEM, collodion replica 

3.3. Recrystallization behavior  

The fractions of recrystallized volume of samples after deformation at 850 °C and 1100 °C are shown in Tab. 
2. Kinetics of recrystallization plotted in Avrami’s coordinates (Fig. 7) shows a different behavior in case of 
both temperatures. At a deformation temperature of 1100 °C, dynamic or postdynamic recrystallization of 
70 % of the volume takes place. After the dwelltime of 180 s at deformation temperature1100 C the  

15 min 60 min 
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process of recrystallization is completed. 
Deformation temperature of 850 °C leads 
to a dynamic (postdynamic) 
recrystallization only in 4 % of volume. 
The rate of recrystallization increases 
after 60 s hold with a typical value of 
kinetic exponent for static 
recrystallization n B 2. After the dwell of 
180 s at the deformation temperature 
850 °C the recrystallized volume fraction 
reaches 60 %. Further dwell of 300 s at 
the deformation temperature leads to 
recrystallization of 80 % volume. 
Furthermore, grain size was evaluated in 
samples where at least 50 % of volume 
was recrystallized. Evaluation was 
performed in the central region where homogeneous deformation takes effect and in areas of possible 
critical deformation near the cylinders ends (Tab. 2). The real deformation (60 - 65) % was measured in the 
homogeneous region. Deformation of (7 – 10) % was measured in area of the hindered deformation (dead-
metal zone) [5]. This value is close to the point where critical deformation occurs and may lead to grain 
coarsening. In case of used austenitization temperature of 1200 °C the estimated grain size is 380 μm. 
Recrystallized grain size in the area of homogeneous deformation after upsetting at the temperature of 
1200 °C is 49 �m. In the area of dead zone with deformation (7 - 10) % the recrystallized grainsize reaches 
286 �m. Values of grain size corresponding to deformation temperatures1100 °C and 850 °C are shown in 
Tab. 2.  

 Tab. 2  Recrystallized fraction and recrystallized grain size after laboratory deformation 

Annealing 
temperature 

[°C] 

Deformation 
temperature 

[°C] 

Dwell at def. 
temperature 

[s] 

Recrystallized 
fraction 

[%] 

Austenitic grainsize [μm] 

Area of homogeneous 
deformation. 

Area of inhibited 
deformation 

1200 

1200 

1200 

1200 

850 

850 

850 

850 

2 

60 

180 

300 

4 

7 

60 

80 

- 

- 

64 

72 

- 

- 

204 

248 

1200 

1200 

1200 

1200 

1100 

1100 

1100 

1100 

2 

60 

180 

300 

70 

90 

99 

99 

55 

80 

96 

140 

212 

188 

259 

313 

Transmission electron microscopy was used on selected samples. Fig. 8 documents the microstructure and 
distribution of particles in samples austenitized at 1200 °C and deformed at the temperature of 850 °C and 
1000 °C. 

Fig. 7 Recrystallization kinetics after austenitization at 
1200 °C (deformation at 850 °C and 1100 °C) - Avrami’s 

scale. 
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850 °C / 1 min/water 1100 °C / 3 min / water 

Fig. 8 Recrystallized structure after austenitization 1200 °C, deformation 65 %, 
carbon replica, TEM 

Particles existing in 
the microstructure 
have predominantly 
spherical or cubic 
shape. The particle 
size does not exceed 
0.5 �m. They are 
located at the 
austenitic grain 
boundaries or 
between martenzitic 
needles in lower 
quantity. With an 

increased deforma-
tion temperature, the 
quantity of fine 
particles present on the grain boundaries decreases (Fig. 8).  

EDS analysis of chemical composition shows that most of the observed particles are of M2C or M3C type 
with predomination of Fe. Other elements that were detected in the precipitate except Fe are mainly Mn 
and Mo. Particles containing Ti were observed occasionally. 

4. CONCLUSIONS 

Microstructure of the steel in as-delivered state is predominantly bainitic with carbide M3C (M2C). 

In the temperature range of 850 °C - 1250 °C significant austenite grain coarsening is evident above 
temperature of 1100 °C. 

Recrystallization evaluation showed that the austenitization temperature of 1200 °C and deformation 65 % 
at temperatures of 850 °C and 1100 °C lead in all cases to significant grain refinement. During increased 
holding time at deformation temperature austenitic grain slightly coarsens. At regions of dead zone, where 
the deformation reaches (7 – 10) % (close to critical deformation value), the austenitic grain is significantly 
(3 - 4 times) coarser. In case of the small deformation, the dangerous grain coarsening may take effect. 

After austenitization at temperature of 1200 °C and consequent deformation at temperature of 1100 °C, 
70 % of volume was dynamically, respectively metadynamically recrystallized. The rest of softening 
proceeds by static recrystallization. In the area of possible critical deformation grain size increases 
approximately 3 times, but even after 5 minutes dwell at deformation temperature the grain size does not 
reach the size before deformation. 

Deformation at 850 °C after austenitizing at temperature of 1200 °C leads to a dynamic, respectively 
metadynamic recrystallization only in 4 % of volume. After the dwell of 5 min at deformation temperature 
80 % of volume is recrystallized. 

Transmission electron microscopy showed that microstructure in all states contains particles of type M2C 
and M3C, where M is represented by the elements Fe, Mn and Mo. Occasionally, particles of AlN and Ti(C, 
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N) were observed. The particles are located mainly at the boundaries of austenite grains and between 
some martensite needles. The number of particles decreases significantly with increasing processing 
temperature. The particle size decreases slightly with temperature.  

At present, experimental work continues with the newly supplied experimental material. The completion of 
the experimental program and a detailed analysis of the minority phases in a range of forming 
temperatures, will allow conclusions about the influence of deformation conditions on the final austenite 
grain size, which significantly affects the secondary structure and mechanical properties. Interest will be 
focused on complete evaluation of the kinetics of recrystallization, interaction of recrystallization and 
precipitation and assessment of conditions on the grain boundaries. Structural characteristics will be 
correlated with the mechanical properties of the final state of evaluated steel. 
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Abstract 

The main topic of this paper is devoted to the influence of chemical composition modification and quality 
parameters of steel grade P460N as well as the parameters of hot-rolling process of seamless tubes. The 
ultimate goal was to obtain corresponding microstructure for required mechanical properties of the 
material. The experiment was designed using specimens with three different chemical compositions in 
accordance with EN 10216-3; the elements to be varied were B, Si and Ni, respectively. In terms of chemical 
composition, we were dealing with low-carbon microalloyed steel with higher manganese content with the 
addition of chromium. The main objective was to achieve the minimum value of yield stress after 
normalization, i.e. Remin = 460 MPa together with the other required mechanical properties. All 
experimental heats were hot rolled and subsequently evaluated in terms of mechanical properties, grain 
size and percentage content of pearlite, respectively. In our analysis we focused to the structural basis of 
contribution of all partial hardenings to yield strength. Partial hardenings were calculated using the additive 
law for the yield stress, which in the case of ferrite-pearlite polyedric structure is as follows: Re = Rz + RMn + 
ΔR. Nomographic processing of the dependency of Re with respect to ΔR was used for quantification of all 
hardenings contribution to the P460N yield strength. 

Keywords: low-carbon microalloyed steel, yield strength, hardening, nomographic processing 

1. INTRODUCTION 

Final mechanical properties of hot-rolled seamless tubes and cold-drawn tubes are determined by chemical 
composition of steel, thermo-mechanical and heat treatment process parameters, respectively. Production 
of large quantities of tubes with various tube geometry influences the stability of final mechanical 
properties and reproducibility of thermo-mechanical process parameters [1]. In this case, the chemical 
composition of steel is being modified to obtain the desired mechanical properties. 

In this paper, the experiments carried out in ZP a.s. Podbrezova were analyzed, using structural essence of 
yield strength [2].  

2. EXPERIMENT 

In this experiment, grade P460N was analyzed as shown in Tab. 1, 2. Three chemical variations of the same 
steel grade were prepared for this experiment as shown in Tab. 3. All three chemical compositions were 
subsequently hot rolled, cold drawn and heat treated. Their mechanical properties, grain size dstr and 
pearlite content XPR were evaluated in Tab. 4. 
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 Tab. 1 Chemical composition - grade P460N [3] 
% C Si Mn P S Al Cr Cu Mo N Nb Ni Ti V Nb+Ti+V 

min   1.00             

max 0.20 0.60 1.70 0.025 0.020 0.020 0.30 0.70 0.10 0.020 0.05 0.80 0.040 0.20 0.22 

 

 Tab. 2 Mechanical properties of grade P460N at the room temperature after normalizing [4] 

 Re [MPa]  Rm [MPa]  A [%] 

WT [mm] ≤ 12 12 - 20 20 - 40 40 - 50 50 - 65 65 - 80 80 - 100 ≤ 20-65 65-100 Longitudinal 
direction 

min 460 450 440 425 410 400 390 560 490 19 

max        730 690  

 

 Tab. 3 Chemical composition of three different experimental heats of grade P460N 
 Heat C Si Mn P S Al Cr Cu Mo N Nb Ni Ti V B Nb+Ti+V 

B 3254 0.121 0.45 1.64 0.013 0.005 0.029 0.04 0.17 0.02 0.009 0.040 0.07 0.002 0.002 0.0021 0.044 

Ni 3915 0.184 0.42 1.57 0.008 0.008 0.033 0.17 0.17 0.02 0.009 0.039 0.17 0.003 0.168 <0.0003 0.21 

Si 3838 0.188 0.39 1.56 0.008 0.006 0.035 0.18 0.12 0.02 0.008 0.048 0.03 0.003 0.147 <0.0003 0.198 

 
 Tab. 4 Mechanical properties and metallographic analysis of selected heats 

Heat Dimension 
Re 

[MPa] 
Rm 

[MPa] A [%] Re/Rm dstr 

[μm] 
XPR 
[%] 

Mark in 
the graph State 

3254 - B 52 x 7 424 555 28.8 0.76 6.25 17 B2 Rolled, cold-drawn, heat-
treated  

3915 - Ni 

70 x 8.8 525 808 19 0.65 7.24 32 Ni Rolled 

52 x 7 511 646 22.6 0.79 5.75 30 1Ni Rolled, cold-drawn, heat-
treated 

52 x 7 475 632 21.2 0.75 5.79 24 2Ni Rolled, cold-drawn, heat-
treated 

3838 - Si 73 x 7.1 564 727 22.9 0.75 6.02 26 Si Rolled 

3838 - Si 

73 x 8 572 727 24 0.79 6.39 26 Si Rolled 

50 x 6 535 667 23.7 0.80 4.78 19 1Si Rolled, cold-drawn, heat-
treated 

50 x 6 542 674 28.1 0.80 5.51 23 2Si Rolled, cold-drawn, heat-
treated 

3. STRUCTURAL ESSENCE OF YIELD STRENGTH 

According to chemical composition, steel grade P460N is a low-carbon microalloyed steel with increased 
content of manganese and addition of chromium. In three different heats (B, Si, Ni) being analyzed, the 
content of C, Cr, Ni, V and B varied, see Tab. 3. The main goal was to reach the required yield strength after 
normalization, i.e. Remin = 460 MPa. For ferritic-pearlitic polyedric structure, the additive law for the yield 
strength takes the form [2]:  

Re = Rz + RMn + ΔR            (1) 
Rz = 15d-1/2             (2) 
RMn = 50XMn             (3) 
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where Rz is the hardening due to grain size [MPa], d is the grain size [mm], RMn is the hardening due to 
manganese [MPa], ΔR is the embrittlement hardening [MPa]. All hardening contributions that increase 
yield strength but at the same time decrease material plasticity („embrittling“ the material) are 
represented by ΔR, namely: 

RPN – Peierl-Nabarro hardening, RIN – interstitions hardening, RPR – pearlite hardening, RSi – silicon 
hardening and Rp – precipitation hardening. The pearlite hardening RPR is determined as follows: 

RPR = 3XPR             (4) 

Silicon substitution hardening in steel Xsi is as follows: 

RSi = 83XSi             (5) 

For microalloyed steels, the most important contribution is the precipitation hardening RP. Its value 
depends on the precipitation rate; in our case, the carbide (VC) or carbon-nitride V(C, N) precipitation. The 
overall expression for ΔR is as follows:  

ΔR = RPN + RIN + RPR + RSi + RP           (6) 

where RPN + RIN are temperature-dependent; for Feα at 20 °C, RPN + RIN ~ 40 MPa. We can say that ΔR for 
given chemical composition is more-or-less controlled by the precipitation hardening RP. From the heat-
treatment point of view, RP is practically the only variable; to some extent, we can include here XPR as well. 
The precipitation hardening RP depends mainly on the heat treatment region – α, α + γ or γ, respectively 
[2]. 

4. RESULTS ANALYSIS 

For results analysis, nomographic processing of 
Re – ΔR dependence for P460N has been 
utilized, see Fig. 1.  

On the x axis, ΔR is shown, calculated as follows: 

ΔR = ΔR1 + RP        (7) 

whereby the importance of ΔR1 is given by (6). 
For experimental heats, ΔR1 ~ 140 MPa was 
estimated (shown in the nomograph as well).  

On the y axis, the yield strength Re is shown, 
with grain size d as the parameter, according to 
STN EN 42 0463. The minimum required yield 
strength Remin = 460 MPa is shown in the 
nomograph as well. The Fig. 1 is in fact the 
graphical representation of expressions (1) - (7) 
shown above. We supposed the manganese 
substitution hardening XMn is RMn = 80 MPa 
according to (3). We assumed that to guarantee 
the minimum yield strength required it is 
necessary to choose such a hot rolling process, 

Fig. 1 Structural nomograph for P460N steel grade 
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to get as fine ferritic grain as possible with minimum precipitation hardening RP. During normalization (890 
– 910 °C) there is a significant decrease of precipitation hardening. It means that VC and V(C, N) precipitates 
are to be used for ferrite grain refinement, whereby in the cooling process, the precipitates coagulation and 
growth should appear in a way to minimize precipitation hardening contribution. In this case, no significant 
yield strength decrease appears after normalization. Tab. 5 shows the contribution of every particular 
hardening on the final yield strength for every state analyzed. 

Tab.5 Particular strengthening contribution on the final yield strength value 

Heat Dimension Re [MPa] RMn [MPa] Rz [MPa] ΔR [MPa] RPR [MPa] RSi [MPa] 
Assessment 

RP [MPa] 
State 

3254 - B 52 x 7 424 82 190 152 52 37 23 Rolled, cold-drawn, 
heat-treated 

3915 - Ni 

70 x 8.8 525 78.5 176 271 96 35 100 Rolled 

52 x 7 511 78.5 198 235 91 35 69 Cold-drawn and heat-
treated 

52 x 7 475 78.5 197 200 73 35 52 Rolled, cold-drawn, 
heat-treated 

3838 - Si 73 x 7.1 564 78 193 293 78 32 143 Rolled 

3838 - Si 

73 x 8 572 78 188 306 78 32 153 Rolled 

50 x 6 535 78 217 240 57 32 111 Rolled, cold-drawn, 
heat-treated 

50 x 6 542 78 202 262 69 32 121 Rolled, cold-drawn, 
heat-treated 

4.1. Heat 3254 – B P460N 

In this case, a ferritic-pearlitic structure was obtained with the grain size dstr = 6.25 μm and the pearlite 
volume ratio 17 %, see Tab. 4. It is a state with negligible precipitation hardening (23 MPa, Tab. 5) along 
with low carbon content and minimum content of Cr and V. In this state, the minimum required yield 
strength Remin = 460 MPa was not reached. Similar conclusions results also from the Fig. 1, depicting the 
average yield strength after rolling (point B1), after cold drawing and annealing at 900 °C, 18 m/hour (point 
B2) and after cold drawing and double annealing at 900°C, 13m/hour (point B3), respectively. 

In all three states similar ferrite grain size and low precipitation hardening were obtained, being the main 
reason of final low yield strength. It is obvious that the yield strength increase over the required value is 
possible either by significant grain refinement up to the degree of 14, or grain refinement combined with 
higher precipitation hardening level. 

4.2. Heat 3838 – Si P460N 

Samples from tube dimensions 73 x 7.1 mm and 73 x 8.0 mm were 
analyzed see Tab. 4, 5. In both cases, the mechanical properties 
are almost equal and they fulfill the required conditions for P460N 
steel grade (see Tab. 2). For both samples, the structure observed 
is ferritic-pearlitic. For 73 x 7.1 mm tube sample there was a 
significant pattern of fine-grain and thick-grain stripes alternation. 
For 73 x 8.0 mm tube sample the grain size was rather uniform. 
The pearlite took the spheroid form with bigger pearlite grains 
distributed alongside the bigger ferrite grains. In the rolling 
(longitudinal) direction the deformation texture was observed. The 

Fig. 2 Microstructure of 73 x 7.1 
mm tube sample 
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presence of continuous pearlite stripes alternating with deformed ferrite stripes was observed, too. Higher 
hot-rolling deformation level for 73 x 7.1 mm tube sample resulted in a finer ferrite grain size (6.02 μm, 
Tab. 4, Fig. 2).  

Hardening contributions in both cases are equal, whereby 
precipitation hardening reached 143 – 153 MPa (Fig. 1, Si point). In 
relation to Re (564 – 572 MPa) both samples exhibit approx. 100 – 
110 MPa "safety margin" over the required minimum yield 
strength Remin = 460 MPa. This is a fairly good "reserve" in the case 
of precipitation hardening decrease after normalization followed. 
This benefit was proved by further cold drawing to the final 
dimension of 50 x 6 mm after normalizing, see Tab. 4, 5. After the 

heat treatment the yield strength decrease was approx. 30 MPa. 
This was caused by the ferrite grain size modification and by the 
precipitation hardening. The grain was refined to 4.78 μm, see Fig. 

3 (point 1Si, Fig. 1) and 5.51 μm (point 2Si, Fig. 1), respectively. This grain refinement - compared with the 
hot-rolled condition - was caused by the annealing of highly-deformed ferrite grains after cold drawing 
process. This grain refinement is a very positive phenomenon, causing increased hardening contribution 
from ferrite grain size, in particular, 14 – 29 MPa. At the same time, the precipitation hardening 
contribution RP decreased by 30 – 40 MPa. The yield strength Re obtained is well over the minimum 
required level Remin = 460 MPa. 

4.3. Heat 3915 – Ni P460N 

This heat was the first experimental heat with the addition of 
nickel, Tab. 3. The 70 x 8.8 mm tube sample was observed; ductility 
reached 19 % and the average yield strength was Re = 525 MPa. 
The structure observed was ferritic-pearlitic with the grain size dstr 
= 7.24 μm, see Fig. 4. From the analysis (Fig. 1, Ni point, Tab. 5) it 
holds that the precipitation hardening contribution RP is approx. 
100 MPa. At the same time, the grain size hardening RZ is rather 
low (the sample exhibits the biggest grain size). The material was 
cold-drawn to the final dimension of 52 x 7 mm and subsequently 

double-annealed (5.75 μm, 
Fig. 5).  

As in the previous case, ferrite grain refinement along with the 
decrease of precipitation hardening RP by 30 – 50 MPa caused by 
annealing was observed (see Tab. 4, 5). Nevertheless, we can see 
that in the case of hot-rolled tube annealing or cold-drawn tube 
annealing (point 2Ni, Fig. 1) the decrease of precipitation 
hardening RP is significant; this is the reason for yield strength 

decrease to 475 MPa. On the contrary, the common way of 
processing (i.e. annealing) is applied only after cold drawing 
operation, causing merely a small precipitation hardening decrease 

Fig. 3 Microstructure of 50 x 6 mm 
tube sample 

Fig. 4 Microstructure of 70 x 8.8 
mm tube sample 

Fig. 5 Microstructure of 52 x 7 mm 
tube sample 
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and therefore the yield strength value decrease to Re = 511 MPa (point 1Ni, Fig. 1); this though must be 
considered optimal. 

5. CONCLUSIONS 

� In this paper the structural nomograph was proposed in order to analyze the structural essence of 
yield strength for P460N steel grade with modified chemical composition Si, Si + Ni, Si + B, Tab. 3. 
This nomograph has to be verified and further specified. 

� The increase of Si content to ~ 0.40 % alone has a positive influence on the yield strength with ΔR1 ~ 
140 MPa. With %C ~ 0.18 – 0.20 and %V ~ 0.18 the increased silicon content contributed significantly 
to "safety margin" of the required minimum yield strength level Remin = 460 MPa. 

� If a favorable combination of grain size and a precipitation level is obtained after hot rolling, the 
minimum required yield strength Remin = 460 MPa with a sufficient "safety margin" is obtained 
despite the following normalization after cold drawing leading to a precipitation hardening decrease 
together with low ferrite grain refinement. 

� Effect of nickel addition was not apparent and considering the production economy we do not 
recommend this solution. 

� Addition of boron without vanadium presence and chromium content increase has failed to reach 
the expected increase of yield strength value.  
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Abstract 

The group of steels meeting very high automotive requirements includes the newer type called Advanced 
High Strength Steels (AHSS), which usually comprises Dual Phase (DP), Transformation Induced Plasticity 
(TRIP), Complex Phase (CP) and Martensitic Steels (MS). The paper focuses on hot rolled and fast cooled 
AHSS steel strips for automotive application. The analysis carried out in this work includes many tests and 
experiments such as: dilatometric and plastometric tests, Gleeble simulations, FEM calculation of rolling 
and hot rolling of steel samples in laboratory conditions. As the example, for the detail analysis the DP steel 
has been chosen.  

The major part of the paper contains the results of experimental rolling of DP steel samples in laboratory 
conditions. Especially, the influence of cooling rate on phase volume fraction and some mechanical 
properties of DP strips has been analysed. The realized hot rolling with controlled cooling of DP samples in 
laboratory conditions allowed for obtaining diversified steel microstructure and thus wide range of 
mechanical properties. The results of the analysis carried out in this work provide the useful data for the 
designing of thermo-mechanical rolling of DP steel strips or adjusting existing processes to meet very high 
requirements demanded by the automotive industry. 

Keywords: AHS steels, physical simulation, thermo-mechanical rolling, mechanical properties, DP steels 

1. ADVANCED HIGH STRENGTH STEELS 

Automotive industry requires steel producers to continuously accommodate the production to the 
consumer’s demands. Practically, it brings to a compromise between high cold-workability of steel sheet 
and rigidity of a car body draw-piece. In another words, 
these steels are designed to reduce density, increase 
strength and improve elongation. The group of steels 
meeting very high automotive requirements include the 
newer type called Advanced High Strength Steels (AHSS), 
which usually comprises Dual Phase (DP), Transformation 
Induced Plasticity (TRIP), Complex Phase (CP) and 
Martensitic Steels (MS). Forecast contribution of these 
steels to vehicle manufacture of reduced mass is shown 
in Fig. 1. 

The metallurgy and processing of advanced high-strength steels is generally well known, but is somewhat 
different compared to conventional steels. All these steels are produced by controlling the cooling rate 
after hot rolling (on runout Tab.) or cold rolling (in annealing furnace). Generally rolling of AHS steels do not 

10% 1% 

74% 

4% 4% 3% 1% 3% BH - 10%
HSLA - 1% 
DP - 74%
IF - 4% 
TMS - 4% 
TRIP - 3% 
CP - 1% 
other - 3% 

Fig. 1. Forecast contribution of steel grades 
to the production of a modern car [8] 
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brings new problems, but special attention can be made on higher loads during deformation, grater energy 
requirements, springback compensation, etc. 

In this paper DP steel has been chosen to represent AHSS group in the analysis and experimental testing, 
which results are presenting in following chapters. 

2. METALLURGY AND PROCESSING OF DUAL PHASE STEELS  

DP steels are a group of low-carbon micro-alloyed steels, whose 
microstructure consists of soft ferritic matrix, in which 20-70 % of 
martensite is distributed, Fig. 2. Depending on the process route and steel 
composition, hot rolled strips can have a microstructure containing some 
quantities of bainite. DP steels show very high strength as well as 
ductility, high level of homogeneous strain, good formability, weldability 
and excellent absorption of mechanical energy during high-speed 
deformation [1, 8]. Depending on martensite volume fraction, the tensile 
strength (Rm) ranges from 500 to about 1000 MPa, and total elongation 
amounts to 12-34 %. The ferritic-martensitic microstructure of these 
steels results in adequately low yield stress (Re) and high ultimate tensile 
strength (Rm), allowing for obtaining sufficiently low Re/Rm ratio. Soft 

ferrite facilitates the beginning of plastic deformation, while hard martensite increases the strength of steel 
[2, 3]. DP steels show high strain-hardening coefficient n, which determines the maximum allowable stretch 
of sheets. A higher n-value compared to a lower one means a deeper part can be stretched. Microstructural 
internal stresses occurring during martensite formation increase the density of mobile dislocations that 
facilitate the beginning of plastic deformation and prevent from the occurrence of discontinuities at the 
physical yield point. DP steels also show continuous workability with no need to perform temper rolling, 
the occurrence of BH effect after preliminary deformation as well as low value of the planar anisotropy 
coefficient of sheets. In spite of excellent properties of DP steels, the automotive industry takes advantage 
of them only to a small degree [5, 6]. 

 

The prevailing technology of DP steel strip production consists of the following processes: 

� hot rolling as the thermo-mechanical process, 

� cold rolling (after hot rolling) with recrystallization annealing in the two-phase region (3+�) and 
controlled, fast cooling from this region to the temperature of martensite transformation, which 
aims at avoiding pearlite reaction. 

However, the technology that seems to be prevailing in the future is hot strip rolling realized in modern 
rolling mills integrated with continuous casting of thin ingots (slabs). 

3. NUMERICAL AND PHYSICAL SIMULATION OF HOT ROLLING 

3.1. Plastometric and Gleeble tests 

The samples for all tests were prepared from special cast of DP steel (cast A1), which was made in 
laboratory condition. Chemical composition of DP steel was designed according to the standard EN 10336, 

‹

‹

Fig. 2. Islands of martensite 
(black) in a matrix of ferrite 

in DP steel 
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Tab. 1. In order to improve hardenability, it contains increased manganese and silicon content. As the 
elements facilitating the obtaining of ferritic-martensitic microstructure after recrystallization annealing, 
additions of chromium and molybdenum was also applied.  

 Tab. 1. Chemical composition of the investigated DP steel (cast A1) 

C Mn Si Cr Ni Mo Al. 

0.10 1.49 0.52 0.04 0.02 0.01 0.06 

The cooling curves and the start/ finish temperatures of phase transformations (critical temperatures) were 
obtained using physical simulation 
of a cooling process in which 
dilatometer (DT1000 type) was 
utilized [4, 7]. In order to construct 
CCT diagram the specimens from DP 
steel were austenitized in the 
temperature above Ac3, and 
subsequently cooled at different 
cooling rates, while recording 
changes in specimen’s length as a 
function of temperature. The 
precise CCT curves [4, 7] were the 
basis to the design of technology 
allowing for obtaining the most 
favourable material properties, 
considering further processing.  

Prior to computer calculations a series of tests were performed using torsional plastometer. The obtained 
results in a form of flow stress variations as a function of temperature, strain and strain rate. They were 
loaded into computer program as the material database. The example flow stresses for DP steel (cast A1) 
are presented in Fig. 3. 

 

Physical modelling of the process of hot 
rolling in six final passes, as in industrial 
process, was realized with application of 
Gleeble 3800 simulator. The test 
parameters, i.e. temperature of rolled 
strip, strain, strain rate and idle time 
between passes were selected to 
represent the deformation conditions 

occurring in real process as precisely as 
possible. Example results, obtained for 
rolling simulation, are shown in Fig. 4. 
The Gleeble simulations also confirmed 
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Fig. 3. Flow stresses for DP steel obtained from torsion tests for 
various temperatures (in °C) and strain rate equal 2 s-1 

Fig. 4. Simulation of strip rolling in six final passes using 
Gleeble 3800 (final temperature 890 °C and final strain rate of 

about 100 s-1) 
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results obtained from dilatometric tests.  

The performed plastometric tests, including Gleeble simulations, allowed for determining the changes of 
flow stress as a function of temperature, strain, and strain rate. Prior to further calculations and tests, these 
relationships were stored in the material database of finite element method (FEM) program. 

3.2. Simulation of strip cooling 

Numerical methods were used to help a proper phase engineering during thermo-mechanical rolling. In 
order to obtain evaluation of the roll-end temperatures of the strip, the simulation of hot strip rolling with 
application of computer program (FormFEM/ROLL) has been applied [4]. The results of calculations 
contribute also to better understanding of flow pattern of a strip in the roll stands, as well as the 
distributions of temperature, stresses and strains in a strip being deformed. For simulation of strip cooling 
after hot rolling commercial software (TTSteel) was used. Cooling rates ranging from 500 �C/s to 1 �C/s 
were selected and simulation was performed for cooling from the temperature of 890 °C. The chemical 
compositions of steel as well as cooling temperature-time relationships determined by dilatometer were 
stored in the program database. The effect of chemical composition on the critical temperatures and time 
of phase transformations was taken into account basing on the following equations: 

/ 0�
� )()()( 0 iciAAiT             (1) 

/ 0�
� })()(exp{)( 0 iciBBiS           (2) 

where: 

T – critical temperature of the i-th transformation, 

S – time of the i-th transformation,  

A0, B0 – regression constants, 

A(i), B(i) – regression coefficients, 

c(i) – content of alloying element. 

Regression constants and coefficients in Fiqs. (1) and (2) were computed by the inner code of the program 
on the basis of known curves of phase transformations. The effect of cooling rate on phase composition 
and forecast mechanical properties of dual phase steel is presented in Fig. 5 and Fig. 6. 
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Fig. 5. Influence of cooling rate on phase 
volume fractions (according to TTSteel results) 

Fig. 6. Influence of cooling rate on mechanical 
properties (according to TTSteel results) 
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The results of calculation confirm that the cooling rate higher than 20 �C/s makes it possible to obtain the 
ferritic-bainitic-martensitic microstructure, while at the cooling rate lower than 10 �C/s only the ferritic-
pearlitic structure develops. The software allows for determining the critical temperatures and CCT curves 
for theoretical cooling with different cooling rates. It also allows for prediction phase composition and 
forecast mechanical properties of investigated steels [3, 4, 7]. All these investigations were the basis to the 
planning of further research e.g. rolling parameters of DP samples in laboratory condition. 

4. EXPERIMENTAL ROLLING OF DP STEEL 

The samples for experimental rolling were prepared from special cast of DP steel (cast A1). The round ingot 
of diameter 210/190 mm and length 400 mm was cast in laboratory condition. After head and tail cropping 
it was preliminary hot deformed to the flat specimens of dimensions 12.4 x 26.8 x 120 mm. These 
specimens were used in experimental hot rolling and cooling, which schedule is presented in Tab. 2. 

 Tab. 2. Schedule of experimental rolling and controlled cooling of dual phase steel samples  

5. DISCUSSION OF RESULTS  

The complexity of processes taking place in hot rolling conditions creates a wide range of possibilities of 
controlling the microstructure and mechanical properties of thermo-mechanically treated strips. However, 

the principal deciding factor is the ensuring of controlled 
cooling rate, from finish-rolling temperature in austenite range 
to coiling temperature. The realized rolling of DP samples in 
laboratory conditions together with controlled cooling allowed 
for obtaining diversified steel microstructures, depending on 
the roll-end temperatures and the cooling rates, Tab. 3. 
Particularly, in case of analysed DP steel it was found that 
cooling at the rate not greater than 100 °C/s leads to the 
ferritic-bainitic microstructure with hardness of about 190 HV, 
while when applying the cooling rate of 10 °C/s the ferritic-
pearlitic structure develops. For example, Fig. 7 shows the 
ferritic-bainitic microstructure of specimen which was cooled 
at the rate of 50 °C/s (hardness of about 180 HV). 

Some mechanical properties of strip samples obtained after 

Series 
HOT ROLLING COOLING 

Heating Roll end Number  Reductions  Cooling way 

2P - A 1250 above Ar3 2 2 x 60 water 

2P - B 1250 above Ar3 2 2 x 60 air 

3P - C 1250 below Ar3 3 2 x 60 + 1 x 35 water 

3P - D 1250 below Ar3 3 2 x 60 + 1 x 35 water sprinkling 

3P - E 1250 below Ar3 3 2 x 60 + 1 x 35 air 

3P - F 1250 below Ar3 3 2 x 60 + 1 x 35 water + holding in ferrite region 

Fig. 7. Microstructure of DP steel 
obtained from Gleeble simulations 

after cooling with rate 50 °C/s 
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experimental rolling in three passes and controlled cooling with different rate are presented in Fig. 7 and 
Fig. 8. 

 Tab. 3. Average content of phase fraction in DP steel after thermo-mechanical rolling 

Series Roll end temperature, °C Phase content*) , % 
2P – A 909 F-30.4; M-69.6 
2P – B 880 F-66.0; P-34.0 

3P – C 787 F-34.4; M-65.6 
3P – D 747 F-59.3; B-40.7 
3P – E 725 F-79.0; P-21.0 

3P – F 768 F-69.4; M-19.1; B-11.5 
*) F - ferrite, M – martensite, B – bainite 

    

 

The increase of cooling rate after hot rolling above the critical cooling rate results in increased martensite 
volume fraction in steel, and thus higher strength and lower formability of investigated strip samples. The 
cooling rates for different coolants (water, water sprinkling, air) were computed after some tests where 
thermovision camera (ThermaCAM S60) was applied for recording temperature decrease of the samples.  

Martensitic phase prevails (from 66 to 70 %) when using water cooling (rate somewhat above 100 ºC/s) and 
thus very high strength (Re, Rm, and HV) and low formability (A50) of steel strips were obtained. In case of 
water sprinkling cooling (rate about 15 ºC/s), apart from ferritic the bainitic phase (41 % for 3P-D samples) 
was formed. Thus, lower but enough high strength and better formability of strip samples were obtained. 
When air was used as a coolant (rate about 4 ºC/s), only ferritic-pearlitic microstructures were observed. 

However, the best results have been obtained when water cooling with holding inside ferrite region (about 
7 s) was applied (3P–F samples). In this case hot rolled strips had microstructure containing much lower of 
martensite (19.1 %) and some quantities of bainite (11.5 %). The obtained microstructure results in 
adequately low yield stress (Re = 479 MPa) and high ultimate strength (Rm = 786 MPa), allowing for 
obtaining sufficiently good Re/Rm ratio (equal 0.61) and acceptable level of cold formability (A50 = 15 %). By 
combining a number of different microstructures a wide range of mechanical properties of DP steel strips 

Fig. 8. Comparison of tensile strength and 
yield strength for strip samples rolled in 3 

passes 

Fig. 9. Comparison of elongations (A50) for 
strip samples rolled in 3 passes 
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were possible for obtaining. This shows that rolling mills can adjust processing of DP strips to meet the 
properties requirements demanded by the automotive industry. 

6. CONCLUSIONS 

The complexity of industrial hot rolling process usually requires more detailed investigations than were 
made in this work. However, the results of the analysis provide useful data for the designing of thermo-
mechanical rolling of DP steel strips or adjusting existing processes to meet very high requirements 
demanded by the automotive industry. For example, they can be also suitable for operation of the new hot 
strip mill L=2250 mm in Cracow. The obtained results also allow for formulating the more general 
conclusions: 

� The analysis of strip cooling after hot rolling with application of dilatometric tests and TTSteel 
program allows evaluating important process parameters, used in further research. The obtained 
results show that the cooling rate higher than 20 �C/s makes it possible to obtain the ferritic-
martensitic (or bainitic) microstructure, while at the cooling rate lower than 10 �C/s only the ferritic-
pearlitic microstructure develops. 

� The most satisfactory results of experimental rolling were obtained when water-cooling with holding 
inside ferrite region was applied (3P–F samples). In this case hot rolled strips had microstructure 
containing much lower of martensite (19.1 %) and some quantities of bainite (11.5 %). The obtained 
microstructure results in adequately low yield stress (Re = 479 MPa) and high ultimate strength (Rm = 
786 MPa), allowing for obtaining very good Re/Rm ratio (equal 0.61) and acceptable level of cold 
formability (A50 = 15 %). 

� By combining a number of different microstructures a wide range of mechanical properties of DP 
steel strips are possible for obtaining. This allows rolling mills to adjust process parameters to meet 
market requirements, especially demanded by the automotive industry. 
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Abstract 

Two 5Mn-1.5Al steels with and without Nb microaddition, that can be classified as AHSS, were developed in 
the present study. The paper presents the results of their hot deformation resistance and microstructures 
obtained as a result of the thermomechanical processing after applying the isothermal holding temperature 
in a bainitic range from 350 to 450°C. The effects of the isothermal holding temperature and Nb 
microaddition on microstructure and hardness were disscussed. It was found that the hot workability of 
AHSS containing 5% Mn is very challenging due to high values of flow stresses required. However, the 
thermomechanical processing enables to obtain fine-grained bainitic-martensitic microstructures with a 
fraction of retained austenite above 10%. The effect of Nb manifests by higher flow stresses required and 
better grain refinement of all the microstructural constituents compared to Nb-free steel. 

Keywords: thermomechanical processing, hot compression, flow curves, AHSS, TRIP steel, retained 
austenite, Mn alloying, Nb microaddition 

1. INTRODUCTION 

Advanced high strength steels (AHSS) with multiphase microstructures satisfy different demands of the 
automotive industry. DP (Dual Phase), TRIP (TRansformation Induced Plasticity) and CP (Complex Phase) are 
characterized by a wide range of mechanical properties as well as technological plasticity [1-3]. A further 
need to obtain steel sheets with a higher strength-ductility balance (UTS	TEl ~ 30000 MPa	%) led to the 
development of high-manganese austenitic steels offering also very good mechanical characteristics during 
crash events [4-6]. In spite of excellent mechanical properties of high-Mn steels their application will be 
probably limited only for most challenging auto-body elements with a complex shape or in energy-
absorbing zones. The reasons are different technological problems related to relatively poor casting, hot-
working above 1150°C, corrosion resistance, Mn segregation and especially the high cost due to Mn 
(between 20 and 30 wt.%), Al and Si alloying concept. 

Other concepts of further simultaneous increase in the strength and ductility of AHSS sheets aim to obtain 
a strength-ductility regime between multiphase steels and high-Mn austenitic alloys at cost only slightly 
higher compared to conventional DP/TRIP/CP steels [7]. New microstructure concepts consist in increasing 
a volume fraction of hard constituents and retained austenite. It is related to replacing polygonal ferrite by 
acicular or bainitic ferrite, non-carbide bainite, martensite and stabilization of austenitic phase in different 
ways, i.e., chemically or mechanically [7-10]. One of the chemical composition strategies to obtain a bainitic 
matrix containing a high volume fraction of metastable retained austenite is Mn alloying. Manganese is a 
main austenite stabilizer and its content varies from 3 to 12 wt.% in recently studied Mn-Al-Si alloys [7-9]. 
New chemistry designs require also improved manufacturing technologies and sheet metal forming 
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concepts. The example is the quenching and partitioning process where the mixture of martensite and 
carbon-enriched austenite is obtained under conditions of the partitioning of C from supersaturated 
martensite [7, 11]. The thermomechanical processing, microalloying with Nb, Ti, V and reverse martensite 
transformation are another ideas to obtain complex microstructures with a high fraction of retained 
austenite of optimal stability for strain-induced martensitic transformation during drawing, stretching, 
bending, etc. 

In previous works [12-14] the �-� curves and softening kinetics of austenite under conditions of hot-
compression for 3Mn-1.5Al and 5Mn-Al steels were investigated. It was found that flow stress and critical 
strains required for dynamic recrystallization are higher compared to conventional TRIP steels. It is 
interesting that the softening kinetics of 5Mn-1.5Al steels is faster compared to 3Mn-1.5Al steels. 
Elaboration of the thermomechanical rolling requires also the knowledge of hot-working behavior of steels 
during multi-step deformation. These processes can be effectively modeled by physical simulation methods 
reflecting complex industrial temperature-time-strain cycles using small samples in metallurgical process 
simulators [1, 6]. The thermomechanical processing of AHSS still represents a new challenge due to a lack 
of data on the hot deformation resistance of alloys with increased Mn and Al contents. The final multiphase 
microstructure is highly dependent on the evolution of austenite during hot-working and cooling 
conditions, especially the temperature and time of isothermal holding of steel in a bainitic transformation 
range. 

2. EXPERIMENTAL PROCEDURE 

The paper addresses the thermomechanical processing of new-developed high-Mn high-Al TRIP steels with 
and without Nb microaddition. Special attention was paid to the effect of Nb on the hot-working behavior 
and multiphase microstructure formed at various cooling conditions of the thermomechanical treatment. 
The chemical composition of the investigated steels is given in Tab. 1. The chemical composition strategy 
was designed to obtain super high-strength bainite-based multiphase microstructures with retained 
austenite. 

 Tab. 1. Chemical composition of the investigated steels (mass contents, %) 

Steel designation C Mn Al Si Mo Nb S P 
5Mn-1.5Al 0.16 4.7 1.6 0.20 0.20 - 0.004 0.008 
5Mn-1.5Al-Nb 0.17 5.0 1.5 0.21 0.20 0.03 0.005 0.008 

 

The steels were produced by vacuum induction melting in the Balzers VSG-50 furnace. Liquid metal was 
cast in the Ar atmosphere into a cast iron mould. Ingots with a mass of about 25kg were forged at 
temperature range from 1200 to 900°C to a thickness of 22 mm. Then, cylindrical samples E10x12mm for 
hot compression tests were prepared. 
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Parameters of the thermo-
mechanical processing are shown 
in Fig. 1. The experiments were 
carried out using the DSI Gleeble 
3800 thermomechanical simu-
lator. The specimens were 
inserted in a vacuum chamber, 
where they were resistance-
heated to a temperature of 
1200°C. After austenitizing for 30s 
the specimens were cooled to a 
temperature of first deformation. 
The thermomechanical processing 
consisted of four deformation steps 
(1150, 1050, 950, 850°C) and 
controlled cooling according to Fig. 1. The logarithmic strain value was equal to 0.25 at the strain rate of 
10s-1 for each deformation step. Cooling times between successive deformation steps amounted to 12.5, 10 
and 10s, respectively. The essential step of the thermomechanical treatment consisted in applying a various 
isothermal holding temperature of specimens in the bainite transformation range (TB = 450, 400 or 350°C). 
The holding time (tB) was equal to 300s. Finally, the specimens were cooled with a rate of 0.5°C/s to room 
temperature. 

Vickers hardness of thermo-mechanically processed samples was measured with 100N load. Microstructure 
observations of specimens etched in 10% aqueous solution of sodium metabisulfite at room temperature 
were carried out by the use of LEICA MEF4A optical microscope. 

3. RESULTS AND DISCUSSION 

New-developed steels show high hardenability even for air cooling conditions due to the high Mn content. 
Their microstructure consists of bainite and martensite lath packets containing interlath retained austenite. 
The thickness of 
the bainitic-
martensitic laths in 
5Mn-1.5Al-Nb 
steel (Fig. 2b) is 
smaller comparing 
to Nb-free steel 
(Fig. 2a). In both 
steels there are 
some regions of 
slightly different 
chemical compo-
sition than 
a bainite-

Fig. 1. Schematic drawing of the thermomechanical processing 

Fig. 2. Lath-type bainitic-martensitic microstructures of the investigated steels in 
the initial state (after hot forging) containing retained austenite; a) 5Mn-1.5Al 

steel, b) 5Mn-1.5Al-Nb steel 
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martensite matrix. As the example, Fig. 2a shows a chaotic mixture of large bainitic ferrite laths located 
between B-M regions with a classical lath morphology. These bands contain probably a higher Mn content 
stabilizing an austenitic phase and hence lower Ms temperature. However, their martensite start is higher 
than room temperature what leads to martensitic transformation in a final stage of air-cooling from the 
hot-forging temperature. The final bainitic laths contain intra-lath martensite or martensite-austenite 
particles instead of cementite (Fig. 2a). The obtained microstructures are similar to degenerate lower 
bainite, i.e., a product of incomplete transformation of austenite. A more detained analysis of the problem 
was carried out in [3, 13] using SEM and EDX. A number of the places with a different chemical composition 
in the Nb-microalloyed steel is much reduced and the bainitic-marten-sitic morphology is similar (Fig. 2b). A 
common feature of both steels is the presence of retained austenite in outer zones of the regions 
transformed into martensite. 
 

A result of the four-step compression 
at the temperature range between 
1150 and 850°C are the stress-strain 
curves in Fig. 3. The values of flow 
stress increase significantly with 
decreasing deformation temperature. 
According to the results of softening 
kinetics [13] a fraction of recrystallized 
austenite between the last two 
compression steps should be lower 
than 35%. It is an additional reason of 
the growth of flow stresses up to 250-
275 MPa at a final stage of hot-
working. The flow stress values and 
a shape of curves are very similar to 
those obtained for 3Mn-1.5Al steels, hence the effect of Mn in a range from 3 to 5% is not essential. It 
appears on the basis of the curves that dynamic recovery is the process controlling work-hardening for the 
whole range of applied hot-working temperature. The flow stresses of Nb-microalloyed steel are initially 
slightly higher compared to Nb-free steel probably because of a solute drag effect of dissolved niobium. 
The difference increases with lowering the deformation temperature and reaches up to 30 MPa at 850°C 
(Fig. 3). It is probably related to the initiation of precipitation process of Nb(C,N) [12-14]. 

 

 Tab. 2.: Hardness (HV10) of steels in the initial state and after the thermomechanical processing 

Steel grade 
As cast 

state 

After 

hot forging 

Isothermal holding temperature, °C 

350 400 450 

5Mn-1.5Al 398±31 461±33 489±27 460±28 455±30 

5Mn-1.5Al-Nb 472±34 501±25 560±29 509±15 463±16 

 

Fig. 3. Influence of Nb microaddition on stress-strain curves 
obtained as a result of multi-step deformation 
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Fig. 4. Bainitic-martensitic-austenitic microstructures after the thermomechanical processing with a various 

isothermal holding temperature of steels in a bainitic transformation range 

Thermomechanical processing does not change the phase composition of investigated steels compared to 
the initial state (Fig. 2) but results in a significant refinement of all the microstructural constituents (Fig. 4). 
A matrix of both steels consists of bainitic-martensitic laths containing interlath retained austenite. There is 
not apparent difference in the morphology of bainitic-martensitic regions (by the use of optical microscopy) 
dependent on the isothermal holding temperature of specimens in a bainite transformation range. 
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However, the difference manifests by hardness results given in Tab. 2. The hardness decreases with 
increasing the holding temperature from 350 to 450°C. Nb-microalloyed steel is characterized by 
significantly higher hardness compared to Nb-free steel because of the complex effects of higher grain 
refinement, precipitation of Nb(C,N) and higher hardenability due to Nb dissolved in austenite. 

A preliminary estimated fraction of retained austenite using X-ray is equal from 10 to 14%. However, a 
more detailed analysis is in progress. There is not a distinct effect of the holding temperature between 350 
and 450°C on the fraction and morphology of � phase. In both steels interlath retained austenite can be 
mainly observed (Fig. 4). Despite a high microstructure refinement some blocky grains transformed into 
martensite forming martensite-austenite aggregates with � phase as a halo around martensite regions (Fig. 
4f). 

4. CONCLUSIONS 

The thermomechanical processing of AHSS with increased Mn content is very challenging due to high flow 
stresses required, especially for the Nb-microalloyed steel. However, it is a very useful method to obtain 
fine-grained bainitic-martensitic microstructures containing interlath retained austenite. The steels 
containing 5% Mn are characterized by high hardenability what leads to the strong tendency to martensitic 
transformation of large blocky grains of � phase. Isothermal holding of steel in a range from 350 to 450°C 
allows to obtain above 10 vol.% of retained austenite. The presence of a higher fraction of � phase in 5Mn-
1.5Al steels requires a further grain refinement what is a mechanical factor stabilizing retained austenite. 
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Abstract  

Thermophysical properties under investigation – thermal diffusivity, specific heat capacity, thermal 
conductivity – play an important role for designing material under thermal stress. The original austenitic 
manganese steel, containing approximately 1.2 wt% C and 12 wt% Mn, was invented by Sir Robert Hadfield 
in 1882. Hadfield`s steel was unique in that it combined high toughness and ductility with high work-
hardening capacity and, usually, good resistance to wear. Thermophysical properties have been measured 
by lumped capacitance method. We have measured three different materials with markings 1023, 1026, 
1028. Maximal content of Mn and C was 27 and 0.5 weight percent. Material 1026 has the highest content 
of C 0.5 wt%, Ni 1 wt% and has the highest specific heat capacity and highest thermal diffusivity in non-
aged state. From results of thermophysical properties after ageing, one can see the increase of thermal 
diffusivity up to 20 percent, thermal conductivity up to 15 percent and decrease of specific heat capacity up 
to 6 percent. All measured values of thermophysical properties are in good agreement with literature data.  

Keywords: thermophysical properties, ageing, austenitic manganese steels 

1. INTRODUCTION 

Thermophysical properties under investigation – thermal diffusivity, specific heat capacity, thermal 
conductivity – play an important role for designing material under thermal stress. From these values heat 
transfer through the material can be modelled [1]. 

 Austenitic Manganese steels belong to materials used in automotive industry. This type of material show 
high deformation strengthening. Tensile strength and ductility of material is often higher than 1000 MPa, 
50% [2]. 

The original austenitic manganese steel, containing approximately 1.2 wt% C and 12 wt% Mn, was invented 
by Sir Robert Hadfield in 1882. Hadfield`s steel was unique in that it combined high toughness and ductility 
with high work-hardening capacity and, usually, good resistance to wear [3]. 

Thermal ageing of Mn steels is special heat treatment which use annealing at the temperature close to 
600°C to rise diffusion ability of C in austenitic matrix, thus to creation of very fine K-carbides [4].  

 Thermophysical properties have been measured by lumped capacitance method. The method is based on 
Newton´s cooling law with negligible conduction heat transfer and combined heat transfer of convection 
and radiation. The validity of model is based on Biot number which must be lower than 0,1 [5]. 

Literature values of thermophysical properties of steels have been obtained from [6]. 
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2. THEORETICAL BACKGROUND OF LUMPED CAPACITANCE METHOD 

Lumped capacitance method is special case of Newton´s cooling law. In this method heat transfer by 
conduction is negligible and total heat given to sample can be computed from equation (1) 

TCQ �� .             (1) 

where  

C - heat capacity of a sample in J.K-1  

∆T - temperature increase during a heat transfer in K 

 

For a heat flow from a sample to an environment is valid Newton´s cooling law in the form [4] 

� ����� TTSh
dt
dQ ..            (2) 

where 

Q – the heat given to a sample in J 

h – the total heat transfer coefficient of a sample in W.m-2.K-4 

S – the total heat flow area in m2 

T∞ - the temperature of an environment in K 

T - the temperature of sample in K 

 

Then for lumped capacitance method is valid differential equation [4] 

� ����� TTSh
dt
dTcm p ...           (3) 

where 

cp – the specific heat capacity of a material in J.kg-1.K-1 

 

Temperature of sample can be find in the form [4] 

� � �
�� TtdTT ./exp.max           (4) 

where 

maxdT – maximal temperature difference between sample and surroundings in K 

.  – thermal time constant(relaxation time) in s 

 

Thermal time constant can be described by equation [4] 

h
Lcp

.2
..-

. �             (5) 

where 

ρ – density of sample in kg.m-3 

L – thickness of a sample in m 
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The validity of the model is described by Biot number Bi in the form [4] 

k
LhBi
.2
.

�              (6) 

where 

k – sample thermal conductivity in W.m-1.K-1  

Lumped capacitance model is valid when the value of Biot number is smaller than 0.1. In this case heat 
transfer by conduction can be neglected. 

3. EXPERIMENTAL PROCEDURE 

3.1. Measuring apparatus 

For determination of thermophysical properties of used materials we used new disagned apparatus, which 
real look is on Fig. 1.  

 

   
Fig. 1. Electronics (left) and measuring apparatus (right) 

3.2. Samples 

In experimental part we have measured thermophysical properties of three materials entitled 1023, 1026, 
1028 before and after ageing. For every material we used one sample of dimension cca 10 mm x 10 mm x 2 
mm. Composition of used materials is shown in Tab. 1. Basic information about preparing of samples for 
measurement and statistical functions used can be found in [4].  

 Tab. 1. Materials composition 

wt.% C Al Mn Ni Si Fe 

1023 0,179 2,313 26,75 0,01 0,98 69,768 

1026 0,484 2,283 27,31 0,91 1,05 67,963 

1028 0,374 2,205 27,36 0,03 0,05 69,981 

 Tab. 2. Ageing parameters 

Temperature Time Heat treatment 

560°C 5min Annealing 
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In Tab. 2 are shown parameters of ageing. 

3.3. Experimental results 

Thermophysical properties of material were measured four times for each sample. Mean values of total 

heat transfer coefficient / 042 K.m.Wh �� , specific heat capacity / 011
p K.kg.Jc �� , thermal diffusivity 

/ 012 s.mm �3 , thermal conductivity / 011 K.m.Wk ��  for un-aged samples are shown in Tab. 3. In Tab. 4 are 
shown statistical parameters of “fit” for un-aged samples. 

 Tab. 3. Thermophysical properties for non-aged state 

Value / 042 K.m.Wh ��  / 011
p K.kg.Jc ��  / 012 s.mm �3  / 011 K.m.Wk ��  Bi  

1023 73,209,27 �  83,283,484 �  54,078,15 �  06,277,52 �  0005,0  

1026 28,102,24 �  35,1993,496 �  92,052,18 �  45,193,58 �  0004,0  

1028 57,182,24 �  84,530,486 �  78,057,16 �  71,226,58 �  0004,0  

 Tab. 4. Values of statistical parameters for non-aged state 

Value 2R  RMSE  

1023 0,997-0,999 0,07-0,10 

1026 0,996-0,999 0,06-0,11 

1028 0,997-0,999 0,07-0,15 

 

From tables 3 and 4 is good to see, that condition of lumped capacitance method, Bi  lower as 0.1, 2R  
close to 1 and RMSE  close to 0, are fulfilled. From Tab. 3 is also good to see very high repeatability of 
thermal properties, percentage error of thermophysical properties don’t exceed 5 percent.  

In Tab. 5 are shown literature values of thermophysical properties for carbon steels which were used as 
reference values. 

 Tab. 5. Literature values [5] 

Value / 011
p K.kg.Jc ��  / 012 s.mm �3  / 011 K.m.Wk ��  

MIN 450 1,5 24,3 

MAX 2081 18,5 65,2 

 

From measured values of thermophysical properties of materials 1023, 1026, 1028 in non-aged state is 
good to see, that these are in good agreement with literature values.  

Thermophysical properties of material were measured four times for each sample. Mean values of total 

heat transfer coefficient / 042 K.m.Wh �� , specific heat capacity / 011
p K.kg.Jc �� , thermal diffusivity 

/ 012 s.mm �3 , thermal conductivity / 011 K.m.Wk ��  for un-aged samples are shown in Tab. 6. In Tab. 7 are 
shown statistical parameters of “fit” for aged samples. 
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 Tab. 6. Thermophysical properties for aged state 

Value / 042 K.m.Wh ��  / 011
p K.kg.Jc ��  / 012 s.mm �3  / 011 K.m.Wk ��  Bi  

1023 16,051,24 �  35,1485,472 �  31,005,19 �  88,004,61 �  0004,0  

1026 18,024,24 �  52,397,468 �  06,078,18 �  26,080,61 �  0004,0  

1028 26,060,24 �  85,1035,456 �  65,018,18 �  70,091,60 �  0004,0  

 Tab. 7. Values of statistical parameters for aged state 

Value 2R  RMSE  

1023 0,997-0,999 0,07-0,12 

1026 0,998-0,999 0,07-0,10 

1028 0,997-0,999 0,07-0,10 

From tables 6 and 7 is good to see, that 
condition of lumped capacitance method, Bi  

lower as 0.1, 2R  close to 1 and RMSE  close to 
0, are fulfilled. From Tab. 6 is also good to see 
very high repeatability of thermal properties, 
percentage error of thermophysical properties 
don’t exceed 5 percent.  

In Fig. 2 are compared values of specific heat 
capacity for non-aged(blue bars) and aged 
state(red bars). In Fig. 3 are compared values 
of thermal diffusivity for non-aged(blue bars) 
and aged state(red bars). In Fig. 4 are 
compared values of thermal conductivity for 
non-aged(blue bars) and aged state (red bars).  
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From presented graphs and tables 3, 6 is good to see that ageing decrease the specific heat capacity up to 
6% and increase thermal diffusivity, thermal conductivity up to 20%, resp. 16%.  

4. CONCLUSIONS 

From presented results we can conclude:  

� Ageing influenced thermophysical properties of used Mn steels 

� Ageing affect specific heat capacity, thermal diffusivity and thermal conductivity 

� Percentage error of thermophysical properties measurements were lower than 5%, which indicate 
excellent repeatability 

� All measured values of thermophysical properties are in good agreement with literature values 

� Statistical parameters and values of Biot number fulfill the conditions of lumped capacitance method.  
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Abstract  

The paper is connected with chrome-nickel austenitic steel used for parts which are under the thermal or 
thermal-mechanical stress. The mentioned stress is concerned with the operating parts in the glass 
industry. In this case, CrNi steel is used for part operating at temperature which changes in the given 
working environment.  

According to the results including sensitivity of this material to the process of the plastic deformation as 
well as thermal effect and various corrosions, we try to predict the future degradation of the selected part. 
In this work, the attention is paid to solution of the whole complex of problems referring to defective 
pressed parts of utility glass and this defectiveness is caused by interaction of molten glass together with 
glass plate. During the working operations of manufacturing, the surface of material is exposed to pressure 
and thermal loading and there is the occurrence of the degradation of material at the surface of the plate. 
The given fact means that lifetime of the glass plate is from 6 to 200 hours. 

Therefore it is necessary to propose method for adjustment of the surface and we will be able to prevent 
surface rupture and it means increase of its lifetime. This is the reason for investigation of structure as well 
as surface layer relating to given mentioned steel and this investigation was done before and after the 
coating by selected PVD method. The quality of the surface adjustment is connected with the elimination of 
critical states, e.g. sticking of molten glass on surface of plate. 

Keywords: molten glass, mechanical and thermal stress, CrNi austenitic steel, PVD (physical vapor 
deposition) coating, degradation of surface 

1. SOLUTION OF PROBLEMS  

There is the occurrence of cracks during the process of pressing. The cracks belong to main defects in the 
process of glass manufacturing because of the interaction between metal material and hot molten glass. 
The glass plate as a part of the glass mold is designed for the forming of molten glass during manufacturing. 
Stamp pressing tool is used for pressing molten glass, which has the shape of drop and its weight is about 
100g and temperature is approximately 1050°C. The given molten glass is pressed along the whole 
operating area of glass plate at the pressure of 25MP. During operation of the glass molds, there is the 
occurrence of the thermal-mechanical loading of materials and the highest degradation can be observed on 
the surface and at the inner part of the mold Fig. 1. 
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a)    b)    
Fig. 1 a.) Degradation of the material surface around the inner diameter of the glass plate 

b.) surface of the glass plate after coating 
 

In operation, renovation of the glass plated is carried out by welding on. After welding and polishing, the 
glass plate is returned into operation. Lifetime of the glass plates depends on resistance of chosen 
materials and other production aspects.  

Basic requirements for the selection of glass molds material are as follows: material-chemical composition, 
dimensional stability, uniform grain size of the structure, minimum presence of oxides and carbides, 
optimum adhesiveness of molten glass, resistance to thermal shock, resistance to corrosion, wear 
resistance, polishability, machinability, weldability, resistance to of brittle fracture. 

It means that during the whole production, the glass plates are exposed to sudden temperature shock, 
caused by interaction with hot molten glass which with its chemical and physical composition effects on the 
active surface of the glass plates. As a result of repeated thermal cycling, degradation of glass plates is 
observed and this degradation is superimposed by corrosive effect. The quality of the glass plates is 
subjected to high material and construction requirements and the summary can be seen in Fig. 2.  

 
Fig. 2 Requirements for the production of glass molds 
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2. EXPERIMENTAL PART 

The paper deals with the chemical composition of materials presented in Tab.1 these materials are 
obtained from different suppliers. Chemical composition shows that it is a corrosion-resistant and heat-
resistant CrNi steel. In these materials, the residual elements occur in different range and it can have affect 
on the subsequent heat treatment and the nature of the initial structure. In the event that there is the 
occurrence of degradation of surface plates, it will be necessary to make proposal for the change of the 
parameters which can influence the initial material. Microscopic evaluation of materials of glass plates was 
based on the analysis of new and operating pieces which were selected randomly. In most cases, the 
evaluated austenitic CrNi steel, was typical by its heterogeneity of grain sizes. 

 Tab. 1 – Chemical analysis of materials of glass plates (supplied by the manufacturer) 

Materials  C Mn Si Cr Ni P S Ti Nb Al V W 

17255 - Norm max. 
0,20 

max. 
1,50 

max. 
1,00 

24,0-
26,0 

19,0-
22,0 

max. 
0,0455 

max. 
0,030 

 ٭ ٭ ٭ ٭ ٭

ZF-2 by 
manufacturer 

 ٭ ٭ ٭ ٭ ٭ 0,004 0,020 19,85 24,16 2,060 0,830 0,080

ZF-2 new plates 0,117 1,011 1,909 24,66 19,91 �0,0014 0,0118 0,0215 �0,0010 0,1192 0,0438 0,2378 

ZF-2 annealed A 0,117 1,008 1,914 24,71 19,78 �0,0014 0,0122 0,0229 �0,0010 0,1020 0,0388 0,2816 

ZF-2 annealed B 0,124 0,954 1,91 23,91 20,06 �0,0014 0,0124 0,0230 �0,0010 0,0915 0,0371 0,2728 

ZF-2 unannealed 0,116 1,012 1,928 24,68 19,79 �0,0014 0,0115 0,0226 �0,0010 0,1045 0,0381 0,2566 

ZF-2 annealed 1x 0,125 0,969 1,937 24,19 19,79 �0,0014 0,0124 0,0214 �0,0010 0,0946 0,0359 0,2553 

The competitive 
firm 

0,107 1,201 1,627 24,58 19,27 �0,0014 0,0094 0,0112 �0,0010 0,0326 0,0671 0,3299 

 

Microscopic examination of microstructures 
has been always in the transverse and 
longitudinal direction of samples which were 
cut out from new and operating plates. 
Furthermore, the structure was characterized 
by the high occurrence of carbides, which are 
arranged in slipping zones as well as at 
boundaries of austenitic grains and it is 
shown in Fig. 3.  

 

 

Fig. 4 – The occurrence of non-metallic inclusions in 
the longitudinal direction 

 

Fig. 3 – Character of excluded carbides in the 
longitudinal direction 
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The occurrence of non-metallic inclusions is the great danger for degradation of the structure Fig. 4. These 
impurities cause high stress conditions that lead to crack initiation and subsequent total failure of glass 
plates. Failure is usually initiated in areas where material is the thinnest and it from the inner side of the 
glass plate Fig. 1a, Fig. 6.  

    
          Fig. 5 Crack ending      Fig. 6 Oxidized surface of crack 

 

Austenitic CrNi steels can be solidified by plastic deformation. During the plastic deformation, the slipping 
zones occur at less stresses than tensile yield strength and it means that there is the redistribution of stress 
in the grains mainly. In this case, the size of grains is quite different. It is known that reinforcement of 
plastic areas leads to increase of the stress which gets over the yield strength and it is closely connected 
initiation of cracks and subsequent failure Fig. 5. Occurrence of the slipping bands which are oriented in a 
various way is typical for the material structure of the investigated glass plates. Geometry of the glass 
plates (sharp endings Fig. 1) leads to non-uniformity of temperature gradients, creation of great local stress 
and these two factors accelerate the whole process of degradation. 

2.1. PVD method (physical vapor deposition) 

The authors of paper were also interested in the proposal of surface modification of glass plates. The 
surface modification is expected to improve the lifetime of the glass plates as well as decrease the 
defectiveness of glass products. PVD coatings are the representatives of good physical and chemical values, 
such as abrasion resistance, heat resistance, corrosion resistance, adhesion, thickness, microhardness. [1] 
PVD technology was used for coating of our investigated parts because this method can be used for various 
thicknesses of layers, for example: from 3 to 10μm and there is also possibility to use various elements for 
composition. This method is characteristic by low operating pressures (< 100 Pa) unlike CVD (chemical 
vapour deposition). PVD processes are divided into the method of sputtering, evaporation, ion plating. /20 
The advantage of the PVD process is concerned with significant variability in relation to composition of the 
coatings. It means that there is possibility to use various materials for coating and the temperature of 
substrate can be changed in a wide range. It is possible to create coatings at high deposition rate in relation 
to this type of deposition method. These coatings have quite high purity. It can be supposed that there is 
the perfect adhesion of coating together with substrate. Surface modification will not have the different 
materials properties, substrate – coating. [3] 

The most often investigated parameters of the PVD layers include thickness, adhesion of substrate, 
abrasion resistance, corrosion resistance and porosity. From the aspect of corrosion characteristics of PVD, 
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incompatibility is a critical parameter. The top layer fills the pores in the lower layer. The pre-modification 
of the surfaces is very important for coating and it means that the surfaces must be grained and polished 
(with the needed brightness). If there is any marking after the cutting tool Fig. 7a, the coating causes 
emphasizing of marks after the tool Fig. 7b and there is the occurrence of cumulation of the material in the 
surface layers Fig. 7c, but there is not uniform thickness of coating. The coating can not eliminate the 
disadvantages of material. Disadvantages of prepared substrate are connected with irregularity of the 
surface, worse roughness and it leads to adhesion of the molten glass. Microscopic evaluation of materials 
was done for coated plates which were chosen randomly and it showed that surface enhancement depends 
on quality of pre-modification. The failures which can occur during the coating seem to be the other 
problem in relation to PVD layers – there is the occurrence of cavities or macropores which have the 
diameter about tens of micrometers. The incompatibility can also be caused by carbide or any other 
inclusions losses from the surface. The presence of such defects leads to rapid course of corrosion. From 
the corrosion aspect, the one of the most important properties for the most of hard PVD layers is that they 
have higher electrochemical premium quality in the comparison to substrate but this fact can be fulfilled 
only in that case if the steel microstructure has a good quality (it means that it is without oxides and 
carbides). According to these facts, it can be concluded that these layers are some kinf of the barrier, but 
they are not electrochemical corrosion protection.  
 

   
        a.)        b.)        c.) 

Obr. 7 a.) initial structure , b.) coated structure, c.) detailed image of coating in the mark after machining 

3. CONCLUSIONS AND RECOMMENDATIONS:  

According to particular investigation results, it is important to recommend:  

� It is necessary to meet chemical composition of material – the control of certificate.  

� Attention must be paid to meeting of dimensional accuracy – the control of inner diameter and 
thickness of glass plates.  

� Visual and microscopic control of roughness in relation to working surface of plate.  

� If the glass plate is new, the surface without any damage as well as without change of brightness and 
colour must be kept – visual control.  

� The glass plate with any rupture or damage is not allowed to be used (it must be refused). 

� The position of glass plates in jaws must always be stabilized (it must be fixed against vibrations). 

� Lubrication of molds must be optimal from the aspect of lubricant quality (austenitic structures are 
very sensitive to some lubricants at 700 °C) as well as the correct amount of used lubricant is very 
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important to prevent surplus lubricant to be burnt because such burnt lubricant can be stuck on the 
surface of the glass plate  

� During the taking delivery, packaging, transporting as well as mounting, the maximum wariness and 
attention must be paid to manipulation with glass molds (relating to austenitic steels) and it is 
because of sensitivity to some unwanted external mechanical impacts.  

� It is also important to remove or eliminate all sharp endings of inner diameter of plate and it must be 
replaced by more suitable radius from the aspect of heat conductivity.  

� There is the recommendation to utilize computational modelling referring to stress-strain states by 
help of which the prediction of critical states causing rupture can be done. 

According to study of microstructure, these following facts must be pointed out:  

� In the case of violation of chemical composition, austenitic steel becomes much more sensitive to 
occurrence and exclusion of carbides, intermediate phases, delta-ferrite or even sigma- phases. 

� Segregations of carbides at the grain boundaries and precipitation in grains leads to the susceptibility 
of steel to higher oxidation and it can cause the embrittlement of the material. It depends on size, 
morphology and arrangement of carbides which have been excluded.  

� The occurrence of slipping bands, twinning mechanism give evidence for presence of residual 
stresses after plastic deformation which has been caused by thermal or mechanical loading.  

� The value of residual stresses which cause initiation of plate cracks must be the lowest.  

� The marks from tool are also not acceptable therefore these marks must be polished. The flaking 
oxide layers are the representatives of the oxidation process in separate marks.  

� In the case of the occurrence of cracks which are much oxidized, there is the little chance of the 
prefect clearance before coating. 

� The roughness on the top of the working part of the glass plate causes absorption of lubricant, 
impurities and other sediments which have better adhesion to plate by influence of temperature and 
this fact is also fulfilled during the polishing and coating of surfaces.  

� The cracks, the occurrence of which is typical mainly for plates in service, have the character of radial 
cracks but there are also cases where there is the occurrence of circumference cracks. 

� The surface modification of any glass plate is recommended in the case of defect which reflects the 
deformation around the inner diameter of plate.  

� The renovation by welding up is not recommended.  
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Abstract 

This article is concerned with differences in quality of 18CrNiMo7-6 steel according to steel producer and 
its influences at deformations after heat treatment. 18CrNiMo7-6 steel is used for highly strained 
carburized machine parts, especially gears and shafts. Metallurgical quality of steel greatly depends on its 
producer. Even though there are still the same delivery conditions, one steel producer can provide steel in 
various qualities, which certainly affects deformations after heat treatment. Homogenous structure with 
fine grain size and high purity is important for deformation as small as possible. Metallurgical quality of 
steel samples ordered by the same delivery conditions was evaluated according to their microstructure, 
grain size, hardness, purity and distribution of ferrite and pearlite areas. 

Keywords: Quality of steel, microsegregation, banding, grain size 

1. INTRODUCTION 

This article was written as a part of project organized by Ministry of industry and trade, involving University 
of West Bohemia in Pilsen and company, which produce gears and gear boxes. Main goal of this project is 
to make technological and material improvements, which will lead to minimization of deformation of 
carburized gears. Define gear is part of gearbox in wind turbine with the biggest diameter (about 1100 
mm). Deformation after carburizing often appears at this type of gear. One way to decrease deformation is 
using of steel with specific properties and with high and stable quality. Nowadays quality of steel is 
different from deliver to deliver. First stages of project is concerned with choosing the best steel deliver 
and with making new and better delivery conditions for this steel. Unfortunately, at this time we don’t have 
enough data about deformation of this type of gears due to delay in project and we cannot make right 
conclusion yet. Partial results about quality of steel are shown at this article. 

1.1. Grain size 

For optimal properties, it is essential that the grain size of carburized and hardened component is both 
uniform and fine. Generally, the starting point is grain-refined steel having grain size from G5 to G8 (ČSN EN 
ISO 643), though subsequent mechanical and thermal processing can change the final microstructure to be 
either more coarse or fine. Grain size affects both case and core properties. For this type of steel 
normalizing heat treatment is commonly used method to get fine-grained structure. A fine grain size can 
occasionally have an adverse influence on the case and the core hardenability of lean-alloy carburized 
steels. Coarse-grained steel are thought to distort more during heat treatment. A coarse austenite grain 
will, when quenched, produce large martensite plates and larger austenite volumes. This can lead to bigger 
deformation after heat treatment. Large martensite plates are more prone to microcracks than small 
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plates. Altogether, these adverse effects contribute to reduced fatigue and impact strengths. In general, a 
fine grain size is preferred. [1][2] 

1.2. Segregation and banding 

For design purposes, it is generally assumed 
that steels are homogenous. Unfortunately, 
they are not. Macrochemical analysis surveys 
of ingot cast form a single ladle of molten 
steel reveal differences in composition. 
These surveys also show that composition 
varies from the bottom to the top and from 
the center to the outside of each ingot. A 
batch of forgings made from a single ingot 
will therefore exhibit part-to-part 
composition variability, as well as variations 
within each part. 

Segregation and microsegregation of steels 
arises during the solidification process. Solid 
material, which nucleates first from liquid 
state, has different composition than the 
material which nucleates as last one. Not 
only chemical composition varies during solidification, there is difference in impurity too. This difference is 
called microsegregation. It can be influenced by alloying elements.  

Case-hardening steels are generally supplied in the wrought condition that is hot rolled or forged to some 
convenient shape and size. During these 
hot-working processes, the 
microsegregated areas are given a 
directionality related to the amount and 
direction of working. A high degree of 
homogenization can be affected by soaking 
the segregated material at an elevated 
temperature. However, the soak times to 
ensure virtual complete homogeneity can 
be very long, particularly below 1200°C. A 
significant reduction of microsegregation 
can be achieved by balanced combination 
of mechanical and high-temperature heat 
treatments. 

The distribution of (micro)segregation in 
wrought steels depends on how much 
working has been done to shape the part. In 

a large forging with little deformation, the cast structure is not eliminated and much of the dendritic form 

Fig. 1 Dendritic structure in teeth 

Fig. 2 Dendritic structure in teeth 
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of segregation persists. While segregation, albeit less intense, survives the mechanical treatment, it is 
redistributed as alloy-rich and alloy-lean bands flowing in directions dictated by the working process. 
Example of dendritic structure, which led to tooth crack, is shown at Fig. 1 and Fig. 2. The gear was made 
from steel 18CrNiMo7-6 and carburized. This structure is not allowed, mainly in area where teeth are. 

In microsegregated materials, heat treatment response of the alloy-rich areas is different that of alloy-lean 
areas. Consequently, it is possible for each to transform at different times and to different products on 
cooling from austenitizing temperature. In low- and medium-carbon steels, austenitized and slow cooled, 
the microsegregation is indentified as alternating areas of ferrite and pearlite (banding). 

Reaustenitizing and fast cooling in the pearlitic range causes the carbon to redistribute fairly even to give 
the impression that segregation has been removed. Unfortunately, the alloy segregation will still be there, 
essentially unaffected. It is merely masked by the redistributed carbon. In the surface of carbonized case 
where carbon may be evenly distributed, the presence of microsegregation might be detected by observing 
alternate areas of martensite and bainite or of austenite and martensite, depending on actual composition 
and the cooling rates involved. 

Effect of microsegregation and banding on hardness is clear. Due to microsegregation, local concentrations 
of retained austenite and bainite in mainly martensitic structure can appear. Both austenite and bainite are 
softer than martensite at given carbon level. The tensile strength and yield strength are unlikely to be 
affected by the presence or absence of microsegregation. There are big differences in these properties in 
longitudinal and transverse direction. [1] [3] 

1.3. Micropurity/nonmetallic inclusions 

Steels are not commercially made free from nonmetallic inclusions, nor are they likely to be. Clean steel 
may have 1012 inclusion per tonne where most are less than 0,2 μm in diameter and few exceed 20 μm. 
Average steel has more inclusions of this size range and dirty steel contain many inclusions having sizes 
much larger than 20 μm. One problem encountered by steel users is the difference between longitudinal 
and transverse properties. Nonmetallic inclusions, typical of the commercial grades of wrought steels, do 
not significantly influence the ultimate tensile strength or yield related properties of material in either 
longitudinal or transverse directions. On the other hand, ductility indicators (reduction of area and 
elongation) are affected. Nonmetallic inclusions have influence on contact fatigue. Size, hardness, 
coherency with matrix, location and number of inclusions are important factors. [1] [3]  

2. EXPERIMENTAL 

About 35 samples were evaluated in first stages of this project. Grain size, microstructure, 
microsegregation and banding were measured. Main goal of this part was to decide, which steel provider 
can offer 18CrNiMo7-6 steel in best quality.  

2.1. Grain size 

Grain size was evaluated by “Snyder-Graff” method (ČSN EN ISO 643). For application at big carburized 
gears in wind turbines grain size G6 or finer is required. Samples were put in furnace and heated up at 
temperature little bit higher than austenitic for 90 minutes and then cooled down in water. Oxidic layer at 
surface was slightly polished so austenitic grain borders were clearly visible (Fig. 3). This method provides 
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better results than etching itself. Grain sizes of all samples were G6 and finer (mostly in range from G7 to 
G9). [2] [4] 

 

Fig. 3 Austenic grain borders 

2.2. Microstructure, microsegregation and banding 

All samples should have structure composed only from ferrite and pearlite. Unfortunately almost half of 
samples were quenched and tempered before we get them. It caused problems with evaluating 
micosegregation and bandings. Many samples had fine and quite homogenous ferrite and pearlite 
structure. Some samples had coarse structure with large continuous areas of ferrite or perlite. Dendritic 
structure was observed at 3 samples. Banding were evaluated by ČSN 42 0469. Banding in structure is 
allowable in range from 0 to 2 by this standard. Seven samples had banding above level 2 and were 
evaluated like inconvenient. Examples of different quality of microstructure and banding are shown at Fig. 
4. 
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Fig. 4 Examples of different quality of six samples 

2.3. Micropurity/nonmetallic inclusions 

Micropurity was evaluated by ČSN ISO 4967, method B. Each sample was divided into 15 measured fileds. 
Micropurity maximum levels were tighten up to level 1.5 at fine inclusions and 1.0 at coarse inclusion. 
Content of nonmetallic inclusions was low at all 35 samples; quality of steel from all delivers was very high. 
Only 2 samples had sulfidic inclusion near maximum allowed level, but still in recommended range. [4] [5] 

3. CONCLUSION 

Metallurgical quality and other properties were evaluated at 35 samples from different steel providers. 
Seven samples were evaluated like inconvenient. The biggest problem was non-uniform quality of 
structures. Overall quality of steel varies even at one provider and for steel ordered by the same delivery 
conditions. Next problematic area was banding. All inconvenient samples were refused due banding (level 3 
or more). This was caused by non-optimal forging process. On the other hand, grain size and micropurity 
were suitable for all samples.  

Overall quality of steel was very different from provider to provider. Even one provider delivers same steel 
(ordered by same delivery conditions) with big differences in quality. Unfortunately, good experiences from 
previous contracts cannot guarantee good quality at next delivery. Choosing right steel provider with stable 
steel quality is very difficult, primarily if main parameter is price. 
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Abstract 

The effect of sub-zero processing, performed by various regimes, on the wear resistance of Vanadis 6 tool 
steel has been investigated. As-tempered microstructure of the material is composed of the martensitic 
matrix and two types of fine, uniformly distributed carbides. The as-tempered hardness of the steel 
increases with increasing austenitizing temperature but it decreases with the application of sub-zero 
period. The adhesive/abrasive wear resistance against the 100Cr6 ball bearing steel increases with the 
application of the sub-zero treatment, although the hardness of the material is slightly lower in these cases. 
The interaction between the samples and counterparts is connected with the adhesive material transfer. Its 
intensity decreases with increasing austenitizing temperature. The effect of sub-zero treatment could be 
explained by the competition between two factors: presumed more favourable sub-structural state of the 
matrix after sub-zero processing and higher hardness of standardly processed Vanadis 6 material. 

Keywords: Vanadis 6 cold work steel, sub-zero treatment, microstructure, hardness, wear resistance 

1. GENERAL REMARKS 

For the applications in extremely hard industrial conditions, a class of special wear-resistant P/M Cr-V 
ledeburitic cold work steels has been developed. They contain, besides the chromium, also a high amount 
of vanadium. Vanadium, together with carbon, forms stable, very hard wear-resistant carbides of MC-type. 
These carbides practically do not undergo dissolution during the austenitizing and they increase the 
abrasive wear resistance of the steels. Besides excellent wear resistance, however, these materials should 
have a good combination of high hardness, strength and toughness.  

The tools made from Cr-V ledeburitic steels have to be subjected to heat treatment before use. The 
standard heat treatment involves: vacuum austenitizing, hold at desired temperature, nitrogen gas 
quenching and at least twice tempering. Right heat treatment gives the materials a hardness of around 60 
HRC, high compressive strength, but, relatively low toughness. The choice of “optimal” heat treatment 
regime is then always a compromise between the requirements on high hardness on the one side and 
those on the achievement of acceptable toughness on the other side.  

The sub-zero treatment has been established with an idea to reduce the retained austenite (�r) amount and 
to increase the hardness of steels. However, it was early recognized that the effect of this processing on the 
structure and mechanical properties is not doubtless. Kulmburg et al. [2], for instance, reported for the M2-
type steel reduction of the retained austenite amount after sub-zero treatment at -196 oC for 1 hour and 
slight lowering of toughness. Berns [1], on the other hand, established significant hardness increase for the 
sub-zero processed X290Cr12 ledeburitic steel. The last decade has brought new attempts to make precise 
investigations about the nature of improvement of material characteristics after the sub-zero processing. 
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Stratton [3] pointed out that the improvement of the wear resistance of the D2 – ledeburitic steel can gain 
up to extremely high values. Collins and Meng presumed [4 - 6] that the benefits of the sub-zero treatment 
can be attributed to the changes in sub-microstructure in both the martensite and the austenite. Our 
previous experiments, carried out on Cr-V ledeburitic steel Vanadis 6, have shown some important facts. It 
has been established that the hardness of the steel increased with the sub-zero processing, but only before 
tempering [7]. Subsequent tempering induced more remarkable hardness decrease of sub-zero processed 
material than that of no-sub-zero processed. One can also expect that the sub-zero processing will 
influence the toughness and the fracture toughness of the material in a negative way. However, our 
experiments did not confirm this fact. The toughness of the Vanadis 6 steel did not decrease with the sub-
zero period [7, 8, 9].  

The results of tribological investigations of Cr-V ledeburitic steel Vanadis 6, processed by wide scale of sub-
zero treatment parameters, are presented in the current paper.  

2. EXPERIMENTAL  

The experimental material was P/M ledeburitic steel Vanadis 6 with nominally 2.1 %C, 1.0 %Si, 0.4 %Mn, 
6.8 %Cr, 1.5%Mo, 5.4 %V and Fe as balance, soft annealed to a hardness of 284 HV 10. Samples made from 
the experimental material were milled, ground and lapped up to the surface roughness of Ra = 0.04 �m. 
After that, they were subjected to various regimes of heat treatment, Tab. 1. Heat treatment consisted of 
the following steps: vacuum austenitizing, hold at the final temperature for 30 min., nitrogen gas quenching 
(5 bar), double tempering at 530 oC for 2 h. Excepting the “N” samples, sub-zero period has been inserted 
between the quenching and tempering. After the heat treatment, the samples intended for the wear 
testing were polished up to mirror finish. Metallographical samples were prepared by standard preparation 
line and etched with a Nital reagent. The microstructure was recorded using the light microscope NEOPHOT 
32 at a magnification of 800 x. Hardness measurements were done by the standard Rockwell C method, 
using a diamond stylus. For each heat treatment route, five measurements were made and the mean value 
was calculated. 

 Tab. 1 – Heat treatment of investigated sets of specimens.  
Austenitizing [oC]/sub-zero processing no -90 oC/4 h -196 oC/4 h -196 oC/10 h 
1000 N6-N10 A6-A10 C6-C10 D1-D5 
1025 N16-N20 A16-A20 C16-C20 D6-D10 
1050 N26-N30 A26-A30 C26-C30 D11-D15 
1075 N36-N40 A36-A40 C36-C40 D16-D20 

 

Wear tests have been performed with a CSM pin-on-disc tribometer at a standard normal loading of 5 N 
and ambient temperature, respectively. The wear track radius was 2 mm. No external lubrication has been 
used. The balls with a diameter of 6 mm, made from 100Cr6-steel (hardness of 735 HV 10) were used as the 
counterparts. Experiments were done on 3 samples for each combination of heat treatment parameters. 
The wear scares have been examined using a light microscope at a magnification of 50 x. Ten 
measurements of the wear scare width have been done on each specimen and obtained mean value has 
been used for further calculations. The volume loss and wear ratios were calculated using the equations 1 
and 2:  
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=        (1) 

where: R - wear track radius, d - wear track width, r - radius of the counterpart (ball)  

              (2) 

where:  - volume loss, l - sliding distance and Fn - normal load 

For the measurement of the area portion of adhered counterpart´s material, a light microscope NEOPHOT 
32 at a standard magnification of 50 x has been used. Each sample has been five times recorded and the 
images were subjected to the image-analysis software LUCIA. To confirm the nature of the adhered 
material, scanning electron microscopy and microanalysis has been used.   

3. RESULTS AND DISCUSSION 

Fig. 1 shows the light micrographs of the 
microstructure of the material austenitized at 
1000 and 1075 oC, respectively, no-subzero 
processed and sub-zero processed at -90 oC/4 h 
and twice tempered 530 oC/2 h. In all the cases, 
the structure is composed of tempered 
martensite (matrix) and fine, uniformly 
distributed carbides. These carbides are, as 
reported elsewhere [10], of MC- and M7C3-

nature. 

Generally, it is assumed that sub-zero processing 
leads to higher hardness of the materials. But, 
our experiments [7, 8] fixed that, compared to 
no sub-zero processed steel, sub-zero processed 
Vanadis 6 had increased hardness only after sub-
zero period. Subsequent tempering led always to 
more significant hardness decrease compared to that of no sub-zero processed material, Fig. 2. 

Fig. 3 shows the wear ratios of the Vanadis 6 steel after sliding against the 100Cr6 steel, as a function of the 
austenitizing temperature and the parameters of sub-zero period. Generally, the highest wear ratios were 
identified on the samples without sub-zero treatment while the lowest ones were found when the material 
was processed with sub-zero period at -196 oC/10 h. Effect of the austenitizing temperature is clearly 
visible, also. The wear ratio becomes lower with an increase of austenitizing temperature. 

The effect of austenitizing temperature on the wear resistance is logical - increased austenitizing 
temperature results in hardness increase of ledeburitic steels. Only if certain value of temperature is 
exceeded, the softening of the material occurs due to extremely high portion of �r [7 - 10]. One can assume 
that it is the carbide phase, which is mainly responsible for high wear resistance of the ledeburitic steels. 
But, the volume fraction of carbides is the highest in the soft-annealed state and it decreases with 
increasing austenitizing temperature. Bílek et al. [11] established that as-annealed Vanadis 6 steel 

b 20 �m a 20 �m 

c 20 �m d 20 �m 

Fig. 1. Light micrographs of the microstructure of 
Vanadis 6 (tempering 2x530 oC/2h) - a – austenitized 

at 1000 oC, b – austenitized at 1000 oC, sub-zero 
processed -90 oC/4h, c - austenitized at 1075 oC, d - 

austenitized at 1075 oC, sub-zero processed -90 
oC/4h



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

637 

contained 16% of MC-carbides and 13% of M7C3-carbides, respectively. During the austenitizing, the volume 
fraction of the MC-carbides decreased slightly and that of M7C3 was lowered markedly. But, both the as-
quenched and the as-tempered hardness of the steel were much higher than that as-annealed, due to the 
martensitic character of the matrix. Therefore, the structure of the matrix gives the dominant contribution 
to the wear resistance. 

Figs 2 (left), 3 (right). 2-As-tempered hardness of no-sub - zero and sub-zero processed samples quenched 
from different austenitizing temperatures. 3-Wear rate of the specimens made from Vanadis 6 steel and 

processed with different regimes, the ball bearing steel 100Cr6 was used as a counterpart 

 

The effect of sub-zero processing on the wear 
resistance should be evaluated more 
complex. Sub-zero processed material has 
always lower hardness than that no-sub – 
zero processed, Fig. 2. It should be noted that 
the use (or not use) of the sub-zero 
processing does not have an impact to the 
volume fraction of insoluble carbides (MC, 
M7C3) although Tyshchenko et al. suggested 
an opposite hypothesis [15]. Therefore, it is 
the matrix status that is responsible for a 
lower hardness of sub-zero processed steel. 

One can thus assume that the wear resistance 
of sub-zero processed Vanadis 6 steel should 
be worsened, also. But, the wear tests infer 
opposite tendency. Moreover, these results 
are in line with the findings of many authors 
concerning the effect of sub-zero processing 
on the wear resistance of Cr-ledeburitic steels 
[3, 6, 12]. Das et al. [16] have reported 
increased population density of very small 
(0.1 – 0.2 �m) carbides and their uniform 
distribution for sub-zero processed AISI D2 steel, compared to that of no sub-zero processed. Both the 

a b 

c d 

1 

32 

Fig. 4. Light microscope images of wear scares on 
samples after the sliding against 100Cr6 ball bearing 

steel, the steel without sub-zero treatment, quenched 
from different austenitizing temperatures 1000°C (a), 

1025°C (b), 1050°C (c) and 1075°C (d) 
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population density and the distribution uniformity have found to be increase as the temperature of sub-
zero processing decreased. These findings, although rather surprising, can be referred to alterations in the 
microstructure due to the deep cryogenic processing. Based on our previous investigations and literature 
review, they can be summarized as follows: i – reduction of the volume fraction or almost complete 

removal of �r [13, 16], ii – plastic deformation 
of virgin martensite connected with high 
dislocation density inside the martensite [14], 
iii – high internal stresses in the martensite 
connected with more complete � – 3´ 
transformation [14, 16], iv – formation of 
carbon clusters by means of capture the 
carbon atoms by moved dislocations whereas 
the clusters can serve as sites for subsequent 
carbides precipitation [15]. This promotes an 
acceleration of the precipitation phenomena 
in the martensite and, as a result, the steel 
becomes slightly softer after tempering at 
temperatures standardly used for the 
achievement of secondary hardness peak but 
without negative impact on the wear 
resistance.  

The analysis of wear scares has shown that 
the morphology of the scares is very similar, 
Figs. 4, 5. There are the surface areas 

practically no affected by the sliding (1), the 
areas exhibiting symptoms of 
adhesive/abrasive wear (2) and the places 
where transferred counterpart´s material are 
clearly visible (3). The character of the wear 
can be considered as natural. The 
counterpart´s material has similar hardness 
than the tested Vanadis 6 steel. It consists of 
martensitic matrix and fine undissolved 
secondary cementite. The matrix, although of 
relatively high hardness, has certain plasticity 
and can be responsible for an adhesive wear. 
On the other hand, secondary cementite is 
harder and can cause an abrasive wear. 

The portion of transferred material decreased weakly with increase of the austenitizing temperature, Fig. 6. 
The effect of the sub-zero period can not be unambiguously described. For the steel austenitized at lower 
temperatures, the portion of transferred counterpart´s material is minimal for the samples processed at -
196 oC. Here, the role of the matrix (size and distribution of precipitates), as above discussed, seems to be 

a b 

c d 

1 
2 

3 

Fig. 5. Light microscope images of wear scares on 
samples after the sliding against 100Cr6 ball bearing 

steel, the steel sub-zero processed (-196 °C/10h), 
quenched from different austenitizing temperatures 

1000°C (a), 1025°C (b), 1050°C (c) and 1075°C (d) 

Fig. 6. Portion of transferred counterpart´s material as 
a function of heat treatment of the material 
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dominant. On the other hand, for the material austenitized at higher temperatures it is the hardness of the 
steel that plays the dominant role in the counterpart´s material adhesion – the lowest adhesion was 
established for no sub-zero processed samples when austenitized at 1075 oC. EDS analysis fixed that the Cr-
content in the adhered material was 1.7 wt. %, while that of the Vanadis 6 steel sample was 6.28 wt. % 
(note that this is the matrix content and part of the Cr is still absorbed in undissolved carbides). This is to 
confirm that the transferred material was 100 Cr6. 

4. CONCLUSION 

The microstructure of the Vanadis 6 steel after heat treatment consists of the matrix (tempered 
martensite) and fine, uniformly distributed MC- and M7C3-carbides.  

As-tempered hardness of the sub-zero processed material is lower than that of no-sub-zero processed 
steel. Lower sub-zero treatment temperature and/or longer time results in a slight hardness decrease.  

Wear resistance, when balls made from 100 Cr6 steel were used as a counterpart was improved via sub-
zero processing. The lower the sub-zero processing temperature the better is the wear resistance.  

The interaction of the Vanadis 6 steel with the ball bearing steel´s counterpart resulted in material transfer 
from the ball to the sample surface. The extent of transferred material is probably a result of competitive 
effect of the matrix substructure (presumed higher number finer precipitates embedded in the tempered 
martensite, but slightly lower hardness in the case of cryo-processed samples) and the as-tempered 
hardness (it was higher for no sub-zero processed material). 
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Abstract 

Differential thermal analysis (DTA) is one of the methods that are suitable for obtaining of thermo-physical 
and thermo-dynamical data. This method enables determination of temperatures and latent heats of phase 
transformations of metallic systems. This paper deals with the influence of the experimental conditions 
settings of the used DTA method on the obtained data. The paper is focused on the study of heating rate 
and sample mass influence on shift of phase transformations’ temperatures of Fe sample. Research was 
aimed at high temperature region. Melting region was studied. DTA measurements were realised using 
Setaram Setsys 18TM laboratory system. Controlled heating of Fe samples (with different mass) was 
conducted at the following rates: 1, 2, 5, 10, 20 K/min. On the basis of adjusted experimental conditions 
(different heating rates and different sample masses), the experimental data set was obtained and 
corresponding dependencies were derived. Using corresponding dependencies the corrections can be 
applied to reduce the influence of experimental conditions on studied data of investigated alloys (samples). 
Application of derived dependencies can substantially lead to reduction (minimization) of the influence of 
experimental conditions, and extrapolation to the so called “zero” mass and “zero” heating rate is possible. 

Keywords: DTA, experimental conditions, heating rate, sample mass, metals 

1. INTRODUCTION 

Thermo-physical and thermo-dynamical properties of Fe based metallic systems are still a subject of 
extensive research. In spite of that the number of experimental data about these systems is still 
insufficient. Important data are for example temperatures [1, 2] and latent heats of phase transformations 
[3], specific heat [4], surface tensions [5] and others. Although it is possible to find in available literature the 
values of some of the above physical quantities, differences exist even between the available data. 

One of the methods suitable for obtaining of thermo-physical data about metallic systems is Differential 
Thermal Analysis (DTA). This method makes it possible to obtain some thermo-dynamical and thermo-
physical data, such as temperatures and latent heats of phase transformations. Experimental conditions 
may have a substantial influence on thermo-dynamical and thermo-physical data obtained by this method. 
It is possible to include among experimental conditions for example temperature mode (heating x cooling), 
rate of heating/cooling, mass of the analysed sample, type and purity of atmosphere surrounding the 
sample during analysis. 

This paper is focused on investigation of influence of the mass of analysed samples and of the heating rate 
on shifting on temperatures of solidus and liquidus of an iron sample, obtained by the DTA method. 

 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

641 

2. DIFFERENTIAL THERMAL ANALYSIS 

Differential thermal analysis is dynamic thermal analytical method used for investigation of temperature 
effects of investigated sample connected with its physical, chemical or physical-chemical changes during its 
continuous linear heating or cooling [6]. This method is used for measurement of temperature differences 
between investigated and reference sample. Temperature of the reference sample follows the selected 
temperature program, temperature of the investigated sample is subject to changes, which reflect physical 
and chemical transformations occurring in the sample. This method makes it possible to express all 
physical, chemical of physical-chemical changes that are accompanied by sufficiently big change of enthalpy 
[7]. 

3. EXPERIMENT 

3.1. Material 

Samples of iron were made of powder iron with purity of 98 wt. % Fe. Tablets were pressed from powder 
iron. The tablets were then plasma re-melted. Iron was during plasma melting also re-purified. Chemical 
composition of the analysed iron is given in Tab. 1. Samples for DTA were prepared in the form of cylinders 
with diameter of 3.5 mm. Mass of cylinders was approximately 82, 153, 219, 318, 459 mg. The samples 
were prior to DTA ground off and cleaned in acetone with use of ultrasound. 

 Tab. 1. Chemical composition of the analysed iron in wt. % 
Sample (S) C Si Mn P S Cr Ni Mo Co V W O Fe 

Fe Plasma 0.015 0.005 0.042 0.002 0.006 0.004 0.015 0.010 0.011 0.022 0.011 0.110 99.90 

3.2. Experimental equipment 

Laboratory system for thermal analysis Setaram Setsys 18TM (TG/DTA/DSC/TMA) and measuring rod DTA of 
the type „S“ (Pt/PtRh 10%) were used for obtaining of phase transformations temperatures. The samples 
were analysed in corundum crucibles with volume of 100 μl. An empty corundum crucible served as 
a reference sample. Dynamic atmosphere of Ar (purity>6N) was maintained in the furnace during analysis 
in order to protect the sample against oxidation. Each sample was analysed at the controlled rates of 
heating: 1, 2, 5, 10 and 20 K/min. 

4. RESULTS AND DISCUSSION 

Solidus and liquidus temperatures were obtained on the basis of evaluation of DTA-curves. It is evident 
from chemical composition of the analysed sample of iron (Tab. 1) that this is not a sample of pure iron, it is 
therefore possible to differentiate the temperatures of solidus and liquidus. The solidus temperature 
corresponds to the beginning of the melting peak, the liquidus temperature corresponds to the top of the 
peak, Figs. 1 and 2. Fig. 1 shows DTA-curves of the sample with mass of 218.68 mg obtained at various 
heating rates. Fig. 2 shows DTA-curves of the samples of various masses obtained at the heating rate of 
1 K/min. 
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4.1. Temperature of solidus 

It is evident from the obtained results (Tab. 2) that heating rate and mass of the sample do not have any 
substantial influence on shifting of the solidus temperature. No trend in shifting of solidus temperature was 
observed in dependence on the increasing mass of the sample and on the increasing heating rate. Average 
value of solidus temperature is 1525.4 ± 2.0 °C. The difference between minimal and maximal solidus 
temperature obtained experimentally is 6.4 °C. Differences between these values may be caused by 
difficult evaluation of the solidus temperature on the DTA-curve. The solidus temperature can be 
determined with a certainty only in certain temperature interval (of the order of centigrades). 

 Tab. 2. Experimentally obtained solidus temperature in °C 

Heating 
rate 

Sample mass 
81.62 mg 152.68 mg 218.68 mg 318.30 mg 459.05 mg 

1 K/min 1528.5 1527.7 1528.3 1529.0 1529.8 
2 K/min 1527.7 1525.3 1524.5 1522.8 1525.7 
5 K/min 1523.8 1523.7 1524.3 1524.6 1525.4 

10 K/min 1523.4 1524.0 1524.2 1523.6 1525.3 
20 K/min 1523.8 1524.0 1524.2 1524.1 1527.1 

 

It is also apparent from these results that the solidus temperature obtained at the heating rate of 1 K/min is 
higher than the temperature obtained at other heating rates (2, 5, 10, 20 K/min). This difference may be 
caused by detection abilities of the equipment for thermal analysis. At low heating rate (1 K/min) melting 
down of the sample runs slowly. The sample absorbs heat slowly (very slow melting takes place) and such a 
small thermal effect need not be (is not) recorded, and it is not registered on the DTA-curve. 

4.2. Temperature of liquidus 

It is obvious from the obtained results (Tab. 3), that heating rate and mass of the sample do influence the 
obtained liquidus temperatures, Figs. 1, 2. Average value of the liquidus temperature is 1542 ± 4.5 °C. The 
difference between the liquidus temperature of the sample with mass of 81.62 mg obtained at the heating 

  
Fig. 1. DTA-curves of the sample with mass 

of 218.68 mg at various heating rates 
Fig. 2. DTA-curves for various masses of the sample 

at the heating rate of 1 K/min. 
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rate 1 K/min (the lowest temperature) and the temperature of the sample with the mass of 459.05 mg 
obtained at the heating rate of 20 K/min (the highest temperature) is 17 °C. 

 Tab. 3. Experimentally obtained liquidus temperature 

Heating 
rate 

Sample mass 
81.62 mg 152.68 mg 218.68 mg 318.30 mg 459.05 mg 

1 K/min 1535.4 1535.8 1537.3 1537.4 1537.6 
2 K/min 1537.8 1537.4 1537.6 1539.3 1541.0 
5 K/min 1538.5 1542.3 1540.3 1542.4 1543.7 

10 K/min 1541.7 1544.3 1546.5 1545.7 1547.1 
20 K/min 1544.5 1547.4 1547.6 1548.1 1552.4 

 

The liquidus temperature is shifted with the increasing heating rate towards higher temperatures. This can 
be explained by process dynamics and by detection abilities of the instrument. 

The liquidus temperature is shifted with the increasing mass of the iron sample towards higher 
temperatures. The bigger the sample, the more heat it is necessary to supply for its melting, and the longer 
duration of melting (i.e. that bigger sample will melt only at higher temperature).  

It may be also stated on the basis of the obtained results that in the given experimental arrangement the 
heating rate has much more distinct influence on shifting of the liquidus temperature than the mass of the 
sample. 

Fig. 3 shows shifting of liquidus temperatures of the sample of iron, with relevant masses, in dependence 
on the increasing heating rates. It may be assumed from the shape of individual curves, that probably only 
minimal shifting of the liquidus temperature towards higher temperatures will take place with the 
increasing heating rate (heating rate exceeding 20 K/min). This assumption must be, however, verified 
experimentally. Fig. 4 shows sifting of liquidus temperatures at individual heating rates in dependence on 
the increasing mass of the sample. 

 

  

Fig. 3. Dependence of liquidus temperature on the 
heating rate 

Fig. 4. Dependence of liquidus temperature on the 
mass of the sample 
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On the basis of thus obtained dependences of shifting of the liquidus temperature on the heating rate and 
on the mass of the sample it is possible to extrapolate the temperatures obtained experimentally to the so 
called “zero heating rate“ and so called “zero mass“ of the sample. The temperatures thus corrected would 
be therefore very close to the equilibrium liquidus temperatures [8]. 

After extrapolation of liquidus temperatures to the “zero heating rate” and “zero mass” we obtained the 
temperatures given in Tab. 4. Correction of temperatures varied within a range from -1.3 °C to -23.2 °C. For 
example the liquidus temperature of the sample with the mass of 218.68 mg, obtained at the heating rate 
of 5 K/min, was corrected to the “zero mass” by -2.5 °C, and to the “zero heating rate” by -6.3 °C. Total 
correction was therefore -8.8 °C. 

 Tab. 4. Liquidus temperature after correction 

Heating 
rate 

Sample mass 
81.62 mg 152.68 mg 218.68 mg 318.30 mg 459.05 mg 

1 K/min 1534.1 1533.5 1534.5 1534.2 1533.6 
2 K/min 1535.5 1533.2 1532.7 1533.8 1534.1 
5 K/min 1534.0 1534.4 1531.5 1533.2 1532.7 

10 K/min 1534.3 1532.2 1533.3 1532.4 1531.3 
20 K/min 1533.8 1532.2 1531.0 1530.7 1529.2 

 

By extrapolation of temperature to the “zero” mass and heating rate it is possible to obtain temperatures 
close to equilibrium ones. Equilibrium temperature of melting of pure iron given in literature varies within 
an interval from 1535 to 1539 °C [9, 10]. If we take an average value of the liquidus temperature obtained 
by extrapolation 1533 ± 1.4 °C, it is very close to the lower limit of the temperature interval given in 
literature. The difference between corrected temperatures obtained on the basis of experiment and 
temperatures given in literature may be caused by presence of other elements in the iron that was used in 
experiment, Tab. 1. Presence of other elements in iron, even in minimal quantity, may substantially shift 
the liquidus temperature. The temperatures obtained experimentally may be moreover influenced also by 
other factors, such as detection possibilities of the instrument and heat transport in the sample. 

Extrapolation to the “zero” mass and heating rate minimises the influence of experimental conditions on 
obtained temperatures. This assumption has been confirmed by mutual approximation of temperatures 
(compare tables 3 and 4). The difference between the minimal and maximal value is 6.3 °C (difference of 
temperatures before extrapolation was 17 °C.) This temperature difference is the same as the temperature 
difference of solidus temperatures (6.4 °C). Average liquidus temperature was reduced by correction from 
1542 °C to 1533 °C. 

5. CONCLUSIONS 

Influence of the mass of the sample and of heating rate on liquidus and solidus temperatures was 
investigated with use of experimental equipment Setaram Setsys 18TM and DTA method on a sample of 
iron. 

It follows from the obtained results that mass of the sample or heating rate have no substantial influence 
on shifting of solidus temperature. Even on the contrary, mass of the sample, as well as heating rate do 
have influence on shifting of the liquidus temperature. Liquidus temperatures with the increasing mass of 
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the samples and with the increasing heating rate shift towards higher temperatures. Heating rate has more 
pronounced influence on shifting of the liquidus temperature than mass of the sample. 

The obtained liquidus temperatures were extrapolated to the “zero heating rate” and “zero mass” of the 
sample. The temperatures obtained by extrapolation were compared with the equilibrium temperatures 
found in the available literature. The difference between the temperatures found in literature and 
temperatures obtained by extrapolation was of the order of centigrades. 

On the basis of obtained dependences expressing the influence of the mass of the sample and of the 
heating rate, it is possible to to correct the data obtained in other investigated metallic systems, e.g. steels, 
to the “zero mass” and “zero heating rate”. In this way we will obtain for the investigated systems the 
temperatures close to the equilibrium temperatures without necessity of performing time consuming 
complexes of experimental measurements. 
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Abstract  

Depth profiling mode of MiniSIMS device was applied to diffusion measurement. Calibration of crater 
depth was done using shearing interference microscope Zeiss Epival Interphako (ZEI) and confocal 
mikroskope Olympus LEXT OLS3100 with atomic force microscopy (AFM) modul. The ZEI uses one of the 
classical interferometric measuring methods. Generally this method leads to results with considerable 
experimental error. AFM is a very high-resolution type of scanning probe microscopy, with typical 
resolution of the order of fractions of nanometers, which is more than 1000 times better than the optical 
diffraction limit.  

However, the results taken by ZEI were in agreement with much more precise results of surface profiling 
achieved by AFM. It was found, at given experimental conditions (Fe-rich matrix, Ga+ primary ions, 5 
kV/3nA, DWT=1), that the sputter rate is some 0.3 nm per a single sputter scan of the crater area (50x50 
μm).  

This depth calibration with SIMS technique can be applied to the study of carbon diffusion in BCC iron as an 
example. Special technique was developed, which avoids radio-tracer measurements with C-14. Obtained 
results are lower than the extrapolated values, which may be due to limited solubility of carbon in iron.  

Keywords: SIMS, carbon diffusion, ferrite, carbides  

1. INTRODUCTION  

Secondary ion mass spectrometry (SIMS) is a technique used in materials and surface science to analyze 
the composition of solid surfaces and thin films by sputtering the surface of the specimen with a focused 
primary ion beam and collecting and analyzing ejected secondary ions. SIMS is the most sensitive surface 
analysis technique, being able to detect elements present in the parts per billion range. The experimental 
sims technique, which enables to measure shallow concentration depth profiles, is dynamic SIMS 
(secondary ion mass spectroscopy) [1]. Every material is characterized by a different sputter rate and dept 
calibration per one sputter scan is very important. 

The measurement of the crater depth can be carried out by optical interferometry (OI). This method 
involves superposition of two spatially- and time coherent beams. If OI is applied to a measurement of very 
fine surface profiles, it leads to a considerable experimental error. 

The atomic force microscopy (AFM) is another way how to measure the crater depth. AFM is a very high-
resolution type of scanning probe microscopy.  

In this paper these methods were used for measurement of crater depth. The SIMS technique was applied 
to estimation of diffusion behavior of carbon close to the free surface at two temperatures in 3-Fe region in 
Fe-C as binary alloy model system. It is characterized above all by extreme difference in diffusion 
coefficients of the both components and, moreover, it shows a strong tendency to phase separation 
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(carbon solubility in 3-Fe is very low [2]). Experimental conditions were arranged in a way enabling to study 
penetration profiles with mean diffusion path  U10-8 m (D – carbon diffusion coefficient, t – diffusion 
time).  

2. EXPERIMENTAL DETAILS  

2.1. Samples  

Diffusion samples were machined from zone refined iron (purity in at. ppm - C: 42, S: 80, P: 54, Bi: <0.08, Al: 
85, Pb: 24, Cd: 4, Sb: <0.14, Zn: 80, Cu: 21). The starting material was remelted in induction furnace in Ar 
atmosphere and cast in copper mould. Ingot was spark cut into individual samples with diameter 10 mm 
and height 4 mm and the cut planes were ground on metallographic papers to remove surface impurities. 
After that, the samples were relaxed for 5 h in vacuum 2 × 10-5 mbar at temperature 1073 K. Grain size of 
relaxed samples was 102 – 103 μm. One plane surface was finally polished with diamond paste of grain size 
2 μm.  

2.2. Anneals  

Both relaxation and diffusion anneals were done in a special vacuum furnace MILA-5000 Ulvac-Riko with 
infrared heating, which enabled extremely rapid heating (hundreds of Kelvins can be reached in several 
seconds). Such a rapid heating made it possible to carry on very short anneals in isothermal regime. Typical 
air rest pressure was about 2 × 10-5 mbar. The diffusion anneals were done at two chosen temperatures T1 
= 609 K and T2 = 1130 K. 

2.3. Experimental arrangement  

Two modes of carbonizing were used: (i) at T1 carbon diffused into iron from surface layer vacuum 
deposited in the same way usually used for making conducting covers for electron microscopy and (ii) at T2 
carbon diffused from a gas mixture CH4+Ar (1:9 by volume) under total gas pressure 1 bar. Flow regime of 
carbonizing assured that partial pressure of hydrogen was low enough and, therefore, carbon activity in the 
gas mixture was very high. The two modes of carbonizing were chosen to test both experimental 
possibilities.  

2.4. SIMS  

SIMS is an extremely sensitive technique of 
surface analysis [1,3]. It is principle consists in 
bombardment of the surface by accelerated 
primary ions. Secondary ions (fragments 
emitted from the target material having both 
polarity and/or neutrals) are continually 
analyzed in a mass spectrometer. In the 
present work, MiniSIMS MILLBROOK was used 
that enables surface sputtering-off the 
material from the target and hence, 
concentration-depth profiling. The apparatus is 

Fig. 1 Schema of Zeiss Epival Interphako, 1-light source, 
2-beamsplitter prism, 3-sample, 4-objective lens, 5-
right-angle prism, 6,11-beamsplitter prisms, 7,9,10-

wedges, 7-compensator, 12-ocular 
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z 

z+2t 

Fig. 2 Schema of interfered two 
wave-planes observed in ocular 
a – sample with crater, b – wave 

planes. 

a 

 b 
t

equipped with a liquid metal ion source emitting Ga+ primary ions and with a quadrupole mass 
spectrometer. Ions of both polarities (but not neutrals) could be registered. 

2.5. Measurement of crater depth 

2.5.1. Optical measurement 

Calibration of rectangular crater depth was done using shearing interference microscope Zeiss Epival 
Interphako (ZEI) and confocal mikroscope Olympus LEXT OLS3100 with AFM modul.  

A schematic of the ZEI microscope used for depth calibration in light transmitted by the studied sputtered 
crater in sample is shown in Fig. 1. Monochromatic light from a tungsten lamp with a filter for λ = 578 nm, 
1, is transmitted through the beamsplitter prism, 2, to the sample, 3, to the objective lens, 4, and an 
auxiliary rightangled prism, 5. Light is using this right-angle prism into a two-beam interferometer - a Mach-
Zehnder-type interferometer. This interferometer is constructed from two beamsplitters, 6,11 and wedges, 
7, 9 and 10 with compensator 8 connected with micrometer. The value of the wedge angle of wedge 7 can 
be changed.  

By using appropriate operations with wedges 7,8,9,10 we can obtain two waves corresponding to two 
beams whose wave fronts are tilted and translated mutually so that a certain lateral shear originates 
between these waves. These waves interfere and interference fringes can be observed in ocular.  

These two wave-planes interfered, which can be observed in ocular. In the edge area these wave-planes 
are shifted by z+2t (Fig. 2) therefore, this area has other intensity than surroundings. 

We can set surroundings on the smallest intensity and determine a value from micrometer. After that set 
the same intensity in the edge of the crater and determine b value from micrometer.  

The evaluation of the crater depth t is based on the equation: 

            (1) 

Where K is constant of compensator (for �=546nm is K=5.17 nm/segment of the micrometer). 

2.5.2. AFM measurement 

The confocal microscope Olympus LEXT OLS3100 with AFM module 
is fully controlled by computer. The AFM consists of 
a cantilever with a sharp tip (probe) at its end that is used to scan 
the specimen surface. The cantilever is typically a silicon holder 
with a tip radius of curvature on the order of nanometers. When 
the tip is brought into proximity of a sample surface, atomic 
forces between the tip and the sample lead to a deflection of the 
cantilever according to Hooke's law. Depending on the situation, 
forces that are measured in AFM include mechanical contact 
force, van der Waals forces, capillary forces, chemical 

bonding, electrostatic forces, magnetic forces (see magnetic force microscope, MFM), Casimir 
forces, solvation forces, etc.. The resolution of this device is in the order of fractions of nanometers, more 
than 1000 times better than the optical diffraction limit. 
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Fig. 4 Profile of crater edge measured by 
ASM device. (values of 127 profiles) 

Fig. 5 Penetration profile measured in 
flow-regime at 1130K 

3. RESULTS  

3.1. Depth calibration 

The OI and AFM devices were used for measurement of the crater depth. Measurement by OI leads to 
results with considerable experimental error. However, they are with agreement with much more precise 
result of surface profiling by AFM (Fig. 3, 4). In Fig. 4, the profile of the sputter edge measured by AFM 
device is shown. It can be seen that at given experimental conditions (Fe-rich matrix, Ga+ primary ions, 5 
kV/3nA, DWT=1), the sputter rate is some 0.3 nm per one sputter scan of the crater area 50x50μm. This 
sputter rate is very important for obtain depth profiles measured by SIMS technique. 

 

3.2. Depth profiles  

The example of 
measured depth 
profiles obtained 
with samples 
annealed in 
CH4+Ar atmos-
phere is shown in 
Fig. 5. The 
sputter rate was 
used for 
evaluation of the 
depth of the 
measurement. 
The chemical 
composition of 

Fig. 3 Crater edge measured by ASM 
device 

Fig. 6 Obtained values of D compared 
with literature data of ferrite [8,12,13], 

austenite [8,12,13] and cementite 
[10,11]. 
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carbon in the vicinity of the surface is well scaled by depth profile taken for peak m/e = 24 (C2-). This profile 
is not too much influenced by oxygen and at the same time, the peak C2- is sufficiently high to achieve 
acceptable accuracy of results at reasonable counting time. Therefore, profiles were taken with C2- only.  

4. EVALUATION OF DATA  

The depth of profile was calculated using the previously obtained sputter rate. For the sake of simplicity, 
we assume here that D is a constant at high carbon concentration by the surface and another constant at 
low carbon concentrations at concentration tails. Hence, carbon concentration at low values of CC can be 
described by analytic solution relevant to the diffusion from carbon surface layer into half-space and at high 
CC (small x and diffusion from gas mixture) it can be described by solution for the diffusion from the 
constant source into half-space [4]. After simple derivation of known solutions, one can obtain relations for 
D’s at x = 0. Resulting values of D together with that obtained by fitting the concentration tail to the 
penetration profile measured at 609 K are shown in Fig. 6 together with literature data.  

5. SUMMARY  

It was shown in the present work that SIMS technique could be applied for diffusion measurement.  

It was very important to known the sputter rate – the depth of sputtered layer per one sputter scan. This 
sputter rate was evaluated from measurement of sputtered crater by optical interferometry and by AFM 
methods. It was found that these methods give for the crater area 50x50μm the same results. At given 
experimental conditions (Fe-rich matrix, Ga+ primary ions, 5 kV/3nA, DWT=1), the sputter rate is some 0.3 
nm per one sputter scan.  

This value of sputter rate was used for obtain the diffusion profile of carbon in Fe – rich matrix in 
dependence of counts on x. 

In carbon-rich area (near the surface of the sample), the values of D are much lower than it could be 
expected for carbon diffusion in ferrite. Possible explanation can be found in the presence of carbide 
clusters and/or coherent transition carbides in supersaturated ferrite [5-8]. As the activation energy 
associated with this process was found value 89,5 ± 12 kJ/mol. This value, added to that for diffusion 
motion of carbon in ferrite (84.12 kJ/mol [9]) leads to calculated carbon diffusion coefficients D(336 K) = 2.6 
× 10-21 m2/s and D(1130 K) = 1.9 × 10-14 m2/s that are reasonably close to present experimental values 
D(336 K) = 9.8 × 10-21 m2/s and D(1130 K) = 6.2 × 10-14 m2/s respectively (Fig. 6). It can be expected that 
value of D would approach value of tracer diffusion coefficient D* in stable structures (ferrite, austenite) 
with decreasing CC – marked with dashed arrows in Fig. 6. 

Present data deepen the knowledge of kinetics of very early stages of carbon diffusion under extreme high 
carbon concentration gradient. Optimum experimental mode is to register intensity of C2- ions, which is not 
sensitive to heterogeneous distribution of oxygen impurities in the sample. It was found that diffusion rate 
of carbon in supersaturated solid solution of C in 3-Fe is similar to that in carbide phase Fe3C, Fe5C2 and/or 
in Fe4Cn (n ~ 1).  
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Abstract  

The paper deals with the study possibilities of heat capacities, mainly of metallic systems (alloys) on the 
basis of Fe (Fe-C). Possibilities of theoretical calculations dependencies of heat capacities on temperature 
are presented in this work in a wide temperature region. Theoretical basis of heat capacities determination 
using Neumann-Kopp rule is discussed. Experimental possibilities of heat capacities acquisition are 
determined by our experimental base. Two classical thermal analysers (2D DSC sensors) are used at our 
working site: Setaram SETSYS 18TM a Netzsch STA 449 F3 Jupiter. The third experimental system is Setaram 
MHTC (Multi High Temperature Calorimeter). MHTC is equipped with unique 3D DSC sensors. 
Furthermore, the MHTC enables to analyse samples with substantially higher sample weight (2.5; up to 30 g 
respectively). It should be possible to obtain more accurate results with MHTC in comparison with classical 
2D DSC sensors (max. sample weight approximately 500 mg). Various methods of heat capacities 
measurement and calculations are presented in the paper (continuous, stepped and DROP method, 
theoretical Neumann-Kopp rule). Initial results obtained at our working site are presented in this paper. 

Keywords: heat capacity, thermal analysis, metallic systems, DSC, hf-DSC, DROP 

1. INTRODUCTION 

Heat capacity (often called specific heat) [1] and other material properties [2-7] of alloys (metals) are 
crucial thermo-physical quantities for many applications. Heat capacity is an input variable for many 
thermo-dynamical (e.g. Thermocalc, Pandat, MT Data,...) and kinetic programs (e.g. IDS-Solidification 
analysis package,...). Heat capacity dependencies are used like an input data for many programs also, that 
are applicable in the field of applied research [8-10], for simulations of technological processes using 
calculating SW (e.g. Calcosoft, Magmasoft, Fluent...). It follows from the above mentioned that the heat 
capacities of materials, in our case alloys, play a very important role in the field of basic and applied 
research. Generally, experimental data can be found in the accessible literature, but corresponding 
(needed) data, for concrete alloy, can be found very seldom. The knowledge of proper values of heat 
capacities of alloys at the corresponding temperature can substantially contribute for addition and 
precision of existing databases and simulations software. The paper presents theoretical and experimental 
possibilities of heat capacities determination in a wide temperature region (20-1600 °C). The principal of 
theoretical calculations of heat capacities is presented in the paper. Basic introduction of experimental 
methods is followed. Initial experimental results are presented also.  
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2. POSSIBILITIES OF HEAT CAPACITY DETERMINATION 

Values of heat capacities can be calculated on the theoretical basis using Neumann-Kopp rule [1]. More 
about this method is presented in the next chapter. Experimental basis can be found in the chapter 2.2. 

2.1. Theoretical determination of heat capacity, Neumann-Kopp rule 

Values of heat capacities can be calculated on the theoretical basis using Neumann-Kopp rule. Mean value 
of heat capacity is defined as [1, 11] (Q is the absorbed/released heat by the sample between temperatures 
T1 and T2): 

             (1) 

Since many processes are realised at the constant pressure the following relation can derived for specific 
heat capacity [1, 11] (Cp is the specific heat capacity at constant pressure, Qp is the heat absorbed/released 
by the sample between temperatures T1 and T2): 

             (2) 

Since the heat capacity is temperature dependent, the following general expression of temperature 
dependence is possible [1, 11]: 

           (3) 

With respect to the temperature dependence and contribution of each element to the whole heat capacity 
it is possible to write the following expression [1, 11]:  

  (4) 

The heat capacity of “pure” Fe was calculated according to this model.  

2.2. Experimental equipments 

There are used many equipments for determination of heat capacity at the present time (Setaram, Netzsch, 
Mettler, TA Instruments,...). These devices are equipped mainly with so called 2D DSC sensor, FLAT DSC 
sensors, for obtaining of heat capacity, Fig. 1. The heat absorbed or released is substantially limited with 
respect to the construction of the sensor. More accurate devices must be equipped with so called 3D DSC 
sensors, Fig. 1 and 2. The sensors surround the whole sample to ensure the detection of almost total heat 
absorbed/released in comparison with 2D DSC sensors.  
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Fig. 1 Demonstration of heat absorbed/released using 
2D and 3D DSC sensors 

Fig. 2 Arrangement of 3D DSC sensor 
surrounding the crucible for sample, Setaram 

MHTC 

Three devices are used for determination of heat capacity at our working site: Setaram SETSYS 18TM, 
Netzsch STA F3 Jupiter and Setaram MHTC (Multi High Temperature Calorimeter). More specific description 
of these equipments gives Tab. 1. SETSYS and STA F3 Jupiter are classical 2D DSC devices that enable 
measure in a scanning mode and in a stepwise mode. MHTC is a 3D equipped apparatus that enables to 
measure the Cp in scanning, stepwise and DROP mode. 

3. EXPERIMENTAL METHODS OF HEAT CAPACITY DETERMINATION 

Devices presented in Tab. 1 enable to perform 3 methods for heat capacity determination. First is the 
continuous method, seconds the so called stepwise method and MHTC enables instead of these two 
methods the so called DROP method. These methods are schematically described in the Figs 3-5. 

3.1. Continuous method 

Continuous method is the fastest method for Cp determination. The heat capacity is determined on the 
basis of adjusted isothermal holding (1st sequence), linear heating in the whole measured temperature 
interval (2nd sequence) and the 3rd sequence is isothermal holding at the temperature which enables to 
cover the desired temperature interval, Fig. 3. All three sequences must be performed with empty crucibles 

 Tab. 1. Specification of available experimental laboratory systems Setsys, Jupiter and MHTC 
Experimental 
possibilities Netzsch STA 449 F3 Jupiter Setaram SETSYS 18TM Setaram MHTC 

experimental 
methods 

c-DTA – „calculated DTA 
curve“; TG/DTA; TG/DSC; 

TG 

TG/DTA; TG/DSC; TG; 
TMA HFDSC; DROP; DSC 

temperature range + 20°C to + 2000°C  + 20°C to + 1750°C + 20°C to + 1600°C 
heating/cooling 

rate 0.01 to 50 K/min 0.01 to 100 K/min 0.001 to 99 K/min 

temperature 
programs 

linear heating/cooling; 
isothermal holding; cycling 

linear heating/cooling; 
isothermal holding; 

cycling 

linear heating/cooling; 
isothermal holding; cycling 

sample mass up to 30 g (35 g) up to 500 mg HFDSC up to 2.5 g 
DROP up to 30 g 

atmosphere vacuum; inert; reactive vacuum; inert; reactive vacuum; inert; reactive 
type of Cp sensor DSC flat sensor DSC flat sensor 3D DSC sensor 
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(B), sample (S) and reference sample (C). Consecutively, the heat capacity can be calculated according to 
the following formulae [12]:  

            (5) 

where, AB, AS, AC in [μV] are segments corresponding to the heat effects detected for blank (measurement 
with empty crucibles), measurement with sample and reference sample, CpC [J.K-1.g-1] is the heat capacity of 
reference sample, Cp [J.K-1.g-1] is the heat capacity of measured sample, mS [mg] and mC [mg] are masses of 
sample and reference sample. 

3.2. Stepwise method 

Stepwise method is a more accurate method than continuous but the time needed for performing the 
experiment is substantially longer (more experimentally demanded, more financially demanded method). 
The investigated temperature interval must be divided in to the several segments. One segment comprises 
from isothermal holding, linear heating and second isothermal holding, see Fig. 4. Experiments must be 
performed with use of blank, sample and reference sample measurement. The results of measurements are 
heat effects that correspond to the measured areas of QB, QS, QC in [μV.s]. Mean value of heat capacity of 
standard CpC [J.K-1.g-1], masses of sample and reference sample mS [mg] and mC [mg] must be considered for 
calculation of mean heat capacity of measured sample Cp [J.K-1.g-1]. The equation (6) demonstrates the 
evaluation of mean value of heat capacity [12]. 

           (6) 

  

Fig. 3 Scheme of continuous method Fig. 4 Scheme of stepwise method 

3.3. Drop method 

For performing this method the special 3D DSC DROP sensor is needed. The method is based on the 
dropping (throwing) of the sample to the crucible (surrounded with thermocouples) placed in the heated 
furnace. The furnace is heated to the desired temperature at which the heat capacity is measured. Several 
measurements must be performed with reference sample (necessesary for calibration of instrument) and 
measured sample. The drop of standard and sample is alternated at desired temperature.  
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Reference sample and sample are prepared 
in the sample introducer at T0 [K] 
temperature and dropped into the heart of 
calorimeter at T1 [K] temperature. Secondly, 
the same procedure is performed at 
different temperature T2 [K]. The absorbed 
heat of samples results to the heat effects 
that are observable and the heat absorbed 
corresponds to the area of peaks (H1 [J] for 
T1 and H2 [J] for T2), example of this 
experiment is presented in Fig. 5 (the peaks 
of reference sample and sample are 
presented). The experiments must be 
performed at least by two temperatures (T1 
and T2). Using the following equation the 
mean value of Cp [J.K-1.g-1] is possible to 
calculate [12]: 

          (7) 

where, 

           (8) 

             (9) 

4. PILOT MEASUREMENTS USING MHTC AND HEAT FLUX-DSC 3D SENSOR 

Testing of the MHTC equipment started this year at our working site. Pilot measurements were performed 
with use of heat flux 3D DSC sensor. Testing experiments started using reference material (alumina 
powder) and “pure” iron, Tab. 2.  

 Tab. 2. Chemical composition of the analysed iron in wt. % 
Sample C Si Mn P S Cr Ni Mo Co V W O Fe 
Fe Plasma 0.015 0.005 0.042 0.002 0.006 0.004 0.015 0.010 0.011 0.022 0.011 0.110 99.90 

 

The stabilisation experiments were performed to secure the isothermal holding, the optimal regulation 
values (PID) were adjusted. After optimisation of regulation parameters measurements with standard 
sample (alumina) were started. After proper calibration with use of alumina “pure” iron was investigated 
and values of Cp were obtained. The fastest continuous Cp method was performed. Experiments were 
performed in He atmosphere (6N), samples were inserted into the alumina sleeve, sleeve was inserted to 
the Pt crucible and Pt crucible was placed into the 3D heat flux DSC sensor. The sample mass of Iron was 
2.500 mg. 

 

 

Fig. 5 Demonstration of DROP method 
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5. SELECTED CP RESULTS AND THEIR DISCUSSION 

Experimental results and calculated values were compared and discussed. The comparison presents Fig. 6. 
Fig. 6 shows dependences of Fe Cp in selected temperature interval (1184-1665 K; 911-1392 °C). The 
gamma iron is present at this temperature region, the gamma Iron Cp temperature dependence was 
calculated using experimental values and Neumann-Kopp rule with respect to the Fe composition. 
Calculated values were compared with dependences presented in the accessible literature. 

Very good agreement of experimental values with 
calculated values according to the [1] and values 
presented in the work [11] was achieved. The relative 
deviation does not exceed 6.1 %. 

An excellent agreement was achieved in case of 
comparison of experimental values and presented 
values in [13]. The relative deviation does not exceed 
0.5 %. 

Values presented in [11] and values of Cp calculated 
according to the Neumann-Kopp rule are almost the 
same. It seems that, the presence of other elements 
does not have (in so low amounts) a significant 

influence on the Cp values of Fe. It is also obvious that differences between Fe Cp values presented by [11] 
and [13] exist (relative differences up to 6 %).  

6. CONCLUSIONS 

Presented work introduces the possibilities of Cp measurements and Cp calculation possibilities according to 
the Neumann-Kopp rule. There are used three equipments for Cp measurements at our working site: 
Setaram SETSYS 18TM, Netzsch STA F3 Jupiter and Setaram MHTC. Various methods of Cp measurements are 
presented here (continuous, stepwise and DROP method). Pilot results were presented with use of MHTC 
equipment and 3D DSC heat-flux sensor. Presented experimental results assign very good agreement with 
accessible data in the literature. 

Further experimental research is planned in the future not only with pure metals but with alloys also. Heat 
capacity is a crucial thermo-physical quantity for many applications. Proper values of heat capacity of 
concrete alloy are used for many thermo-dynamical and kinetic software, secondly, proper values can play 
crucial role in the modelling of alloy casting (processing) and subsequently in the alloy production also.  
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Abstract 

Among numerous structural components of four stroke combustion engines with spark ignition or self 
ignition, exhaust valves belong to a few heavy loaded thermally and mechanically components working in 
extremely corrosion aggressive environment of hot exhaust gases. Durability of exhaust valves mainly 
depending on high-temperature creep resistance of used steels i.e. simultaneously high resistance on 
mechanical deformation at high temperature and corrosion resistance at high temperature of combustion 
gases.  

Long term cyclic heating and annealing of exhaust valves of self ignition engine, in exhaust gases 
atmosphere which are consist of CO, CO2, O2 and superheated water vapour as main oxidized agents. The 
corrosion examination was performed on specimens taken from valves made of high alloyed, austenitic 
steels X33CrNiMn23-8 and X50CrMnNiNbN21-9 in cyclic thermal shocks conditions on test rig which are 
simulating real work of exhaust valves of self ignition engines. 

On the base of performed corrosion tests of highly alloyed, austenitic steels X33CrNiMn23-8 and 
X50CrMnNiNbN21-9 in conditions of cyclic thermal shocks simulating operation of the valves in self-ignited 
combustion engines, were stated that even small simultaneous reduction of Cr content below 23 % and Ni 
up to 3 % (parallel replacing lacking amount of Ni by Mn) is caused with strong reduction of corrosion 
resistance of valve steels in exhaust gases at temperature of 973 K and dramatic reduction of corrosion 
resistance of these steels at temperature of 1173 K. 

Keywords: valve steel, exhaust gases, oxidation rate 

1. INTRODUCTION 

Exhaust valves, having decisive effect on tightness of combustion chamber and outflow of extremely 
corrosion aggressive and hot exhaust gases to the exhaust system, exert considerable influence on 
durability and operational advantages of combustion engines and exhaust systems with catalytic 
converters. 

Temperature measurements of exhaust valves operated in thermally and mechanically heavy loaded self-
ignited engines have shown that exhaust gases having temperature from about 1000 to about 1273K, 
flowing out from cylinder through exhaust slots between valve face and valve seat, with velocity of about 
560 to 670 m/s, heat-up bimetallic exhaust valve heads in self-ignited engines to temperature of about 
1050K [2]. 
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To assure high heat resistance of the exhaust valves, i.e. high heat resistance in strongly oxidizing 
environment of hot exhaust gases from combustion of Diesel fuel [3] (Tab. 1), as well as high resistance to 
mechanical deformations at high and increased temperatures, i.e. resistance to low - and high-temperature 
creep [4], valve heads of modern bimetallic exhaust valves are usually produced from two grades of high 
temperature resistant austenitic valve steels having chemical composition specified in the Tab. 2 below [5]: 

 Tab. 1 Average content of oxidizers in exhaust gases from self-ignited engines [3] 

Component of exhaust gases, % volume 

Oxygen Carbon oxide Water vapour 

2.0 …18.0 0.5…4.0 0.01…0.5 

 Tab. 2 Chemical composition of the steels used to production of exhaust valves to spark-ignited and self-
ignited engines [5] 

Grade of steel 
Chemical composition, % wt. 

C Cr Ni Mn Si Nb W 

X33CrNiMnN 0.28…0.38 22.0…24.0 7.00…9.00 1.5…3.5 0.50…1.00 - - 

X50CrMnNiNbN 0.45…0.55 20.0…22.0 3.50…5.50 8.0…10.0 < 0.45 1.80…2.50 0.80…1.50 

X53CrMnNiNbN 0.48…0.58 20.0…23.0 3.25…4.50 8.0…10.0 < 0.25 - - 

X55CrMnNiN 0.50…0.60 19.5…21.5 1.50…2.75 7.0…10.0 < 0.25 - - 

Performed in BOSMAL Automotive R&D Institute numerous analyses of a root causes of exhaust valves’ 
damage have shown that process of long-term heating of the valves in strongly oxidizing environment of 
hot exhaust gases, except defective structure of stellite pad welded on valve faces, can constitute one from 
important causes of damage of thermally and mechanically highly loaded valve faces, what in conditions of 
cyclic variable thermal stresses and shocks, and simultaneous surface oxidation and diffusive reduction of  
C and alloying additions in thin near-surface layers of the steel, can lead to reduction of active cross-section 
of valve heads and stems, followed by deformation of exhaust valves, and damage or failure of combustion 
engine. 

Investigation of an effect of Cr, Ni, Mn and Si content on oxidation rate of valve steels in exhaust gases from 
combustion of Diesel fuel with additive of 5% bio-components at temperatures of 973 and 1173 K 
constituted the main objective of the present work. The tests were performed in conditions of working self-
ignited engine on durability test bench. 

2. EXPERIMENT 

Tests of oxidation rate of valve steels in exhaust gases from turbocharged (with use of VGT-type 
turbocharger), four cylinder, self-ignited engine having max power output of 66 kW at 4000 rpm and max 
torque of 200 Nm at 1750 rpm were performed on a specimens in form of discs with diameter of about  
16 and 19 mm, and thickness of about 1mm, turned from bars having diameter of about 17 and 20 mm 
respectively, purchased as industrial heat of highly alloyed austenitic valve steels of X33CrNiMnN238 and  
X55CrMnNiN208 grade, having chemical composition listed in the Tab. 3. 
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 Tab. 3 Chemical constitution of investigated valve steels 

Steel 
Chemical analysis, % wt. 

C Cr Ni Mn Si Mo W N S P 

X33CrNiMnN23-8 0.35 23.40 7.82 3.30 0.63 0.11 0.02 0.28 <0.005 0.014 

X55CrMnNiN20-8 0.55 20.00 2.30 0.17 0.17 0.11 - 0.38 <0.005 0.030 

Above mentioned steels contain also 0.28 and 
0.38% N respectively. 

Specimens to tests of oxidation rate of valve steels 
in exhaust gases of Diesel fuel, after spot drilling of 
E 2 holes in distance of about 2 mm from edge of 
the specimen were grinded and polished with use 
of a suitable abrasive papers and compounds, and 
next were washed in methyl alcohol and dried in 
stream of compressed air, and next underwent 
oxidation in exhaust gases of Diesel fuel with 
additive of 5% bio-components, i.e. methyl esters 
of higher fatty acids in condition of cyclic thermal 
shocks simulating operation of the exhaust valves 
inside self-ignited engine, i.e. rapid heating the 
specimens to temperature of 973 K and to 
temperature of 1173 K, and next, holding at the 
above mentioned temperatures during 2 hours and 
cooling in room temperature for about 25 min (Fig. 1). 

The specimens oxidized in a determined time intervals, i.e. during initial stage of the oxidation every 24 
hours, and after elapsed time of 200 hours, every 50 hours of the oxidation, were taken from working 
chamber of the reactor tube and next cooled down to room temperature, and next, cleaned mechanically 
and with use of compressed air from scale layer. After cleaning, the specimens were weighted in air-
conditioned room with use of analytical balance. Whereas, oxidation rate was investigated by 
measurement of loss or growth of mass of oxidized specimens with reference to initial surface of the 
specimens [g/cm2], and in the following step, results of the measurements were related to duration of 
oxidation of the specimens in conditions specified above. 

3. DISCUSSION OF TEST RESULTS 

Performed comparative tests of oxidation rate of highly alloyed, austenitic valve steels of X33CrNiMnN23-8 
and X55CrMnNiN20-8 grade in exhaust gases of Diesel fuel with additive of 5% methyl esters of higher fatty 
acids have shown unusually high corrosion resistance of the steel having chemical analysis of 23.40% Cr, 
7.82% Ni, 3.30% Mn and 0.63%Si, i.e. highly alloyed austenitic valve steel of X33CrNiMnN238 grade. 

Fig. 1 Test bench to corrosion resistance tests of 
valve steels in exhaust gases of Diesel fuel: 1 – 

furnace, 2 – glass tube reactor, 3 – pipe, delivering 
exhaust gases from exhaust collector to reactor 
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The tests of oxidation rate have shown, that 
average mass of the specimens at 
temperature of 973K, except initial slight 
reduction with about 0.0002 g/cm2 after 72 
hours of oxidation (30 thermal cycles) 
remains unchanged, in spite of further 
simultaneous growth of number of thermal 
shocks to 250 thermal cycles and oxidation 
time to 600 hours (Fig. 2, curve 1a and Fig. 
3). Lower oxidation rate at temperature of 
973K was demonstrated, however, by the 
steel with a smaller content of Cr and Ni, 
20.0 and 2.30% respectively, as well as 
content of Mn and Si, about 0.17% each, i.e. 
highly alloyed austenitic valve steel of 
X55CrMnNiN20-8 grade, where average 
mass of specimens oxidized in result of 
successive thermal shocks, intensive cracking 
and falling out scale was reduced with about 
0.1955 g/cm2 after 600 hours of oxidation 
(250 thermal cycles) in exhaust gases of Diesel 
fuel with additive of 5% bio-components (Fig. 
2 curve 2a and Fig. 3). 

 

Fig. 3 Macroscopic surface’s image of specimens cut from 
valve steel: 

1a - X33CrNiMnN23-8 and 2a - X55CrMnNiN20-8 after 
oxidation at 973K for 600h under thermal shock conditionsin 

combustion gasesof Diesel fuel with additive of 5% bio-
components 

 

 

Temperature increase of exhaust gases from combustion of Diesel fuel with addition of 5%  
bio-components with 100 K, i.e. from 973 to 1173 K, however, exerted slight effect on oxidation rate  
of X33CrNiMnN23-8 steel, where after initial stage of the oxidation process, i.e. after 72 hours (30 thermal 
cycles) average mass of the specimens, in spite of cyclic thermal shocks, increased with about  
0.00056 g/cm2; whereupon underwent a smooth reduction together with increase of oxidation time to 150 
hours, and next changed nearly stepwise to about 0.0151 g/cm2 after 200 hours of oxidation (83 thermal 
cycles). On the other hand, further increase of the oxidation time resulted in extremely smooth loss of 
average mass of the specimens to about 0.0234 g/cm2 after 600 hours of the oxidation, i.e. after about 250 
thermal cycles (Fig. 5 curves 1b and Fig. 6). However, increase of exhaust gases temperature to 1173 K 

Fig. 2 Corrosion behaviour of austenitic valve steels: 
 1a - X33CrNiMnN23-8 and2a - X55CrMnNiN20-8 at 973K 

for 600 hrs. Specimens were oxidized under thermal 
shock conditions in combustion gases of Diesel fuel with 

additive of 5% bio-components 
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exerted extremely strong influence on oxidation rate of X55CrMnNiN20-8 steel, where specimens with 
diameter of about 19 mm and thickness of 1mm, in result of numerous cyclic thermal shocks, intensive 
cracking and scale falling out, underwent complete destruction after about 70 hours of oxidation, i.e. after 
about 30 thermal cycles (Fig. 4 curves 2b and Fig. 5). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Corrosion behaviour of austenitic valve 
steels:  

1b - X33CrNiMnN23-8 and 2b - X55CrMnNiN20-8 
at temperature of 1173 K after oxidation for 600 

and 70 hrs. respectively, under thermal shock 
conditions in combustion gases of Diesel fuel with 

additive of 5% bio-components 

Fig. 6 Corrosion behaviour of highly 
alloyed austenitic valve steels: 

1 - X33CrNiMnN23-8 and 2 - 
X55CrMnNiN20-8 at temperatures: a 

– 973 K and b – 1173 K after 
oxidation under thermal shock 

conditions in combustion gases of 
Diesel fuel with additive of 5% bio-

components 

Fig. 5 Macroscopic surface’s image of 
specimens cut from valve steels: 

1b - X33CrNiMnN23-8 and 2b - 
X55CrMnNiN20-8 after oxidation at 

temperature of 1173 K during 600 and 70 hrs. 
respectively. The specimens were oxidized 

under thermal shocks conditions in 
combustion gases of Diesel fuel with additive 

of 5% bio-components 
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4. SUMMARY AND CONCLUSIONS 

Performed tests of oxidation kinetics of X33CrNiMnN23-8 and X55CrMnNiN20-8 valve steels in combustion 
gases of Diesel fuel with additive of 5% methyl esters of higher fatty acids have shown that the lowest 
oxidation rate under conditions of cyclic thermal shocks, simulating operation of the valves  
at temperature of 973 K and 1173 K, was demonstrated by X33CrNiMnN23-8 steel containing 23.40%Cr,  
7.82% Ni, 0.63%Si and 3.30% Mn (Fig. 6 curves 1a and 1b respectively). Tests of the oxidation rate of valve 
steels in conditions of cyclic thermal shocks at temperature of 973 K and 1173 K have also demonstrated, 
that reduction of Cr content from 23.40 to about 20%, (i.e. to a content assuring selective oxidation of Cr) 
and reduction of Ni content from 7.82 to 2.30% [6] at simultaneous reduction of Mn and Si content 
respectively to about 0.17%, results in strong growth of oxidation rate of X55CrMnNiN20-8 steel  
at temperature of 973 K (Fig. 6 curve 2a) and nearly catastrophic growth of the oxidation rate at 
temperature of 1173 K (Fig. 6 curve 2b). 
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Abstract 

Plasticity of two high manganese steels containing approximately 27 wt. % of manganese, 7 wt. % of 
aluminium and different nickel and copper addition being in ratio aproximatelly equal 1 and/or 1.5 in 
temperature interval from 600°C to 1150°C was investigated. Strength properties, dilatometric 
measurements of presented phases and mathematical stacking fault energy calculation were part of 
solution. The work analyses the found parameters and those confronts both with micro-fractographic and 
microstructure evaluation of studied steels types and literature piece of knowledge.  

Keywords: TRIPLEX steel, reduction of area, strength, micro-hardness, micro-fractography 

1. INTRODUCTION  

High manganese steels both of the TWIP and of the TRIPLEX type show a high attractivity for automotive 
industry. Strength and plastic response expressed as reduction of area (RA) play an important role at study 
of deformation mechanisms and defect propagation. It is known that material properties are strongly 
dependent not only on temperature and realised deformation mechanisms. Transformation processes play 
also a role [1, 2]. During cooling process the strengthening of materials is going up, however, in most 
materials, especially on the basis of the C-Mn steels trough formation of plastic response in the region of 
approximately 600-700°C and of 850-1000°C can be detected [3- 6]. Nucleated cracks are propagated along 
the primary austenite grain boundaries. Microscopically the cracks show ductile appearance with 
microcavities formation, their growth and coalescence. The strain rate naturally also plays a role because 
during slower strain rates diffusion processes can get ahead unlike faster strain rates supporting more 
favourable response of reduction of area (RA) [2, 4, 7]. 

In case of the TRIPLEX steels the situation is rather different. Firstly, the TRIPLEX steels shows the FCC basic 
structure with minimal V-ferrite presence thanks higher aluminium (over 6 wt. %) content after casting and 
rolling. Uniaxial state of stress is kept during all deformation process. Higher aluminium addition always 
means more complications during manufacturing of the given steel types in consequence of its high affinity 
for oxygen and also strong bonding to nitrogen. For optimised properties of TRIPLEX steel, manganese, 
carbon and aluminium contents should be balanced according Schumann´s diagram [8, 9].  

Kang et al [10] studied plasticity of the TWIP matrix showing the RA fall in the temperature area of 700°C. 
The lower RA values were connected with the AlN formation. The similar RA decrease observed Cagala et al 
[11] on the high manganese steels with different manganese content and approximately with 6 wt. % of 
aluminium. Plasticity characteristics of the TIPLEX type in particular, have not been generally focused on 
manganese material with nickel and copper additions which can improve plasticity, strengthening and 
corrosion resistance as well. Consequently, it is the goal of the presented work.  



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

666 

2. EXPERIMENTAL PROCEDURE 

For casting of high manganese materials, the Leybold-Heraeus vacuum induction furnace was used which 
was equipped with a rotational and roots pump. High pure alloys can be made in it. Ingots used for internal 
needs of the research are of 800 g weight and 200x35x20 mm dimensions. Melting was carried out in Al88I 
corundum crucibles made by Capital Refractories at 5-10 Pa pressure and 12 kW output. For complete 
melting, 120-180 seconds holding time was included and the alloy was cast in vacuum into a cast-iron 
mould. The aim of the holding time was all additions to be dissolved and homogenization of the alloy. After 
two – three hours, the mould was pulled out and the ingot was cooled down in the ambient air. 

 

 Tab. 1 Chemical composition of studied TRIPLEX steels  
steel C Mn Al Si P* S* N* Ni Cu Cr V Fe 

[wt. %] and/or * [ppm] 
1109 0.64 26,4 7.41 0.40 140 199 44.53 1.00 0.72 0.07 0.006 bal. 
1075 0.48 26.6 7.04 0.31 170 189 38.23. 1.01 1.05 0.07 0.006 bal. 

 

After casting, a transversal specimen was cut-off from each ingot for a control chemical analysis, results 
given in Tab.1 and for a control metallographic analysis which was performed with the help of the 
OLYMPUS X70 light-microscope. In the central and subsurface areas of ingots, micro-hardness (HV0.3) was 
determined using the LECO 2000 micro-hardness tester. After cutting-up and mechanical working of the 
ingots, 3 tensile tests were carried out with 4 mm diameter specimens of each heat type and for the given 
temperature. The follow-up measurement led in tensile loading of the specimens at 20°C temperature and 
then in the range of 600°C to 1100°C on the INOVA electromechanical load machine with 20 kN loading 
force range. Heating was realized in a graphite furnace to the chosen temperature, e.g. 1100°C, in 
consecutive steps, and that first to 800°C with speed of 3.33°C.s-1, to 970°C with speed of 83.10-2°C.s-1 and 
heating continued up to 1100°C with 166.10-3°C.s-1. After the required temperature being reached after 
300-second holding time, the test was started. The crossbar movement was set to 0.1 mm.s-1 feed speed. 
The test rod temperature was measured by a Pt/PtRh thermocouple placed in a hole of the furnace casing. 
In order to avoid decarburization and oxidation of a specimen, the measurement was performed in the 
inert argon atmosphere. After tensile tests had been carried out at room temperature and in the 
temperature range of 600°C to 1100°C, attention was focused on a micro-fractographic analysis which was 
performed by use of the eXEPLORER electron microscope made by ASPEX which was equipped with the 
energy-dispersive analyser EDAX (SCIENTIFIC INSTRUMENTS). For both material types, stacking fault energy 
(SFE) was calculated according to the concept given in the work [12].  

3. RESULTS AND DISCUSSION 

At normal temperature, the SFE corresponded to 119.9 mJ.m-2 for steel 1109 and to 115.9 mJ.m-2 for the 
steel 1075. The difference of 4 mJ.m-2 in the SFE values is due to higher carbon content of the steel 1109 
(by 0.161 wt. %) and slightly higher silicium and aluminium additions. Especially the last mentioned element 
significantly influences the SFE [13]. Regarding copper its effect is comparable with the silicium. In steel 
1075 copper is 1.5 times higher unlike the steel 1109, however, in given case it represents un-significant 
difference of 0.35 wt. %. In as-cast state microstructure of the steel 1109 represents Fig. 1 and 
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microstructure of the steel 1075 Fig. 2. As it from the mentioned Figs follows both steel show sure in-
homogeneities under surfaces. In case of the steel 1109 it reaches 0.60 mm to the matrix (see Fig. 1a) and 
for the second investigated steel it is maximally 0.46 mm under surface (see Fig. 2a). In the undersurface 
area lower cleanness of inclusions represents the observed in-homogeneities. By use of the SEM it was 
found the inclusions are mostly complex oxides on the basis of manganese, aluminium and silicium. It can 
be said the steel 1075 shows a bit higher cleanness unlike the steel 1109. Moreover, microstructure of the 
steel 1109 is finer and dendrites show more uniform orientation as it follows from comparison of Figs. 1, 2. 
Such defect as porous of as-cast steel and/or shrinkage porosity was not observed, even when the 
specimens were taken from the ingot head where occurrence of these in-homogeneities can be highly 
presumable. Elementary released copper was not revealed. 
a)                        b)  

   

Fig. 1. Microstructure of the steel 1109 a) under surface, b) central area 

a)                        b) 

   

Fig. 2. Microstructure of the steel 1075 a) under surface, b) central area 
 

Micro-hardness of the both investigated steels was slightly higher in central areas in comparison with the 
under surfaces areas. On average it was by 4 HV0.3 in case of the steel 1109, respectively by 5 HV0.3 for the 
second steel. Micro-hardness of the steel 1109 was lying in the range of 119 to 213 HV0.3 with the average 
value of 213 HV0.3 and for the steel 1075 the interval was from 178 HV0.3 to 205. The average value 
reached 191 HV0.3. Generally, the steel 1109 showed higher level of micro-hardness. These results also 
confirm plotting of strength levels in dependence on temperature as can be seen in the Fig. 3 and 4. At 
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normal temperature the strength of the steel 1109 corresponded to 752.6 MPa and this value was by 53.2 
MPa higher than in case of the steel 1075. With increasing temperature in the interval from 16°C to 1100°C 
measured strength levels of both investigated steels were sinking. At 1100°C the steel 1109 showed 
strength level of 49.3 MPA which represents decrease of 703 MPa. At the same temperature the steel 1075 
had the strength at the level of 48.5 MPa which amounts to 650.9 MPa difference between the 
temperature of 16°C and 1100°C.  

Generally higher strength level of the steel 1109 firstly higher carbon content (by 0.17 wt. %) can elucidate. 
In connection with chemical composition it is also necessary nickel and copper take into consideration. 
Presented nickel in steel is able to increase the solubility of copper in austenite, hereby to increase the 
strengthening through the solid solution [14] and in this way also to prevent the deposition of elementary 
copper and its segregation along the primary grains or dendrites. The other positive is a higher 
anticorrosive resistance of the basic matrix. The ratio nickel to copper should be minimally 0.5 in case of 
high cleanness of matrix. According Mintz [15] and the work [16] the ratio should be minimally 1, because it 
is necessary to take into consideration possible higher oxidation process and fact that the compensate 
effect of nickel can be degradated by possible presence of e.g. antimony or tin [16]. The steel 1109 showed 
the ratio nickel to copper 1.4, whereas for the steel 1075 it was practically 1. In any case the copper should 
be soluble in solid solution in the steel 1109 and through that contribute to strengthening increase. In case 
of the steel 1075 the ratio of nickel to copper was lower than 1 and so the lower strengthening effect 
through the solid solution could be awaited, even when the copper level of the steel 1075 was higher than 
in the steel 1109. On average the steel 1109 showed by 19.6MPa higher strengthening and between normal 
temperature and 1100°C the differences were lying in range of 53.2 MPa to 0.5 MPa. In both investigated 
variants decrease in plasticity expressed as reduction of area (RA) was detected in the range of 600°C to 
800°C. The maximal diminution was registered at 700°C. For the steel 1109 the RA values were at the 
average level of 8.32 % and for the steel 1074 it was 12.58 %. The difference between the both steels 
corresponded to 4.26 %. In mentioned interval the formed aluminium nitrides were the reason of the RA 
decrease. In the steel 1109 was also detected nitrogen content by 6.3 ppm higher than in case of the steel 
1075. The aluminium nitride particles were also revealed on the fracture surfaces of the tensile tests bars 
using SEM as it Fig. 5 shows. 

 

1109

0

100

200

300

400

500

600

700

800

0 300 600 900 1200
temperature (°C)

TS
 (M

Pa
)

0

10

20

30

40

50

60

70

RA
 (%

)

TS

RA

1075

0

100

200

300

400

500

600

700

800

0 300 600 900 1200
temperature (°C)

TS
 (M

Pa
)

0

10

20

30

40

50

60

70

RA
 (%

)

TS

RA

Fig. 3.Strength and reduction of area (RA) in 
dependence on temperature for steel 1109 

Fig. 4. Strength and reduction of area (RA) in 
dependence on temperature for steel 1075 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

669 

a)                        b) 

50 μm

   

Fig. 5. Steel 1109 at 700°C a) fracture surface, b) X-ray analysis of AlN particles and oxides 

The steel 1109 showed higher volume fraction of nitrogen and slightly higher aluminium content than the 
steel 1074 as it the Tab. 1 demonstrates. On the fracture surfaces of both steels complex particles of 
aluminium oxides with manganese, eventually oxide sulphides were also detected. In any case higher 
aluminium and nitride contents favour intensive AlN precipitation, as it was also observed in work [10]. For 
suppressing of Al2O3 as a second detrimental phase for plasticity Kang et al [10] recommended addition of 
Ca to the heat, so that CaS would be formed and being able to bind to oxygen. In range of 700°C to 1000°C 
the reduction of area showed increasing tendency and 30.28 % (the steel 1109) and 41.09 % (the steel 
1075) of the RA was reached, however between the temperature of 1000°C to 1100°C of the steel 1109 the 
RA went down by 8.6 % and showed 21.68 % of the RA, while the steel 1075 reached the maximal level at 
1100°C as Figs. 3 and 4 show. In work [10] authors reached the maximal RA level of 40 % at 1000°C with 
1.52 wt. % of aluminium and 170 ppm of nitrogen and the minimal RA level of about 10 % at 750-800°C 
thanks the AlN precipitation investigating a heat with 1.52 wt. % of aluminium and 2.13 times higher 
nitrogen content than was detected in the steel 1109. The elimination of detrimental aluminium bonded in 
nitrides could be through addition of micro-alloyed elements. Bleck [17] applied two steel types with micro-
alloying on the basis of B-N and Ti-B-N, however he did not solved problem of plasticity and it goal was 
strengthening after various cooling rates from the 1000°C.  

4. CONCLUSIONS  

Hot ductility expresses as reduction of area (RA) of two TRIPLEX steels which differed in nickel and cooper 
contents was investigated. The steel 1109 with ratio of both elements of 1.4 showed the stacking fault 
energy (SFE) at the level of 119.9 mJ.m-2, whereas the steel 1075 with the above mentioned ratio of 1 
practically had the SFE 115.9 mJ.m-2. Both materials showed in-homogeneities in cleanness under surfaces. 
In case of the steel 1109 it was 0.60 mm under the surface and for the steel 1075 0.46 mm. Noticeable 
porosity was not observed. The average micro-hardness (HV0.3) of the steel 1109 corresponded to 213 
HV0.3 and for the steel 1075 to 191 HV0.3 after casting. The reason was the higher carbon content of the 
steel 1109. The same trend was observed in case of the strength at normal temperature. 
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With higher temperature of testing (up to 1100°C) the strengthening decrease was observed. In any case 
the steel 1109 showed higher values of mentioned parameter and on average it was by 19.6 MPa in frame 
of the all temperature interval (16°C-1100°C). Absolute differences ranged from 53.2 MPa to 0.5 MPa.  

The RA values were generally higher in case of the steel 1075. Differences were not too high. In the range 
of 600°C to 800°C important decreasing of the RA (about 12.5 % and 15.5 % on average for the steel 1109 
and 1075) from 60 % (the steel 1109) and/or 57 % (the steel 1075) registered at normal temperature was 
revealed. The reason of the RA fall was AlN precipitation. The steel 1109 showed higher Al (by 0.30 wt. %) 
as well as nitrogen content (by 6.3 ppm) in comparison with the steel 1075. Observed complex inclusions 
close the fracture surface could elucidate the RA decrease of the steel 1109 at 1000°C and 1100°C. Steel 
1109 with higher Ni/Cu ratio showed narrowed trough unlike the steel 1075 with its shift by 80°C. 
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Abstract  

The classical methodology for testing physical-mechanical properties of metallic materials usually requires 
laboratory conditions such as pulled-press equipments and usually takes a high costs. Sometime, these 
methods cannot be used to evaluate quality of weapon barrel steels under individual standards. This article 
presents an exploding experiment method for evaluation physical-mechanical characteristics of weapon 
barrel steels. The theoretical background of an explosion and effects of exploding wave on surface of an 
experimental metallic example is modelled and numerically simulated using 2D and 3D AUTODYN. The 
experimental procedure for evaluating quality of a metallic material example is implemented with high 
ability for practical application. This procedure has been used for testing quality of new metallic materials 
test-manufactured in the Department of Material Technology, Institute of Weapons as well as it is used for 
quality quick-test of weapon barrel steels made by metallurgical factories in Viet Nam.  

Keywords: Exploding experiment, barrel steels, metallic material testing, gun steels 

1. INTRODUCTION 

The weapon barrel is considered as an equipment which works in special conditions, very high gaseous 
product pressure (up to 250 MPa) and very high temperatures (up to 3500 0K), this phenomena occurs in a 
very short time period (up to 10-3 s 2 10-2 s). Gaseous product pressure reaches to a maximal value (peak 
point) at a point near to barrel bottom. The barrel of the 152 mm Self-propelled Howitzer ver.77, 
temperatures, and pressure in the barrel during firing cycle are depicted in Fig. 1 (on the left), see [3], [5].  
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Fig. 1: The bore barrel and firing loads of the 152 mm Self-propelled Howitzer ver. 77 (riffles not depicted) 
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The high propellant gaseous product pressure is loaded on inner surface of the barrel bore and induces a 
stress status in the barrel’s wall that is described in Fig. 1 (on the right), see [2], [4], [7].  

If the maximum pressure developed in the combustion chamber or bore exceeds the elastic pressure of the 
gun barrel at any axial location, “permanent bore expansion” can result. In extreme cases, very high 
pressure can cause the barrel walls to rupture.  

If the barrel material is brittle, the gun barrel can catastrophically “burst”. If the material is more ductile, 
“gas leakage” will occur, a far more preferable outcome than bursting.  

Even at somewhat lower pressure, micro-cracks can form on the surfaces of the combustion chamber, 
forcing cone, and/or bore due to the firing environment. Over many hundreds or thousands of firing cycles, 
these can grow, coalesce, and eventually break through the barrel wall by a process known as “fatigue”. 

Finally, unacceptable loss of material can occur on the forcing cone or bore that is caused either by the 
action of the hot gases passing over them at high velocity (a process called “erosion” which typically has 
thermal, chemical and/or mechanical bore degradation components) and/or by the projectile moving 
through the bore and interacting with the barrel walls (a process known as “wear”, which only has a 
mechanical bore degradation component).  

In order to satisfy strength and service life of the barrel and to mitigate the above potential modes of 
failure, one of the important technology solutions is use of compatible quality steels for machining barrel. 
In general, modern gun barrels are manufactured from low alloy steel forgings. Steel has been found to be 
excellent material for this application due to its balanced combination of high elastic yield strength, surface 
hardness, ductility/fracture toughness, modulus of elasticity, end melting point. These properties enable 
the resulting gun barrel to be resistant to all of the potential failure modes described above. However, the 
desire for ever-increasing performance characteristics of weapon system in recent years has required that 
guns operate at higher pressure, as well as increased firing rates and durations. Further, the trend has been 
to utilize more energetic propellants that have higher flame temperatures and rates of bore degradation. 
Designers of gun barrel are under constant pressure to reduce weight, resulting in thinner walls, reduced 
thermal heat sink, and higher barrel operating temperatures. All of the above tend to increase the rates of 
wear and erosion inside the gun barrel, despite gun steel’s excellent combination of properties.  

A very important procedure of gun barrel production technology is experimental procedure for gun barrel 
steels before machining. Due to the above-mentioned high-intensive operating environment of the barrel, 
the use of standard experimental methods for metallic materials quality test are not enough for evaluating 
gun steels. In order to simulate large most practical physical phenomena during firing cycle, it is necessary 
to apply an exploding experiment for evaluating gun steels. 

In the following section we will study the typical responds to blast loads of a hollow steel tube.  

2. THE SIMULATION OF RESPONDS TO EXPLODING LOADS OF HOLLOW STEEL TUBE USING AUTODYN  

The non-linear analysis software AUTODYN-2D and 3D offer features and capabilities which allow us to 
model and simulate non-linear phenomena such as impact solids, explosion, interaction between solids as 
well as between solid and fluid flow (CFD). Importantly, the both include all the required function for model 
generation, analysis and display of results in a single graphical menu-driven package [1], [6].  

AUTODYN offers some of solver for users to suite with different problem types. We will establish model of 
the hollow steel tube with an explosive core and simulate its responds caused by blast load using 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

673 

AUTODYN. In order to simulate this problem we will choose the 2D multiple materials Euler Solver that is 
characterized by a fixed Euler mesh, through which materials flow during exploding process. Thus, it is 
necessary to set up boundary conditions for the problem. In this case Flow-out procedure of Boundary 
condition function is used to set up flow-out boundary condition for the problem. Axial symmetry selection 
allows us to reduce quantity of elements and nodes of FEM model to suite for calculation in PC whose 
processor speed is limited. The model is described in Fig. 2, including 3 gram of TNT explosive which is 
equivalent to a solid explosive cylinder with diameter of 14 mm, length of 12 mm; a hollow steel tube made 
of 1006 Steel, 4340 Steel or Steel 45 etc. with inner diameter of 14 mm, outer radius of 28 mm, length of 60 
mm, air is defined as a component of Euler mesh but not depicted here; detonation point in red colour, 
gauge points 1, 2 and 3 are on equal distances of 5 mm.  

 
Fig. 2: The axial symmetrical model of the hollow steel tube and explosive core in AUTODYN, gauge points 

1, 2, and 3, detonation point in red colour 

 Tab. 1: Some of physical- mechanical properties of Steel 1006 and Steel 4340 

 Bulk modulus 
(kPa) 

Reference density 
(g/cm3) 

Specific heat 
(J/kg0K) 

Shear modulus 
(kPa) 

Yield stress 
(kPa) 

Hardening 
constant (kPa) 

Steel 1006 8.180e7 7.896 451.999 8.180e7 3.500e5 2.750e5 

Steel 4340 1.590e8 7.830 476.999 8.180e7 7.920e5 5.100e5 

The result of simulation at time point of 4.38e-2 ms is presented in Fig. 3 (on the left). The material bulge 
occurs at the point explosive placed. The maximum diameter of the bulge depends on physical-mechanical 
properties of experimental material. The values of the young’s modulus, shear modulus, yield modulus, 
strength, and ductility/fracture toughness etc. of the experimental metal is higher, the value of maximum 
diameter of bulge is smaller, and oppositely, physical-mechanical characteristics of the example is smaller 
the value of the bulge is greater. By measuring the maximal diameter of the examples after blast at 
detonation point, length and quantity of fractures we can evaluate accurately quality of the examples. 
Material status of the steel tube at time point 4.38e-2 ms is shown in Fig. 3 (on the right). Radial 
deformation velocity and deformation value for Steel 45 at gauge points are shown in Fig. 4. It is clear that 
elastic and plastic status of metallic example occur simultaneously in material structure, especially 
intensively at point where the explosive core placed. The plastic deformation of steel tube can be used to 
evaluate quality of the metallic material. Physical-mechanical characteristics of Steel 1006 and Steel 4340 
are shown in Tab. 1. 
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Fig. 3: The simulation result of the problem at 0.0438 ms, boundary conditions in orange colour (on the 
left); The material status and bulge phenomena of the steel tube caused by exploding load (on the right) 

 
Fig. 4: The radial deformation velocity (on the left) and radial deformation (on the right) of Steel 45 

measured at gauge points 1, 2 and 3 

The simulation of the problem in AUTODYN is implemented for different gun steels that are made in 
Russian Federation, the simulation results are shown in Tab. 2. 

 Tab. 2: The AUTODYN simulation results of different gun steels 

 Max. Bulge at gauge points Min. Density of 
gauge point 1 

( / 3)

Max. Pressure at 
detonation point 

(kP )

Temperature at 
gauge point 1 Point 1 Point 2 Point 3 

45 1.45 1.12 0.87 7.62 4*10e6 393 

35WWXXCA 1.30 0.75 0.25 7.67 4*10e6 393 

OXH1M-70 1.21 0.69 0.19 7.71 4*10e6 393 

OXH1M-75 1.20 0.65 0.18 7.73 4*10e6 393 

OXH2M 1.30 0.77 0.22 7.68 4*10e6 393 

OXH3M-70 1.25 0.71 0.19 7.72 4*10e6 393 

OXH3M::A-80 1.23 0.70 0.17 7.72 4*10e6 393 
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3. THE EXPERIMENT FOR EVALUATING QUALITY OF WEAPON BARREL STEELS 

The examples for exploding experiment are cut from the bottom of the barrel forgings. Schema for cutting 
examples and dimensions of an example are shown in Fig. 8 (on the left). 

 

    
Fig. 5: The schema for cutting examples (on the left), dimensions of an example (in the middle), and the 

exploding experimental schema for evaluating weapon barrel steels (on the right) 

 

The arrangement for exploding experiment is depicted in Fig. 5 (on the right), where there are following 
details: 1 and 6: PVC inserts, 2 and 5: fixed bases, 3: safety chamber, 4: steel example, 7: burning detonator, 
8: ignition device. The solid explosive cylinder is placed into the hollow steel tube at the middle point along 
its symmetrical axis and it is fixed against moving or rotating in the inner of hollow steel tube. The explosive 
core is detonated by the burning detonator combined with an electrical primer.  

The exploding experiment for evaluation of weapon barrel steels is implemented for 4 types of steels that 
are usually used in manufacturing gun barrels. The experiment results are compatible with calculation and 
simulation results, so the simulation model is suitable for studying exploding phenomena of an explosive 
core in a hollow steel tube. The bulges at three of gauge points are measured and presented in Tab. 3. By 
analyzing bulges, length of fractures and by observing shape of fractures, we can divide quality of gun steels 
into 5 quality levels as follows. 

� Quality level 1: Bulge only occurs at detonating point. Fractures cannot be observed clearly (micro-
cracks). 

� Quality level 2: Fractures and bulge only occurs at detonating point. Fractures can be observed 
clearly, the length of each fracture is not greater than 15 mm. 

� Quality level 3: Fractures and bulge only occurs at detonating point. Fractures can be observed 
clearly, their length may be greater than 15 mm but smaller than 30 mm. 

� Quality level 4: Fractures can be observed most clearly, their length is greater than 30 mm and may 
pass through the length of examples. 

� Quality level 5: Example is fragmented. 

By comparing bulge of the examples after exploding experiment with simulation results and the above 
quality levels, we can evaluate quality of gun steels as shown in Tab. 3. Imagines of some examples after 
exploding experiment and their respective quality levels are shown in Fig. 6. 
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 Tab. 3: The radial bulge of some steel examples after exploding experiments 

 

Quantity of 
experiment 
examples 

Maximum bulge measured 
at 

Quantity of steel examples in each 
specific quality level 

Place of 
productions 

Gauge 
point 1 
(mm) 

Gauge 
point 2 
(mm) 

Gauge 
point 3 
(mm) 

Level 
1 

Level 
2 

Level 
3 

Level 
4 

Level 
5 

45 5 1.65 1.2 0.54 0 5 0 0 0 
Russian 

Federation 
35WWXXCA 14 1.50 0.82 0.32 0 8 1 1 4 

OXH3M::A 10 1.32 0.81 0.30 9 1 0 0 0 

TSZ45-55 16 1.50 0.88 0.38 15 1 0 0 0 Viet Nam 

            
a) The quality level 1 

(OXH3M:A) 
b) The quality level 2 

(35WXCA) 
c) The quality level 3 

(35WXCA) 
d) The quality level 4 

(35WXCA) 
e) The quality level 5 

(35WXCA) 
Fig. 6: The exploding experimental results for weapon barrel steels 

According to experiment results, the 35WXCA steel is quite brittle, and its strength is not as high as others 
gun steels, an experiment example of this steel is fragmented as shown in Fig. 6. The 35WXCA steel has 
been used to manufacture barrels of some recoilless weapons such as B40, and B41 shoulder-launched 
anti-tank weapons etc. Practically, it is observed that, despite of quite low gaseous product pressure (30 to 
50 MPa) many gun barrels made from 35WXCA steel were bulged or fractured after hundreds of firing 
cycles.  

Weapon barrel steels are necessarily tested by the exploding experiment before applying for barrel 
manufacturing. Three examples are cut from each of barrel forging at the bottom and they are machined to 
have dimensions as shown in Fig. 5 (on the left and in the middle). The examples after exploding 
experiment need to satisfy quality requirements of quality level 1 to 3. If there is one example does not 
satisfy requirements of quality level 1 to 3, the barrel forging is eliminated.   

4. CONCLUSIONS 

The simulation results in AUTODYN-2D and 3D of the hollow steel tube loaded by blast pressure are variety 
such as material fracture, pressure, material damage, material crack, sound speed, material status (elastic, 
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plastic, hydro) etc. The material bulge of the metallic tube measured at the detonation point depends on 
quality of the tube’s material and is used to evaluate quality of the metallic material.  

One of the advantages of the blast experiment method for evaluation of steel quality is lower-cost as well 
as it can be used as a quick-test in industrial production of metallic materials. It is especially suitable for 
quality evaluation of steels which are used for production of gun barrels due to ability to simulate real 
conditions occur into gun barrel in a firing cycle.  

The future work is to simulate the exploding phenomena of explosive core in the hollow steel tube for 
more different types of gun barrel steels, to implement experiments and to measure parameters for 
establishing quality test standards for weapon barrel steels. 
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Abstract 

Common steel manufacturing processes often include multiple hot and cold deformation steps, followed by 
a subsequent heat treatment involving austenitisation of the alloy.  

It is well known that the energy and structure of defects that deformation introduces in the alloy is able to 
change its phase transformation behaviour. Indeed, as most mechanical and structural components require 
a carefully designed microstructure for optimum mechanical properties, understanding and accounting for 
changes in the phase transformation behaviour becomes of supreme importance. 

The effect of deformation on the kinetics of austenitisation from a mixture of ferrite and pearlite in a 
hypoeutectic steel has been investigated using dilatometry and electron microscopy.  

Two interesting principles emerge from this work. Firstly, slow heating can stabilise the initial 
microstructure such that austenite formation is retarded. Secondly, the combined effects of heating rate on 
the initial microstructure and on the kinetics of thermally activated processes, can lead to a minimum in the 
austenite-start temperature as a function of the heating rate. Otherwise, deformation accelerates 
transformation by adding to the stored energy in the initial microstructure. 

Keywords: deformation, heating, dilatometric test, austenitisation 

1. INTRODUCTION 

One of the main side effects of deformation in metals is the accumulation of residual stresses which can 
cause shape distortion when the component is annealed. Virtually all final shaping operations introduce 
some residual stresses [1]. 

There is another consequence of deformation that often is overlooked. The energy and the structures of 
defects that deformation introduces in steel can change its phase transformation behaviour [2, 3] The aim 
of the work presented here was to see whether deformation accelerates austenitisation in a manner similar 
to all reconstructive transformations. As will be seen, the actual effects are quite complex functions of 
strain and heating rate [4, 5]. 

2. EXPERIMENTAL PROCEDURE 

2.1. Sample material 

The composition of the material used in this study is shown in Tab. 1. Bars of the alloy were deformed by 
swagging to a final diameter of 8 mm. The initial diameters were chosen to produce a range of final 
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deformation levels. The calculation of strain assumes constant volume during homogeneous plastic 
deformation. The strain is given by 

ε= ln (
l f

l0
)= ln (

D0
2

D f
2 )

           (1) 

where ε is the true strain, l0 and lf are the lengths of the steel bar before and after the swaging process 
respectively, and D0 and Df are the corresponding diameters [6]. The strains achieved are listed in Tab. 2. 
Dilatometric samples were made of the swagged bars. The samples are hollow cylinders which have an 
outer diameter of 8 mm, and inner diameter of 5 mm with a length of 12 mm. Up to four different levels of 
deformation have been studied, including undeformed material.  

 Tab. 1: Chemical composition of steel used 
  C   Si   Mn   Cr   Ni   Mo  

wt.% 0.54 0.2 0.74 0.20 0.17 0.05 

 Tab. 2: Samples with four levels of strain have been considered, including undeformed material 
Sample D0 /mm Df /mm -ε 

UDF 8.0 8.0 0.0 
DFN 10.0 8.0 0.45 
DFD 12.5 8.0 0.89 
DFX 15.0 8.0 1.26 

2.2. Dilatometric tests 

Dilatometric tests were done using a Thermecmastor Z 
simulator, manufactured by Fuji Electronic Industrial Co. Ltd. All 
the experiments were done in vacuum (≈ 10-2 Pa) to prevent 
oxidation. The specimens are heated in this equipment using a 
high frequency induction coil. Cooling can be induced by gas (He 
or N) or by water quenching. He is used in practice because of its 
high heat capacity. Temperature was measured using a 
platinum/platinum-10% rhodium thermocouple, with an 
accuracy of ± 3oC. The variation in temperature along the 
specimen length is less than ± 10oC [7]. The radial dilatation of 
the specimen is measured using a He-Ne laser beam that 
continuously scans the surface of the specimen at mid-length, 
measuring its diameter with a precision of ±1 μm [7]. Data 
concerning temperature cycle and dilatation are registered on a 
computer for later analysis. Heating rates from 0.1oC /s to 
50oC /s have been used.  

Dilatometry is used to monitor the progress of phase transformations. Phases with different crystalline 
lattices have different thermal expansion coefficients. The expansion coefficient of a given phase is usually 
constant. Therefore a plot of dilatation against temperature during heating at a constant rate, for instance, 

 

Fig. 1: Schematic dilatometric curve 
showing the start and finish of 

transformation from ferrite and 
cementite (α + θ) to austenite (γ) during 

constant heating 
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gives a straight line. The slope of the line will be different for each phase, and therefore, deviations from 
the straight line indicate some phase transformation. Fig. 1 shows an example of a typical dilatometric 
curve in which the start and finish of the transformation from ferrite/cementite to austenite have been 
highlighted. For this purpose, the actual value of dilatation is not relevant, and only its variation should be 
taken into account. 

2.3. Microscopy and chemical analysis 

Samples for scanning electron microscopy (SEM) were mounted in conductive Bakelite, ground on SiC 
paper to 1200 grit and polished with cloth soaked with 1 μm diamond paste. The samples were etched with 
2% nital (2% concentrated nitric acid in methanol). A JEOL JSM-820 scanning electron microscope was used 
for medium to high magnification imaging using secondary electrons at 20 kV. Chemical analysis was done 
in a JEOL JSM 5800LV equipped with energy dispersive X-ray spectroscope (EDS) at 15 kV.  

3. RESULTS AND DISCUSSION 

3.1. Effect of deformation on austenitisation 

Deformation of the parent phase tends to accelerate the rate of reconstructive transformation. Nucleation 
and growth rates of austenite are increased by deformation [8].  

Comparisons of transformation at different heating rates (0.1, 1 and 50oC /s) for three different 
deformation levels (ε=0.0, 0.45 and 1.26) are presented in Figs. 2 and 3. Fig. 2 presents the dilatometric 
curves registered during the transformation to austenite during a slow heating experiment (heating rate of 
0.1oC /s), for three different levels of deformation, ε=0.0, ε=0.45 and ε=1.26. Fig. 3 shows the start and 
finish of austenite transformation for each heating rate considered (0.1, 1.0, 10 and 50oC /s) for both the 
undeformed (ε=0.0) and heavily deformed samples (ε=1.26). 

 

 

 

 

 

 

 

 

 

 

 

 

 

For each individual heating rate, an increase in the level of deformation leads to a decrease in the 
transformation temperature. However, when the changes in transformation kinetics are studied including 

 

Fig 2: Comparison between the 
dilatometric curves registered during the 
transformation to austenite during a slow 

heating experiment (heating rate of 
0.1oC /s), for three different levels of 

deformation, ε=0.0, ε=0.45 and ε=1.26

 

Fig 3: The temperature as a function of 
heating rate and deformation [ε=0.0 (solid 
line) and ε=1.26 (dotted line)]. (Lines are 

printed only as a guide) 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

681 

the effect of the heating rate, an initially surprising effect is observed. Both the start and finish 
transformation curves present minima at an intermediate heating rate. 

3.2. Effect of deformation on cementite spheroidisation 

The reduction of transformation temperature is not the only effect of deformation on the austenitisation of 
a hypoeutectoid steel. Deformation also influences the overall kinetics of austenitisation. The original 
microstructure consists of ferrite and fine pearlite. In the right circumstances, for example during slow 
heating, this initial microstructure can undergo changes before the austenite begins to form. Such changes 
can be accelerated when the sample is deformed before heating. One of the possible changes involves the 
spheroidisation of the lamellar cementite. It is expected that spheroidisation is more rapid in deformed 
alloys [9, 10]. The extent of spheroidisation is in turn likely to influence the subsequent formation of 
austenite. Therefore short heat treatments close to the critical austenite formation temperature or even a 
slow heating rate can modify the starting microstructure [11, 12].  

3.2.1. Slow heating rates 

Three more samples were studied to compare the effect of slow 
heating rates on the evolution of microstructure following 
deformation. The specimens were heated at 0.1 and 10oC /s to 
680oC followed by a quench to ambient temperature. Fig. 4 
shows the microstructure of a deformed (ε=1.26) sample 
heated at 0.1oC /s. It is evident that there is extensive 
spheroidisation. Fig. 5 shows the microstructure of another 
deformed (ε=1.26) sample heated this time at 10oC /s, with only 
mild spheroidisation. Finally, an undeformed sample was 
heated at the fast heating rate; and as Fig. 6 shows, the original 
microstructure is essentially retained. 

These examples show that at slow heating rates, and especially 
when the initial microstructure has been deformed, subsequent 
changes occur which may influence the development of 
austenite.  

3.3. Effect of microstructure 

The microstructure of an alloy influences the kinetics of 
transformation in several ways. Variations in the morphology 
and number density of cementite must influence the nucleation 
and growth of austenite. In pearlite colonies, austenite tends to 
nucleate at the ferrite/cementite interface on the edges of the 
colonies [4-5,13-14]. In ferrite/spheroidised cementite, 
nucleation occurs preferentially at the ferrite/cementite 
interfaces that lay at ferrite/ferrite grain boundaries [4-5,13], 
which represents a reduction of suitable potential sites when 
compared with pearlite colony boundaries. The coarseness of 

 

Fig 4: Microstructure of a deformed 
(ε=1.26) sample heated at a slow heating 

rate (0.1oC /s) showing the 
spheroidisation of cementite in pearlite 

 

Fig 5: Microstructure of a deformed 
(ε=1.26) sample heated at a fast heating 

rate (10oC /s) showing the partial 
spheroidisation of cementite in pearlite 
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the microstructure also defines the mean diffusion path for the atoms involved in reconstructive 
transformations, and must therefore influence the transformation rate [4-5,15]. The morphology of the 
phases involved partially defines their relative stability, via the ratio of surface energy to volume. Finally, 
some phases (i.e. cementite) may not have their equilibrium chemical compositions, which reduces their 
stability. Then, during slow heating or short heat treatments, as they are able to evolve towards their 
equilibrium composition, they become more stable [16]. This effect has been observed in the present case 
by comparing the composition of perlitic and spheroidised cementite, as described elsewhere [4-5,16].  

3.4. Combined effect 

As shown earlier, Fig. 3 represents the transformation-start during heating for undeformed and deformed 
(ε=1.26) samples. The two curves have similar shape, but the temperature is in all cases lower for the 
deformed samples. Deformation has accelerated transformation kinetics. It is not surprising that the 
difference between the two curves becomes smaller at high heating rates, since the transformation 
becomes promoted to higher temperatures, making the effect of initial differences in microstructure less 
important. 

There is nevertheless, that peculiar minimum at 10oC /s in both the curves as a function of heating rate. At 
the slowest of heating rates, the initial mixed microstructure of ferrite and pearlite becomes stabilised 
during heating prior to the formation of austenite. As already described, the stabilisation takes the form of 
the spheroidisation of the cementite lamellae in the pearlite, together with a shift in the chemical 
composition of the cementite towards equilibrium[4, 5]. 

However, these effects are reduced at intermediate heating rates, since the austenite then forms from an 
initial (not completely spheroidised) microstructure which has a higher free energy due to the greater 
interfacial area per unit volume and the non-equilibrium composition of cementite, therefore leading to a 
decrease in Ac1. 

At faster heating rates, in which spheroidisation does not have time to occur, austenite grows directly from 
pearlite. At very fast heating rates, the temperature at which austenitisation starts becomes higher, and 
the effect of deformation in the kinetics of phase transformation becomes less important compared to 
overheating.  

4. CONCLUSIONS 

The effect of deformation on the kinetics of austenitisation from 
a mixture of ferrite and pearlite in a hypoeutectic steel have 
been characterised. It is found that deformation in general 
accelerates the transformation rate, and at the same time it 
reduces the temperature at which spheroidisation of cementite 
happens and accelerates its kinetics.  

Spheroidised cementite is more stable than lamellar pearlite, 
and thus transformation to austenite from the later proceeds at 
a faster rate than from the former.  

At slow heating rates in deformed materials, spheroidisation 
occurs and stabilises the microstructure against transformation 

 

Fig 6: Microstructure of an undeformed 
sample heated at a fast heating rate 

(10oC /s) showing the absence of 
spheroidisation of cementite 
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to austenite. An annealing heat treatment performed at sufficient temperature, given the level of 
deformation of the alloy, can produce the same spheroidisation effect. At faster heating rates, austenite 
grows directly from pearlite, as spheroidisation does not have time to occur. At very fast heating rates, the 
temperature at which austenitisation starts becomes higher, and the effect of deformation in the kinetics 
of phase transformation becomes less important compared to overheating.  
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Abstract  

In this paper, the influence of low pressure conditions on the quenching ability of specialized vacuum 
quench oils in the cooling vacuum chamber is considered. It is demonstrated that the decrease of the 
chamber pressure causes a considerable reduction of the examined media cooling ability. It is proved that 
the cooling ability rate gradient is not the same for the different oils. That’s why the knowledge of oils’ 
cooling ability at atmospheric pressure conditions is not sufficient for the proper vacuum quenching oil 
selection. 

Keywords: Vacuum heat treatment, quenching ability, cooling ability, vacuum quench oil 

1. INTRODUCTION  

Recently, low pressure heat treatment techniques are in state of a significant interest. This is due to 
essential advantages of thеse treatments. Vacuum conditions are used as a protective environment in cases 
where oxidation or other negative effects on piece surface have to be avoided. Quenching is the 
predominant heat treatment operation in vacuum. The latter exists in two versions – like a heat treatment 
operation or as a part of the heat treatment process – for example carburizing – quenching – tempering. 
Because of the specific conditions in the cooling stage, oils or inert gases are used as a typical coolant at 
low pressure conditions. Nowadays, vacuum heat treatment installations’ manufacturers use inert gases for 
the cooling process stage. The main disadvantage of gas cooling is the low heat extract speed, which means 
low cooling rates. The changes in the cooling zone pressure or the gas speed are the ways for quenching 
ability improving. Nevertheless, the manufacturing of vacuum installations with oil quenching opportunity 
is still present. The main reasons are: 1) There are auteurs’ contradictory opinions about which cooler (oil 
or gas) is better to use. A point of discussion is not only the higher quenching performance (the piece 
hardness and strength) but also the deformations’ reduction and the crack appearance possibility [5, 6, 8, 
9]; 2) Despite the high speed and pressure (up to 40 atmospheres) [15] inert gases offer a lower cooling 
speed than the quenching oils. The use of a gas cooling for low-alloyed steels quenching is inexpedient and 
unsuitable; 3) High pressure gas quenching is more expensive than oil quenching. 

Some manufacturers offer vacuum installations with both opportunities – gas or oil quenching [5, 6, 10]. 
Such systems allow a choice between the coolers or a use of gas and oil in a define sequence. It is also 
known that the decrease in cooling zone pressure leads to a reduction of oils quenching ability. The lower 
pressure in the chamber, the worse the cooling ability [1-4,11]. So, the improvement of vacuum quench oils 
cooling performance in order to obtain a desirable details’ quality is an actual problem. At atmospheric 
pressure some ways for cooling performance improvement in real conditions are: agitation in laminar or 
turbulent flow and operation oil temperature increase. The reason for choosing these methods is their 
significant effect upon quenching performance, their comparatively low prize and easily realized. The low 
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quenching oils’ ability at low pressure conditions are well known and widely discussed in the literature. 
Nevertheless there is no data about the influence of the given above methods at low pressure conditions. It 
is proved that the cooling rate at vacuum conditions is influenced mainly by the pressure values. This is an 
additional opportunity for exert control upon quenching performance of oils. The right choice of pressure 
value or its appropriate variation during the cooling stage can lead to a considerable change of quenching 
ability in the desirable direction. 

In this work the pressure influence on quenching ability of the chosen vacuum quenching oils is 
investigated. 

2. METODOLOGY 

The investigation was carried out in one-chamber vacuum installation. The characteristics of the heating, 
cooling stages, the registration apparatus, as well as the information collector that follows the cooling 
stages are given in [2,12,13]. The specimen, used in this investigation was with a spherical shape (20 mm 
diameter) and made of cooper. A K-type thermocouple was brazed to its geometrical centre.  

The investigation results are represented by means of initial (time-temperature) cooling curves. The 
calculated curves described a cooling rate of the media (temperature-cooling rate) are given too. Except 
those two kind of curves the influence of the pressure values was determined by means of some local 
characteristic as follow: Vmax – maximum cooling rate; T(Vmax) – the temperature in which the maximum 
cooling rate is observe; Vp – average cooling rate for perlitic temperature interval. In this work the latter 
interval is define in the temperatures from 650 to 550�С; Vm - average cooling rate for martensitic 
temperature interval. This characteristic is determinate between 370-200�С, where the majority of steels 
undergo austenite - martensit transformation. 

The choosed in this investigation vacuum quenching oils are:  

� Durixol H222 – low viscosity, fast quenching vacuum quenching oil with outstanding bright quenching 
properties when used in batch type vacuum furnaces. Durixol H222 is suitable not only for quenching 
of tools with good hardenability but also for the quenching of a variety of parts made of medium- 
and low-alloyed steels. The viscosity of oil is 20 mm2/s at 40�С. The flash point is 196�С [14, 15].  

� Durixol H444 – medium viscosity vacuum quenching oil for tool hardening. The viscosity of oil is 55 
mm2/s at 40�С. The flash point is 228�С [14, 15]. Both oils are manufactured by Burgdorf, Germany.  

� ВМ-2 – medium viscosity vacuum quenching oil for steels with good hardenability (medium- and 
high-alloyed). The viscosity of oil is 57,7 mm2/s at 40�С The flash point is 242�С. The oil is 
manufactured by Prista-Oil, Bulgaria. 

3. RESULTS 

The initial cooling curves (time-temperature) as well as the cooling rate curves for the investigated oils are 
presented on Fig. 1. The results are obtained at atmospheric pressure and Toil = 20�C, without agitation. It is 
visible that both Durixol oils and the ВМ-2 oil cooling abilities are considerable different. The differences 
could be seen not only in heat extracting intensity but in the width of temperature interval of cooling 
stages. Despite the Durixol H444 and BM-2 almost identical viscosity, the second shows a much lower 
cooling ability. Another interesting fact is that despite of the high viscosity difference of Durixol oils series, 
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they point similar cooling ability not only at atmospheric but at low pressure. The above mentioned facts 
clearly show that the proper vacuum quenching oil selection do not depend only on the oil viscosity. Other 
brands of quenching oils with the same viscosity but made by different manufacturers, have been also 
experimentally tested. The obtained results prove the same conclusion. The differences in oils composition 
(additional fractions especially in the presence of corporation secret additives) cause oils’ cooling ability 
distinction despite the same viscosity. 

The differences in Bulgarian and German oils cooling ability could be specified with the presence of a much 
wider vapour blanket stage and approximately two-times lower maximum cooling rates. Therefore, at low 
pressure conditions in the cooling chamber, similar results should be expected. However, the experimental 
results do not confirm this assumption. As shown on Fig. 2, the three oils heat extract speed at the 1 mbar 
pressure become fit. The similar results indicate that the pressure reduction in the cooling chamber 
influences the cooling ability of a particular fluid in different ways. So, the cooling fluid performance under 
low pressure conditions could not be appraised only by its cooling ability at atmospheric pressure. 

 
Fig. 1.Cooling ability of investigated oils at atmospheric pressure, Toil= 20�С, without agitation 

 

Fig. 2. Cooling ability of investigated oils at p=1mbar pressure, Toil= 20�С, without agitation 

Unfortunately, the specialized vacuum quenching oils’ manufacturers provide information only about the 
oils cooling ability at atmospheric pressure. The reason for that could be the lack of specialized installation 
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and methodology that give information about the oils cooling characteristics under the specific pressure 
conditions. 

 
a 

 
b 

Fig. 3. The influence of the pressure values on Vmax (a) and Т(Vmax) (b) 

The mentioned cooling ability variations could be revealed by the pressure influence on the boiling range of 
a particular liquid coolant. If the maximum cooling rate temperature is always located approximately in the 
middle of the cooler boiling range, then its variation specify the boiling temperature range position at a 
specific pressure condition. The investigated fluids T (Vmax) variation when the pressure in the cooling 
chamber drops from Patm to P = 1mbar is shown on Fig. 3.b. It can be noted that the intensity of 
temperature decrease for the three oils is different. The BM-2 oil Т (Vmax) is the least influenced and Durixol 
H222 Т (Vmax) is highly influenced by the pressure changes. When the pressure values drop below 100 mbar, 
BM-2 oil T (Vmax) have the higher temperatures values in contrast to the German oils. Such a variation in the 
boiling temperature range directly influences the others local characteristics used for evaluation of cooling 
ability. Fig. 3.a shows the maximum cooling rate registered reduction at lower pressure conditions. The 
reason for the cooling rate decrease is the lessened cooling stimulus, e.g. the smaller cooler and cooled 
object temperature difference. It should be noted that the H222 and H444 oils’ boiling stages are 
narrowed. The BM-2 oil displays opposite tendency - the boiling temperature interval is retained and even 
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expanded. All oils’ boiling stages’ durations at 1 mbar pressure are approximately equal due to the low 
pressure impact on the oils’ boiling intervals durations.  

 
a 

 
b 

Fig. 4. The influence of the pressure values on Vp (a) and Vm (b) 

The pressure values influence in the pearlitic temperature interval on the cooling oils’ rate is shown on Fig. 
4.a. Regarding this interval, the greatest cooling intensity reduction is observed in Durixol H222 and Durixol 
H444 oils. This is because the calculated temperature range totally coincides with the boiling stage at 
atmospheric pressure. When this stage is transfer from higher to lower temperatures, the latter 
temperature range comes out from the boiling stage and enters into the vapour blanket stage, where the 
average cooling rates are much lower. At p = 10 mbar and lower pressure, the pearlitic temperature 
interval (which is essential to obtain a hardened structure) is located within the stage of a vapour blanket 
for all of the oils. 

The pressure reducing has a negative influence on the average cooling rate in the martensitic temperature 
interval. The lower pressure in the chamber, the greater the cooling rate. As it could be seen from Fig. 4.b, 
this effect is more pronounced for both Durixol oils. The insignificant increase of this characteristic for BM-
2 oil is due to the slight vacuum influence on its boiling range temperature. The German oils’ different 
behaviour is related with the coincidence the greater part of this temperature interval with the boiling 
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stage at low pressure conditions. To avoid this negative effect, the pressure in the vacuum chamber could 
be increased, for example by means of flowing down inert gases (nitrogen, argon, etc.) into the chamber. 

4. CONCLUSIONS 

In summary, the following conclusion can be made: 

� The cooling ability of both Durixol oils considerably exceeds that of BM-2 oil. This effect is 
emphasized at atmospheric and it decreases at low pressure conditions. 

� The pressure decrease in the cooling chamber leads to fast cooling ability reduction of Durixol oils 
series. If the pressure drops down to p = 10 mbar and lower values, the thee oils’ cooling ability is 
nearly the same; 

� The considerable difference in the Durixol H444 and ВМ-2 (with similar viscosity) cooling ability 
indicates that the information about the quenching oils viscosity is not reliable for the proper cooling 
media choice.  

� The media cooling ability conclusions at atmospheric pressure do not correspond to the oils’ 
behaviour at low pressure conditions. It is necessary for manufacturers to give information about the 
vacuum oils cooling abilities under the certain conditions (low pressure). 
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Abstract  

Welding of dissimilar materials using high energy sources like Nd-YAG laser operated in continuous or 
pulsed mode presents applicative and scientific interest determined on the one hand by the localized 
energy contribution introduced in pieces and on the other hand by the high cooling speeds (short thermal 
cycle) which influences the kinetics of phases formation during solidification and the solid state 
transformations. 

The behavior by welding of these materials is often limited by the large differences of thermo-physical 
properties and chemical nature (solubility, formation of fragile phases, oxidation, etc).  

The present paper aims the understanding of the mechanism which occurs by the mixing of the titanium 
alloy with the stainless steel using as intermediate layer a copper foil to obtain a laser weld joint with 
acceptable mechanical properties.  

The particularities of the welded joints consist of low absorption coefficient of radiation by the solid 
metallic material and of the multiple reflection phenomena that occur in vapor capillary, which position, 
penetration and geometry determines the melted materials proportions and their mixing degree.  

In this way, the melt zone is characterized both at macroscopic level in order to highlight the crucial role of 
the welding process and of the parameters on its morphology and on the chemical elements distribution, 
and at microscopic level to locate and identify the microstructure types formed during solidification.  

Multiple observations, revealed by the used investigative techniques, have led to scenario hypotheses 
which permit the explaining of the chemical heterogeneity origin manifested in the melted zone. 

Keywords: laser welding, heterogeneous joints, microstructure, SEM-EDX chemical analysis. 

1. INTRODUCTION  

The fusion welding of the materials Ti-6Al-4V + X5CrNi18-10 can not be done directly because after the 
molten bath solidification are formed fragile intermetallic phases between Fe and Ti which can lead to 
cracking phenomena. In addition, intense oxidation phenomena of the titanium can occur if the protection 
of the molten metal bath is weak [1]. 

Therefore, laser welding technique was chosen using a continuous operation Nd-YAG apparatus and in 
order to reduce the proportion of unwanted intermetallic phases a copper foil, with the thickness of 600 
μm, was intercalated between the two base materials for the minimization of the metallurgical 
incompatibilities specific to the heterogeneous joints.  
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2. EXPERIMENTS 

The used Nd-YAG laser has a beam diameter of 200 μm and an argon gas protection system on both sides 
of the weld, the gas flow during the experiments was 15 liters/min. 

For making butt joints with acceptable mechanical properties, one attempted to modify the chemical 
modification by adding in the molten bath of a copper foil. This metal is metallurgical compatible both Ti-
6Al-4V and X5CrNi18-10 materials. 

The laser beam position was shifted to the joint plan by 0.4 ... 0.6 mm on the stainless steel. 

The used sheets had a thickness of 2 mm, and the welding process parameters were varied in range of the 
following limits: laser beam power, 3000 ... 4000 W, welding speed, 2 ... 3 m/min., linear power, 80 000 ... 
120 000 J/m. The width of the molten bath was about 1…1.2 mm. 

3. MACROGRAPHIC ANALYSIS 

The copper used as intermediate layer acts as a thermal barrier for Ti-6Al-4V which limits the formation of 
intermetallic phases between Fe and Ti. Since the laser beam was shifted with the stainless steel, it is 
causing a meltdown mainly of it and the copper having good thermal conductivity will help the heat 
transfer to the liquid metal bath. 

Fig. 1a, b presents two images of the welded joint cross section observing that the weld is located in the 
stainless steel and the titanium alloy helps only slightly to its formation. At lower values of the linear energy 
one shows the formation of pores in weld (Fig. 1b). 

 
Fig. 1 Macrostructure of the welded joints: a- El = 80 000 J/m; b- El = 60 000 J/m 

4. TENSILE TESTS 

 Tab. 1 summarizes the results of the static tensile tests of the welded joints for two values of the linear 
energy. Breaking of the welded specimens occurred in an area closer to the titanium alloy. 

The three base materials that have participated at the formation of the molten bath had the following 
values of the tensile strength: 

� stainless steel, Rm = 632 N/mm2; 

� titanium alloy, Rm = 1041 N/mm2; 
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� annealed copper, Rm = 210 N/mm2 

Tab.1 The results of the static tensile tests 

Linear enery, El, J/m Experimental values, Rm, N/mm2 Average, Rm, N/mm2 

80 000 

319 

328 343 

322 

60 000 

289 

268 254 

261 

The microfractography of the adjacent area to the titanium alloy is shown in Fig. 2a, and to the stainless 
steel is shown in Fig. 2b. 

The results of these tests show that the addition of copper in the molten bath causes a decrease in 
mechanical strength of the welded joints; the phenomenon being more pronounced by porous specimens 
and the breaking has a predominantly ductile character on both surfaces in contact. 

  
a)       b) 

Fig. 2 The microfractography image of the tensile samples:  
a) – adjacent area of the Ti alloy; b) – adjacent zone of the stainless steel 

5. MICROGRAPHIC EXAMINATIONS, HARDNESS MEASUREMENTS AND XRAY DIFFRACTION ANALYSIS 

To understand the mixing mechanism of the materials involved in obtaining of the weld, it has been 
approached some concepts concerning the dynamic of the capillary formation (Fig. 3) during the welding 
operation. 

The dynamic effects which are generated by the laser-material interaction are very important, they 
occurring in very short time (order of milliseconds) and on very small sizes (order of millimeters). 

a. Initiation of capillary 

If the surface of a metallic material is irradiated by a laser beam (specific power being about106 W/cm2), a 
part of the beam is reflected and another part is absorbed. Energy flow being often very high; the 
conduction can no longer ensure the evacuation of the transmitted energy. Consequently, the irradiated 
material melts and then the liquid evaporates itself. Vapor expansion generates a recoil pressure on the 
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surface of the molten bath, which will create a 
depression and therefore decrease of the liquid 
thickness. Liquid-vapor interface is controlled to 
the interior of the material, facilitating the 
penetration of the laser beam inside the sample. 
Thus, there is an evacuation of the liquid to the 
bath edges. Accumulation of the fluid around the 
capillary produces the heating of the adjacent 
area and thus the widening melted zone (Fig. 3). 

b. Development of the capillary 

During this phase, the incident energy which was 
incorporated will be partially redistributed in 
capillary by multiple reflections on the walls. 

Such of phenomenon favorites the capillary penetration in the material, its growth being conditioned by: 

� maintenance of the material vaporization (multiple reflections); 

� a recoil pressure high enough to take the effects of surface stresses. 

 

During the welding process, evaporation phenomena are partly responsible for the geometric evolution of 
the capillary. In the capillary background the recoil pressure pushes and directs the fluid along the capillary 
walls. The liquid is directed to the workpiece surface by convective motions, creating a vortex, a liquid 
crown which surrounds the capillary surface (Fig. 3). 

c. Capillary filling and solidification 

When the laser irradiation stops, the material does not 
receive energy anymore so that it can lead to rapid 
closure of the capillary and therefore a certain amount of 
vapor will remain included in it.  

By cooling the melt, the solidification of the base material 
will occur based on conductive (in liquid and solid 
material) and convection (in the moving fluid) 
phenomena. 

The microstructure resulted after solidification is 
extremely complex. Due to small volumes of molten 
material and of the high cooling speeds, the phenomena 
of microsegregation and fragile phases formation will be 
limited. 

In Fig. 4 ... 6 are shown some typical microstructures of the welded joints which showed the highest values 
of the static tensile strength. 

Taking into account the given data from the binary diagrams of the Cu-Ti alloys, Cu-Fe, Fe-Ti and the 
diagram of Ti-Cu-Fe ternary alloy [2,3,4] and the microstructure of various zones from weld, one made the 
following assumptions regarding the phases that can be formed between the main elements, Cu, Ti and Fe: 

(a) 

(b) 
(c) 

Fig. 3 Creation and development of capillary: (a) –
laser beam; (b) – metallic vapors; (c) – liquid metal 

Fig. 4 Micrographic image of the bonding 
zone, weld- Ti alloy 
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� the dark area on the interface Ti-6Al-4V and 
welding consists mainly of Cu2Ti phase and a small 
proportion of FeTi phase (Fig. 4) 

� stainless steel inclusions as polygonal shaped in the 
hardened Cu area by precipitation of some Fe2Ti 
phase particles (Fig. 5); 

� interface between the central zone of the weld and 
the adjacent molten stainless steel area has a 
heterogeneous microstructure with molten steel 
drops built-in hardened Cu with phase particles 

Fe2Ti and Cu splashes in the mass of the steel (Fig. 
6); 

� weld seam near the stainless steel is composed 
from a solid solution of Cr, Ni and Cu dissolved in Fe (Fig. 6) with extremely fine dispersed particles of 
secondary phases. 

 
 

   
Fig. 6 Micrographic image of the bonding zone, -  Fig. 7 Local chemical composition of the interface 

 weld base material from stainless steel         between Cu and Ti alloy: El = 60 000J/m 

 

Explaining of the complex weld morphology is based on specific phenomena of rapid solidification process. 
Since Ti has the highest fusion temperature (1725 ˚C), initiating of solidification occurs on the interface 
between Ti-6Al-4V and molten bath.  

The second area which begins to solidify itself is the melted zone of stainless steel (melting point of Fe = 
1538 ˚ C), with round or polygonal islands from the center of Cu, due to its limited solubility in Fe. 

The high Cu concentration beside its gamma type character and the high cooling speed stabilizes Feγ to 
room temperature. 

 

Fig. 5 Micrographic image of the central 
welded zone 
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According to Fe-Ti equilibrium diagram at 1427 ˚C is initiated Fe2Ti phase formation and at 1317 ˚C the FeTi 
phase appears at the edge of the nodular inclusions, on the interface between Ti alloy and the molten bath 
and also in the liquid rich Cu areas. 

Then, begin the solidification of the Cu rich zone of the weld. The solubility of Fe in Cu is about. 4% at a 
temperature of 1100 ˚C and by rapid cooling the diffusion is slowed and therefore the hardness of that 
welded zone will increase. 

For the Ti-Cu equilibrium diagram result that at the 1005˚C is formed the Ti2Cu phase and at 982 ˚C begins 
the precipitation of TiCu phase.  

The scanning electron microscopy investigation of the local chemical composition of a weld zone between 
the Cu foil and the Ti alloy (Fig. 7) confirms the role accomplish by the Cu presence by limitation of the 
diffusion phenomena of Fe, Cr and Ni in the Ti alloy and also of the Ti diffusion in austenitic stainless steel. 
In addition, the shifting of laser beam position to the stainless steel minimize the mixing of the three 
materials, and the Cu low absorption coefficient of the laser wavelength leads to the formation of enriched 
stainless steel welds. 

The Xray diffraction (Fig. 8) permitted the identification of all phases present in welding and confirm the 
formation of these. 

 

Fig. 8 Xray pattern of the heterogeneous weld Ti-6Al-4V+Cu+X5CrNi18-10 

6. CONCLUSIONS 

Using of a copper foil, with the thickness of 600 μm, as intermediary layer occurs by reducing the 
proportion of FeTi and Fe2Ti intermetallic phases and the formation of TixCuy phases is compensated by 
high ductility and toughness of Cu which leads to acceptable strength characteristics. 

The laser beam shifting on the stainless steel limits the participation of the Ti alloy at the weld formation, 
and the Cu low adsorption coefficient by the laser beam causes the formation of a high stainless steel 
enriched weld. 
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Abstract 

An enterprise for purification of crude ammonium perrhenate purchased at Central Asia region as well as 
for rhenium recovery from Re-Ni heat resistant superalloys wastes of СМSХ–4 & СМSХ–10 types, has 
started its activity at Czech Republic. First type of rhenium raw material - the initial ammonium perrhenate 
(APR), for example, according to Uzbekistan’s Standard TU 48-7-1-90, type AR-0, contains: Re not less than 
69 % mass.; impurities, ppm: P 90, S 200, Fe 50, Si 20, Mn 2; Mg 8, Ni 2, Al 5, Mo 5, Ca 10, Cu 3, K 40-70; Na 
40. By means of ion exchange on Purolite resins surface and electrodialysis approach the content of above 
mentioned impurities in NH4ReO4 salt might be significantly reduced (K< 20). Second type of rhenium raw 
material – metallic wastes of superalloys of СМSХ–4 & СМSХ–10 type contains, % mass: Re 3-6; Cr 6.5; Co 
9; Mo 0.6; W 6; Ta 6.5; Re 3; Al 5.6; Ti 1; Hf 0.1; Ni 61.7. The resulting APR is of high quality too. Powdery 
metal rhenium might be produced from this APR by means of its high-temperature reduction by gaseous 
hydrogen. The purity of obtained metallic rhenium is generally determined by purity of APR applied.  

Keywords: Ammonium Perrhenate, Ni-Re Superalloys, Ion-Exchange Resins 

1. INTRODUCTION  

Alongside with traditional ore sources of rhenium in Uzbekistan: solutions of processing molybdenum and 
copper concentrates at Almalyk GMK (sorption on weak base anion exchange resin Purolite A170) [1], 
uranium barren solutions at Navoi GMK (liquid extraction and sorption) [2], new its rising source is a 
recycling of Re-containing secondary materials.  

First, dead catalysts of oil refining (additives of 0,3 % Re and 0,3 % Pt at a substrate of Al2O3), second, 
wastes of Re-containing alloys of aerospace industry. ‘Application of Re-based alloys is determined with the 
mutual solubility of Re and "rhenium effects" [3] - high solubility in Group VI metals leading to W-Re, Mo-Re 
and W-Mo-Re alloys (characterized with low-temperature ductility) and the ability to increase the high-
temperature strength of Ni-Re-base superalloys.  

Objects of research are wastes of Re-containing alloys of the following types: 1) Fe-Ni-Re; 2) Mo-W-Re; 3) 
Ni-Re superalloys of СМSХ-4, СМSХ-10 types (produced by company “Cannon Muskegon” for “Rolls 
Royce”). The aim of the research is to develop ways of their processing.  

2. EXPERIMENTAL 

The following equipment and materials were used.  
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2.1. The element analysis of impurities in samples of metals and ammonium perrhenate (APR) - atomic 
absorptive spectrometer "Perkin-Elmer" RE 30300 and RE 23030 (USA), ICP masses-spectrometer Elan DRC 
II (USA-Canada) semiquantitative spectral analysis - diffraction spectroscope PGS-2 (Russia).  

2.2. The Measurement of electrode’s potential on Ni-Re, Mo-Re, W-Re alloys, counting out comparatively 
to AgCl electrode, as well as polarization measurements – potentiostate PI-50-1 together with programmer 
PR-8 (Belarus) with temperature-controlled cell, 200 sm3. Indicator Me-electrode - a disk D =1-20 mm in 
teflon mount, count electrode - Pt. Kinetics measurements made with method of rotating disc electrode 
(RDE) on installation SVA-1 (the engine AVE-042-2/220 V, 50 Hz, 0,28 A St Standard 10799-69), RDE angular 
rotation velocity 0-2500 1/min.  

2.3. Electrodialysis of crude APR solutions for purification were fulfilled in following device: diameter of the 
cameras and membranes 240 mm, volume of cameras: central 7,2 l, catholytic 2,7 l, anolytic 2,26 l. APR or 
KReО4 salts were loaded into the central camera. The electrodes made of titanium alloy VT-22 sq area 4,52 
dm2, membranes: anion exchanging MA 102, cation-exchanging MC 40. Voltage 250 V at the temperature 
30оС and 100-150 V at 60-70о С in central camera. Current density 0,3-0,4 A/dm2.  

2.4. Ion exchange in statics was executed in reactor, equipped with mixer and heater, V = 30 l. It was filled 
with 16 l of water, 2 kgs KReО4 and three times with 2,5 l of resin Rurolite C 100. Duration - 2 h, the 
temperature 70-80 oC. Ion exchange in dynamics - at temperature controlled, 45 oC 1) column filled with 
Rurolite C 100 resin for rhenium purification or with Purolite A 170 resin for sorption. In case of purification 
the solution of APR or potassium perrhenate 25,1 g/l (0,087 M) was passing. The capacity of the resin was 
equal to 4,15 mole /g air-dry ionite. The laboratory ion-exchange installation: made of 3 columns, volume 
1,7 l, fuelled with 1 kg of cationite Purolite C100, filtration velocity 4 volumes/h. For increase of APR 
solubility the source solution, of 87 g/l concentration was heated up to 40 oC. To avoid "skip" of K+ ions into 
the purified rhenium acid solution the test of Nessler reagent was applied indicating the end of conversion 
process. Regeneration of the Purolite C100 resin was fulfilled with 6,0 % nitric acid. 

3. RESULTS AND DISCUSSION  

3.1. Dissolution of metalLIC wastes and elements separation 

3.1.1. ALLOYS Mo-Re, W-Re, Mo-W-Re 

Re in alloys Мо-Re, W-Re leads to increase of an overvoltage of anodic process in the first area of over 
passivation: -0,22+0,15 V, braking anodic process. It is more expressed in an alloy at reduction of 
concentration Re in it: from 47 % up to 4 %. The interest was to find out influence of concentration КОН on 
stationary and equilibrium potentials of electrodes made of Мо, W, Re, alloys Mo-Re-47 (47 % Re), W-Re-
27 (27 % Re).  

At Fig. 1 dependences of value of stationary potential of above mentioned electrodes with air - oxidized 
surface are represented. For the specified materials the growth of concentration КОН, from 0,1 up to 5,0 
N, led to shift of potential into area of negative values, according to equation of Nernst:  
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C= Cо + (RT/zF)ln{[ox]/[red]}                         (1)  

Where: 

z=6 (for Мо, W) 

z=7 for Re.  

Having opened an expression (1), we receive:  

Cст
Мо = Cо

Мо + (0,059/6) lg{[MoO4
2-]/[OH-]8}                 (2) 

Cст
W= Cо

W + (0,059/6) lg{[WO4
2-]/[OH-]8}                   (3) 

Cст
Re = Cо

Re + (0,059/7) lg{[Re4
-]/[OH-]8}                    (4) 

Substitution in (2-3) of values of hydroxyl-ions concentration in a solution leads to reduction of values of 
stationary potentials, as was observed (Fig. 2). Curves Cст-СКОН and Cр-СКОН for alloys Мо-W, Mo-Re, W-Re 
are located between corresponding curves for these pure metals. 

Such a picture is typical for dissolution of an alloy at a constancy of concentration of ions of metals: in 
calculations (1-3) it was accepted 10-5 M. At anodic dissolution of metals there is a falling concentration of 
alkali in a solution and increase – of ions of metals concentration. According to (1), in a case iа N 0: 

Cр
Ме U Cо 'Ме + (0,059/z) lg{[MеO4

k-]/[OH-]}                  (5) 

Where: Cо ' - the potential distinguished from standard on value of polarization of an electrode at iа N 0:  

МеО4
k- - molybdate, tungstenate or a perrhenate-ion. It was necessary to expect Cр

Ме growth in these 
conditions. And it is valid, experimental data (Tab. 1) have proved these calculations (5).  

Method of RDE was applied to investigate the area of over passivation of alloys (j> +0,2 В). The value of a 
limiting current of dissolution of Мо, W (for alloys Mo-Re-47, W-Re-27 value iа was fixed at j=2,0 B). The 
received linear dependence iа-Q0,5 for Мо is extrapolated in the beginning of coordinates that testifies for 
the benefit of over passivational mechanism of kinetics of anodic process in the field of 0,6 В<C<2,0 V, with 
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Fig. 1. Anodic polarization curve, 25оС, 1 N 
КОН with no agitation, air, Re (о), Mo-Re alloy 

(47% Re) ( ), W-Re alloy (27% Re) (�) 

Fig. 2. Dependence of Cр, from KOH 
concentration (iа=0,01 A/sm2, air, 25оС) Мо 

(�), W (о), Re (+), Mo-W alloy (50:50) ( ), Mo-
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diffusive control of transport of donors of oxygen over the anode. For Mo-Re-47, W-Re-27 iа-Q0,5- curves 
are not extrapolated in the beginning of coordinates that specifies the mixed control of process over high 
anodic potentials.  

Tab. 1: Values Мо, W, Re, alloys Mo-W-50, Mo-Re-47, W-Re-27 in solutions of КОН, 25оС 
№ 

п/п 

Composition, 

mole/l 

CCр, V at iа= 0,01 A/sm2 

Mo W Re МВ-50 МР-47 МР-27 

1 KOH : 1,00 -0,20 -0,36 -0,01 -0,26 -0,02 -0,08 

2 

KOH : 0,02 

Mo  0,25 

W   0,25 

-0,17 -0,30 - -0,24 - - 

3 

KOH : 0,02 

Mo  0,40 

Re   0,15 

-0,18 - -0,24 - 0,01 - 

4 

KOH : 0,02 

W   0,40 

Re   0,15 

- -0,15 -0,20 - - 0,03 

Basing on these data the technology of alloys dissolution was designed. 

1-st stage - anodic dissolution of alloys in a solution of caustic potash 1-7 M at temperature 40-85оС, 
current density ia > 0,7 А/sm2, an electrolyte flow along anode surface - up to 1 m/sec. Current efficiency – 
95-98%. In the КОН solution Mo (VI), Re (VII) ions are collected (e.g. Мо-Re alloy). After the anodic 
dissolution the system is cooled to 2-4 оС and the salt with same cation (K+-ion) is added, so as a result 
on the filter the deposit KReO4 is separated. From the residuary solution Mo(VI) ions are sorbed on a 
Purolite A 100 Мо. Resin. Deposit KReO4 is transferred to distilled water heated up to 50 оС. Then 
potassium perrhenate is subjected to conversion up to rhenium acid on Purolite C 100 resin being in Н+ 
form (Tab. 1)., a product obtained is transformed with ammonia into end product APR after its 
crystallization. From mother waters after their concentrating ammonium paramolybdate (APM) is 
recovered. The purity of APR and APM accordingly is equal to 99,8; 99,2 %. The result of the ion-exchange 
of КReO4 into НReO4 conversion control is offered (Tab. 2). 

 Tab. 2: Control of HReO4 at the exit of a column filled with Purolite C 100 in Н+-form, 45 оС, M 

Solution 
passed, ml 

specific load, h-1 reproducibility of results at recycles with specific 
load 5 h-1 

5 10 15 1-st cycle 2-nd cycle 3-d cycle 

15 

30 

150 

165 

180 

195 

0,087 

0,087 

0,087 

0,003 

0,001 

0,000 

0,087 

0,087 

0,087 

0,003 

0,001 

0,000 

0,087 

0,087 

0,087 

0,002 

0,002 

0,000 

0,087 

0,087 

0,087 

0,003 

0,001 

0,000 

0,087 

0,087 

0,087 

0,003 

0,001 

0,000 

0,087 

0,087 

0,087 

0,003 

0,001 

0,000 

According to data of Tab. 1, the skip of K+-ions at the exit is observed after passing of 150 ml of a solution. It 
complied with value of Purolite C 100 resin’s capacity up to skip equal to 39,3 % from greatest possible. 
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The full capacity has made 52,3 %. This cationite’s property is distributed to all modes of the specific 
loading expressed by the relation of a solution’s volume past through a column per 1 hour to a volume of 
resin Purolite C 100 equal to: 5,0; 10,0; 15,0.  

Desorption of Re(VII)-ions from the Purolite C100 resin is fulfilled acting with 6,5 % nitric acid by reverse 
flow. Leaving column the rhenium acid solution has been neutralized with an ammonia solution and 
evaporated for crystal APR allocation The content of an potassium impurity in it is supervised after heating 
NН4RеО4 up to 400 oC at the presence of an oxidizer НNO3 or H2O2. The product met the requirements of 
State Standard for APR of AR-0 mark. Parameters of purification process with potassium impurity control 
are resulted below (Tab. 3).  
 Tab. 3: APR purification process’s parameters 

Amount of purified APR per 1 kg of cationite Purolite C100 resin, g  700 

Concentration of APR in an initial solution, g/l  87-88 

Sorption process’s temperature, oС  40-50 

Speed of a filtration, ml/sm2 per hour  400 

The charge of 6,5 % НNO3 on regeneration of 1 kg of Purolite C100 resin, l   3,0 

Output of the purified APR, %  95-96 

 

The method is suitable for APR purification from potassium impurity as well. The potassium impurity 
content in APR is supervised with AAS method after preliminary removal of a basis (NН4RеО4) 
transformed by heating to Re2O7 in an analyzed sample in a lab’s furnaces at 350-400 oC at the presence 
of an oxidizer (НNO3, H2O2).. The end product meets the requirements of specifications on APR. 

3.1.2. Fe-Ni-Re Alloys 

Fe-Ni-Re alloy) is dissolved in a mixture of sulfuric and nitric acids with conversion of Re(VII) into a sludge, 
while from joint solution Ni(II) & Fe(III) the ions Ni(II) are selectively semidetached as nickel-ammonium –
sulphate compound. It is known, that nickel-ammonium alum - double salt Ni(NH4)2(SO4)2 	6H2O is 
received with draining of the hot fat solution of sulfuric salts of nickel and ammonium in an equivalent 
ratio. Having taken for a basis this reception of one component removal from threefold system, the 
technology of rhenium solutions clearing from iron and nickel, including dissolution of an alloy in the 
diluted sulfuric acid with the additive of an oxidizer, sedimentation of nickel as the specified salt, the 
subsequent division of Re(VII) and Fe(III) in a filtrate based on ion exchange method.  

Because the completeness of sedimentation of nickel as nickel – ammonium – sulfate was the important 
technological parameter, the effect of Ni(NH4)2(SO4)2 concentration in an initial solution on it has been 
investigated.  

Modeling solutions of mixed salts Fe2(SO4)3	9H2O, NiSO4	7H2O, NH4ReO4 in I N Н2SO4 taken in the ratio 
typical to end product of dissolution of Fe-Ni-Re alloy, namely, %: Ni 42,5; Re 11,1; Fе - the rest. Initial 
concentration of nickel in all solutions was typical to technological solutions of this alloy processing: 40 g/l. 
In aliquot parts, 50 ml, of an initial solution various quantities of sulfate ammonium were entered. Thus 
fine-grained deposit of the double salt of blue-green color was precipitated. Through 30 min a deposit was 
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separated at a filter of Buchner funnel and washed out 2-3 times in the small portions (3-5 ml) of 25 %' 
(NH4)2SO4. solution. A filtrate was analyzed on nickel and rhenium contents (Tab. 4). 

 Tab. 4: The effect of (NH4)2SO4 on sedimentation of Ni in a form of Ni(NH4)2(SO4)2	6H2O compound 

 [(NH4)2SO4], g/l [Ni]равн, g/l (initial 40 g/l) Sedimentation of Ni, % 

80 30,0 25,0 

240 2,0 95,0 

320 1,3 96,8 

400 1,2 97,0 

 

The maximal degree of extraction of Ni in a deposit was achieved at concentration of ammonium sulfate ≥ 
200 g/l. Residual concentration of Ni = 1,2 g/l, i.e. 97 % of Ni was deposited while the concentration of 
rhenium in the solution did not vary.  

 

Tab. 5: Solubility of some salts of iron and nickel in water  

The formula of a compound In a solid 
phase* 

Solubility of a waterless substance at Т = 20°С 
(calculated as g/100 g of Н2О)  

(NH4)2	Fe(SO4)2 6 Н2О 22,5 

NH4	Fe(SO4)2 12 Н2О 124 

(NH4)2	Ni(SO4)2 6 Н2О 5,9 

FeSO4 7 Н2О 26,5 

Fe2(SO4)3 9 Н2О 440 

NiSO4 7 Н2О 75,6 (15°С) 

(NH4)2SO4 - 75,4 

* Number of molecules of water in crystalline hydrate, in balance with the pregnant (saturated) solution  

 

The solubility at 20°С of (NH4)2SO4 and few more simple and double salts of Fe(III), Ni(II) is resulted (Tab. 5) 
[4]. So, for Ni(NH4)2(SO4)2	6H2O it is equal to 59 g/l (~9 g/l Ni). Actual decrease of its solubility up to 1,2 g/l 
for Ni, at the presence of surplus of (NH4)2SO4, is explained with its salting-out effect. 

The most suitable way of rhenium recovery from received sulfuric solution and its separation from iron is 
sorption on ionites of various type (AV-I7, AN-2I, Purolite A170, A172 etc) [1-2]. We used successfully 
anionite Lewatit М 500 (analogue of strong base anion resin AV 17).  

Thus the technology was as follows. Mother water solution after the separation of double salt of nickel has 
been neutralized with ammonia up to рН 1 and passed through a column (size 0,9х11,5 sm) filled with 
specified anionite in SО4

2-
 - form with speed of passing equal to 2 volumes per hour. Rhenium was desorbed 

with 6 volumes of 5 N НNО3 solution with the same speed (98 % of Re eluated). The above mentioned 
results have allowed to offer the following technological circuit of Fe-Ni-Re alloy processing. 
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Alloy is dissolved at heating in a sulfuric acid (440 g/l) so that Ni(II) and Re(VII) ions’ concentrations made 
accordingly 40 and 10 g/l. For activization of alloy decomposition process small portions of nitric acid 
(d=1,4) in the quantity equal to 20 % of total solution’s amount* are added to a boiling solution. The 
formatted solution is neutralized with ammonia up to acidity 50 g/l (in respect of Н2SO4). The deposited 
double salt of nickel is separated with filtering and from mother water preliminary neutralized up to рН ~I, 
rhenium is sorbed on anionite resin Lewatit M 500 charged in SО4

2-- form with the subsequent desorption 
with solution of nitric acid (315 g/l). From nitrate column effluent by means of evaporation and 
neutralization with ammonia the pure APR salt is allocated  

The general recovery of rhenium into commodity salt makes 90 % weight. Some incompleteness of its 
extraction is explained with presence at solution of NО3

- ions negatively effected on its sorption. The Ni(II)- 
salt nickel ammonium sulfate obtained at an initial stage of technological process is a commodity product 
too.  

So, the way of Fe-Ni-Re alloy reagent processing is developed by means of its dissolution in a mixture of 
sulfuric and nitric acids, with following removal of rhenium into a sludge and the subsequent selective 
recovery of nickel from the common with Fe(II) solution into a deposit as a complex double salt 
Ni(NH4)2(SO4)2	6H2O. 

* at HNO3 introduction the losses of Re because of coprecipitation with Ni salt are not observed.  

3.1.3. Ni-Re superAlloys (CSMX-4) 

CSMX-4 superalloy composition is the following, %: Cr 6.5; Co 9,0; Mo 0.6; W 6,0; Ta 6.5; Re 3,0; Al 5.6; Ti 
1,0; Hf 0.1; Ni 61.7. Complexity of its processing consists in its extremely high corrosion stability, therefore 
at its processing the following methods are applied: nitrohydrochloric acid decomposition, liquid phase 
chlorination. We used an anodic dissolution with removal Re in a liquid phase and following sorption on 
resin Purolite A 170. Industrial line with productivity of processing an alloy of 500-700 kg per month with Re 
recovery 75-80 % is introduced. As a result of processing the following products turn out: 

� APR of AR-0 type 

� 2 sludge of powder tantalum with impurity of tungsten, molybdenum etc. 

� cake consisting of sulfate and hydroxides of nickels, cobalt and impurities. 

� In total 3 tones of wastes are processed. 

3.2. APR product purification 

APR - crude initial ammonium perrhenate obtained by re-crystallization often has to be purified. The best 
way for its purification is electrodialysis of its solution (Tab. 6).  

 Tab. 6: Results of electrodialysis of crude APR (AR-0 mark) solution, ppm  

State Re, % K Na S P Si Mg Mn Al Fe Ca Mo Ni Cu 

Initial 69,2 32 11 2 11 0.5 0,5 0,2 2 0,6 21 1 1 0,5 

purified 69,2 1,5 0,5 2 10 0,4 0,1 0,05 1 0,06 2,5 1 1 0,5 

Washed by ethanol the purified APR was reduced at high-temperature with gaseous hydrogen with output 
of Re in the metal not less than 99,996 %.  
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4. CONCLUSION 

The recycling wastes of Rhenium containing alloys might be successfully dissoluted electrochemically with 
following separation of Re(VII) ions from other alloy’s components in common solution. The recovery of 
rhenium from the solution might be fulfilled without liquid extraction method using ion-exchange approach 
only. The best APR purification method is the electrodialysis of its solution 
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Abstract 

A railway turnout is a special construction allowing a ride of a railway vehicle in a given direction. A part of 
each turnout is a frog (alternatively - crossing), it allows to cross rails and a definitive tracks separation of 
two different directions. The most suitable material for a production of extremely stressed railway turnouts 
frogs is austenitic highly alloyed manganese steel – Hadfield steel. This steel, with chemical composition of 
carbon (1,2%), mangan (12%), silicon (0,45%) and austenitic structure, is able to harden its working surface 
(i.e. to increase its surface hardness) under a sufficient pressure and shock loading because of railway 
wheels shocks during the train passage through the turnout. But the hardening of Mn frog running surfaces 
can be done before its inserting into the track using a special technology – explosive hardening. This special 
Mn frogs hardening technology uses world´s leading manufacturers of railway turnouts. DT-Výhybkárna a 
strojírna, company registers recently great interest, especially from foreign customers, in railway turnouts 
contain Mn frogs with explosive hardened running surfaces. Foreign customers requirements vary 
depending on internal regulations, standards and norms of the country where the turnout will be installed. 
This article shows Hadfield steel explosive hardening tests, which had to be made because of fulfillment 
with requirements of existing and future explosive hardened Mn frogs customers. 

Keywords: railway turnout, Hadfield steel, frog, explosive hardening, surface hardness 

1. INTRODUCTION 

Explosive hardening of railway frogs from Hadfield steel (Mn steel) is a common technology in the world, 
which allows to increase a surface and subsurface hardness of frog. This increase of hardness causes an 
improvement of wear resistance of running surfaces and a reduction of more frequent frog running 
surfaces maintenance - a grinding or a welding. The hardness of the surface (running) non-hardened frog 
areas ready to an inserting in to a track is about 200 HBW, and the hardness decrease to a depth of a 
material. This non-hardened frog wears down very quickly in first weaks from inserting in to the track, the 
wear is about 3 mm. The explosive hardening of frog running surfaces, which is applied before the frog 
installation into the track, influences surface layers hardness increase up to 400 HBW. Explosive hardening 
increases a subsurface hardness up to depth of 20 mm from running surfaces too [2]. In this article are 
described two different explosive hardening experiments, specifically on three Mn rail profiles and on a Mn 
frog. Because this experiments we have very interesting results, which are possible to apply during a serial 
use of the explosive hardening railway turnout Mn frogs technology. 

1.1. Railway turnout frogs 

The railway single turnout is shown at Fig. 1. The most dynamic stressed part of the turnout is a frog – Fig. 
2, which is the part (mostly Hadfield steel casting), which allows the rails intersection and the definitive 
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separation of two different track directions - a main and a branch line of the turnout. The frog is extremely 
loaded with dynamic stresses and with pressure and impact stresses coming from the railway vehicles 
wheel sets. 

   
Fig. 1 Main parts of the railway turnout [2]   Fig. 2 Wheel set passage through the frog [2] 

1.2. Explosive hardening of railway turnout frogs in the world 

Railway frogs made from the austenitic high manganese Hadfield steel are inserted in to railway turnouts 
around the whole world, in the non-hardened or the explosive hardened condition. Using this type of the 
material is logical: Hadfield steel has a high wear resistance with sufficient pressure and shock loading. High 
wear resistance is because an ability of Hadfield steel to strengthen the work surface. On frog running 
surfaces occurs deformation hardening, which results in formation of deformation lines in a material 
structure. In detail is the deformation hardening principle together with the explosive hardening principle 
described in [1, 2]. 

The world´s leading manufacturers insert into railway turnouts Mn frogs, where is a running surface (areas 
with railway wheel contact) strengthen by a special technology of explosive hardening. This technology is 
used in the world commonly, approximately 60 years, especially in North America, Europe, Asia and 
Australia too. Foreign customer requirements vary depending on internal regulations, standards and norms 
of the country where the turnout will be installed. Differences is possible to find especially in requirements 
- a surface hardness, a range of hardening areas, an explosive application depth and a hardness test 
locations after explosive hardening. Tab. 1 and Fig. 3 shows a summary of Mn frogs requirement according 
different regulations and norms, together with a chemical composition requirements. A turnout purchaser 
can (for example in a case of a high load turnout) require a higher surface hardness after explosive 
hardening than surface hardness in a appropriate standard. 

 Tab. 1 Mn frog requirements comparing 
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Fig. 3 Mn frog explosive hardened areas, surface hardness test locations, the depth of explosive application 

2. EXPERIMENT  

In a practical part of this article are described Hadfield steel explosive hardening tests, which have been 
made in DT in 2011 because a compliance of requirements of an existing and a future explosive hardening 
Mn frogs customers. The experiment is divided to two parts. First one, explosive hardening of three pieces 
of Mn rails including a surface hardness measurement, second one – a Mn frog explosive hardening test 
according standards EN 15689 and ETA-03-03 (Australia). 

2.1. Explosive hardening of Mn rails 

Three rail castings of UIC60 profile from Hadfield steel, dimensions 700x172x156 (length x height x width), 
were machined in DT on top surfaces and explosive hardened in 8/2011. This hardening took place in an 
Explosia Pardubice with an explosive Semtex 10SE, an explosive thickness 2 mm. Rails were marked A, B, C, 
top surfaces of rails were divided into three parts (for example – the C rail to C1, C2, C3. A number behind 
the rail mark symbolizes a number of explosives (for example C2 = two explosive application). 80 mm of A 
rail wasn´t hardened – a part of A0. A depth of explosive application was chosen Z = 13 mm - Fig. 4a, 4b. 

  

Fig. 4a Rails hardened areas     Fig. 4b The rail A-hardening process, the third explosive application 
 

 Tab. 2 The increase of the surface hardness – A, B, C rails 

 
During explosive hardening was measured rails surface hardness by the portable gauge Equotip (a D-type 
sonde, the surrounding temperature +25°C). The resulting average values of surface hardness 
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measurements are in Tab. 2 and Fig. 5. The average increase of surface hardness of rails A, B, C after first 
explosion was +56 HBW, after second explosion was +20 HBW. It is seen that third explosion didn´t increase 
surface hardness, by contrast in the place B3 (3x explosion) were identified small crack defects by 
penetrant test. This explosive hardening test of Mn rail led to the conclusion, that third application of 
explosive is unnecessary. 

Surface hardness results are possible to compare with requirements from Tab. 1. It is evident, that rails 
surface hardness immediately after the 1st. explosion (parts A1 - 321 HBW, C1 - 337 HBW) fulfilled the 
requirement 321 HBW according EN 15689 and Switzerland, the B rail (the part B2 - 327 HBW) fulfilled this 
requirement after the 2nd.explosion. The A rail (the part A2 - 354 HBW) fulfilled after 2nd.explosion 
requirements of all countries from Tab. 1. 

It was also found, that it is important to 
rise slightly ends of explosive remote 
from a detonator during the explosive 
application - Fig. 6 bottom left. 
Otherwise, a sharp transition can occur 
(a decrease of a material) - Fig. 6 top 
right. This sharp transition is necessary 
to grind after the explosive hardening - 
it increases the cost of hardening 
component.  

Fig. 5 The increase of the surface hardness - A, B, C rails 

 
Fig. 6 The formation of the sharp transition during explosive hardening - above, and it´s removal – below 
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2.2. Mn frog hardening according EN 15689 and ETA-03-03  

Because of a great interest in explosive hardened Mn frogs, especially from Australian customer, was one 
frog from Hadfield steel in 11/2011 transported to a compound in Explosia Pardubice, where was 
applicated a test of the explosive hardening. 

 On a right wing rail and a tip was 
applicated the explosive according EN 
15689 (the depth of the explosive 
application Z = 10 mm), a left wing rail 
according ETA-03-03 (Z = 20 mm) - Fig. 7. 
The explosive Semtex 10SE of 2 mm 
thickness was used. According the 
experience in author’s paper [2] was this 
frog machined on all running surfaces with 
the addition of a few tenths of 
millimeters - the addition to the explosion. 
The decrease of the frog surface layer 
after explosive hardening is eliminated 
because of this material addition.  

 

This frog wasn´t used in the track, so it 
wasn´t hardened on all top surfaces - Fig. 
7. The surface hardness after frog 
machining (before 1st. explosion) moved 
between 167 - 228 HBW. According the 

experiment in [2], if is a surface hardness small after frog machining, is a surface hardness after explosive 
hardening low too. Immediately after the frog machining was evident, that to meet the requirement of EN 
15689 (min.321 HBW), or ETA-03-03 (350 to 415 HBW) will need to apply explosive hardening in two steps. 
During a surface hardness 
evaluation has confirmed this 
assumption. The increase of 
surface hardness after 1st. 
explosion was between +51 HBW 
(a location no.1) to +113 HBW (a 
location no.5). The biggest 
hardness increase after 1st. 
explosion was in locations no.3, 
4, 5 and 6, it means in locations 
with the lowest hardness after 
machining. It is possible to state, 
that if is a surface hardness small after frog machining, is the increase of surface hardness after 1st. 
explosion bigger. The second explosive application increased the surface hardness in locations 1 and 7 over 

Fig. 8 The frog surface hardness during the explosive hardening 

Fig. 7 The explosive application on frog running surfaces 
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values 350 HBW. In this two locations was achieved the requirement of ETA-03-03 standard (350 - 415 
HBW). 

In locations 2 and 6 was measured surface hardness above 321 HBW (the requirement of EN 15689), the 
hardness in this locations didn´t reach the ETA-03-03 requirement. The frog surface hardness measurement 
results, see the Fig. 8.  

During the explosive hardening (before 1st. explosion - after machining, after 1st. explosion and after 
2nd.explosion) were tested hardened areas by penetration test - Fig. 9. After frog machining were repaired 
defects on left wing rail by welding. After 1st.explosion have been shown this defects again in the same 
places - it was because a repair weld inhomogeneity. The conclusion of this penetration test is, that it´s 
better to repair some smaller defects after the frog explosive hardening, not before the explosive 
hardening. This will prevent the unnecessary duplication of repair welding. 

 
Fig. 9 Frog penetration test results - after the machining and after 1st.explosion 

3. CONCLUSION 

Explosive hardening of railway turnout frogs from Hadfield steel is used to increase the frog wear 
resistance, a reduction of more frequent frog running surfaces maintenance and a the extension a frog 
lifetime during using it the track. In this paper were compared requirements of explosive hardened Mn frog 
customers. In the experiment divided into two parts, were described explosive hardening test on Mn rails 
and on Mn frog. The resulting surface hardness after 2nd.explosion moved between 327 - 363 HBW in both 
experiments. In two locations of hardened Mn frog exceeded the surface hardness of 350 HBW (the 
requirement of ETA-03-03 Australian standard). Other locations fulfilled EN 15689 requirements (min.321 
HBW). During the measurement of surface hardness was found: 

� the application of third explosion didn´t increase the surface hardness, the other way around defects 
were on B rail, at the B3 location, 

� the smaller initial surface hardness (before 1st.explosion) means the bigger increase surface 
hardness after 1st.explosion and the smaller resulting hardness after 2nd.explosion. 

On Mn rails was described the formation of the sharp transitions during an incorrect explosive application 
and the method of its improvement was described too. The explosive hardening of the Mn frog leads to the 
recommendation – smaller defects discovered after the frog machining by penetration test are better to 
repair after explosive hardening. All this knowledge will be used for the serial explosive hardening of Mn 
frogs in railway turnouts manufactured in DT-Výhybkárna a strojírna, a.s. company.  
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Abstract  

The ever increasing requirements for mechanical properties of steels and the need for low purchasing cost 
compels manufacturers to develop new unconventional types of material microstructures that exhibit high 
strength and adequate ductility at the same time. In order to achieve such goals, one has to rely on 
unconventional heat treatment or thermomechanical treatment methods. One such method is Q-P 
processing that can be employed for treating cost-effective AHSS steels. In order to find the extent of 
changes in mechanical properties of microstructures produced by Q-P processing that take place either 
during the following warm forming or in the course of heating to moderately elevated temperatures, new 
measuring methods must be developed and deployed to quantify such changes precisely. The demand for 
measuring mechanical properties under conditions identical to those of a real-world manufacturing process 
is very common. A newly-developed testing method for measuring stress-strain curves with a short heating 
time in the order of seconds may serve as an example. It requires that a homogeneous microstructure is 
present throughout a testing body, and thus uniform temperature is achieved in the gauge part of the test 
bar. Dynamic tension test at a strain rate of 30 s-1 was performed at these conditions. This method has a 
distinct feature in that the measuring system consists of a highly dynamic testing device, accurate dynamic 
heating equipment, a set of strain gauges and a system of optical detectors. Under the above conditions, 
specimens of high-strength low-alloyed steel were tested in three different states: as-hot rolled condition, 
Q-P-processed state and as-quenched and tempered. Dynamic properties of the material were measured at 
25 °C and 425 °C. 

Keywords: stress, strength, ductility, strain rate, measurement 

1. INTRODUCTION 

Dynamic testing methods have become ever more important in industrial practice. One example of this 
development is the automotive industry where such tests are used predominantly for evaluating the safety 
of a car body in a crash. Characteristics of materials under dynamic load are measured by various methods.  

In this case, there was a request that a new method be developed for clarifying the impact of short term 
heat exposure upon the microstructure and mechanical properties of a material. In this method, the strain 
rate in tension test should be equal to that in a real-world manufacturing process. The resulting data will be 
used for optimizing manufacturing processes with the aid of FEM simulation. 

2. EXPERIMENTAL 

Important input data for technological process calculations and FEM simulations include instant values of 
mechanical properties, notably the stress-strain relationship, as well as, for instance, the effects of the 
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environment, such as changes in temperature and resulting changes in microstructure. These were the 
reasons why the design of a new testing method had to include an optimized shape for the test specimen. 
For the purpose of this optimization, measurement involving various microstructure states was performed, 
since even a short-time heat exposure can alter the properties of thermomechanically treated steels.  

2.1. Experimental Material 

The experimental material was conventionally produced 42SiCr steel that was rolled into strips with a 
thickness of 18 mm. It is a low-alloyed steel with 0.43 % C, 1.33 % Cr, 2 % Si and 0.59 % Mn. Silicon was 
added to inhibit carbide precipitation. The addition of manganese was used to control pearlitic 
transformation. The purpose of chromium was to enhance hardness and strength. Two types of treatment 
schedules were employed: conventional heat treatment and Q-P processing. 

Conventional Heat Treatment 

The conventional heat treatment schedule consisted of 25-minute soaking at 930 °C, quenching in water 
and tempering at 250 °C for two hours.  

Q-P Processing 

Q-P processing is a modern method for heat treatment of steels, by which high strengths can be achieved 
without significant decline in elongation values [1]. The difference between Q-P processing and 
conventional quenching is that in this technique cooling is discontinued just above Mf temperature. Then 
the material is reheated to a temperature slightly below Ms and held for several minutes. This is to allow 
carbon to partition from martensite to retained austenite which remained untransformed due to an 
interrupted cooling process [2]. In this experimental programme, Q-P processing was undertaken with the 
following parameters: austenitizing at 930 °C for 20 minutes, quenching in salt bath above Mf temperature 
and re-heating to 250 °C with 10 min hold in furnace. 

2.2. Mechanical Testing 

For precise mechanical testing it was 
necessary to propose an optimal shape of 
the test specimen to allow rapid and 
uniform heating and to achieve the 
required strain rate in tension test. As no 
standard is available for such procedures, 
the test bar shape was designed with the 
aid of FEM simulation. 

Three different shapes of test specimens 
were selected. The optimization was 
aimed at achieving uniform temperature 
field and high strain rate in the specimen’s 
gauge length part. After measuring the temperature field in the axial direction, the gauge length of 15 mm 
and diameter of 5 mm was selected as the optimum alternative (Fig. 1). Maximum relative deviation of 
temperature during specimen heating was below the limit of 5% along the whole gauge length of the test 
bar throughout the range of heating temperatures (Fig. 2).  

Fig. 1. Test specimen optimized for temperature field 
uniformity and high strain rates 
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Fig. 2. Differences between the temperature in the specimen centre and specimen edge dt [°C] 

2.3. Test Parameters 

Several testing methods were used for exploring the effect of short-term temperature spikes on an 
unstable multi-phase microstructure. Two temperatures were compared in this experiment: 25 °C and 
425 °C. The actual test consisted of heating to the required temperature over 10 seconds and a subsequent 
5-second hold. The specimen was then exposed to tensile load where the actuator velocity was 0.45 m/s 
(1). With this test bar geometry, this speed means a strain rate of 30 s-1. 

smmsmmeLv
CLcc /4503015 1 �	�	� ��          (1) 

Where Lc denotes the gauge length, eLc is the strain rate, vc is the actuator velocity 

Constant strain rate is the necessary condition for this test throughout the deformation stage. This is why a 
fixture was used that allows high strain rate to be achieved from the very beginning of the deformation 
stage. 

2.4. Method of Measurement 

A fixture was developed for this test with strain 
gauges that can measure instant force 
throughout the entire dynamic test (Fig. 3). 
Forces were measured using a strain gauge 
member with four resistance foil strain gauges 
in a full bridge circuit with two pairs of strain 
gauges in opposite halves of the fixture. This 
arrangement provided for temperature and 
parasitic bending load compensations. 
Deformation in the course of the test was 
recorded by a rapid video extensometer 
together with a synchronized strain gauge 

signal. This record was the source of data for 
Fig. 3. Testing rig 
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evaluating the time dependence of specimen deformation and instant values of reduction of area. The 
video recording was captured at 10 000 fps. The force transducer signal was recorded at a sampling rate of 
100 kHz. A high force transducer sampling range was chosen in order to filter off the interference from 
resistance-induction heating. 

3. RESULTS AND DISCUSSION 

Recorded test data included signals from the testing rig, the video extensometer and from testing fixtures. 
The testing rig supplied data on the actuator position and the force vs. time curve. Temperature data was 
recorded as well. The video extensometer recorded image data showing the changes in specimen 
geometry, and data from the strain gauge member gave information about the dynamic response of the 
force. The data was used to calculate engineering stress using the equations given in literature [3] and [4] 
(Tab. 1). Longitudinal metallographic sections through fractured specimens were examined and used for 
hardness testing to investigate the condition of the microstructure after the process.  

 

 Tab. 1. Dynamic response of 42SiCr steel at 25 and 425 °C after various treatment schedules 

  Temp. Rp0,2 Rm A15mm HV20 

[°C] [MPa] [MPa] [%] [1] 

Initial state 

 

25 664 1050 22 334 

425 470 806 22 342 

Q-P-processed 25 1562 1993 10 629 

425 1357 1600 14 578 

Heat treated 25 1791 2077 13 601 

425 1514 1753 13 565 

 

If results of the tension test are to be used for assessing formability of the material or as input data for 
process calculations and FEM simulations, a true stress-true strain diagram must be employed.  

In the room temperature test, specimens with the initial ferrite-pearlite microstructure exhibited a strength 
of 1050 MPa. Q-P-processed specimens showed an ultimate strength of 1993 MPa, which was an 89 % 
increase on the initial state. The strength of conventionally heat treated specimens was 2077 MPa. Stress 
valued decreased due to rising temperature (Tab. 1). In the tension test, a temperature increase to 425 °C 
caused the strength of specimens in the initial state to drop by 23 % to 806 MPa. The strength of Q-P-
processed specimens decreased from approx. 2000 MPa to 1600 MPa, i.e. 20 % as well. The least effect of 
the heating temperature on material degradation was found in conventionally treated specimens, where 
the ultimate strength decreased from 2077 MPa to 1753 MPa, which is a decline of a mere 16 %.  
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Fig. 4. Stress-strain plots for Q-P-processed specimen (25 °C and 425 °C)  

Microstructure of fractured specimens was 
examined using a laser confocal microscope.  

In specimens with initial ferrite-pearlite 
microstructure, plastic deformation in the tension 
test caused elongation in the vicinity of the fracture 
(Fig. 5). Even after heating to 425 °C, the 
microstructure consisted predominantly of pearlite 
with a small amount of ferrite. Hardness did not 
change markedly either (Tab. 1). 

Both Q-P-processed and conventionally hardened 
specimens contained martensite (Fig. 6). Rapid 
heating to 425 °C caused partial tempering of the 
martensite structure and a decline in hardness. 
Hardness in Q-P-processed specimens decreased 
from 629 HV20 to 578 HV20. In hardened specimens, it dropped from 601 HV20 to 565 HV20.  

  
Q-P processing                 Conventional heat treatment 

Fig. 6. Microstructure after tension test at 425 °C 

 
Fig. 5. Pearlite-ferrite microstructure after tension 

test at 425 °C 
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4. CONCLUSION 

The purpose of this experiment was to develop and optimize a new method of dynamic testing under 
conditions of rapid heating to warm forming temperatures. The purpose of the measurement was to clarify 
the impact of short term heat exposure upon the microstructure and mechanical properties of a material. 
The advantage of the proposed test method is that it is not constrained by the point of neck formation on 
the test bar; and the instant values of reduction of area can therefore be measured up to failure and under 
conditions matching a real-world manufacturing process. The measured data can thus be used to obtain an 
accurate true strain – true stress plot. Such plots are not available in literature yet, although they are 
required for designing unconventional manufacturing processes. Their value is in faithful reflection of a 
material’s behaviour under specific conditions of real-world processes. Their additional advantage lies in 
that they can be used for optimizing manufacturing processes by FEM simulation. Using the proposed 
method, the behaviour of a material with various types of microstructure under dynamic load was 
investigated. Specimens with initial ferrite-pearlite microstructure tested at room temperature exhibited 
ultimate tensile strength of 1050 MPa. The strength in unconventionally heat treated specimens was 
1993 MPa. Heat treated material showed a strength of 2077 MPa. Quenched and tempered specimens 
showed the least tendency towards microstructure degradation due to elevated temperature. 
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Abstract 

The paper analyses the cavitation erosion resistance of four stainless steels cast after specific recipes for 
hydraulic rotors and blades. After the casting process, the steels were subjected to an annealing treatment 
and a hardening process. These stainless steels have controlled contents of chromium and nickel and 
variable contents of carbon (about 0.1% or about 0.036%). The rating of the steels’ behavior to cavitation 
damage is based on the medium depth of erosion (MDE) parameter. Also, the effects of the microstructural 
elements and of the mechanical properties generated by the chemical composition are analyzed. The tests 
were conducted at the Hydraulic Machines Laboratory in Timişoara, on the vibratory apparatus with 
piezoceramic crystals, which was built according to the requirements of ASTM G32-10 standard. The testing 
of the four stainless steels vas conducted in tap water, the reason being that tap water is considered to be 
the closest to the operating environment of hydraulic pumps and turbines. The test method used for the 
cavitation erosion research is in accordance to the ASTM G32-10 standard. Three specimens were tested 
for each steel type, and they were extracted from the same block of material. The total testing time was 
165 minutes and it is divided in 12 testing periods (the first period had 5 minutes, the second period had 10 
minutes, the rest of the periods had 15 minutes each). The results show that an increased content of 
carbon tends to improve the cavitation erosion resistance. 

Keywords: Stainless steel, cavitation erosion, microstructure, characteristic curves 

1. INTRODUCTION 

Today, when technology develops faster and faster, scientists and hydraulic equipment (hydraulic turbines 
and pumps) manufacturers alike need to find new materials with good cavitation erosion resistance. The 
most widely used material for this type of equipment is stainless steel for its good cavitation erosion 
resistance [1]. Research in this field aims both the understanding and attenuation of the destructive 
phenomenon’s effects, and finding the optimum contents of alloying and enrichment elements that would 
give steel the necessary qualities for this purpose [2], [3], [4], [5]. This is the direction of the experimental 
and analytical results presented in the paper, results that were obtained from cavitation erosion resistance 
tests conducted on four types of stainless steel with variable carbon content and constant chromium and 
nickel content. Two steel types have contents of ≈12% chromium and ≈2% nickel and the other two steel 
types have contents of ≈12% chromium and ≈6% nickel. The steels were sorted according to their cavitation 
erosion resistance by using the mean depth of erosion (MDE). Also, the damage on the attacked surfaces 
was analyzed from images taken by the scanning electron microscope in order to justify the effects of 
carbon content on the cavitation behavior. 
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2. STUDIED MATERIALS 

The half finished stainless steels were obtained by casting [6]. After casting, the steels were subjected to a 
preliminary annealing treatment for homogenization, followed by a high temperature abate treatment. 
Later, the ingots were subjected to rough and finish turning, followed by a hardening treatment. The 
chemical composition (Tab. 1) was determined by using a Foundry master spark optical emission spectrum. 

The notations from Tab. 1 were used for an easier identification of the steel types. 

 

 Tab. 1 The stainless steels’ chemical composition 

Steel Chemical composition, % 

C Cr Ni Mn Si Mo W V Ti Nb Fe 

C1 0.114 12.02 2.15 1,36 1.35 0.05 0.025 0.097 0.257 0.034 81.743 

C2 0.036 11.957 1.97 0,204 0.642 0.036 0.083 0.011 0.08 0.01 84.842 

C3 0.112 12.07 5.95 1,67 1.79 0.031 0.016 0.047 0.047 0.031 76.944 

C4 0.036 12.059 5.597 0.28 0.461 0.039 0.153 0.009 0.073 0.009 81.373 

 

 Tab. 2 presents the results for the mechanical characteristics tests. Also, specimens were taken from the 
half finished steels in order to investigate the microstructure before the beginning of the cavitation tests. 

 

 Tab. 2 The mean values of mechanical characteristics 

Steel Rm [N/mm2] Rp0.2 [N/mm2] HRC Z,% A5,% 

C1 1336 935 40 25.4 6.9 

C2 968 678 29 29.3 8.2 

C3 1540 1083 46 24.8 6.3 

C4 1035 725 31 30.1 8.7 

 

Based on the equivalent chromium and equivalent nickel content, according to the Schaeffler diagram [7], 
the microstructure of the steels is: 

� For steel C1: ≈90 % martensite, ≈10 % ferrite; 

� For steel C2: ≈55 % martensite, ≈45 % ferrite; 

� For steel C3: ≈60 % austenite, ≈40 % martensite; 

� For steel C4: ≈100 % martensite. 

 

Fig. 1 presents images of the microstructures of the four stainless steels, obtained on the optical 
microscope before the cavitation attack. 
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C1 
 

C2 

 

C3 
 

C4 
Fig. 1 The microstructures of the stainless steels, Vilella attack, (x500) 

3. RESEARCH EQUIPMENT AND METHODOLOGY 

The apparatus used for the cavitation erosion tests was the vibratory apparatus with piezoceramic crystals 
(T2) found in the Hydraulic Machines Laboratory in Timişoara (LMHT) in the Politehnica University of 
Timişoara [8]. This apparatus is built according to the ASTM G32-12 standard [9]. 

The functional parameters of the apparatus are: 

� power 500 W 

� vibration frequency 20 kHz 

� vibration amplitude 50 μm 

� specimen diameter 15,8 mm 

� supply voltage 220 V/50 Hz 

The tests on the four stainless steels were conducted in tap water, on the grounds that it is the closest to 
the working environment of the hydraulic turbines and pumps. The cavitation eroded surfaces were studied 
on the Philips XL 30 ESEM scanning electron microscope. The metallographic attack has been made with 
royal water (1/4 HNO3 – 3/4 HCl and 1-2 drops of glycerin) and a composition of 1/10 HNO3 and 9/10 water. 
After the metallographic attack, the microstructure of the specimens was determined using the OLYMPUS 
SYX7 microscope [10]. 

4. EXPERIMENTAL RESULTS. DISCUSSIONS 

The plotting of the analytical approximation curves and of the experimental points was made using the 
mean value of the three specimens [11]. 

Fig. 2 and Fig. 3 show the diagrams for the variation of mean depth of erosion with attack time for the 
studied steels. The diagrams also show the OH12NDL stainless steel, which is widely used in the 
manufacturing of rotors and blades for the turbines used in the Romanian hydroelectric power plants and is 
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considered the reference material (with a good cavitation resistance) for the vibratory apparatus with 
piezoceramic crystals T2 found in the Hydraulic Machines Laboratory in Timişoara. 

The significance of the indexes used in the following diagrams is: 

t – the analytical approximation curve 

e – experimental points 

 
Fig. 2 The variation of the mean depth of erosion with attack time for C1 and C2 

 
Fig. 3 The variation of the mean depth of erosion with attack time for C3 and C4 

On the MDE diagrams (Fig. 2 and Fig. 3) can be seen that the steels with a carbon content of about 0.1% 
have a higher cavitation erosion resistance than the steels with a carbon content of about 0.036%. The 
simultaneous analysis of the two diagrams shows that nickel content also plays an important role in 
determining the cavitation erosion of the stainless steels. Thus, the steels with 6% nickel show a superior 
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cavitaion resistance to the steels with 2% nickel. Also, the dispersion of the experimental points is closer to 
the analytical curve for the steels with 6% nickel compared to the steels with 2% nickel. The comparison of 
the four tested steels with the OH12NDL steel shows that they have a better cavitation erosion behavior, 
superior to it. The increase of carbon content improves the cavitation erosion resistance, but at the same 
time, operating experience has shown that a high content of carbon creates problems for the steel’s 
welding properties [6]. 

Tab. 3 Analysis of the eroded surfaces seen on the scanning electron microscope, magnification 500x. 

Steel SEM images Conclusions 

C1 

 

The eroded surface shows cavitation tears 
with intergranular, brittle and cleavage 
aspects. 

C2 

 

The surface shows fine and rough 
cavitations. The tears on the surface have 
an intergranular and brittle appearance. 

C3 

 

The surface shows cavitation tears with 
brittle and intergranular cracks. 

C4 

 

The surface has a mixed appearance of the 
cavitations and cleavages with the 
highlighting of intergranular cracks. 

Tab. 3 presents images of the eroded surfaces taken on the scanning electron microscope (SEM) and the 
conclusions drawn following the analysis of these images. 
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5. CONCLUSIONS 

Carbon plays an important role in setting the microstructural constitution and the mechanical and 
cavitation erosion resistance characteristics. This can be seen in the cavitation erosion behavior of the 
steels with ≈0.1% carbon, which have a higher cavitation erosion resistance compared to the steels with 
≈0.036% carbon. 

The four steels are recommended for the manufacturing of blades and rotors for hydraulic machines that 
work in cavitation conditions, given that their cavitation erosion resistance is higher compared to the 
reference steel OH12NDL. 

The nickel content plays an important role in setting the microstructural constitution of stainless steels and 
on their mechanical and cavitation resistance characteristics. Following the cavitation attack, the surfaces 
of the specimens manufactured from the steels with 6% nickel is flatter and with smaller caverns compared 
to the stainless steels with 2% nickel. 

The nickel content plays an important role in setting the ratio between the microstructural constituents of 
stainless steels and on their mechanical and cavitation resistance properties. Following the cavitation 
attack, the specimens manufactured from the stainless steel with 6% nickel show a flatter surface with 
smaller caverns compared to the specimens manufactured from the stainless steel with 2% nickel. 
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Abstract 

The paper follows the evolution of cavitation erosion on two stainless steels with structures in which the 
martensite and austenite have similar ratios, using the characteristic curves for the medium depth of 
erosion (MDE) and the medium depth of erosion ratio (MDER), and also using images of the eroded 
surfaces which were taken using a microscope. The goal of the tests was to find the reason for which 
materials with similar microstructures have different behaviors to cavitation erosion. This way, the 
influence of chromium and the influence of the other alloying elements can be observed. The results show 
that the steel with higher contents of alloying elements like manganese, silicon and titanium have a 
superior cavitation erosion resistance. Also, the results validate the manufacturers’ trend to use stainless 
steels with carbon contents of about 0.1% for the manufacturing of hydraulic machines and equipment. 
The tests were conducted on a vibratory apparatus with piezoceramic crystals T2, built in accordance with 
to the ASTM G32-10 international standard, found in the Hydraulic Machines Laboratory in Timişoara. The 
studied stainless steels cast after specific recipes for hydraulic rotors and blades. After the casting process, 
the steels were subjected to an annealing treatment and a hardening process. 

Keywords: Cavitation erosion, stainless steel, characteristic curves, microstructure, chemical elements 

1. INTRODUCTION 

The refurbishment process of hydraulic turbines found in the Romanian hydropower system aims to 
increase the power output per unit. This led to increased cavitation working regime for the rotors of the 
turbines. The discussions with hydromechanical equipment manufacturers and beneficiaries have 
concluded that there is need for new stainless steels to increase the life of the equipment in the new 
cavitation work conditions. For this purpose, new steel recipes were created, so that these would provide 
an optimal cavitation erosion resistance and the easiest maintenance for the blades and rotors of hydraulic 
turbines. Among these, two steels with a nickel content of about 10% and almost identical microstructures 
(one with 32% martensite and 68% austenite and another with 30% martensite and 70% austenite) can be 
found. Although the two steels have similar microstructures, they have different chromium and carbon 
contents (6.48% Cr and 0,119% C, 14.208% Cr and 0.036% C respectively). The cavitation erosion research 
conducted on these steels highlights different behaviours. The analysis of the cavitation characteristic 
curves, correlated with the factors that define the steels, allowed the establishment of the elements which 
led to the differences in cavitation erosion resistance. 

2. STUDIED MATERIALS 

The cavitation erosion tested materials are part of the range of the stainless steels used in the 
manufacturing of rotors and blades for hydraulic turbines and pumps. 
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The two steels were cast in the form of cylinders with a diameter of 80 mm and length of 17 mm at the 
Expertise Center for Special Materials Laboratory of the Politehnica Unyversity in Bucharest. After the 
casting process, the steels were subjected to an annealing treatment and a hardening treatment. 

Three specimens were manufactured from each steel category, in accordance with the ASTM G32-10 
standard [1], and other specimens were manufactured from the same steels in order to determine the 
chemical composition and to conduct structural investigations and mechanical tests. The chemical 
composition (Tab. 1) was determined by using a Foundry Master type spark optical emissions 
spectrometer. 

Simplified symbols were used for the identification of the steels in order to ease the analysis and 
discussions developed in the paper. These symbols are shown in Tab. 1. 

 Tab. 1 The chemical composition of the studied steels 
 

Steel 
Chemical composition, % 

C Cr Ni Mn Si Mo W V Ti Nb Fe 
N1 0,119 6,48 10,06 3,06 1,45 0,095 0,007 0,345 0,83 0,0040 75,912 
N2 0,036 14,208 10,105 0,548 0,357 0,105 0,09 0,023 0,005 0,031 74,192 

The nature of the microstructural constituents and their approximate ratios (Tab. 2) were determined by 
using the Schaeffler diagram [3], based on the equivalent chromium ((Cr)ech) and nickel ((Ni)ech) contents 
calculated with specific formulas [3]. 

 Tab. 2 Microstructural predictions 

Steel symbol 
(Cr)ech (Ni)ech ≈ Martensite ≈ Austenite 

[%] [%] [%] [%] 
N1 10,266 15,173 32 68 
N2 14,995 11,4935 30 70 

The mean values of the mechanical properties following the heat treatments are shown in Tab. 3. 

 Tab. 3 Mechanical properties 

Steel symbol Rm [MPa] Rp0.2 [MPa] Hardness [HRC] 

N1 725 518 48.3 

N2 341 240 8 

Before the start of the cavitation erosion tests, the specimens were exposed to a metallographic attack in 
order to obtain images of the microstructure (Fig. 1) with the Optika optical microscope. The 
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metallographic attack was made with aqua regia (1/4 HNO3, 3/4 HCl and 1-2drops of glycerin) and a blend 
of 1/10 HNO3 and 9/10 water. 

  

N1 N2 

Fig. 1 Microstructure aspects of the studied materials (Vilella attack, magnification x500) 

3. RESEARCH APPARATUSES AND METHODOLOGY  

The cavitation erosion tests were conducted on the vibratory apparatus with piezoceramic crystals (T2), 
found in the Hydraulic Machines Laboratory of the Politehnica University in Tmişoara [2] [4], whose work 
parameters were maintained at constant values throughout the whole duration of the tests. 

Tap water was used as the liquid environment, because its physicochemical properties are similar to the 
work environment of hydraulic pumps and turbines. The temperature of the water was maintained at 21ºC 
for the whole duration of the tests. The total duration of the tests conducted on the T2 apparatus is 165 
minutes for each specimen. This duration is divided in 12 periods as follows: one 5 minutes period, one 10 
minutes period and ten periods of 15 minutes each. In accordance with the laboratory’s research 
methodology and the ASTM G32 standards, after each testing period the specimens were weighted and the 
cavitation attacked surface was examined under a microscope with 5 magnification steps (4x, 10x, 20x, 40x 
and 80x respectively). 

4. EXPERIMENTAL RESULTS. DISSCUTIONS 

The mean cumulative mass losses for each of the tested steel were determined based on the cumulative 
mass losses recorded for each of the three specimens manufactured from the N1 and N2 steels. The mean 
depths of erosion MDE and the mean depth of erosion rates MDE, needed for plotting the cavitation 
erosion characteristic curves, were determined by using the following formulas (1): Δρπ 

ΔMDE =4Δm�Z�ρπd2 

MDE = ��ΔMDE)           (1) 

MDER = ΔMDE / Δt 

where:  

ΔMDE is the cumulated mean depth of erosion for the test period Δt; 

MDE – is the mean depth of erosion; 

MDER is the mean depth of erosion rate for the test period Δt; 
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ρ is the steel’s density; 

d is the specimen’s surface exposed to the cavitation attack. 

The values determined with (1) equasions were depicted in the diagrams shown in Fig. 2 and were 
determined through analytical curves plotted with the equasions (2): 

   MDE = At(1-e-Bt) – cumulated mean depth of erosion; 

(2) 

   MDER = d(MDE)/dt – mean depth of erosion rate. 

In the diagrams shown in Fig. 2, the specific erosion curves for the OH12NDL stainless steel (symbolized 
with NE, mechanical properties Rm = 650 MPa, Rp0.2, = 400 Mpa, hardness 225 HB, microstructure of ≈88%M 
and ≈12%F, with 0.1% C, 12.8% Cr and 1.25 % Ni [3]) used as a reference material are also plotted. This 
steel is considered as having a good cavitation resistance and is used as reference material for the 
comparison of stainless steels used for the manufacturing of hydraulic turbines built and in use in Romania 
[4] [5] [7]. 

 

  

a) b) 
Fig. 2 The variation of the mean depth of erosion (MDE) and the mean depth of erosion Rate (MDER) 

Index meanings: t – The experimental points approximation curve, e - experimental points 

The evolution style of the MDE and MDER curves found in Fig. 2 show that stainless steel N2 with 0,036% C, 
14% Cr and 10% Ni (30% martensite and 70%austenite) has a higher mean depth of erosion than the N1 
stainless steel with 0,1% C, 6% Cr şi 10% Ni (32% martensite and 68% austenite). We asses that the main 
reason for this is the higher values for all the mechanical resistance characteristics (Rm, Rp0.2 and hardness) 
which, according to Hammit & Garcia [6], are the main factors to influence cavitation resistance. Compared 
to the OH12NDL reference steel, both tested steels (N1 and N2) have a very good cavitation erosion 
resistance. Interesting is the fact that N2 steel has inferior mechanical resistance characteristics compared 
to the OH12NDL reference steel. This is probably due to the effect of the combined microstructure of 
martensite and austenite, both of which have superior cavitation erosion resistance compared to the ferrite 
found in the reference steel [4]. 

The analysis of the cavitation behavior based on the evolution of MDER(t) curves (Fig. 2b) reveals that the 
stabilization of the MDER parameter of the N1 stainless steel is starts from minute 90 while for the N2 steel 
the stabilization starts from minute 120 [4]. The ratio of the MDER parameters in the stabilization zone is 
about 3/1 for the N2 steel. This difference in behavior can be determined from the mechanical 
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characteristics on one hand and from higher alloying degree of the two microstructural constituents (higher 
concentrations of Cr, C, Mn, V and Ti, Tab. 2) on the other hand. In addition, the lower critical hardening 
speed of the N1 steel causes an increase of this steel’s hardening availability and implicitly of its cavitation 
resistance. 

Following the distribution of the experimental points beside the approximation curves in the erosion 
stabilization field (after minute 90, minute 120 respectively), we can see smaller dispersions for the N1 
steel compared to the N2 steel, suggesting a more even microstructure and cavitation erosion. Both steel 
have more uniform erosion in time compared to the reference OH12NDL reference steel. This manner of 
destruction is due to the structure too, from a construction point of view, but to the dimensions of the 
grains also. Here we also have to note that the specimens for the reference material were taken from a 
hydraulic turbine blade [3], while the specimens for studied steels were taken from specially cast samples 
of much smaller dimensions. 

By comparing the value at which the MDER parameter tends to stabilize, we can see that the N1 stainless 
steel has an approximately 4.8 times higher resistance than the reference steel and the N2 steel has a 1.5 
times higher resistance compared to the reference steel. Thus, by this ratio, the two steels can be 
characterized as having a very good cavitation erosion resistance. 

We also asses that an increased carbon and manganese content in the N1 steel creates increased 
intergranular bonds and mechanical strength characteristics respectively. This aspect is favorable from a 
cavitation erosuion resistance point of view, but the weld repair capacity must be taken into account, 
seeing that interventions are undertaken after certain periods, and an increased carbon content leads to 
difficult welding. 

Fig. 3 shows images of the maximum depth of erosion measured (MDEmax) on an axial sexion after the 
attack time of 165 minutes. 

 

  

N1 (MDEmax = 49,38 μm) N2 (MDEmax = 26,44 μm) 

Fig. 3 The maximum depth of erosion recorded for the two materials. 

 

The data in Fig. 3 shows that stainless steel N1 registers higher MDEmax values than stainless steel N2, 
although according to the characteristic curves (Fig. 2) the N1 steel has a higher cavitation erosion 
resistance. The values registered in the section tell us that the N1 steel has a surface with more 
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pronounced irregularities (caverns, cracks, material tears) compared to the N2 steel. Therefore, we believe 
that the assessment, through comparison, of the cavitation erosion resistance based on the MDEmax values 
measured at the end of the attack is not suitable because it depends on the positioning of the sectioning 
and mostly on the dimensions of the grains that are expelled at a give moment of the cavitation attack. 

5. CONCLUSIONS 

Compared to the OH12NDL reference steel, the N1 and N2 steels have a very good cavitation erosion 
resistance and can be recommended for the manufacturing of parts that in cavitation conditions, like the 
blades and rotors of hydraulic machines. 

The cavitation erosion resistance is gratly influenced by the alloying elements, elements which determine 
the alloying degree of the microstructural constituents, their hardening capacity and the transformation 
stability of undercooled austenite. 

Although the carbon content manifests through an increased resistance to the attack of cavitation bubbles, 
it is recommended not to overcome the value of 0.1% because it dramatically affects the welding behavior 
of the steel. 

The mahimum depth of erosion measured at one time gives clues about the intensity of the cavitation 
damage, but it cannot be used as a reference element for the comparison of materials (the N1 steel has a 
higher MDEmax value than the N2 steel, although its cavitation erosion resistance is superior 
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Abstract 

Paper analyze the cavitation erosion behavior of six stainless steels with preponderant austenitic 
equilibrium microstructure on the basis both on the characteristic curves MDE (t) (mean depth erosion 
against time), MDER (t) (the erosion velocity against time) and the eroded area micrographs obtained by 
the use of optical and electronic microscopes. For the laboratory researches it was used a vibratory facility 
with piezoelectric crystals, realized in the Hydraulic Machinery Laboratory of the Timişoara “Polytechnic” 
University, in conformity with the prescription given by the ASTM G32-10 Standard. The final purpose was 
to identify the influence of the carbon and other principal alloying elements as well as the microscopic 
structure morphology upon the resistance to the erosion of the tested materials. From the laboratory 
obtained data it resulted that besides the rate between the alpha gene and gamma gene elements, the 
carbon content has an important influence upon withstanding to the impact of the cavitation bubbles. On 
the other hand, high carbon content worsens the welding repair work. The obtained conclusions are useful 
for developing new stainless steels for the use in manufacturing hydraulic machineries.  

Keywords: cavitation erosion, microstructure, chemical composition, cavitation erosion characteristic 
curves, vibratory facilities 

1. INTRODUCTION 

The damages, produced by cavitation erosion, especially to the runners of hydraulic turbines and pumps, 
imposed researches to obtain methods for increasing those properties which leads to an excellent 
resistance to cavitation erosion, both for basic steels (used in casting the pieces) and for materials used to 
repair the eroded area [8, 10]. Because, in present, there are still recorded important erosions, the 
laboratory research upon the supposed resistant materials continues in many laboratories. The present 
research is a part of this large effort and analyzes six stainless steels with a preponderant austenitic 
structure. The used steels were selected from those used to refurbish the blades and runners of some 
turbines running in Romanian hydroelectric power plants. The researches analyze similarities and 
differences of the damages occurred in the structure of these steels and brought new elements regarding 
the behavior to cavitation erosion. The results will be helpful for turbine builders to obtain prolonged 
running duration between repair work and for the owners of the power plant to select the best materials 
for repairing the eroded areas. 
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2. TESTED MATERIALS 

The analyzed steels have chemical compositions established on the ground of the recipes used for casting 
or for welding repair work of the hydraulic machinery (turbines and pumps) runners and blades, 
equipments generally heavy subjected to cavitation erosion [1, 4, 5, 9]. Because these steels are not 
standardized, in this work, for an easy identification are used the notations presented in Tab. 1, were the 
chemical compositions are also given. The samples from which the cavitation erosion specimens were 
manufacture were caste at: 

� Special Materials Expertise Center, of the Bucharest Polytechnic University; (specimens noted B and 
G); the researched steels were obtained as 300 g stocks in a multiple chamber melting furnace EMO 
1200 R, provided with an EMO 80 electronic beam for melting, alloying and casting in vacuum,, 
equipped with an electron gun with 80 kW power and 

� SC Prod SRL, Bucharest (the specimens noted with C, D, E and F), a firm specialized in casting; the 
mass of a sample was maximum 2 kg. 

After casting, the chemical non homogeneity was very high (segregation), because the high velocity of 
cooling the diffusion processes could not take place. Consequently, the experimental samples were 
subjected to annealing for homogenization. After that, the sample was subjected to a solution heat 
treatment in order to improve the mechanical properties. The solution treatment consisted in heating till 
1050ºC, maintaining for 1h and cooling in water. The purpose was to obtain maximum resistance for inter 
crystalline corrosion.  

 Tab. 1 Chemical composition of the researched steels 
Chemical 
Element 

Stainless Steel Symbol 
B C D E F G 

Chemical composition, mass % 
C 0.034 0.115 0.105 0.097 0.118 0.036 
Si 0.689 1.71 1.72 1.55 2.32 0.689 

Mn 0.591 2.58 2.62 2.45 2.89 0.591 
W 0.174 0.01 0.007 0.037 0.007 0.084 
Ta - 0.012 0.01 0.010 0.010 - 
Cr 18.275 10.62 12.02 17.91 23.86 16.515 
Ni 10.105 10.08 10.28 9.97 10.09 10.105 

Mo 0.049 0.03 0.037 0.1 0.038 0.106 
Al 0.025 1.191 1.19 0.67 1.18 0.027 
Co 0.055 0.033 0.028 0.066 0.052 0.068 
Ti 0.010 0.033 0.017 0.64 0.85 0.012 
Nb 0.020 0.043 0.04 0.035 0.041 0.019 
V 0.024 0.047 0.044 0.069 0.071 0.025 

(Cr)e 19,61 14,486 14,668 21,448 29,145 17,824 
(Ni)e 11,508 14,85 14,74 14,138 15,101 11,515 
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The equivalent content of chromium (Cr)e and nickel (Ni)e was determined with the relation (1) is also 
given in Tab. 1 and can served to determine the approximate structural components, Tab. 2, using the 
Schäfler diagram [3]. 

 (Cr)e = %Cr +1.5x%Si + %Mo + 0.5x% (Ta+Nb) + 2x%Ti + %W + % V + % Al 
(1) 

(Ni)e = % Ni + 3x%C + 0.5x%Mn + 0.5x%Co 

Some mechanical characteristic values together with the predicted microstructure are presented in Tab. 2. 

 Tab. 2 Mechanical and structural characteristics 

Steel 
Rm 

N/mm
2 

Rp0,2 

N/mm
2

 

HV 
daN/mm2 

Z 
% 

A5 

% 
Microstructure 

(Schäffler) 
B 341 240 202 35,2 18 93% A+7% Fδ 
 C 1450 1020 452 25,8 7,3 100% A 
D 835 626 261 32,2 11 100% A 
E 1335 934 370 29,7 8,6 98% A+2% Fδ 
F 1280 901 297 28,5 8,4 81% A+19% Fδ 
G 527 369 218 38,3 15 100% A 

A- austenite, F- ferrite,  

3. METHODS AND APPARATUSES USED 

The cavitation erosion tests were accomplished on the vibrating apparatus with piezoelectric crystals T2, 
realized in conformity with the G32-10 ASTM Standard [7]. The running parameters of the test device are: 
power= 500 W; vibration frequency=20 kHz; vibration double amplitude= 50 μm; specimen diameter=15.8 
mm, supply voltage = 220V/50Hz. The liquid media used was drinking water at a temperature of 22±1°C. 
The total exposure time was 165 minutes divided in 12 testing intervals (the first ones after 5 and 10 
minutes and the following ten of 15 minutes). The use of the drinking water was preferred because in 
Romania the hydraulic power plants run with river water having approximately the same aggressiveness as 
the drinking water.  

3.1. Experimental results 

According to the ASTM G-32 Standard from each material were tested three specimens. The characteristic 
curves, presented in the paper, were plotted for the mean of the three obtained results. After the tests, the 
specimens were subjected to structural analyzes both for the eroded area and in the cross section in order 
to observe the uniformity of the erosions and the maximum depth of the erosion MDEmax. The structure 
was analyzed using three different devices: the optical stereo microscope OLYMPUS SZX 7 (equipped with 
the program quickMicrophoto 2.2), the REICHERT Univar metallographic microscope (with automatic table, 
video camera with adaptor and an interface for data acquisition) and the scanning electron microscope XL-
30-ESEM TMP. 

Fig. 1 present the characteristic cavitation erosions MDE (mean depth erosion) and MDER (mean depth 
erosion rate) against the exposure time. The computation of these parameters was done on the ground of 
the mass losses after each testing period, using the relations given in ASTM G32-10 Standard:  
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Where: 

�Mi-is the mass los in the testing period “i”, measured in grams, 
ρ – is the steel density in gram/mm3, 
�ti –exposure time for the “i” period, in minutes  
i = 1,2, 3...12- is the testing period (for i= 1, �t = 5 min, for i = 2, �t= 10 minutes for the rest (i=3...12), �t= 15 
minutes, 
dp – the diameter of the area exposed to cavitation (dp= 15,8 mm); the G32 recommend the use of this 
diameter which has precise value an in the same time the difference between the whole area and that 
suffering erosions is enough small.  

  

Fig. 1 Cavitation erosion characteristic curves 

Fig. 2 present both images of the eroded area and the cross section through the eroded area, after 165 
minutes of exposure.  
a) Dependence of mean depth erosion against time exposure  
b) Dependence of mean depth erosion rate against time exposure 

3.2. Discussions 

Analyzing the characteristic curves MDE(t) and MDER(t) it result that the steels noted with B and G, having 
a reduced content of carbon, present the smallest cavitation erosion resistance. For them, the 
concentrations ratio of Cr/Ni and of Cre/Nie changes from 1.8 respective 1.7 for the steel B to 1.63 
respective 1.55 to the steel G. The mechanical strength characteristics (Rm, Rp0,2 and HV) are a bit smaller for 
the steel B which has a bit higher content of chromium and equivalent chromium. Because both materials 
have approximate the same content of carbon (approximately 0.035%) we can expect that after solution 
heath treatment the microstructure remains very close to that predicted by the Schaffler diagram. In such a 
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case, the presence in structure of delta ferrite, even in small quantities, reduce the mechanical resistance 
as well as the resistance to cavitation erosion. This situation is reflected in the result obtained by the steel 
“B”. For the steels C and D with 0.1% content of carbon and approximately the same content in nickel and 
chromium content at the inferior limit imposed for a stainless steel, a great part of the under cooled 
austenite is transformed in martensite. Consequently, the values of the mechanical resistance (HV, Rm, 
Rp0,2) increases significantly. The described process is less accentuated for the steel D, because the 
increased content of nickel leads to a greater proportion of the not transformed austenite. Those structural 
transformations justify the maximum resistance to cavitation erosion of the steel C and a good behavior of 
the steel D.  

The steels E and F have the carbon content of approximately 0.1%, the nickel content of approximately 
10%, and high chromium content (17.91 respective 23.86%). The heating at 1050 ˚C determine the merging 
of chromium carbide and other secondary phases into austenite and the rapid cooling in water transform a 
great part of austenite in martensite but maintain the ferrite V in the structure. For the steel F the chemical 
composition lead to a greater content of δ ferrite. That is the reason why the steel E has a greater 
cavitation erosion resistance. For both steels the structural modifications are the cases for the better 
mechanical characteristics and cavitation erosion resistance. 

 
Mean diameter of the eroded area =14078 �m 

Percentage of the affected area = 79.03 % 
a) Steel B 

 
Mean diameter of the eroded area = 14116 �m 

Percentage of the affected area = 82.31% 
b) Steel C 

 
Mean diameter of the eroded area =13799 �m 

Percentage of the affected area =79.46 % 
c) Steel D 

 
Mean diameter of the eroded area =13736 �m 

Percentage of the affected area = 78.35 % 
d) Steel E 
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Mean diameter of the eroded area = 14078 �m 

Percentage of the affected area = 79.03 % 

e) Steel F 

 
Mean diameter of the eroded area =14031.7 �m 

Percentage of the affected area = 80.64 % 

f) Steel G 

Fig. 2 Aspects of eroded area after 165 minutes of cavitation 

 

(b, c, d, e – optical microscope images; a, f – stereo microscope images) 

1 –Stereo micro structural aspects of the eroded area (x8),  

2- Eroded area aspects at the final exposure time, (Scanning electronic microscope (SEM) – x500) 

In Tab. 3 materials are arranged after the value of the resistance to cavitation. The last four columns 
present the nondimensional values obtained by rating with the specimen B. For the austenitic materials the 
increase of the cavitation erosion resistance, even if has slower increases, is similar with the variations of 
the other mechanical characteristics. It was a surprise that the hardness has different increase shape. 

4. CONCLUSIONS 

1. The realized researches put into evidence both common elements and differences regarding the 
cavitation erosion of the stainless steels with preponderant austenitic equilibrium structure and bring new 
information regarding the influence of the structure morphology upon the behavior at the impact with 
cavitation bubbles. 

2. For steels with very reduced carbon content (around 0.035%) and approximately 10% of Ni, rising the 
chromium content to 16…18% reduce the cavitation erosion resistance as a result of rising the δ ferrite in 
the structure (steels B and G). 

3. The increase of the carbon concentration around 0.1% together with the reduction of the chromium 
content at the inferior limit for obtaining stainless steels determine a significant increase of the cavitation 
resistance as a result of reducing the undercooled austenite stability and the increase of martensite 
transformation. 

4. Maintaining the carbon concentration at 0.1%, the nickel concentration at 10% and the increase of the 
chromium content till 18 – 24% (steels E and F) has as result the improving of the martensitic 
transformation (positive factor) and preserving in the structure a quantity of δ ferrite (negative factor). 
Those steels have the cavitation erosion resistance weaker but enough close to the C steel. Such steels are 
recommended for repair works. 
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Abstract 

The work deals with four high manganese steels types with aluminium addition higher than 8 wt. %. 
Manganese content was lying in range of 24-29.5 wt. % and carbon was in the interval from 0.4 wt. % to 1.2 
wt. %. Different levels of the above mentioned elements led to dissimilar mechanical properties and 
metallographic ones. All steels types were cast laboratory and the hot and cold rolling was realised using 
reversible laboratory rolling mill TANDEM and four-high rolling mill Q110. The work mutually compares 
influence of all used crucial elements of the chemical compositions, calculated stacking fault energies (SFE) 
and transformed V-ferrite from the basic FCC matrix. Specific balance between manganese, carbon and 
aluminium play an important part in k-carbides precipitation. Mechanical properties and microstructures of 
investigated materials are integral parts of solution. Results are confronted with accessible literature pieces 
of knowledge. 

Keywords: manganese steel, (Al+Si/C+Mn) ratio, stacking fault energy, microstructure, mechanical 
properties 

1. INTRODUCTION  

The work is orientated on high manganese steels with carbon content from 0.46 to 1.2 wt. % and 
aluminium addition from 8.7 to 12 wt. %. Microstructures of such steel types show complex microstructure. 
At optimised chemical composition and after hot and/or cold rolling, the basic matrix should be consisted 
of the austenitic structure and lower volume fraction of ferrite, without carbides. Carbide precipitation is 
prerequisite after ageing process subsequent the rolling process. For high strength level of high manganese 
steel of the TRIPLEX type solid solution strengthening and dispersion effect of nano-size k-carbides 
precipitation are responsible. Those are equally arranged along the shear bands being formed during 
deformation process [1]. The regularly arranged shear bands appear in the plane {111}. This characteristic 
demonstrates an important contribution of homogeneous shear deformation to reaching of total plastic 
elongation [1]. Thickness of the mentioned bands is connected with stacking fault energy (SFE) which, 
according chemical composition of the given high manganese steel, ranges from 80 to 140 mJ.m-2 [2]. The 
mentioned values are also guarantee a high stability of the matrix without transformation into �-martensite 
and extensive development of mechanical twinning [3].The presented steels are of a high attractiveness 
because of higher manganese and especially aluminium contents showing lower density in comparison with 
iron. Thanks the high strength level in combination with favourable plasticity the TRIPLEX steels are suitable 
for application in automotive industry, as attractive materials for rotating elements and also for cryogenic 
temperatures [4]. The aluminium addition not only increases the SFE strongly, however also improves the 
corrosion resistance of discussed matrix [4].  
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On one side the production of high manganese steels shows a high compatibility with usual devices 
however the high manganese, aluminium and also silicium show high affinity to oxygen connected with 
problems leading to possible plasticity decrease. The presented work is focused on mechanical properties 
and selected microstructural parameters of the steels showing higher aluminium contents than is 
presented in majority works. 

 Tab. 1 Chemical composition of used materials [wt. %] 
steel C Mn Al Si Fe 

A 1.2 24.0 12.0 0.32 bal. 
B 0.46 28.2 8.7 0.16 bal. 
C 0.65 29.5 9.0 0.35 bal. 
D 0.70 28.0 10.8 0.05 bal. 

2. EXPERIMENTAL PROCEDURE  

For experimental laboratory investigation four high manganese steels of TRIPLEX type were manufactured. 
Chemical composition of all studied heats Tab. 1 summarises. The ingots for experiments were prepared by 
melting in vacuum induction furnace Leybold-Heraus. The dimensions of ingots corresponded to 20x33 mm 
in cross section and the length was 120 mm. Chemical analyses of the cast ingots were carried out by use of 
optical emission spectrometer LECO GDS 750A with glow discharge. By use of reversible laboratory rolling 
mill TANDEM with two stands of the two-high mill type hot rolling by 10 passes to thickness of 5.5 mm 
followed. Samples were heated to temperature 1100°C with reheating among rolling. The furnace was 
without any protective atmosphere. Temperature of the samples surfaces was continuously monitored. 
Similar procedure with rolling reductions was described in work [5] in detail. Cooling in the free air of the 
samples after finishing of rolling was realized. Final thickness corresponded after hot rolling to 1.9 mm. 
Samples were consequently cold rolled using the laboratory four-high rolling mill Q110 to the thickness of 1 
mm. Metallographic evaluation (by use of light microscope OLYMPUS X70 and electron microscope ASPEX-
PSEM eXplorer equipped with the EDX analyser) of all materials after casting and subsequent rolling was in-
separable part of solution as well as discussion about reached mechanical properties. Volume fraction of 
ferrite and cleanness were monitored. The tensile tests and the hardness HV30 were carried out using the 
INOVA TSM 50 machine and LECO 2000. On the basis of known thermo-mechanical data and concept of the 
works [6, 7] stacking fault energies (SFE) of all materials under normal tempeature conditions were 
calculated. 

a)  b)  

Fig. 1. Microstructure image in as- cast state of the steel a) A, b) B 
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3. RESULTS AND DISCUSSION 

Microstructures of investigated materials in as-cast state demonstrate Figs. 1 and 2. All images present 
central areas of ingots in cross section. The steel A and partially the steel D show different features unlike 
the steel B and C. The steel D has the finest microstructure afterwards the steel A and the steels B and C are 
the coarsest and practically comparable. In the steel A, pronounced ferrite areas can be seen. The columnar 
structure and the presence of micro-porosity require suitable rolling parameters to break the primary 
structure and to re-weld the tiny pits. In microstructures of all castings aluminium oxide and/or oxide-
sulphide complexes were observed as it is partially also seen in the Figs. 1 and 2. 

c) d) 

   

Fig. 2. Microstructure images in as-cast state of the steel a) C, b) D 

a)        b) 

   
Fig. 3. Microstructure images of the steel a) A, b) B after hot rolling 

 

Microstructures after hot rolling Figs. 3 and 4 demonstrate. After hot rolling the steel D also showed the 
finest microstructure, afterwards the steel A followed and the steels B and C were again similar with a tiny 
dis-continual ferrite decoration along the primary austenite grains. In the steel A, particles along the 
primary austenite grains and along the ferrite-austenite interface were detected as it the Fig. 5 
demonstrates. The SEM microscopy proved, those particles were k-carbides of the (FeMn)3AlC type. The k 
carbides should not be formed under rolling processes, only during the ageing should precipitate out in 
nano-size and in this way to increase the strengthening of the TRIPLEX steel [1, 4]. Balanced manganese, 
carbon and aluminium are required. In given case the low manganese content (24 wt. %) was not able to 
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keep the high carbon content of 1.2 wt. % in solid solution, even when the aluminium addition was at the 
highest level in frame of the investigated steels. This statement, results of the work [8, 9] support. The 
ferrite volume fractions of all steels differed and individually corresponded to 7.5 % (steel A), 20 % (steel B), 
10 % (steel C) and 21 % (steel D). The differences could be ascribed to austenite stabilization owing to 
carbon and manganese effect. The highest (C+Mn) showed the steel C, afterwards the steels D, B and A 
followed. In the steel A the highest carbon and aluminium were analysed. Between both elements a 
competition exists. It is high probable the both influences were partially eliminated, because of the 
relatively low ferrite detection. In any case, in the steel A carbon content was too high in relation to 
manganese as it follows from optimised chemical composition for the TRIPLEX steels [1, 8].  

a)  b) 

   

Fig. 4. Microstructure images of the steel a) C, b) D after hot rolling 
 

Average values of hardness HV10 of all 
materials in as-cast state and after hot rolling, 
measured both in central areas and close to 
fringe of samples, are summarized in Fig. 6a in 
dependence on ratio of presented elements 
supporting ferrite transformation and austenite 
transformation (Al+Si/C+Mn). Hence, the 
carbon and manganese significantly contribute 
to the strengthening of austenite and 
aluminium and silicium in ferrite. With a higher 
mentioned ratio, the more increasing tendency 
the hardness showed. It applied for both the as-
cast and hot rolled state. The SFE is in an 
important relation to the chemical composition, 
because the SFE especially carbon, manganese 
and mostly aluminium, minimally copper and silicium increase [10, 11]. Consequently, it is possible to 
evaluate impact of the SFE level on the above mentioned ratio. This can be seen in Fig. 6b. The higher is the 
(Al+Si/C+Mn) ratio, the higher SFE can be awaited in the TRIPLEX steel types. The same trend was observed 
by Schindler in the work [5]. 
 

Fig. 5.  Micrograph of the steel A after hot rolling 
with fallen out coarser k-carbides 
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a)  b) 

  
Fig. 6. Variation of a) the HV10 and/or b) the SFE as a function of (Al+Si/C+Mn) ratio 

 

 Tab. 2  Mechanical properties after rolling 
Steel YS TS Elong. 

[MPa] [%] 
A 879 1148 26 
B 740 930 22 
C 850 955 28 
D 553 1117 25 

 

Reached mechanical properties are summarised in Tab. 2. From this Tab. again follows that with higher 
(Al+Si/C+Mn) ratio the tensile strength increases, because the hardness is with the tensile strength in 
relation. It is interested, the yield strength do not correspond quite to carbon content being able as a free 
interstitial element to interact with dislocations and due to it to increase the tensile strength. In the steel A 
the carbon content was at the highest level and also the yield strength, but the steel D showed very fine 
microstructure as it was observed in the steel A and it could support the higher yield strength, too. In the 
steel D, in frame of all investigated steels the worst results were registered. The formed carbides during 
rolling process in the steel A could also interact with dislocations and to assist the yield strength increase. 
However, why the yield strengths of the steels B and C were higher than in case of the steel D, which was 
finer than the two mentioned steels? As Tab. 1 demonstrates, carbon contents of the steels B and C were 
lower. Regarding the nitrogen content that was in all four steels practically at the same level of 38-39 ppm. 
Regarding oxygen it was in the range of 3 to 7 ppm. It is also why the elongation was generally lower than 
could be awaited for the TRIPLEX steels. The detected oxides inclusions formed mostly in located central 
areas were the main reason of the presented plasticity. Their level was in all steels at the comparable level. 

4. CONCLUSIONS  

Four steels of the TRIPLEX type marked A, B, C and D were cast and hot rolled in laboratory and the results 
were followed: 
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Steel A had unbalanced manganese, carbon and aluminium content. Manganese content (24 wt. %) was too 
low in relation to high carbon content (1.2 wt. %) and was not able to keep carbon during hot rolling in solid 
solution. The k-carbides precipitation of micro-size was observed at the ferrite–austenite and/or austenite-
austenite interface. The other three steels showed the balance of all elements, even when for favourable 
carbide precipitation during ageing process the carbon level could reach up 0.9 wt. %. The ageing process 
was not part of presented solution.  

In all steels aluminium oxides and/or oxide-sulphides inclusions preferentially situated in the central area of 
the rolled strips were revealed. It was also the reason of the lower plasticity than awaited. The highest level 
of tensile strength and hardness (HV30) was registered in steel A showing the highest (Al+Si)/C+Mn) ratio 
(47.24.10-2) and the lowest ratio (29.85.10-2) was calculated in case of the steel C. With increasing of this 
ratio the higher values of mentioned parameters were registered. The yield strength minimally reached 930 
MPa (steel B) and maximally 1147 (steel A). Partial disproportion in the yield strength of the steels B, C (740 
MPa and 850 MPa-see Tab.2) which showed coarser microstructure than the steel D with the lowest yield 
strength value (553 MPa) could be elucidate by superposition of negative influences of some presented 
inclusions.  

The stacking fault energies (SFE) of the steels were in range of 108 to 129 mJ.m-2 and the higher was the 
SFE, the higher (Al+Si)/C+Mn) ratio was found.  
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Abstract 

The work deals with three high manganese steels of TRIPLEX type. Manganese was in the range of 24 to 28 
wt. %, carbon in the interval of 0.2 to 1.2 wt. % and aluminium was at the level from 2.3 wt. % to 12 wt. %. 
Chemical composition variability, rolling conditions and following aging process realised at the temperature 
of 560°C and four different aging dwells including 5, 10 and 60 minutes led to various k-carbides 
precipitation both of nano and of micro size. Chemical compositions, concretely the manganese, carbon 
and aluminium balances, influenced the k-carbides precipitation. The main expression of the k-carbides 
precipitation was the investigated hardness (HV30). Mechanical properties after tensile tests and 
microstructure analyses after hot rolling are inseparable part of presented solution. All results are 
compared to one other and confronted with literature information. 

Keywords: TRIPLEX steel, aging, time dwell, strengthening, microstructure 

1. INTRODUCTION  

For the TRIPLEX materials showing high level of strengthening and simultaneously plasticity an important 
reduction in density has been registered because of higher manganese and especially aluminium additions. 
Namely, both elements show higher lattice parameters than the iron lattice [1]. All main elements of the 
TRIPLEX matrix are able to form carbides of the (FeMn)3AlC type with the average lattice parameter ak = 
0.38374 �m which is dependent on aluminium content [1, 2]. Aluminium addition suppresses at twinning 
martensite transformation due to strong increase of stacking fault energy (SFE) and simultaneously makes 
the low temperature plasticity more favourable [1-3]. As it from thermo-dynamical analysis follows, free 
enthalpy for the austenite transformation to �-martensite shows positive value of Gibb´s free enthalpy 
�G�#3�1755 J.mol-1, which demonstrates high austenite stability. According the chemical composition, the 
SFE of TRIPLEX matrix usually reaches 80-140 mJ.m-2. It signifies that higher aluminium contents leads not 
to susceptibility of mechanical twinning unlike the material TWIP with the SFE at the level of 25-30 mJ.m-2 
[4, 5]. TRIPLEX matrix is connected with shear band induced plasticity (SIP) effect. In frame of the shear 
bands partial dislocations a/6 [112] move on the most potential perpendicular slip planes of the {111} type 
and form very narrow stacking faults, because the SFE is too high. At the boundaries of mentioned bands, 
under diffusion conditions, carbides of the (FeMn)3AlC type can precipitate there. Those being formed 
intra-granularly are of nano-sizes and are regularly arranged, just at the above mentioned shear bands 
boundaries. Such precipitated out carbides are coherent with austenitic matrix. For reaching of a higher 
strengthening and preservation of sufficient plasticity a short ageing process at the temperature in the 
range of 450 to 600°C is necessary. With the higher temperature of heating and longer dwell time coarser 
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and/or higher number of carbides can come to existence. Particles number, their shape and distribution in 
matrix influence strengthening and plasticity of the TRIPLEX microstructure [1].  

The aim of presented work is a study of three different TRIPLEX steels after hot rolling and subsequent 
aging at 560°C during 6, 10 and 60 minutes dwell. 

 Tab. 1:Chemical composition of investigated steels [wt. %] 
steel C Mn Al Si Ni Fe 

X 1.20 24.2 12.0 0.32 0.01 bal. 
Y3 0.18 26.8 2.3 0.98. 0.01 bal. 
Z 0.67 28.0. 10.7 0.05 0.03 bal. 

2. EXPERIMENTAL MATERIALS AND THE TECHNIQUE OF INVESTIGATION 

Three manganese steels signed X, Y and Z were laboratory cast into ingot moulds with diameters of 
20x33x170 mm. Chemical compositions of investigated heats summarises Tab. 1. On the basis of chemical 
composition and known thermodynamic data stacking fault energy (SFE) at normal temperature was 
calculated as was already presented formerly [6, 7]. Consequently, all materials were treated under same 
conditions. Heating was carried out at 1100°C and rolling was realised using rolling mill TANDEM. Before 
each odd double pass from the total five reheating at the 1100°C was carried out. The reductions 
corresponded to 5 % four times, afterwards 13 % and 20 %. After dividing of rolled material into two pieces 
subsequent rolling from the temperature of 1100°C followed, twice with double passes. Final thickness 
corresponded to 1.9 mm and the finishing rolling temperature was 950°C. Cooling on the air followed with 
cooling rate of 11°C.s-1 on average. Afterwards, all hot rolled materials were aged at the temperature of 
560°C during period of 6, 10 and 60 minutes. After hot rolling and all ageing times microstructure 
evaluation was carried out and hardness (HV30) using EMCO TEST-M1C 01 was measured. After hot rolling 
mechanical properties as yield strength (YS), tensile strength (TS) and elongation (El) by use of multi-
functional universal equipment LSV100kN were found. Microstructure evaluation was also part of solution 
using light microscope OLYMPUS X70 and eXEPLOREL electron microscope equipped with energy dispersed 
analyser EADAX. For detection of carbide precipitation X-ray apparatus DRON with Cok3 radiation was used.  

3. RESULTS AND ANALYSIS 

Microstructures of all investigated materials after hot rolling Figs. 1a -1c demonstrate. All materials show 
different carbon, manganese aluminium and silicium content. It is also why the stacking fault energies (SFE) 
were at the different levels. The steel X, thanks the highest aluminium content of 12 wt. %, showed the 
highest SFE of 126 mJ.m-2, the steel Z had the most balanced carbon, manganese and aluminium contents 
and its SFE corresponded to 121 mJ.m-2, whereas the steel Y with the lowest carbon content (0.18 wt. %) 
and with aluminium at the down aluminium level for the high manganese steels showed this parameter 
only 105 mJ.m-2. However, in any case the SFE was sufficient for the TRIPLEX steels [4, 5]. As it from Fig. 1 
follows microstructures of all materials consist of austenite as a basic one and in minority ferrite grains are 
presented. Strictly speaking, the grain sizes are similar in all heats on average (about 5-6 �m) however 
some grade of in-homogeneity can be observed. The steel X showed the grain sizes in range of 1-13 �m, the 
steel Y of 2 to 18 �m and in case of the steel Z it was between 5 and 13 �m. Regarding ferrite volume 
fraction, in steel X 7.5 % on average was detected, in the steel Y 5.2 % and in the steel Z 7.4 %.  
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After hot rolling, the steel X showed strong deformation of matrix. According Chimani [8], ferrite grains 
demonstrate five times higher plasticity unlike the austenite. During the rolling k-carbides at the grains 
boundaries precipitated out instead to be kept in the solid solution of the manganese matrix as it using 
SEM and EDAX was confirmed. This was due to unbalanced carbon and manganese as it is in agreement 
with the Schumann´s conclusions [9]. In microstructure of the steel Y slightly higher in-homogeneities in 
ferrite formation and the lowest its content were detected as it Fig. 1 b demonstrates. Very low aluminium 
content is an elucidation. The matrix had high manganese content, however low carbon addition (0.18 wt. 
%). Stacking fault energy, thanks the manganese with aluminium contents, exceeded 100 mJ.m-2 and so 
ensured the austenite stability. Anyway, in frame of the three investigated steels, the highest number of 
deformation twins in the steel Y were observed as it is obvious from Fig. 1b. Regarding the steel Z that one 
had the most balanced microstructure and practically none TWIP effect was observed unlike the steel Y and 
the more intensive SIP effect can be awaited in the steel Z. Naturally, the 10.7 wt. % of aluminium was 
reason for the higher ferrite volume fraction in comparison with the steel Y. The black particles seen in the 
Fig. 1c were revealed as complex oxide particles on the basis of aluminium and manganese.  

a)  b)  

c).  
Fig. 1 Micrograph image of the steel a) X, b) Y, c) Z after hot rolling 

 

Mechanical properties of all steels after hot rolling Tab. 2 summarises. The higher was the carbon content 
the lower ductility was registered, however on contrary, higher strengthening was observed. This trend can 
be also seen in dependence of (Al+Si/C+Mn) ratio to the SFE showing the increasing tendency as was 
observed formerly [10]. The (Al+Si/C+Mn) ratio for the steel X, Y and Z corresponded to 50.62.10-2, 11.79. 
10-2 and to 37.5.10-2 (given in sequence). 
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 Tab. 2:Mechanical properties of investigated steels after rolling 
steel YS TS El. HV30 

[MPa] [%] [-] 
X 879 1148 26 432 
Y 536 746 38.5 261 
Z 553 1117 25.4 382 

YS = yield strength, TS = tensile strength, El. = elongation HV30 = hardness 

After 5 minutes of aging in all materials hardness HV30 increase was found, however after 60 minutes of 
aging, with exception of the steel X, fall of given hardness was registered. The decrease of hardness after 60 
minutes was ever at the higher level than in steels in as-rolled state. After 5 minute of aging in the steel X 
hardness increase corresponded to 3.1 % and after 60 minutes to 5.1 %. In this case the HV30 reached by 
5.1 % higher level in comparison with material in as-rolled state. For the steel Y it was by 6.3 % after 5 
minutes of aging and after 60 minutes the HV 30 value was by 1 % higher than in state without the heat 
treatment. Regarding the steel Z, after 5 minutes of aging 7.1 % accrual was registered and after 60 minutes 
a decrease of the HV 30 by 3.7 % against the 5 minutes aging was observed. All measured values of the HV 
30 Tab. 3 summarises. 

 Tab. 3: Comparison of average hardness (HV30) values in as-rolled state and after 3 different dwells  
Steel as-rolled 5 minutes 10 minutes 60minutes 

HV30 [-] 
X 432.1 445.7 448.7 454.3 
Y 261.4 277.8 262.8 263.9 
Z 382.8 410.2 407.3 397.1 

 

After 5 minutes of aging other carbides were formed in all steels and the increase of measured hardness is 
an evidence of it. After dwell of 10 minutes in case of steels Y and Z a slight decrease in the HV30 was 
registered. Coarsening of some k-carbides could be the explanation, while after 60 minutes of aging new 
finer k-carbides were formed in austenite matrix and the increase in the HV30 was again registered. In 
frame of investigation a try to detect k-carbides after different aging processes by use of X-ray was realised. 
Unfortunately, with exception of the steel X in other cases was this technique unsuccessful. It is true, in the 
steel X 1.2 wt. % of carbon content was and the other steels showed it only in the range of 1.18 and 0.67 
wt. % and it was probably under detectable level.  

The Fig. 2a represents microstructure image after hot rolling with the coarser precipitates at the grain 
interface. Fig.. 4b shows microstructure of the steel Z after 5 minutes of aging. Again the coarser carbides 
precipitated out at the grain boundaries, showed un-regular arrangement and the finer particles were 
formed intra-granularly and were regularly arranged as the arrows in the mentioned figure shows. Similar 
carbides were observed also by Tjapkin et al. [11], even when they realised long time aging of 100 hours. It 
is interesting, that using the X-ray those carbides were not confirmed, respectively, the {111} reflections of 
the k-carbides were too weak and/or ambiguous.  
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a) b) 

Fig. 2 Microstructure im, wiage of the a) steel X in as-rolled state, b) steel Z after 5 minutes of aging 

4. CONCLUSIONS  

Microstructure of three different manganese steels with varying carbon, manganese and aluminium 
contents after hot rolling and after consequent 5 minutes of aging and/or 10 minutes and/or 60 minutes at 
560°C showed followed results: 

After rolling the grain sizes of all steels were without important differences and were in range of 1 �m to 18 
�m. Ferrite presence was depended on the addition of aluminium and carbon content, which were at the 
highest level in the steel X and the lowest one occurred in case of the steel Y. The average ferrite volume 
fraction was in range of 5.2 % to 7.5 %. The stacking fault energy was increasing (from 105 mJ.m-2 to 126 
mJ.m-2) with increase of the (Al+Si/C+Mn) ratio (from 11.79 .10-2 to 50.62.10-2).  

In steel showing 1.2 wt. % of carbon and 24.2 wt. % of manganese coarser k-carbides at the grains 
interfaces were detected after hot rolling due to unbalanced carbon and manganese contents. In matrixes 
of other two steels this was not observed after hot rolling, because the carbon content was very low (steel 
Y) or balanced (steel Z) to manganese content. 

After aging k-carbides with exception of the steel X, where coarser types were already observed by use of 
light microscope, and the aging of 60 minutes in the steel Z, showing more balanced chemical composition 
for the k-carbides precipitation, were not demonstrably using X-ray detected. By use of SEM finer k-
carbides regularly, intra-granularly arranged were revealed.  

After each aging process increase of hardness (HV30) was every detected. In the steel X with the highest 
carbon content hardness was increasing with the longer dwell, maximally by 5.1 %. In case of the steel Y 
with the lowest carbon content the highest increases (by 6.3 %) was registered after 5 minutes of aging. 
Other aging processes with practically the same hardness decrease (by 5.4 %) against the 5 minutes owing 
to coarsening of firstly precipitated out carbides and to matrix depletion of carbon were connected. Steel Z 
showed the highest hardness after 5 minutes of aging. This heat treatment demonstrates hardness increase 
by 7.2 %. Afterwards falls by 0.7 % and by 3.2 % against the 5 minutes of aging followed. This was probably 
either connected with coarsening of already existing precipitates and low number of fine k-carbides or only 
with coarsening process.  
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Abstract 

The work deals with four steel types of mines supports. Two steel types are on the basis of C-Mn and the 
other two are micro-alloyed steels with addition of vanadium, niobium and nitrogen. Both strength and 
plastic and impact properties in as-rolled condition and after subsequent straightening and ageing are 
compared in the work. Confrontation of all steel types with microstructural and micro-fractographic 
analysis and explanation of reasons of some in-homogeneous results of strength and especially impact 
values are part of solution. In frame of work flange of mines supports were investigated. The conclusions 
serve for followed mine supports development with higher mechanical parameters. 

Keywords: support of mines, strength, impact energy, microstructure, fracture surface  

1. INTRODUCTION  

Conventional steels types used for supports of mines belong to the group of low and/or middle carbon 
steels. The supports has been exploiting in mines for a long time. During that period rock loading and mine 
atmospheres permanently influence the supports of mines. This is also reason why to study the aging 
processes, including both the natural ageing and the artificial ageing, on those supports. The aging can be 
first of all connected with the sick Cottrel´s or sparse Maxwell´s and/or Snoeck´s atmosphere [1-3]. Ageing 
is firstly characteristic for materials with low carbon content, resp. generally for interstitial elements. With 
increasing carbon content the ageing influences are not so important and at 0.25-0.30 wt. % of carbon the 
aging effect becomes insignificant because the higher pearlite content superposes changes in ferrite [4]. 

Materials being only on the basis of carbon show after rolling lower yield strength even when the plasticity 
complies with requirements. Higher strengthening could be reached using subsequent quenching and 
tempering after rolling process however any heat treatment does not represent an economical trend. In 
order to secure required higher mechanical properties of supports including yield stress, tensile strength 
and also plasticity, resp. the impact energy, micro-alloyed materials must be used. These steel types are 
able to eliminate ageing processes, resp. the micro-alloyed elements, are able to bind to carbon and 
especially to nitride, which is from point of view of ageing much more dangerous. Nitrides or carbides 
and/or carbon-nitrides are formed. Among those elements belong titanium, niobium, vanadium, boron and 
also aluminium [5]. Niobium forms very fine precipitates at the temperature close to 1100°C, which are 
able to refine the primary austenite grains and also to strength the basic matrix. Moreover, the niobium 
nitrides suppress static recrystallization of matrix after hot deformation. Regarding vanadium that forms 
carbon-nitrides under the temperature of 900°C and these predominantly make the matrix more strength. 
Some nitrides can be also formed thanks the presence of aluminium. Titanium is not too suitable for an 
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application because of its ability to form unstable precipitates at high temperature, close to 1200°C, which 
have a tendency to grow coarse during cooling process and to degradate toughness of the matrix [6]. In 
case of presence of titanium and as well as niobium, both elements are able to form, approximately at 
1050°C, complex TiNb(CN) particles, where the niobium, thanks its kinetic, prevents enormous growth of 
the titanium precipitates [7, 8]. Naturally, niobium can also form a complex precipitates of the NbV(CN) 
type [6].  

Target of the presented work was to show differences in materials used for supports of mines on both the 
conventional C-Mn basis and the micro-alloyed materials with addition of vanadium, niobium and nitride 
ensuring non-ageing steels.  

 Tab. 1 Chemical composition of used material [wt. %] 
steel C Mn Si P S Alt V Nb N 

A 0.33 0.94 0.39 0.020 0.018 0.036 - - 0.0050 
B 0.30 1.05 0.42 0.011 0.008 0.012 - - 0.0045 
C 0.18 1.31 0.36 0.011 0.009 0.030 0.088 0.048 0.0107 
D 0.48 1.40 0.39 0.015 0.007 0.017 0.106 0.036 0.0112 

2. EXPERIMENTAL PROCEDURE 

For investigation four steel types of TH 29 profile were used and its chemical composition Tab. 1 
summarises. Steel A represents a convention variant of the supports of mines and was tested in as-rolled 
state and after deformation artificial ageing unlike the steel B which was tested in as-quenched and 
subsequently tempered state (exact data were not given) and after artificial deformation ageing. The steels 
C and D were studied after rolling (finishing rolling temperature corresponded to 980°C) and subsequent 
strengthening. All heats as well as the supports of mines were industrially manufactured. In accord with 
ČSN EN ISO and ČSN ISO 148-1 Standards tensile tests using tensile machine ZWICK and Charpy KU3 tests by 
use of the PSW 300AF machine were realised. In frame of metallographic study cleanness was evaluated in 
accord with ČSN ISO 4967 Standard, further grain size (ČSN EN ISO 643), banding evaluation (ČSN 420469) 
and volume fraction of presented phases were evaluated using the light microscope OLYMPUS X70 with the 
IMAGE PLUS programme allowing e.g. measurement of phases volume fraction. Micro-fractographic 
investigation of the fracture surfaces of the notch toughness tests was part of solution. This investigation 
was realised by use of SEM JEOL JSM-6490 LV equipped with a X-ray EDA analyser. Samples for tests were 
taken out from flanges. 

 Tab. 2 Mechanical properties and impact energies of the investigated materials 
Steel A B C D 
State as-rolled ageing as-rolled ageing as-rolled ageing as-rolled Ageing 

YS [MPa] 413 414 620 551 515 490 573 577 
TS [MPa] 667 666 815 764 693 680 739 751 
El. [%] 24.9 24.6 20.9 23.3 22.0 23.5 24.6 24.5 

CU3 [J] 79.3 35.7 165.7 110.5 41.0 48.0 - 35.5 

YS = yield strength, TS = tensile strength, El. = elongation and CU3 = impact energy with 3 mm notch 
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3. RESULTS AND DISCUSSION 

Results of mechanical properties and impact energies are summarised in Tab. 2. In accord with Standard 
the yield strength and tensile strength of the flange should reache the minimal level of 480 MPa and 650 
MPa whereas elongation should be higher than 20 %. From the Tab. 2 follows the worst results showed the 
steel A and the best and much more balanced the steel D. Material of the steel A was not able to reach 
required yield strength values. The yield strength was by 67 MPa under the minimal level of 480 MPa, 
whereas in case of the steel D reserve of 97 MPa and 101 MPa in the yield strength and tensile strength 
was reached. In plasticity 4.5 % reserve was recorded. The influence of ageing was not convincing. After 
ageing the yield strength was higher only in case of the steel D, however without any loss of plasticity. It is 
true with the exception of the steel B carbon contents were too high and moreover the steel B was 
quenched and tempered. After the second mentioned operation some dislocation had to be annihilated 
after tempering. The mictrostructures of all steels after rolling as well as after artificial ageing are presented 
in Fig. 1a, b and Fig. 2 a, b.  

  

Fig. 1. Microstructure after artificial ageing of the a) steel A, b) steel B 

  
Fig. 2. Microstructure after artificial ageing of the a) steel C, b) steel D 

For the steel A ferrite-pearlite microstructure with coarser grains, thinner allotriomorphic ferrite decoration 
as an expression of slow cooling process from the higher temperatures and higher carbon content (0.33 wt. 
%) matrix was typical [9]. Microstructure was not banded thanks rolling at higher temperatures and 
subsequent slower cooling process. The average grain size corresponded to 68.2 �m, however among grain 

b) a) 

d) c) 
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sizes partial in-homogeneities were observed as it is seen in Fig. 1a. In microstructure 42.7 % of ferrite was 
detected which was also reason of the lowest strength level and a high plasticity of the steel A in frame of 
the four compared steels. Mixed microstructure formed the steel B. Beside bainite and pearlite, 
allotriomorphic ferrite decorating the primary austenite grains with Widmanstätten ferrite were observed 
as the Fig. 1b demonstrates. It is again evidence of slower cooling from the quenching temperature and/or 
lower temperature of quenching, because pearlite, allotriomorphic ferrite are reconstructive products and 
Widmanstätten ferrite is formed above the upper bainite temperatures [9, 10]. The average grain size of 
the steel B was 24 �m and it is an evidence of generally faster cooling process than corresponds to slower 
cooling on the air after rolling as it was realised in case of the steel A. Ferrite matrix corresponded to 20.7 % 
and the strengthening also reached the highest value. Un-cleanness of the steel A was on basis of oxide-
sulphides (grade A1.5-2.5) and oxides (grade D1.5-2 and coarser particles of DS1 grade), whereas in case of 
the steel B it was predominantly on the basis of silicates (grade C1-1.5) and oxide-sulphides (grade D1-2).  

The steel C showed the lowest carbon content (see Tab. 1), even when the vanadium and niobium addition 
was only 1.044 times lower than in case of the steel D. This was also reason of lower strength values in 
comparison with the steel D as Tab. 2 shows. After ageing, the yield strength differences of both steels 
corresponded to 87 MPa. The higher carbon and partially manganese contents of the steel D (by 0.39 wt. % 
higher unlike the steel C) as well as the higher addition of both micro-alloyed elements, being 1.044 times 
higher than in steel C, and nitrogen, being 1.047 times higher than in the steel C, led to finer microstructure 
that contributed to the higher strengthening with more balanced favourable toughness as it is obvious from 
differences presented in Tab. 2. Elongation of the steel D was by 1 % higher than in the steel C and the 
impact energy reached after ageing 35.5 J. The steel C reached maximal impact energy values 
(approximately 48 J on average), however to the exclusion of strengthening as it Tab. 2 demonstrates. In 
steel C in-homogeneities in form of coarser pearlite blocks were detected unlike the steel D as it follows 
from dissimilarities of the both steel types (see Fig. 2). The grain sizes of the steel C and D corresponded to 
36 �m and 28 �m and reflected the microalloying influence. Un-cleanness of the steel C was on basis of 
oxide-sulphides (grade A1.5-2) and oxides (grade D2), whereas in case of the steel D it was also on the basis 
of silicates (grade C1-1.5) and oxide-sulphides (grade D2-2.5 and coarser DS1).The same inclusions types 
were also revealed by use of the X-ray EDX analyser on the fracture surfaces of the notch toughness 
samples. The segregated banding of the steel C and D was at level of the grade 2B2 and 2B/3 (given in 
sequence). Unfortunately, the thermo-mechanical control process with subsequent accelerated cooling was 
not used from the finishing rolling temperature which could be able to eliminate the harmful banding and 
simultaneously to support favourable acicular ferrite formation during the accelerated cooling process 
which would be effective both for the strengthening increase and for plasticity increase [11-13]. In 
microstructure with acicular ferrite, carbon is soluble in acicular ferrite matrix and thanks the displacive 
mechanism of acicular ferrite formation high dislocation density is typical phenomenon as well as the high 
angle misorientation among the acicular ferrite laths/plates [14]  

Thanks the higher manganese and especially carbon contents more noticeable banding, even when very 
narrow, as a segregation expression was developed in the steel D. It is generally known, the 
microstructures showing any banding is connected with carbon atoms heterogeneity, also at the cooling 
rate of 0.5-1°C.s-1. Presented high manganese content also shows strong segregation activity corresponding 
to 50 % of local increase and consequently in areas with dissimilar segregation of mentioned elements, 
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50°C and more a difference in the Ar3 temperature can be registered. Already, at cooling rate of 0.5°C.s-1
 

this difference corresponds to time shift of the austenite transformations approximately by 100 s [15].  

The Figs. 3 and 4 demonstrate fracture surfaces of the realised notch toughness samples in central areas at 
normal temperature. Fracture surface of the steel A showed trans-crystalline cleavage character in case of 
the steel B it was only partially, with ductile ridges mostly decorating the cleavage and/or quasi-cleavage 
facets. The coarsest facets (size corresponded to 50 �m on average) were revealed in the steel A, where 
also rivers were observed in minority unlike the steel B, where practically quasi-cleavage facets were 13 �m 
in diameter on average and also thicker and numerous ductile ridges were observed here as it from Fig. 3 b, 
used heat treatment and results of the Tab. 2 follows.  

  

Fig. 3. Fracture surface image after ageing of the a) steel A, b) steel B 

  

Fig. 4. Fracture surface image after ageing of the a) steel C, b) steel D 

In case of the steel C facets size corresponded to 35 �m on average and for the steel D it was 32 �m. In 
comparison with the steels A and B the fracture surfaces of the steel C and especially of the steel D were 
more jagged and showed fine cleavage facets with longer ductile ridges. It is interesting, the steel C showed 
slightly higher impact energy values than the steel D, even when the elongation as well as the grain size of 
the microstructure were more favourable in case of the steel D (see Fig. 2). Simultaneously, the more 
noticeable finer banding of the microstructure should be for the cleavage crack propagation more 
important obstacle and the coarser pearlite blocks of the steel C should support lower impact energy. 
Hence, the impact energy results of the steel D could reflect the mentioned facts, because all notch 

a) b) 

d) c) 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

754 

toughness bars were taken in rolling direction. Maybe slight worse cleanness of the steel D could be an 
elucidation of the observed disproportion.  

4. CONCLUSIONS  

Four types of mines supports in flange were compared. Steel A and B were on the basis of C-Mn. Both 
steels were rolled conventionally, the steel B was subsequently quenched and tempered. The other two 
steels variants were microalloyed on the basis of vanadium, niobium and nitrogen especially differing in 
carbon and manganese contents. In the steel C was 1.49 wt. % of carbon with manganese unlike the steel D 
which showed by 0.39 wt. % higher carbon and manganese content. The cleanness of all steel types was 
practically at comparable level.  

The results showed that for conventional rolling process the microalloying effect was favourable. The 
influence of ageing was not convincing. All steel types had higher carbon contents and the microalloying 
suppressed the possible negative influence of free interstitial elements.  

The worst results showed the steel A which not reached the required yield strength and tensile strength 
levels. The grain size was the coarsest in frame of the investigated steel types and in microstructure a high 
volume fraction of ferrite, predominantly of allotriomorphic ferrite was detected. The steel B showed slight 
reserve in elongation as well as the steel C where coarser pearlite blocks were observed. In case of the steel 
D yield strength reached 577 MPa on average, the tensile strength 751 MPa, elongation 24.5 % and the 
impact energy corresponded to 35.5 J. Those results satisfied requirements for the mines supports flange. 
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Abstract  

In materials science and engineering the scanning low energy electron microscopy (SLEEM) is a technique 
routinely applied to investigation of advanced materials, which permits us to visualize the initial 
microstructure of these materials at high spatial resolution and very good sensitivity. However, this 
technique is only rarely used for examination of conventional materials. Here we present the SLEEM as a 
fast and simple tool to study also the standard materials.  

Keywords: Scanning low energy electron microscopy, microstructure characterization, chemical 
composition analysis, residual stress 

1. INTRODUCTION 

In recent years the scanning low energy electron microscopy has become a well established standard 
technique for fundamental research of microstructure of advanced materials The cathode lens (CL) mode in 
the SEM, hereinafter called SLEEM, enables us to observe specimens at arbitrary landing energies of the 
primary electrons and to detect the electrons backscattered under large angles off the optical axis and also 
slow backscattered electrons, which are both unavailable in conventional devices. The collection of SLEEM 
applications presented in this paper concerns various commonly used materials, such as Cr-Mo-Co-B steel, 
laser beam welded duplex steel, and metallic thin films. In each case, the SLEEM provided us with clear 
visualization of the microstructure of these materials at high spatial resolution and very good sensitivity.  

2. SCANNING LOW ENERGY ELECTRON MICROSCOPY 

In our experiments, the ultra-high vacuum scanning low energy electron microscope (UHV SLEEM, Fig. 1) of 
an in-house design was employed. This microscope consists of three vacuum chambers of which one is the 
loading space of the air lock, second is the preparation chamber equipped with an argon ion beam for in-
situ cleaning of the specimen surface and the third chamber is the observation one. The observation 
chamber contains a two-lens field emission electrostatic electron optical column with a Schottky type 
electron gun. The UHV SLEEM is equipped with the cathode lens (CL) system, which enables us to observe 
samples at arbitrary landing energies of primary electrons. The CL system consists of the cathode formed by 
negatively biased specimen and the anode consisting of an earthed scintillator. The primary beam electrons 
are retarded in the CL field to their final landing energy and the emitted electrons are collimated toward 
the optical axis and accelerated toward the detector. A very important aspect is that even the 
backscattered electrons emitted under high angle off optical axis are available for the detection thanks to 
the collimation.  
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The UHV SLEEM technique requires the native oxide films on the samples surfaces to be removed by in-situ 
cleaning with argon ions. The native oxide layer at the surface is impenetrable for slow and very slow 
primary electrons and prevents us from observing the real microstructure of material.  

 
Fig. 1 Ultra-high vacuum scanning low energy electron microscope at ISI Brno 

3. SELECTED APPLICATIONS 

3.1. Distribution of elements in a 9% Cr-Mo-Co-B steel 

Material or atomic number or Z contrast is the most easily obtainable BSE image contrast that originates 
from the monotonically increasing dependence of the backscattering coefficient on the mean atomic 
number of the target at landing energies above 5 keV. At lower energies the monotonic dependence fails. 
Still, the SLEEM is very sensitive to the distribution of components in material and at tailored electron 
energies it provides contrasts even between areas of very similar chemical composition, which is difficult to 
obtain in a standard SEM.  

Ability of the SLEEM to distinguish between local chemical compositions is demonstrated in Fig. 2, which 
shows increase in the material contrast between precipitates and matrix in a 9% Cr-Mo-Co-B steel, 
achieved at very low energies. Fig. 2 (a) and (b) shows the UHV SLEEM micrographs obtained with the beam 
energy 6012 eV without CL mode (a) and 10 eV in the CL mode (b). Obviously, the SLEEM image at 10 eV 
contains more information about distribution of precipitates in the material. Fig. 2 (c) shows the standard 
image of the specimen together with results of the EDS analysis, obtained in a conventional SEM.  
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Fig. 2 Micrograph obtained in UHV at 6 keV (a), the UHV SLEEM image at 10 eV (b), and the standard SEM 
image of the same area (c) with results of the EDS analysis made in the points highlighted 

 

3.2. Grain contrast imaging in the UHV SLEEM and its application 

Origin of the crystallographic contrast lies in anisotropy of the electron scattering causing the emission of 
signal electrons, in particular the backscattered ones, dependent on atomic density of the illuminated 
crystal plain and on the angle of incidence of the primary electrons. Fig. 3 shows the landing energy 
dependence of the contrast between differently oriented grains in a ferritic-austenitic (duplex) steel. In this 
series of the UHV SLEEM images we can see the heat affected zone consisting of rough ferritic grains 
together with the base material. The specimen was prepared by mechanical polishing and electro-polishing 
and finally was in-situ cleaned by argon ions. The primary energy was fixed to 6017 eV and the primary 
electrons were retarded in the cathode lens field to their final landing energy down to 100 eV. The best 
contrast between grains is obtained at around 500 eV.  
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Fig. 3 Series of the UHV SLEEM micrographs of the duplex steel; the landing energies of electrons as 
labelled 

Extremely high sensitivity of the SLEEM on the local crystallographic orientation can be utilized for study of 
residual stress in polycrystalic materials. This is clearly demonstrated in Fig. 4 by the UHV SLEEM image 
visualizing the strain distribution inside and around the Vickers diamond indentation in annealed copper. 

 

Fig. 4 Imaging of the strain fields around and inside the Vickers indentation; landing energy 500 eV 
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3.3. Characterization of thin films 

Advantages of the SLEEM technique include diminishing of the interaction volume of incident electrons and 
their range as well as increase in the secondary electron yield. As a result, the beam-specimen interaction is 
more localized, charging artefacts drop off and the depth of the radiation damage shortens. Improvement 
in the topographic contrast and surface sensitivity at lower landing energies is demonstrated in Fig. 5. 
showing the UHV SLEEM images of a Pt thin film on a silicon substrate, prepared by the chemical vapour 
deposition (CVD) method.  

 
Fig. 5 UHV SLEEM images of a Pt thin film on a silicon substrate; landing energies of electrons as labelled 

4. CONCLUSION 

Development and application of modern materials require detailed knowledge about their microstructure. 
Among various techniques available for analysis of materials microstructure the scanning electron 
microscopy, scanning transmission electron microscopy, transmission electron microscopy and focused ion 
beam microscopy are perhaps the most known. The scanning low energy electron microscopy (SLEEM) is 
less known as yet but already has proven itself very powerful tool for materials research. By means of very 
slow electrons reflected from the sample and effectively detected in their full angular distribution the 
structure is imaged at high spatial resolution and high contrast revealing areas with different chemical 
composition, different crystal orientation or electronic structure and different surface morphology.  
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Abstract 

The paper presents the results of the plastometric tests for the new-developed microalloyed steel 
containing 0.28%C, 1.41%Mn, 0.027%Nb, 0.028%Ti, 0.019%V and 0.003%B. The investigated steel is 
assigned to production of forged elements for the automotive industry by thermo-mechanical treatment. 
Continuous and double-hit compression tests were performed using the Gleeble 3800 thermomechanical 
simulator. The activation energy of the hot plastic deformation of the steel was determined on the basis of 
continuous compression of the specimens. The samples were investigated at the temperature range from 
900°C to 1100°C and strain rate of 1, 10 and 50s-1. The study covers the effect of softening during two 
following deformations for different interpass time. 

Keywords: microalloyed steels, thermo-mechanical treatment, dynamic recovery, dynamic recrystallization, 
static recrystallization, softening kinetics, activation energy 

1. INTRODUCTION 

The pursuit of lower production cost is a basis for implementation of economical technologies of products 
made of constructional alloy steels with the methods of thermo-mechanical treatment. These methods 
consist in plastic working conducted in conditions adjusted to their chemical composition and the type of 
introduced microadditions with subsequent direct hardening of parts from the temperature of plastic 
deformation finish or after particular time specified. This allows reducing expensive heat treatment of 
products exclusively to tempering [1-6].  

Hardening of products from the temperature of plastic working, directly after plastic deformation finish, 
usually does not assure expected functional properties, especially when it’s about products of steels 
containing elements with high chemical affinity for carbon. It’s connected with the influence of high density 
of dislocations on martensitic transformation and precipitation of dispersive carbides of alloying 
components and microadditions on these lattice defects in plastically deformed austenite prior to 
transformation start. Moreover, high density of dislocations in supercooled austenite and the presence of 
dispersive carbides make growth of products of martensitic transformation difficult and lead to decrease of 
hardenability. This impact, resulting in a decrease of concentration of carbon and alloying elements in 
martensite at significant participation of dispersive carbides, decides that hardness of steel quenched 
directly from plastic working finish temperature is relatively high, however, quickly decreases along with 
the increase of tempering temperature at simultaneous decrease and broadening of secondary hardness 
effect. Hence austenite, plastically deformed under given temperature and strain rate conditions, should be 
at least 50% recrystallized prior to hardening in order to avoid this disadvantageous impact of high density 
of dislocations and precipitation, with their participation, of carbides. It can be achieved through isothermal 
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holding of products at plastic working finish temperature for the t0.5 time - necessary to form 50% fraction 
of recrystallized austenite. The time substantially depends on chemical composition of steel [7-9] and can 
be determined basing on a research of kinetics of strain hardening decay (kinetics of austenite 
recrystallization). It can also be evaluated with the use of various modelling dependences regarding t0.5 
time, which are set together in the literature [10-14]. Verification of calculations can be performed 
experimentally basing on metallographic observations of hardened specimens after t0.5 passed after plastic 
deformation finish, revealing grain boundaries of primary austenite through etching. 

2. EXPERIMENTAL PROCEDURE 

The research was performed on new elaborated microalloyed steel. Chemical composition of steel (Tab. 1) 
was designed taking into consideration the production of forged machine elements with energy-saving 
method of thermo-mechanical processing. 

 Tab. 1.: Chemical composition of the investigated steel (mass contents, %) 
Steel designation C Mn Si P S Cr Ni Mo 

 0.28 1.41 0.29 0.008 0.004 0.25 0.10 0.22 
28MnTiNbVB Nb Ti V B Cu Al N O 

 0.027 0.028 0.019 0.003 0.20 0.025 0.0039 0.0006 

Investigated steel melts, weighing 100kg, were done in VSG-100 type laboratory vacuum induction furnace, 
produced by PVA TePla AG. Furnace charge consisted of ARMCO, 04JA grade iron and alloy additions, 
mainly in the form of pure metals (Mn, Cr, Ni, Mo, Cu, Ti and Al) and ferroalloys (FeV, FeNb and FeB) as well 
as non-metallic additions (C and Si). In order to modify non-metallic inclusions, mischmetal (~50%Ce, 
~20%La, ~20%Nd) in the amount of 2g/1kg of steel was used. Casting was performed in atmosphere of 
argon through heated intermediate ladle to quadratic section cast iron hot-topped ingot mould: top – 
160/bottom – 140 mm x 640 mm. In order to obtain 32x160 mm flat bars, initial hot plastic working of 
ingots was performed implementing the method of open die forging in high-speed hydraulic press, 
produced by Kawazoe, applying 300MN of force. Heating of ingots to forging was conducted in gas forging 
furnace. The range of forging temperature was equal 1200÷900°C, with interoperation reheating in order to 
prevent the temperature of the material to drop below 900°C. Ingot bodies were subjected to forging 
without feedheads which were cut off during forging. 

In order to determine the effect of temperature and strain rate as well as time of isothermal holding 
between two stages of deformation on changes of flow stress, strain hardening and degree of softening, 
plastometric tests were carried out with the use of GLEEBLE 3800 device, allowing to compress specimens 
according to established program. Axisymmetrical samples with 10 mm in diameter and 12 mm in length 
were used for the purpose of research. Continuous compression tests of samples up to true strain equal 
�=1, applying graphite-tantallic washers reducing friction between end faces of specimens and anvils, were 
performed in order to evaluate ��� curves and activation energy of plastic deformation. Specimens were 
resistance heated in vacuum at a rate of 3°C/s to a temperature of 1150°C, held at the temperature for 30 s 
and cooled to programmed deformation temperature equal 1100, 1050, 1000, 950 and 900°C. Compression 
of specimens was realized at a strain rate of 1, 10 and 50 s-1. Activation energy of plastic deformation 
process was calculated using ENERGY 4.0 software. Part of samples subjected to true strain equal 0.2, 0.4 
and 0.8 was cooled in water in order to freeze their microstructure and to identify processes which control 
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the course of strain hardening. So as to determine kinetics of recrystallization of plastically deformed 
austenite, discontinuous compression tests of samples with applied deformation were performed in a 
temperature range from 900 to 1100°C with isothermal holding of specimens between successive 
deformations for 2 to 100 s. In order to reveal grains of primary austenite, metallographic observations of 
samples cooled in water directly after plastic deformation for applied value of strain and successive etching 
of metallographic specimens was conducted in OPTON, AXIOVERT 405M light microscope, with 
magnification ranging from 100 to 800x. Metallographic specimens were prepared according to axis of a 
sample, in a distance of 1/3 of radius from the centre of a sample. 

3. RESULTS AND DISCUSSION 

The analysis of the process of hot plastic deformation of 28MnTiNbVB steel was conducted in the 
temperature range from 900 to 1100°C and at the cooling rate of 1, 10 and 50 s-1, allowed to define the 
impact of compression parameters on the course of strain hardening curves, determined in the function of 
flow stress - strain (Fig. 1). In the initial stage of compression, substantial increase of flow stress, as a result 
of increasing density of dislocations generated in this process, can be observed on strain hardening curves 
in the range of strain hardening � < 0.1. In the next stage of compression, at strain increased from �=0.1 to 
�=�m, slight increase of stress takes place up to attaining maximum value of flow stress. This indicates that 
thermally activated processes, causing partial decay of emitted dislocations, occurs along with formation of 
new dislocations during the plastic deformation. For the strain equal �m<���<��=1.0, the curves of strain 
hardening are characterized with gentle decrease of flow stress up to the value of state equilibrium 
between processes of strain hardening and its decrease in the result of the course of thermally activated 
processes.� During compression of investigated steel at the rate of 10 s-1 at the temperature of 900°C, the 
value of �m is equal 246 MPa and is present at the strain equal �m=0.527. The increase of deformation 
temperature up to 1100°C at this strain rate leads to a decrease of stress to the value of 134 MPa. The �m 
value, corresponding to maximum flow stress at this temperature, is equal 0.384. 

  

 

 

 
Fig. 1. Influence of the plastic deformation temperature (a) and strain rate (b) on a shape of ��� curves 

 

The analysis of the form of curves obtained in the compression test allows to state that in the studied range 
of hot deformation parameters, the decrease of strain hardening is caused by the process of continuous 
dynamic recrystallization. This is also confirmed by the results of evaluation of activation energy of plastic 
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deformation process of examined steel. Determined activation energy of plastic deformation process is 
equal Q = 379.95 kJ·mol-1. Obtained value of activation energy is substantially higher than activation energy 
of self-diffusion, when the processes which control the course of plastic deformation are dislocation 
climbing and formation of subgrains. It means that the process of plastic deformation of studied steel is 
controlled by dynamic recrystallization. 

Exemplary microstructures of primary austenite of water-quenched samples from the temperature of 
900°C, after applied logarithmic strain of 0.4 and 0.8 at the strain rate of 10s-1, are presented in Fig. 2. 
Examined steel after austenitizing at the temperature of 1150°C and compression performed at 900°C is 
characterized with austenite grains with the average size ranging from 25 to 65 �m. Fine-grained 
microstructure of austenite is a result of the presence of NbC stable carbides essentially inhibiting grain 
growth of this phase. 

Evaluation of the influence of testing temperature on the kinetics of thermally activated processes was 
enabled by conducted research of recrystallization after two-stage hot compression. Discontinuous 
compression tests of specimens at given strain revealed, according to expectations, that there is a partial 
and even complete decay of strain hardening between two stages of deformation, depending on the strain 
temperature and the isothermal holding time. It’s a consequence of the course of static recovery and static 
recrystallization. The impact of atoms of alloying elements, dissolved in solid solution and the presence of 
dispersive particles of MX-type interstitial phases on a rate of recovery and mobility of recrystallization 
front, significantly influences kinetics of static recrystallization of studied steel. 

 

 

 

 
Fig. 2. Primary austenite structures of steel water quenched from a temperature of 900°C after the true 

strain �=0,4 (a) and �=0,8 (b) with the strain rate of 10s-1 

Data shown in Fig. 3 indicates that inhibiting impact of alloying constituents introduced into steel on the 
course of recovery and static recrystallization of austenite is particularly effectively noted after decreasing 
the temperature of plastic deformation and the temperature of isothermal holding to 900°C. At this 
temperature, there is Mo and microaddition of vanadium present in a solid solution in dissolved state. 
While at this temperature, microadditions of Nb and Ti are completely bounded into NbC, TiN and TiC [15]. 
As shown in Fig. 3, the t0.5 time, necessary to form 50% fraction of recrystallized austenite at the 
temperature of 1100°C, is equal approximately 8 s and increases to about 65 s together with decrease of 
the temperature of plastic deformation to 900°C. Time of total recrystallization of austenite, tR, which 
varies from about 300 to about 800 s in considered temperature range, elongates even more. 
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Fig. 3. Effect of the test temperature on the softening fraction of deformed austenite for a investigated 

steel 

 

 

 

 

 

 
Fig. 4. Primary austenite grains revealed after two-stage compression tests at the temperature of 1000°C at 

the rate of 10 s-1 applying breaks between deformations in a range from 2 s to 100 s (a-d) 

 

In the result of two-stage compression of steel at the temperature of 900°C at the rate of 10 s-1, diversified 
grain size of primary austenite, in a range from 25 �m to 70 �m, was achieved due to the course of static 
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recovery and static recrystallization. Two-stage deformation of examined steel at the temperature of 
1000°C with the use of isothermal holding from 2 s to 100 s caused a decrease of strain hardening as a 
result of static recovery (Fig. 4a) and static recrystallization (Figs. 4b-d). In the investigated range of 
isothermal holding, the average grain size of austenite changes from 14 �m to 60 �m and obtained 
decrease of strain hardening is equal X=0.83. Isothermal holding of specimens at the temperature of 
1100°C for 2 and 5 s after the first strain equal �=0.2 resulted in a decrease of work hardening of steel as an 
outcome of the course of static recovery and static recrystallization, which determines obtaining the size of 
primary austenite with average size equal 20 �m and 33 �m, respectively. For the time of isothermal 
holding equal 10, 50 and 100 s, the fraction of recrystallized grains is equal 63, 83 and 96%, respectively. 

4. CONCLUSIONS 

Continuous compression tests of samples performed at a rate of 1, 10 and 50 s-1 allowed to determine the influence of 

plastic deformation temperature in a range from 1100 to 900°C on the form of ��� curves and �m strain, 
corresponding to the maximum value of flow stress, and hence to estimate strain necessary to initiate dynamic 

recrystallization of austenite under investigated conditions. The course of ��� curves and the values of activation 
energy indicate that the process of plastic deformation of studied steel is controlled by the course of dynamic 
recrystallization.  

Conducted two-stage compression tests indicated that the time of total recrystallization of austenite in a 
temperature range from 1100°C to 900°C changes from 300 to 800 s. This means that the complete course 
of recrystallization of austenite requires long times, unacceptable in the production process of forgings. 
Therefore, the t0.5 time has a greater meaning than tR for technological purposes. Moreover, considerable 
deformation at high rate and short duration intervals for moving produced parts from one die impression 
to another do not create convenient conditions for the course of static recrystallization, enabling grain 
refinement of austenite grains. Hence, forgings should be isothermally held at the temperature of forging 
finish prior to hardening for the time necessary to form 50% fraction of recrystallized austenite, which for 
investigated steel is equal 65 s. Performed hot compression tests will contribute to establishing forging 
conditions for newly elaborated micro-alloyed steel with the method of thermo-mechanical treatment. 
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Abstract 

Present day preoccupations regarding abrasive waterjet cutting of hard to process materials focuses on 
obtaining specific technologic data for different material thicknesses and on activities regarding the 
optimization of the cutting process with technical and economic aspects. This paper presents an 
optimization method for abrasive waterjet cutting process of austenitic stainless steel based on using 
factorial experiments. The main influence factors are: cutting speed, water pressure, abrasive flow rate and 
the distance between the focusing tube and the surface of the material to be cut. The objective functions 
monitored refers to the depth of penetration, geometry and quality of cuts. Carrying out the preliminary 
experiment allowed the exploration of a large technologic domain depending on the allocated levels for the 
influence factors having as results different geometries and quality for cuts. The tests carried out with 
optimum working parameters have consisted as the central point of the whole factorial experiment which 
led to obtaining an experimental model for the objective function determined by the influence factors 
analyzed. The highest effects for the objective functions analyzed are given by the cutting speed, water jet 
pressure and the interaction between the two. The instruments used for the factorial experiment can be 
applied also to other materials in order to further optimize abrasive waterjet cutting technologies. 

Keywords: waterjet cutting, factorial experiment method, optimization 

1. INTRODUCTION 

Stainless steels with austenitic microstructure due to high ductility and toughness characteristics, are 
known as materials which are difficult / hard to cut by machining or processes alike [1,2]. 

The present paper presents the results obtained from abrasive waterjet processing of stainless steel 
materials EN 1.4306 (ASTM 304L; JIS SUS 304L). The main purpose was, that by carrying out a full factorial 
experiment, using various experimentally tested technological regimes and values identified by scientific 
literature [3,4], to determine the process parameters influence onto the processed surfaces quality, the 
kerf geometry and to determine pairs of parameters that would ensure an optimal quality along with high 
productivity for practical applications.  

The main criteria taken into consideration for evaluating processed surfaces targeted the quality of the 
process surface and the process productivity. The methodology used for optimizing the process parameters 
was based on the factorial experiments method [2,5,6] and had technical and economic consideration.  
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An analysis of abrasive waterjet processing on stainless steel parts was made considering the material 
processed and its thickness, which was 20 mm. The chemical composition of the material tested 
experimentally was as follows: 0,06%C; 19,19%Cr; 8,29%Ni; 1,75%Mn; 0,63%Si; 0,028%P; 0,024%S; 
0,08%Mo, the rest being Fe.  

Evaluation of processed surfaces was done taking into account the influence onto the quality of cutting 
surfaces and their geometry. 

2. EXPERIMENTAL CONDITIONS 

The workstation used for accomplishing the experimental program is presented in Fig. 1 and consists of the 
following elements:  

1 – device for moving the cutting 
head on the Oz axis  

2 – adjustable abrasive feeder: 50 – 
600 g/min 

3 – abrasive waterjet cutting head 

4 – longitudinal displacement 
system 

5 – transversal displacement system  

6 – abrasive tank 

7 – cantilever system (transversal 
girder) 

8 – cutting grill 

9– cutting reservoir fitted with 
waterjet damping system and 
scrapers for removing used abrasive 
and waste debris.  

The abrasive material used for processing was type GMA 80 Mesh (abrasive particles size ranged between 
150 and 300 μm, with a density of 2300 kg/m3). 

The base material used for the cutting operations was a EN 1.4306 stainless steel plate with 20 mm in 
thickness.  

In order to design the experimental trials of the abrasive waterjet cutting process of austenitic stainless 
steel, the following process parameters were selected as influence factors (IF):  

� x1 [ water pressure; 

� x2 [ abrasive flow; 

� x3 [ cutting speed; 

� x4 [ nozzle standoff. 

As for objective functions (OF) characteristics were chosen for the cut geometry (kerf size at surface, kerf 
size at the bottom of the cut, processed surface roughness) and also the processing productivity. Kerf size 

Fig. 1. Abrasive waterjet cutting workstation 
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at the surface of material was noted with Y1, kerf size at the bottom of material was noted with Y2, average 
roughness (Ra) of the cut was noted with Y3 and Y4 for productivity respectively.  

 Tab. 1 presents the program matrix for the full factorial experiment FFE 23+3 for the stainless steel 
material EN 1.4306. 

The kerf sizes were measured using an optical laboratory microscope, Carl Zeiss.  

Because the roughness values present a high variation for the cut surfaces the roughness measurements 
were taken in the superior area of the cut, in the middle area and respectively for the inferior area of the 
cut. On the other hand, taking into consideration the fact that usually for all the existing quality classes of 
abrasive waterjet cutting of thick metallic materials, relatively high values for roughness at the inferior side 
of the kerf are accepted, it was chosen as an objective function (OF) the average roughness (Ra) in the 
median zone of the kerf. The productivity was calculated as the volume of material processed in the time 
unit. The roughness values were measured using a roughness measuring device type Mitutoyo SJ – 201 P. 

The experimental design and the processing of the measured and calculated data was done by using 
specialized software for statistical modelling – STATGRAPHICS.  

 Tab. 1. Program matrix for the full factorial experiment FFE 23+3 – stainless steel 

Nr. 

Crt. 

Influence factors levels Measured values for objective functions 

Nozzle 
standoff 

[mm] 

Water 
pressure 

[bar] 

Abrasive 
flow 

[g/min] 

Cutting 
speed  

[mm/min] 

Y1 

Surface kerf 
size 

[mm] 

Y2 

Bottom kerf 
size 

[mm] 

Y3 

Average 
roughness 

[μm] 

Y4 

Productivity 

[cm3/min] 

1 1 3400 100 30 0.88 0.55 6.3 0.431 

2 1 3400 100 80 0.86 0.79 15.2 1.267 

3 1 3400 300 30 0.94 0.62 8.8 0.467 

4 1 3400 300 80 0.9 0.64 19.3 1.283 

5 1 3800 100 30 0.89 0.64 6.4 0.452 

6 1 3800 100 80 0.88 0.82 15.3 1.197 

7 1 3800 300 30 0.88 0.65 6.0 0.465 

8 1 3800 300 80 0.92 0.65 19.0 1.211 

9 2 3400 100 30 0.95 0.65 9.3 0.465 

10 2 3400 100 80 0.95 0.73 14.7 1.280 

11 2 3400 300 30 1.06 0.66 9.1 0.523 

12 2 3400 300 80 0.97 0.62 22.4 1.259 

13 2 3800 100 30 1.02 0.64 9.1 0.494 

14 2 3800 100 80 0.91 0.73 22.2 1.267 

15 2 3800 300 30 1.09 0.7 6.3 0.542 

16 2 3800 300 80 1 0.54 13.8 1.219 

Additional test cuts 

17 1,5 3600 200 55 0.963 0.567 8.26 0.842 

18 1,5 3600 200 55 0.960 0.600 9.17 0.858 

19 1,5 3600 200 55 0.917 0.567 10.3 0.816 
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Fig. 3. Bottom aspect of the material used for the 
experimental program 

The surface aspect for EN 1.4306 stainless steel part is presented in Fig. 2 after the experimental trials 
displayed in Tab. 1 were carried out. 

 
 

Three additional trials were done (in the 
central point of the experimental domain) 
respectively cuts 17 – 19, in order to increase 
the precision of the statistical experimental 
modelling. The acquired data did also permit 
to check the repeatability of the trials with 
results that did demonstrate the fact that 
productivity and cut quality was maintained 
for the three trials. One observation could be 
made regarding the bottom side of kerf 17 
which was sandblasted due to interactions 
between the abrasive waterjet recoil and the 
bottom side of the material that overlapped 
with the cutting direction and supporting cutting grill element. The sandblasted area of cut 17 and also the 
rest of the bottom side of the material cut may be observed in Fig. 3.  

3. RESULTS AND DISCUSSION 

The processing results obtained permitted significant information to be gathered regarding the IF and their 
interactions importance against the studied OF, i.e. the graphical representations from Figs. 4 ÷ 12 for the: 
surface width (kerf) (Ls), base width (Lb), productivity and average roughness (Ra) in the median area of the 
kerf.  

3.1. Surface width (Ls) 

From the Pareto diagram for Ls it may be observed the 
fact that for the investigated experimental domain, the 
factors with high influence over the value of Ls are: 
nozzle standoff, abrasive flow and cutting speed. Also 
there are no important interactions between the 
factors and the water pressure has an insignificant 

Fig. 4. Pareto graph for Ls 

Fig. 2. Surface aspect of the material used for the experimental program 
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influence over the value of Ls. Thus in order to obtain a minimum value for the kerf it is necessary that the 
values referring to abrasive flow and nozzle standoff parameters to be set at low values and the cutting 
speed should be set on the highest value according to the application at hand.  

 

 

 

 

 

 

 

 

 

 

The experimental work and the consequent processing of the obtained data did allow obtaining the 
experimental mathematical model presented in (1) which was verified by subsequent trials in the 
experimental domain and by comparing the projected values with the measured ones. 

Ls = 0.785279 – 0.001015·TS + 0.00033·AF -0.000001875·WP + 0.10325·NS    (1) 

Where: Ls = surface width   TS = travel speed (cutting speed) 

    AF = abrasive flow   WP = water pressure   NS= nozzle standoff 

3.2. Kerf size on the lower side (Lb)  

From the Pareto diagram for Lb, presented in Fig. 7, one can observe the following that there are strong 
interactions between the studied IF while first degree level of influence has low impact onto the Lb 
variation in the investigated experimental domain. This could be related to an existing local extreme for the 
Lb variation, according to the 3-D Estimated Response Surface (ERS) presented in Fig. 8 and hence a lack of 
linear variation of Lb in the investigated experimental domain. Nevertheless, the obtained data, could be 
used to determine pairs of IF values in order to obtain a required Lb value and hence to minimize the 
parallelism displacement. 

 
 

  
Fig. 7. Pareto diagram for Lb 

Fig. 8. ERS depending on cutting speed 
and abrasive flow for Lb 

Fig. 5. Estimated response surface depending on 
cutting speed and abrasive flow 

Fig. 6. ERS depending on nozzle standoff 
and abrasive flow



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

774 

3.3. Productivity 

    
   

 

From the Pareto diagram for productivity, presented in Fig. 9, one can observe the main influence over its 
calculated values is due to the travel speed and that there are no important interactions between the 
studied IF. Since the productivity was approximated by means of using Ls and Lb values, this fact could be 
explained by rather small variations of Ls and Lb respectively, in the investigated domain, and the influence 
of the travel speed values against Ls. Consequently, in order to obtain high productivity in the investigated 
experimental domain high travel speeds can be used, as shown in Fig. 10.  

3.4. Average roughness (Ra) 

 

 

 

From the Pareto diagram for Ra in the medium zone of the cutting kerf, one can observe the main influence 
over the measured values is due to the travel speed, abrasive flow and that there is a relatively low 
interaction between the two IF. The direction of the influence, for the investigated experimental domain, of 
the two IF could be correlated with other experimental data regarding abrasive waterjet cutting of metallic 
materials: the increased travel speed leads to higher values of Ra and that higher abrasive flows lead to 
lower Ra respectively. The Ra variation showed a good linear variation in the experimental domain and 
consequently an experimental model for its variation was determined and verified by subsequent 
experimental trials. Furthermore, the determined ERS’s could be used to determine pairs of process 
parameters values for a required Ra of the kerf surfaces. 

Fig. 10. ERS depending on cutting speed 
and abrasive flow for productivity 

Fig. 11. Pareto diagram for Ra 

Fig. 9. Pareto diagram for productivity 

Fig. 12. ESR depending on cutting speed 
and abrasive flow for Ra 
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4. CONCLUSIONS 

The methodology employed based on using factorial experiments allows the optimization of abrasive 
waterjet cutting process of EN 1.4306 stainless steel, with a basis in response surface representations 
obtained from which necessary data may be extracted for cutting regimes usable in industrial applications.  

Combinations between the levels of influence factors used for analysis determine significant modification 
of performances obtained for objective functions that characterize the geometry and quality of cuts.  

Factorial experiments method used in this paper may be used also for optimizing abrasive waterjet cutting 
of other materials regardless of their type and nature.  

For the specific case presented (EN 1.4306 stainless steel, 20 mm thick) the following may be specified: 

� for all cuts, regardless of the technological combination of parameters used for carrying out the tests 
the width of surface kerfs was higher than the width in the central of the kerfs which also in their 
turn had higher values than the width of bottom kerfs; 

� nozzle standoff has influence over the width at the surface of the material; 

� for Lb the investigated experimental domain included a local extreme and thus high interactions 
between the studied influence factors (IF); 

� overall, the best quality was achieved for cut no. 7 which represents a technological combination 
between high water pressure, high abrasive flow rate, slow cutting speed and a nozzle standoff of 1 
mm; 

� the data and experimental variation models obtained can be used for determining pairs of 
parameters which will ensure a simultaneous optimization of more OF according to specific industrial 
requirements.  
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Abstract  

Presented paper is devoted to checking the properties of weld joints of P91 steel considering the heat 
affected zone. Similar welds of P91 steel were subjected to isothermal heat exposure at 650° C for 650, 
1000, 2007, 5000 and 10 000 hrs. The main focus was to examine the mechanical properties of weld joins 
using hardness and tensile tests. Tensile tests were carried out at temperatures of 20, 600 and 650 °C of 
welded joints after PWHT and as-exposed to isothermal endurance during 10 000 hrs. Also, hardness was 
measured at three levels, i.e. in the centre and near both surfaces. The aim was to determine the 
relationship between hardness and strength of the welds.  

Keywords: P91 steel, ageing, hardness, tensile stress, yield stress 

1. INTRODUCTION 

Degraded materials were achieved by prior 
isothermal heat exposure at 650 °C for 10 000 
hrs in laboratory. This isothermal heat 
exposure at higher temperatures in 
comparison to anticipated operating 
temperatures (for T23 steel to about 580 °C, 
for steels P91 and P92 to about 610 °C) should 
accelerate the degradation processes 
occurring in these steels at operating 
temperatures. Creep tests of degraded states 
should highlight the creep behaviour of the 
studied steels near the end of their planned 
service life (normally considered as 2.5·105 
hrs). 

An effect of prior isothermal heat exposure on 
creep properties is shown in Fig. 1. This chart 
compares the value of the Larson - Miller 
parameter calculated for the initial states (virgin steels), marked LMPc VS, and degraded states (exposed 
steels), marked LMPc DS (index c here means that the Larson - Miller parameter is determined from creep 
behaviour). 

Fig. 1 Comparison of the Larson - Miller parameter of 
crept steels T23, P91 and P92 in as-treated and 

degraded condition 
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The graph in Fig. 1 shows that the displayed data for steels T23, P91 and P92 are in a straight line with the 

regression line expressed by the equation:  , where b is the slope of the line with a 

value of 0.88±0.01 and a is the absolute value of the line with a value of (4.1 ± 0.3) .103 (precision fit of the 
regression line is given by the coefficient of determination R = 0.99711). Ideally, the slope of the line should 
have a value of 1, so the absolute value would completely describe the effect of previous isothermal 
ageing. In this case, there would be no change in a creep mechanism, just only a movement of the time to 
fracture. Thus, doing more detailed analysis of data for different types of steels we can see that the 
regression line fitted data for 9Cr steels has the slope value actually very close to 1 (with regard to the 
accuracy directive), see Tab. 1. However, this is not true for the regression line for the T23 steel. 

 Tab. 1. Parameters of regression analysis data from the Fig. 1 . 

Steel 

Parameters of regression  

slope b absolute value a coefficient of 
determination R 

T23 0.77307 ± 0.07221 6368.06887 ± 1527.18867 0.95904 

P91 0.98957 ± 0.08033 684.68614 ± 2512.04572 0.98392 

P92 0.97432 ± 0.02314 1174.72033 ± 688.68382 0.99663 

Therefore, considering the determination of influence of previous isothermal ageing, based on the values in 
Tab. 1, we can say that the 9Cr steels does not change the creep mechanism even in degraded conditions 
due to the previous isothermal ageing. Thus, the absolute value completely describes the effect of previous 
ageing. 

2. TENSILE TEST 

Mechanical tests performed on welded P91 steel in as-treated state (after PWHT) and after isothermal heat 
exposure at 650 °C/10 000 hrs showed that the decrease in ultimate strength and yield strength was in an 
advance of expected values and the order of several percent. Tensile strength should not fall below 
585 MPa at 20 ° C, below 290 MPa at 600 °C, and below 215 MPa at 650 ° C according to the ASTM Code. In 
all measurement, the tensile strength values were above the limit values. Moreover, the results did not 
approach even those values. 
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Fig. 2. Comparison of tensile tests curves at various temperatures for as-treated (left) and as-exposed 

welded P91 steel (right) 
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3. HARDNESS 

The Vickers hardness (HV10) was measured on welded samples at three levels, i.e. close to the root pass, 
close to the cap pass and in the centre of the weld. In the case of first two levels, the hardness was 
measured about 2 mm from the surface of the material. The aim was to determine the relationship 
between hardness and strength of the weld. The following graphs (Fig. 3-4) show the hardness values 
measured on specimens in different states. 
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Fig. 3. The hardness behaviour of the P91 weld in an initial state 
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Fig. 4. The hardness behaviour of the P91 weld after isothermal heat exposure at 650 °C / 10 000 hrs 

 

The graphs in Fig. 3-4 show a 
strong variation of hardness in 
the heat affected zone, so, there 
is very difficult to trace a clear 
trend. But it is possible to 
observe it in the weld metal in 
the weld axis (0 mm position of 
indentation) on the cap of the 
weld. With increasing annealing 
time, there is a decrease in 
hardness. This phenomenon is 
documented in the following 
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Fig. 5. The dependence of hardness in the cap of the weld on 
annealing time 
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graph (Fig. 5). This graph shows a steep decrease in hardness during the first 1000 hours of annealing. After 
that the hardness fall starts to slow down and then further decreases linearly. 

To monitor the properties of the weld in the cap pass of the weld, it can be used with an advantage, 
because the hardness is measured in this very place in practice. 

4. COMPARISON OF HARDNESS, TENSILE STRESS AND YIELD STRESS 

The hardness values were related to tensile and yield strength measured during the tensile tests. Because it 
is not possible to measure the hardness at higher temperatures, all results of tensile tests are related to the 
hardness values measured at room temperature. We have assumed that the yield stress and strength are a 
linear function of hardness. Based on this assumption, a regression was performed between an initial state 
(after PWHT) and the state after 10 000 hours of annealing. According to the equations of individual lines 
(for tree temperature levels of tensile tests) in Tab. 2, values of tensile and yield strength for each hardness 
measured at different exposed samples were calculated and assigned to the specific annealing times. 

 

 Tab. 2. Equations of strength dependencies on hardness at various temperatures 

(Rm, Rp0.2 as a function of HV) 

Equations of lines Rm Rp0.2 

20 °C Rm = 0.7899·HV + 451.03 Rp0.2 = 0.61·HV + 342.29 

600 °C Rm = 1.1572·HV + 231.14 Rp0.2 = 0.7221·HV + 238.73 

650 °C Rm = 1.6849·HV + 22.063 Rp0.2 = 1.5493·HV + 22.173 

 

Plotting this dependence (Fig. 6.) demonstrates how the yield stress with increasing temperature gets 
closer to the tensile strength, which limits the ability of plastic deformation of material, i.e. after exceeding 
the yield point of the material fracture occurs. On the other hand, nearly horizontal character of curves 
indicates only a very limited dependence on the time of exposure of the sample. 

It is necessary to recalculate achieved data of measured mechanical properties on the samples to the 
operating conditions which are in the range of 580 °C to 600 °C. For this we use Larson-Miller parameter 
[1]. Converted hardness values depending on the annealing time are plotted in Fig. 7 with a logarithmic 
time axis. 
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Fig. 6. Dependency of ratio Rp0.2/Rm on the testing temperature and annealing time 
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Fig. 7. Dependence of hardness on the temperature and annealing time (logarithmic time axis) 

 

The values of yield and tensile strength at 
different temperatures depending on the 
exposure time are plotted in the following 
graph (Fig. 8). Our goal was to predict Rm 
and Rp0.2 after 350 000 hours in the 
temperature range from 580 ° C to 600 ° C 
(designed service conditions). The curve 
for 600 ° C, unfortunately, does not reach 
the required border, so it is necessary to 
estimate the trend curve according to this 
value. 
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Fig. 9. The dependence of yield stress on annealing time at different temperatures 

 

 Tab. 3. Estimate of Rm and Rp0.2 values for operating conditions 

Operating conditions Rm, MPa Rp0,2, MPa 

580 – 600 °C 470 - 495 390 - 403 
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Fig. 8. The dependence of tensile stress on annealing 
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5. CONCLUSION 

According to the above, we can predict that if only the thermal load at 580 to 600 ° C is considered, the 
values of tensile and yield strength would stay above the minimum limits specified in ASTM Code even after 
350 000 hours of operation. But, in real conditions, the change of mechanical properties is accelerating of 
many causes, mainly due to degradation processes like creep, cyclic thermal stress (start-ups and going 
down) and many other influences. Therefore, these theoretical calculated values are not fully 
representative to the service conditions, but they serve us as a very good base for further estimation of 
material behaviour under operating conditions. 
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Abstract 

Storage tanks raises numerous problems, in terms of their design and construction of their practical 
implementation technology, depending on their shape, size, type and thickness of the components 
materials, welding technology chosen (sequence of the welding operations control, the technological 
parameters, etc.), storage medium. The life time of these tanks is dependent of the conditions, operating 
parameters, how they are kept under control and of the maintenance. Therefore, the materials used to 
manufacture the storage tanks belong to stainless steel category because of their corrosion resistance 
which is superior compared to the unalloyed steels. The paper presents technical data and technology of 
welding material, indicating the sequential order to achieve the storage tank (side walls, shell), based on 
studies and experience in the field. Attachment welds were made by MMA process 111 (manual metal arc 
welding). After the welding process was made a strict control during and after the welding process such as: 
nondestructive testing, visual inspection, Rx control, and tightness control which highlighted the desired 
quality of the tank connections. The tests of corrosion shows that the stainless steel has a high corrosion 
resistance, with an efficiency of 92%, compared with non-alloyed steel components tested both in medium 
sodium chloride and hydrochloric acid. 

Keywords: storage tank, stainless steel, microstructure, corrosion tests 

1. INTRODUCTION  

Storage tanks and vessels contain different liquids, non organic liquids, vapors from diverse domains which 
are generally installed inside the containment basins in order to contain spills in case of rupture of the tank 
[1,2]. The storage tanks are used in many industries as: petroleum producing and refining, petrochemical 
and chemical manufacturing, bulk storage and transfer operations, other industries consuming or 
producing liquids and Vapors [3,4]. The storage tanks are used for a long time, in conditions and 
parameters controlled by continuous monitoring [5,6]. The tank is a welded construction made of sheet 6 
and 8 mm as follows [7]: 

� Bottom of tank and shells that are made up of 6 mm thick sheet 

� Reinforcements are made of sheet thickness of 8 mm 

2. SEQUENTIAL ORDER TO REALIZE THE STORAGE TANK  

Sequential order is presented in Fig. 1. Respecting with high accuracy every steps it can be avoid the 
occurrence of stress and strain in the realized joints. 
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    a)      b) 

   
    c)     d) 

 
e) 

Fig. 1. Sequential order to realize the storage tank 
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3. MATERIALS USED  

Choosing the base material for execution o the storage tank is made in the design phase, according to 
several criteria: its destination, operating temperature, operating safety, size and environmental 
characteristics: corrosion, wear, the irradiation process execution technology (welding, etc.). 

In the present case it is taken in account the stored substances and the good behavior of these basic 
materials in corrosive environment. So it was started from two basic types materials: non-alloyed steel 
(S235JR) and austenitic stainless steel mark 304. Chemical composition of those steels determined with 
Innov-X Systems device is presented in Tab. 1.  
 

Tab. 1. Chemical composition of the used steels 

Material 
Chemical composition [%] 

C Mn Cr V Ni Si Fe 

304 0.08 1.69 18.38 0.11 8.0 0.9 71.29 

S235JR 0.15 1.2 - - - - - 

4. CORROSION BEHAVIOR 

Choosing the base material for the storage tank is made after a corrosion behavior study of the two types 
of materials. For corrosion resistance determination of the components from non-alloyed steel and 
austenitic stainless steel was selected two samples of these steels which were electrochemically tested in 
sodium chloride medium (3% NaCl) and acid (0.5 M HCl). Corrosion behavior was determined using an 
electrochemical cell and a potentiostat/galvanostat AUTOLAB, PGSTAT302N model. Applied potential was ± 
200mV vs OCP in cathodic and anodic and the scanning speed was 1 mV / s for NaCl and 2 mV/s for HCl. 

4.1. Testing in sodium chloride environment (3% NaCl) 

By representation on a logarithmic scale and drawing tangents to the cathodic branch, it were determined 
the anodic corrosion current values (Icorr) and the corrosion potential (Ecorr) (Tab. 2). 
 

 Tab. 2 Parameters for corrosion test in sodium chloride environment (3% NaCl) 

Sample 
Anodic slope 

[V/dec] 

Cathodic slope 

[V/dec] 
Polarization 

resistance [Ohm] 

Ecorr 

[V] 

Icorr 

[A/cm2] 

Corrosion  
rate 

[mm/year] 

S235 JR 0.086 0.399 3.36 -0.608 4,421*10-5 0.51 

304 0.169 0.146 2.35*103 -0,329 4.543*10-6 0.05 

 

Comparing the values from the Tab. 2 it is observing that Icorr was shifted from the value of 4.421*10-5 

A/cm2 for carbon steel at 4.543*10-6 A/cm2 for the stainless steel. Displacement of current density as lower 
values indicates a improved corrosion resistance. Moreover, the corrosion rate decreases significantly from 
the value of 0.51 mm/year for the non-alloyed steel parts to 0.05 mm/year of stainless steel parts.  
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In Fig. 2 are presented the polarization curves for carbon steel and austenitic stainless steel, after testing in 
3% NaCl solution. 

 
Fig. 2 Polarization curves in 3%NaCl solution 

4.2. Testing in 0.5 M HCl solution 

Test results after the corrosion test of non-alloyed steel S235 and 304 stainless steel in 0.5 M HCl acid are 
presented in Tab. 3. 

 

 Tab. 3 Test results after the corrosion test in 0,5 M HCl solution 

Probe 
Anodic slope 

[V/dec] 

Cathodic slope 

[V/dec] 
Polarization 

resistance [Ohm] 

Ecorr 

[V] 

Icorr 

[A/cm2] 

Corrosion 
rate 

[mm/year] 

S235 JR 0.081 0.154 8.722 -0.484 6.227*10-4 7.31 

304 0.062 0.128 72.41 -0.339 4.741*10-5 0.55 

 

 

It is observing that Icorr was shifted from the 
value of 6.227*10-4 A/cm2 for the non-
alloyed steel at a much lower value of 
4.741*10-5 A/cm2 for the samples of stainless 
steel. It is noted an increase in corrosion 
resistance from a corrosion rate of 7.31 
mm/year for non-alloyed steel to 0.55 
mm/year of stainless steel parts. Fig. 3 
presents the polarization curve of test 
samples in 0.5 M HCl solution. 

 
Fig. 3 Polarization curves in 0.5 M HCl solution 
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Fig. 4 evidence the high corrosion resistance of 304 stainless steel in comparison with the non-alloyed steel 
after the corrosion tests in NaCl and hydrochloric acid: 
 

It is observing that the stainless steel parts presents a 
higher corrosion resistant, with an efficiency of 92% 
compared with the non-alloyed steel parts tested both 
medium sodium chloride and hydrochloric acid.  

 

 

 

 

 Fig. 4 Corrosion rates for the tested samples  

5. WELDING TECHNOLOGY 

The storage tank was made of AISI 304 base materials, the welding being done in open space. To realize the 
required tank welds are necessary provisionally welds and after filling its joints. The welding parameters 
used, following the certification of the technology welding, are given in Tab. 4. 

 Tab. 4 Welding parameters  

INTENSITY, I[A] VOLTAGE, U [V] WELDING SPEED [CM/MIN] 

80-130A 28-30V 22 

After welding operation was made strict control performed during and after welding: nondestructive 
testing (visual inspection, Rx, and tightness control). The control highlighted the desired quality of tank 
joints. 

6. CONCLUSIONS 

6.1. Storage tanks are containers that require proper execution and welding technology to ensure their 
proper functioning in service for long periods  

6.2. There are presented the stages of storage tanks realization and welding technology using two basic 
materials. 

6.3. The tests of corrosion shows that the stainless steel has a high corrosion resistance, with an efficiency 
of 92%, compared with non-alloyed steel components tested both in medium sodium chloride and 
hydrochloric acid. 
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Abstract  

Centrifugally cast rolls with a working layer from ICDP (Indefinite Child Double Pour) cast iron have found place in 

finishing stands of hot rolling mills. The term "indefinite" is associated with the fact that part of total carbon 
content creates eutectic carbides and a small amount is present in the form of graphite (1-5%). ICDP cast iron 
provides high mechanical and thermal stability of working layer, good surface quality and simultaneously then 
eliminates sticking of rolled material. The core of the composite rolls is poured from softer gray iron with 

spheroidal or lamellar graphite. This paper summarizes the results of experimental studies of new grades of ICDP cast 
irons inoculated by aluminium. In several cases, the cerium addition was applied in order to partially neutralize the 

aluminium effects and to improve graphite nodularity.  

Keywords : centrifugal casting, ICDP iron, inoculation 

1. INTRODUCTION 

Centrifugally cast cylinders with a ICDP working layer are commonly used in finishing stands of hot rolling 
mills. The core of composite ICDP rolls consists of a “softer” spheroidal graphite cast iron or grey iron with 
lamellar graphite. The shape and distribution of graphite particles in the metal matrix are function of 
chemical composition, melting technology, inoculation methods and solidification rate. Many publications 
describe the effect of elements like Si, Al, Mg, Ce and Ca which can significantly affect the formation of 
graphite [1]. The elements generally present in the alloy can be also divided into strong or weak graphite 
stabilizers and neutral elements (1). Si and Al are elements supporting graphitisation. On the contrary, Mg 
and Ce promotes globular graphite morphology. On the elements delaying graphitisation very often 
promote segregation of carbides [2]. 

             (1) 
       promoting graphitisation    delaying graphitisation 

Aluminium is added to inoculants with intention to partial replacement of silicon. Detrimental effects of 
higher aluminium contents on quality of cast can be neutralized by cerium addition. Furthermore, the 
cerium as well as manganese increases graphite nodularity, stabilizes carbides and promotes their 
segregation. Cerium is able to partially replace magnesium in the production of high quality ductile iron by 
modification. For example, the gray cast iron modified by 0.015 to 0.020% Mg mixed with 0.02% Ce results 
in full structure with nodular graphite [2]. The small amount of rare earth metals added to modifier causes 
lowering of the tendency to carbide precipitation and promotes the number of graphite nuclei in cast iron. 
The presented contribution deals with assessment of modifier effects based on aluminium and cerium with 
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regards to changes on microstructure of cast ICDP cast iron. Experimental studies were realised within the 
framework of development new grades of ICDP cast irons designed for working layers of centrifugally cast 
rolls. 

2. EXPERIMENTAL MATERIALS AND RESULTS 

Experimental work was performed in cooperation with Vítkovické slévárny, spol.s.r.o.. Specimens were 
prepared from test Y-block castings of modified ICDP cast iron (see Tab. 1, ISO standard 1564-1997). Cross-
section metallographic samples for microstructural analysis were prepared from the bottom part of the 
castings (area marked by red box in the following picture). The experimental results were completed by 
testing of cast bars with circular cross section of diameter Ø30mm. The same cooling conditions were 
applied for all investigated castings.  
 

 Tab. 1: Y-block dimensions according to ISO standard 1564-1997 
Dimensions [mm] 

 

U 75 
V 125 
X 65 
Y 175 
z 200 

The nominal chemical composition of ICDP cast iron is shown in Tab. 2. The testing material was then 
modified by either Al or Al+Ce addition as is shown in Tab. 3.  
 

 Tab. 2: Nominal chemical compositiion of ICDP cast iron, wt.%. 

C Si Mn Smax Pmax Ni Cr 

3 – 3.5 0.8 – 1.5 0.6 – 1.5 0.05 0.08 4 – 5 1.2 – 2.0 
 

 Tab. 3: Al and Ce concetrations in the tested samples, wt. %. 

Specimen 

Code 

I II III 1 2 3 1/1 1/2 1/3 1/4 

Y-Blocks ISO standard 1564-1997 Circular cross section bars 

Al 0.017 0.083 0.110 0.035 0.100 0.140 0.050 >0.500 0.351 0.161 

Ce - - - 0.010 0.055 0.007 0.0035 0.0033 0.0029 0.0037 

The influence of the aluminium and cerium additions on graphite morphology and microstructure was 
observed using the optical microscopy.  

2.1. ICDP cast iron modified by aluminium 

Typical graphite shape and distribution in ICDP alloys modified by Al addition in the range from 0.017 to 
0.110% is shown in Figs. 1(a)-(c). The graphite particles were distributed in interdendritic area and had flake 
morphology. The highest graphite content was observed in the case of sample III with 0.11%Al, Fig. 1(c). 
According to the paper [3] a higher amount of Al causes a reduction in of graphite particles diameter and 
increases its dispersion in the metallic matrix, but there was no such as significant effect on graphite size 
particles observed in our analyses. 
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(a) Sample I – 0.017%Al (b) Sample II – 0.081%Al (c) Sample III – 0.110%Al 

Fig. 1(a)-(c) - Graphite morphology in ICDP cast iron modified by Al 

Microstructure consisted of eutectic carbides, martensite and retained austenite, see Figs. 2(a)-(c). The 
highest amount of retained austenite was observed in sample that had been modified by the lowest 
aluminium content, Fig. 2(a). The results of experimental studies of modified ICDP cast iron show only small 
differences in amount of segregated eutectic carbides (Tab. 4).  

   
(a) Sample I (0.017%Al) (b) Sample III (0.110 % Al)  (c) Sample III (0.110 % Al) 

Fig. 2(a)-(c) Investigations of the Microstructure of modified ICDP cast irons 

Several investigations reported the positive effect of aluminium on the graphitization that can be explained 
as follows. The addition of aluminium to cast iron causes a boost in the temperature of eutectic 
transformation and the distance between stable and unstable solidification lines. This fact promotes the 
formation of graphite and retards the formation of eutectic carbides. An increase in the eutectic 
transformation temperature increases the rate of carbon diffusion in the melt, which in turn causes the 
formation of bigger graphite particles [4]. Aluminium in the range 0-0.1% also acts as inoculant which 
increases the number of graphite nuclei. The similar positive effect was observed in the studied ICDP cast 
iron modified by aluminium in the range from 0.017 to 0.11 wt. %.  

As is evident from Tab. 4, the lower hardness of ICDP iron with 0.017% Al was probably associated with a 
higher amount of retained austenite in the microstructure. This could be also associated with higher 
amount of carbon which remained dissolved in the matrix and thus stabilized austenite. 

 Tab. 4: Microstructural analysis and hardness HV50 of ICDP cast iron modified with Al 

Sample code % G % EC % γret. HV 50 % Al % Ce 
I 1.86 27.61 47.1 637 0.017 - 
II 3.91 28.65 34.1 731 0.083 - 
III 4.93 24.74 19.4 732 0.110 - 

  where: G – graphite, EC - eutectic carbides and γret. - retained austenite 
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2.2. ICDP cast iron modified by aluminium and cerium  

Investigated ICDP cast iron was modified by combination of Al addition (up to 0.5%) which acted as the 
inoculant and Ce (up to 0.05%) to modify graphite morphology. It was reported that the elements including 
Mg, Ce and rare earth metals can adsorb on the interface graphite/melt and promote spheroidal growth of 
graphite [1]. The optimum content of cerium and rare metals varied according to several studies. For 
instance, Onsøinen in 1997 reported that the optimum amount of Ce in low sulphur ductile iron is 0.035% 
[5]. The effect of both inoculants, cerium and aluminium, on microstructure of ICDP cast iron was 
experimentally verified and the results are stated in this paper, as well. 

Figs. 3(a)-(e) show graphite morphology and distribution in the metal matrix of the studied castings. In 
most cases, the graphite presented in interdendritic areas was of the flake type. Fig. 3(b) demonstrates the 
negligible occurrence of graphite in the sample with 0.100%Al-0.55%Ce which had especially granular 
morphology. Interaction of aluminium and cerium is most evident when comparing the ICDP cast iron with 
0.140%Al -0.007%Ce and 0.1%Al-0.055%Ce, see Figs. 3(b) and 3(c).  

 

   
(a) Sample 1 – ICDP with 

0.035%Al-0.010%Ce 
(b) Sample 2 – ICDP with 

0.100%Al-0.055%Ce 
(c) Sample 3 – ICDP with 

0.140%Al-0.007%Ce 

   
(d) Sample 1/1 – ICDP with 

0.05%Al-0.0035%Ce 
(e) Sample 1/2 – ICDP with 

0.5%Al-0.0033%Ce 
(f) Sample 1/3 – ICDP with 

0.351%Al-0.0029%Ce 

Fig. 3 (a)-(f) Graphite morphology in ICDP iron modified by Al + Ce addition 

 

The addition of 0.055%Ce to the iron containing 0.14%Al almost completely suppressed graphitisation. In 
the studied sample 2 there were locally observed clusters of non-metallic particles, see detail in Fig. 3(b). 
EDX microanalysis proved that certain amount of the cerium content in ICDP cast iron with 0.10%Al and 
0.055%Ce formed sulphides or complex oxides which often precipitated as the clusters, see EBSD image in 
Fig. 4(a).  
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a)        b) 

   
Fig. 4 Microstructure in EBSD image (Electron Backscatter Diffraction), (a) - clusters of non-metallic 

inclusion, (b), (c) – inclusions surrounded graphite particles 

Except those inclusions small amount of aluminium nitrides was revealed. Clusters of non-metallic 
inclusions can cause local decline of mechanical properties and therefore also their presence is generally 
undesirable. Microanalytical investigations of ICDP cast iron inoculated by 0.100%Al-0.055%Ce confirmed 
that Ce-rich inclusions were present inside some graphite globules, see arrows in Fig. 4(b). It is commonly 
agreed that particles of oxides, sulphides and nitrides can act as graphite nucleation sites. In the study [1] it 
was published that complexes of inclusion Ce2O2S.Ce2O3 are formed after addition of cerium to the cast 
iron. There is also assumed that heterogeneous nucleation of graphite is associated with parts of these 
inclusions.  

 Tab. 5: Microstructural analysis and hardness HV50 of ICDP cast iron modified with Al and Ce 

Sample code % G % EC % γret. HV50 % Al % Ce 

1 2.26 26.52 24.1 539 0.035 0.010 

3 7.59 19.32 19.4 581 0.140 0.007 

2 0.01 35.33 16.1 624 0.100 0.055 

1/1 2.03 29.62 51.5 600 0.050 0.0035 

1/4 2.09 24.62 41.3 630 0.161 0.0037 

1/3 7.34 17.37 37.37 573 0.351 0.0029 

1/2 7.64 16.62 35.4 595 0.5 0.0033 

where: G – graphite, EC - eutectic carbides and γret. - retained austenite 

 Tab. 5 summarizes the results of microstructural analysis and hardness HV50 of studied ICDP castings. 
There was revealed twice as high amount of retained austenite in cast bars compared to Y-blocks. It can be 
attributed to different size of the test pieces and therefore also different cooling rates. This is supported by 
the observation of real centrifugally cast rolls with ICDP work layer. Nevertheless, as far available results 
are concerned the direct association with modifiers was not so obvious. As is evident from HV50 
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measurements, the highest hardness from the series Y-test samples was found in ICDP cast iron with 
0.100%Al - 0.055%Ce, which probably corresponds to negligible occurrence of graphite and the lower 
retained austenite content in the matrix. The hardness is also higher due to the presence of eutectic 
carbides. 

Fig. 5(a)–(f) show typical microstructure of studied casts; the mixture of eutectic carbides and martensitic 
matrix with variable amount of retained austenite. As can been seen from Figs. 5(a) and 5(b), the cerium 
significantly promotes the segregation of eutectic cementite. 

   
(a) Sample 1 - 0.140%Al-

0.007%Ce 
(b) Sample 2 - 0.10%Al-0.055%Ce (c) Sample 2 - 0.10%Al-0.055%Ce, 

detail 

   
(d) Sample 1/4 - + 0.161%Al-

0.0037%Ce 
(e) Sample 1/2 - + 0.5%Al-

0.0033%Ce 
(f) Sample 1/1- 0.05%Al-

0.0035%Ce, detail 

Fig. 5(a)-(f) Microstructure of modified ICDP cast irons 

3. CONCLUSIONS 

This experimental work was focused on the study of relationship between addition of the Al-based modifier 
and microstructure of ICDP alloy. The results showed that there was significant increase in number of 
graphite particles with increasing of Al content. Furthermore, the effect of inoculation of ICDP cast iron 
with combination of aluminium and cerium additions was investigated. The Influence of cerium which had 
been added to modify graphite morphology was not exactly proven. Higher content of cerium completely 
suppressed graphitisation, which promoted segregation of eutectic carbides. The results showed that 
inoculation of ICDP cast iron by “higher” cerium addition per se was unsuitable. Experimental studies were 
realised within the framework of development of new grades of ICDP irons designed for working layers of 
centrifugally cast rolls. 
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Abstract  

The results of investigations on stereological parameters of carbides in high wear resistant modified Fe-C-Cr 
alloys were presented in the article. The inoculants were composed of the following elements: boron, 
niobium, vanadium, cerium and lanthanum (RE Rare Earth metals) and nitrogen. The influence of applied 
inoculants on stereological parameters of carbides such as: size, circumference, shape coefficient and 
volume fraction was shown in form of tables and diagrams. The results of carbide phase investigations were 
the basis to the analysis of the effectiveness of the particulate inoculants treatment. One can recognize 
that the use of complex inoculants caused the best effects in the aspect of the structure fragmentation and 
improvement of shape coefficient. Ferroniobium and ferrovanadium mixture with RE in almost all 
examined groups of cast iron improves stereological parameters causing the insignificant fall of the volume 
fraction of the chromium carbides. This is probably connected with high carbide creation effect of the 
niobium and vanadium which small carbides crystallize from the liquid first and become base-plates for the 
crystallization of the austenite. The similar situation occurred during inoculation when boron carbide was 
introduced except of niobium and vanadium. The benefits of the boron carbide added separately was not 
proved during the experiments probably due to fact of its dissolution in liquid alloy. The boron carbide can 
be perfect base-plate for the austenite nucleation but it should not dissolute before the crystallization of 
the austenite begins. The solution of this problem can be for example the boron carbide introduction into 
liquid cast iron along with so called micro-chills. 

Keywords: wear, stereological parameters, Fe-C-Cr alloys, chromium carbide 

1. INTRODUCTION 

Chromium cast iron is highly valued casting material used in production of castings working in abrasive 
environment, rarely impact-abrasive [1÷4]. The requirement for this alloy is good resistance on initiating 
and unreeling cracks what may extent the area of use of chromium cast iron, that is cast iron of good 
ductility. It is known that the mechanical and tribological properties of chromium cast iron depend mainly 
on metallographic structure formed during the crystallization process. One can describe the structure of 
chromium cast iron as an in-situ composite in which hard carbides are distributed in the matrix being the 
bearing element of the casting. In purpose to raise the plastic properties should carbides cast irons aim to 
crystallization of the structure consisting of the small carbides of rounded shapes distributed in plastic 
matrix uniformly. The basic elements of chromium cast iron, such as iron, chromium and carbon decide in 
this alloy of the main phase components which give it specific usable properties that is the high resistance 
on abrasive wear. Introducing to this configuration of another elements e.g. nickel and molybdenum was 
mainly on purpose to improve its mechanical properties e.g. due to the changing of the morphology of 
carbides or making easier the heat treatment of matrix. It is not advisable to produce of chromium cast iron 
of different character, to introduce a disorder inside the structural configuration the chromium carbides-
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matrix by e.g. the introduction of considerable quantities of the alloy additions which will create completely 
new phases. One of the basic usable properties of the cast materials modification method without the 
change of chemical composition of the material is the inoculation process. This process is often 
ambiguously and variously interpreted. Fras [5] explains the term inoculation as „process consisting of the 
introduction to the metal bath some particular substances, called the inoculants, which significantly enlarge 
the density of grains in the metal even in minimal quantities, that is their number in the volume unit. The 
mechanical properties of the metal improvement is the consequence of the larger density of grains as well 
as decrease of the components segregation degree and the susceptibility of the metal to hot cracks.” 
The density of grains increase causes higher metal ability for nucleation process what changes the kinetics 
of crystallization. The inoculants from the point of view of its working mechanism based on the density of 
the crystallization nucleus increase can be divided as follows [5]: 
� reducing the wetting angle between the nucleus and the base-plate and a surface tension on the 

liquid-nucleus border, 

� increasing of the density of base-plates for nucleation, 

� decrease the rate of the grains growth.  

The listed above mechanisms of the inoculants working may appear together what takes place in many real 
processes. The inoculants used in the presented work were applied in the form of fine ferroalloys mixtures 
(FeNb, FeV), the powdered boron carbide (B4C) and the rare-earth metals (RE). The metal bath after 
inoculants introducing was in several cases purified with nitrogen activated in electric arc. 
The introduction into liquid chromium cast iron of the high-melting elements which can additionally create 
high-melting compounds (carbides, nitrides) should cause mostly the increase of the nucleus of 
crystallization density due to its base-plate-creative effect. 

2. MATERIAL AND RESEARCH METHODOLOGY 

Chromium cast iron of 2-3.5 % C and 12-25 % Cr in which the carbide of the type M7C3 is a main carbide 
phase was chosen for investigations of inoculation process. In Fig. 1 the melts labels were shown and the 
interesting for authors area on the projection of liquidus surface of threefold Fe-Cr-C system were marked. 
This area extends from hypoeutectic to hypereutectic cast irons. The basic „paths” of primary crystallization 
in this area are: 

� hypoeutectic cast iron: liquid → primary austenite � → eutectic (�+Cr7C3) 

� eutectic cast iron: liquid → eutectic (�+Cr7C3) 

� hypereutectic cast iron: liquid → primary carbide (Cr7C3) → eutectic (�+Cr7C3) 

The following assumptions were made during the experiments when the chromium cast iron grade and the 
inoculants were being selected: 

� the carbon and chromium weight concentration range: 2 ≤%C ≤3.5; 12≤%Cr≤25; 

� Cr/C≥6 ratio; 

� hypoeutectic, near-eutectic and hypereutectic chromium cast iron; 

� inoculant components in the form of powders B4C, FeNb, FeV, except of RE; 

� total weight inoculant addition ≤0.6%; 
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� grain size of the fine inoculant ≤0.25 mm; 

� refining with nitrogen activated in electric arc. 
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The mass concentration of inoculants and their marks  

0 – without inoculant, 

1 – 0.25 %B4C, 

2 – 0.30 %FeNb, 

3 – 0.25 %FeNb+0,15%FeV+0,20 %MZR, 

4 – 0.05 %B4C +0.25 %FeNb+0.15 %FeV+0.15 %RE, 

 4a – 0.05 %B4C +0.25 %FeNb+0.15 %FeV+0.15 %RE +nitrogen 

Fig. 1 The labels of melts, the inoculants and the interesting for authors area on the projection of liquidus 
surface of Fe-Cr-C system [6] 

Melts were conducted in the crucible inductive electric furnace with neutral lining and capacity of 20 kg. 
Charging materials and additions which were used: raw chromium cast iron: 2.82%C; 17.69%Cr; 0.56%Mn; 
0.64%Si; 0.49%Ni; 0.030%S; 0.050%P melted in industrial conditions in the electric arc furnace; steel scrap; 
ferroalloys: FeCr015, FeCr800; graphite; deoxidizers: Al; FeTi; inoculants (mixture of B4C, FeNb, FeV and RE); 
nitrogen. After the proper temperature of liquid cast iron in the furnace was reached (for cast iron of 2 %C -
1540oC, 2.8%C i 3.5%C – 1520oC) deoxidizing with Al and FeTi was carried out inside the furnace. The 
inoculation was conducted in well heated ladle by adding the proper inoculant on its bottom. The 
compounds and their mixtures were used as inoculants. The weight chemical composition of the particular 
components of inoculants regarding to the mass of the liquid metal was presented in Fig. 1. In the case 
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when nitrogen was used, the bath was being stirred with gas activated in the electric arc approx. 5 min. 
After the tapping of the metal and waiting approx. 20 s the DTA testers (Derivative Thermal Analysis) were 
poured in. The samples from castings solidified in testers DTA-C and DTA-IS were cut to prepare the 
microsections used for the stereological parameters of carbides in studied chromium cast iron analysis. The 
castings solidifying in these two testers differ from each other in terms of cooling rate (the time of primary 
crystallization of the casting in the DTA-IS tester is about twice longer than primary crystallization in the 
DTA-C tester). DTA research stand and the way of the samples preparation for the microsections were 
presented in Fig. 2. Samples for quantitative examinations were prepared according to standard methods - 
grinding and polishing. The deep matrix etching process was conducted after microsections polishing. Aqua 
regia was applied as the etchant. 

   

Fig. 2 Research DTA stand and method of samples from casting preparation for quantitative examinations [7] 

The X-ray diffraction analysis (Fig. 3 – cast iron sS3) allowed to identify in the examined chromium cast 
irons the basic phases. It was confirmed that examined chromium cast irons consisted of the matrix with 
changing part of phase α and � and carbide phase with the dominant part of the carbides of M7C3 type. The 
occurrence of the carbide of the M23C6 type in hypereutectic cast irons of the group wW_ was also 
confirmed. Quantitative examinations were carried out at magnification from x200 to x600 on ten fields 
(photos) for each microsections. The quantitative analysis of the structure was conducted based on the 
photos taken in half of microsection radius using NIS ELEMENTS BR 3.10 software. The software package 
contains two applications: the first NIS ELEMETS F for image form the camera capturing and the second NIS 
ELEMETS BR 3.10 for making the stereological parameters calculations (precipitates counting, shape 
coefficient, length, surface, volume and so on). The typical image postprocessing consisted of gathering 
data from the image hidden in the color. 

    

Fig. 3 X-ray diffraction pattern and photo of hypoeutectic chromium cast iron microstructure - melt sS3 
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3. STEREOLOGICAL PARAMETERS OF CARBIDES 

The average values of stereological parameters of carbides in examined chromium cast irons were used to 
estimate of the influence degree of the inoculants on carbides in chromium cast irons. The set of average 
values of analyzed parameters was shown in Tab. 1 only for hypoeutectic chromium cast iron of the group 
sS_ as an example. The distribution histograms of selected stereological parameters of carbides were 
prepared, too. The example of the quantity of carbides histogram as a function of their size class for 
hypoeutectic chromium cast iron inoculated with the FeNb+FeV+RE mixture was shown in Fig. 4. 

Tab.1 The set of the average values of stereological parameters of carbide phase of examined chromium 
cast irons (samples taken from DTA-C and DTA-IS castings with the index ‘i’) 

Sample 
marks 

Surface A  
[μm2] 

Perimeter 
P [μm] 

Lenght L  
[μm] 

Width B  
[μm] 

Shape 
coefficient B/L 

Carbides volume 
fraction [%] 

sS0 11.03 11.51 4.87 0.96 0.197 22.06 
sS0i 14.43 14.78 6.31 1.16 0.189 25.55 
sS1 13.86 14.83 6.56 0.94 0.143 28.28 
sS1i 17.38 14.83 6.49 1.03 0.159 30.07 
sS2 10.88 13.55 6.02 0.85 0.141 27.99 
sS2i 15.34 14.50 6.49 0.84 0.129 23.79 
sS3 4.14 6.96 2.74 0.83 0.303 13.56 
sS3i 8.75 9.95 3.90 1.16 0.297 16.92 
sS4 13.59 14.44 5.76 1.52 0.264 25.12 
sS4i 19.15 16.11 6.31 1.81 0.287 24.17 
sS4a 6.96 9.44 3.75 1.04 0.277 24.76 
sS4ai 131.63 59.92 27.87 2.23 0.080 24.76 

 

  

Fig. 4 The distribution histograms of the quantity of Na carbides as a function of their size class P - 
hypoeutectic cast iron inoculated with the FeNb+FeV+RE mixture – sS3 

Massive decrease of the average size of the surface as well as the length of carbide precipitations is a result 
of the inoculation of the cast iron with mixtures containing ferroniobium, ferrovanadium and mischmetal 
(inoculant No. 3). Slightly smaller influence was observed in case of the inoculants mixture in which except 
of mentioned earlier, boron carbide (inoculant of No. 4) was introduced. The effect of the inoculant No. 2 
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(ferroniobium alone) was confirmed as minor. On the basis of investigations conducted it is impossible 
unambiguously confirm the positive influence of the boron carbide alone on chromium carbide phase 
fragmentation. The reason can be a significant increase of the volume fraction of carbide phase in alloys 
inoculated with bigger amount of boron carbide itself (inoculant No. 1). It seems that the technology of the 
inoculation with the boron carbide is more complex, it is necessary to not allow to its total dissolution in 
the liquid alloy, because the boron carbide does not become the heterogeneous nucleus for crystallization 
but it is used only in creating additional carbide phase precipitations. The inoculation with the mixtures of 
high-melting elements (Nb and V with mischmetal), decreases of the volume fraction of carbides, 
particularly in low carbon chromium cast iron.  
Moreover, the essential influence of these inoculants on the shape of carbides was confirmed, what is 
visible in decrease of their length with increase of their width in the same time. This caused about two 
times increase of the shape coefficient (K=B/L), what can suggest the decrease of carbides slenderness, and 
probably their coagulation. One can believes that it is caused by the surface tension of inoculated carbides 
increase together with the presence of the rare-earth elements. This change of the shape of carbides most 
likely can affect the usable properties of castings (their resistance for mechanical shock working 
conditions). 

4. THE STEREOLOGICAL PARAMETERS OF CARBIDES AS A FUNCTION OF INOCULANTS USED 

The graphs below presents the influence of particular inoculants on the casting cooling rate on the main 
carbides stereological parameters. The selected graphs for examined hypoeutectic, eutectic and 
hypereutectic chromium cast iron are presented in Figs. 5 to 7.  

 
Fig. 5 The influence of inoculant grade and cooling rate of the casting on the stereological parameters of 

carbides in chromium cast iron - cast irons nN_ series: C=2% and Cr=12%; nS_: C=2% and Cr=18% 

 
Fig. 6 The influence of inoculant grade and cooling rate of the casting on the stereological parameters of 

carbides in chromium cast iron - cast irons nW_ series: C=2% and Cr=24%; sS_: C=2.8% and Cr=18% 
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Fig. 7 The influence of inoculant grade and cooling rate of the casting on the stereological parameters of 

carbides in chromium cast iron - cast irons sW_ series: C=2.8% and Cr=24%; nS_: C=3.5% and Cr=24% 

During the graphs analysis the profitable effect of inoculants being the mixtures of high-melting and 
carbide-creative elements (Nb and V) and the rare-earth metals (RE) were observed. It was observed in 
every series of the examined cast iron. On the base of the experiments it is impossible to unambiguously 
confirm the profitable influence of simple inoculants i.e.: boron carbide and ferroniobium on the 
stereological parameters. The working effect of the boron carbide seems to be particularly interesting 
because it is the high-melting compound and should become the base-plate for the austenite. 
Unfortunately its wrong addition method into liquid cast iron during inoculation process can cause its 
excessive dissolution. In this case the boron carbide supplies only elements for the hard carbide phases 
formation and does not create the base-plates for the austenite crystallization. So, it should be introduced 
just before the molds are being poured. 

5. SUMMARY 

The results of the investigations on carbide phase stereology were the basis for the estimation of the 
particular inoculants efficiency. It can be stated that the use of complex inoculants gave the best results in 
the aspect of refinement of structure and improvement of carbides shape coefficient. The mixture of 
ferroniobium, ferrovanadium and mischmetal in almost every group of tested chromium cast irons improve 
the stereological parameters causing the small decrease of the volume fraction of chromium carbides. This 
is probably connected with strong carbide-creative working of the niobium and vanadium whose fine 
carbides crystallize first from the liquid and become base-plates for the crystallization of the austenite. The 
similar situation is for the inoculant No. 4, when the boron carbide is additionally introduced. The positive 
effect of the boron carbide was not confirmed for sure by the experiments what can be result of its 
dissolving in the alloy because the volume fraction of carbides increase was recorded. The boron carbide 
can be perfect base-plate to the austenite nucleation but it should not dissolute before the crystallization 
of the austenite begins. The solution of this problem can be probably its introduction into liquid cast iron 
together with micro-chills e.g. in the form of ground steel scrap [8]. 
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Abstract  

Surface quality of deep hole after drilling may be evaluated by topography characteristics and surface layer 
characteristics. The article deals with hardness variation with distance beneath the surface of drilled deep 
holes. The bars of 32CrMoV10-12 steel with length of 500 mm were bored by the gun drilling system with 
different diameters of 6.5 mm and 8 mm. Microhardness of machined surface was measured by using 
microhardness tester LECO LM 247 AT and the Vickers indentor with a 50 g load and 10 s dwell time. The 
changes of microhardness and depth of hardened layer according to the hole length and diameters were 
discussed. 

Keywords: microhardness, hardening, deep hole, gun drilling 

1. INTRODUCTION 

Deep-hole drilling is a machining method of 
holes, whose depth (length) L is relatively 
large in comparison to diameter D. The 
depth-to-diameter ratio of these holes is 
normally in the range from 10:1 up to more 
than 100:1. Applications of deep hole drilling 
are found within a wide range of industries, 
especially in special technology. 

The common cases of deep-hole drilling are 
characterized by high removal material rate 
plus high accuracy with regard to the hole’s 
straightness, dimensional tolerances and surface finish. To obtain these requirements specially designed 
tools which utilize high-pressure cutting fluid supply and are capable of machining precision holes in one 
operation have been used. Three major techniques for deep drilling are available, i.e. gun drill system, BTA 
(Boring and Trepanning Association) system and ejector system. The principle of mentioned is very close; it 
is relying on cutting edges and support pads.  

The gun drill system is used for producing small holes with diameter up to 50 mm. A typical gun drill (Fig. 1) 
has an approximate two-third circular cross-section and consists of a drill body having a shaft and a tip [1]. 
With the gun drill system, the cutting fluid is supplied internally through the tool and the chips are removed 
through V-shaped flute in the shaft. The biggest drawback of this system is that chip conveyance from the 
hole may damage the surface of drilled hole. In addition, microscopic chips may be pressed in the machined 
surface; chips may damage the guides, and all that to deteriorate quality of the drilled hole. 

 
Fig. 1 A typical gun drill 
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As in deep hole drilling by BTA and ejector system, the integrity of surface produced by the gun drill system 
is determined by the burnishing action of supports pads set behind the cutting edge [2]. Surface quality 
after drilling is appreciated by topography characteristics and surface layer characteristics. The topography 
is evaluated by measuring of the surface roughness, waviness, errors of form and flaws. The measurement 
of surface roughness and waviness of deep holes produced by gun drill system was presented in [3]. Plastic 
deformation, hardness, residual stresses and phase changes are characteristics of the surface layer. 
Influence of tool geometry on surface roughness and microhardness in single-lip deep hole drilling was 
analyzed [4]. The aim of this article was to investigate the microhardness variation of surface layer after 
gun drilling of barrels with various diameters. For comparison, bored barrels with diameter of 6.5 mm and 8 
mm were tested. In this work, the variation of microhardness as well as thickness of hardened layer was 
evaluated by microhardness measurement on automatic microhardness tester LECO LM 247 AT. 

2. EXPERIMENTAL PART 

In the experimental part, two barrels were 
bored by using workpiece of the carbon 
alloy steel 32CrMoV12-10 which has been 
largely used in automobile industry for 
their high hardness and strength. 
Specimens were drilled by gun drill system. 
The length of two specimens with diameter 
of 6.5 mm and 8 mm were 500 mm. 

After drilling, the samples were cut off into 
41 parts. The length of the first sample was 
18 mm, each next other was 12 mm. The length of the last sample 
was 14 mm. The lengths of samples from muzzle of barrel were 
18, 30, 42 …, 474, 486, 500 mm which is shown in Fig. 2. 

Glow discharge optical spectroscopy (GDOES) measurement was 
performed on LECO SA 2000 optical emission spectroscopy 
analyzer for verification of chemical composition of workpiece 
material. The chemical composition of material measured by 
GDOES/bulk method and the nominal composition is displayed in 
Tab. 1. 

For each bored barrel, for the evaluation 
of hardening microhardness 
measurement was performed on 
selected samples. The lengths of these 
samples from muzzle of barrel were 18, 

 
Fig. 2 Scheme of cutting barrel 

 
Fig. 3 Image of measured sample 

 Tab. 1 Chemical composition of 32CrMoV12-10 

C Mn Si Cr Mo V P S 

GDOES/Bulk 

0.30 0.47 0.25 2.95 0.89 0.28 0.002 0.001 

DIN standard 

0.30 

0.35 

< 

0.60 

< 

0.35 

2.80 

3.20 

0.80 

1.20 

0.25 

0.35 

< 

0.025 

< 

0.010 
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150, 270, 390 and 500 mm. All selected samples were wet grounded using silicon carbide paper with grit 
from 80 down to 2000 and subsequently polished. 

The microhardness of bulk material was measured by Vickers microhardness method on automatic 
microhardness tester LM 247 AT LECO at a load of 50 g and 10s dwell time. The bulk of microhardness of 
the selected samples was in a range from 303 HV0.05 to 310 HV0.05. For the next evaluation of 
microhardness changes in surface hardened layer, the bulk microhardness of 310 HV0.05 was chosen. The 
microhardness of surface layer after drilling was measured in the same conditions during the measuring 
microhardness of bulk material. The microhardness measurement was carried out in longitudinal cross 
section of the samples. The major Vickers microhardness numbers were derived from three measurements 
such as an average value according to Fig. 3. 

A longitudinal cross section microstructure was observed by the confocal laser microscope LEXT OLS 3000 
and results of microhardness of surface layer (in length of 264 mm of hole with diameter of 6.5 mm) is 
shown in Fig. 4.  

  
Fig. 4 The confocal cross section microstructure and microhardness profile of surface layer in length 

of 264 mm of hole with diameter of 6.5 mm 

3. RESULTS AND DISCUSSION 

For both bored barrels, microhardness trend according to the depth to the drilled surface in the samples 
was similar, as in Fig. 4. The microhardness is higher close to the surface of drilled hole. Then the 
microhardness decreased with increasing of distance to the surface of bore. When the distance reached a 
certain value, the microhardness varied around the value of the bulk microhardness. The maximum 
microhardness of surface layer in samples of holes with diameter of 6.5 mm and 8 mm is shown in Fig. 5. It 
can be seen that the maximum values of microhardness in the holes with diameter 6.5 mm and 8 mm were 
the same. The maximum microhardness in the samples of both barrel bores was not markedly changed 
during length of the holes. For the barrel bore with diameter of 6.5 mm, the maximum microhardness was 
447 HV0.05. In the case of the bore with diameter of 8 mm, it was 463 HV0.05.  

 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

806 

432 445 438 438 447442
463 451

424 438

0

100

200

300

400

500

9 144 264 384 492

Hole length [mm]

M
ic

ro
ha

rd
ne

ss
 [H

V0
.0

5]

Diameter of 6.5 mm Diameter of 8 mm

 

0.072

0.051 0.053

0.069

0.050

0.063

0.073

0.088
0.080

0.088

0.000

0.020

0.040

0.060

0.080

0.100

9 144 264 384 492

Hole length [mm]

Th
ic

kn
es

s 
[m

m
]

Diameter of 6.5 mm Diameter of 8 mm

 
Fig. 5 The maximum microhardness in dependence 

on length of the holes with diameters of 6.5 mm and 
8 mm 

Fig. 6 The thickness of hardened layer in 
dependence on length of the holes with diameter of 

6.5 mm and 8 mm 

The values of thickness of hardened layer in samples of the holes with diameter of 6.5 mm and 8 mm are 
displayed in Fig. 6. The graphs show that thickness of hardened layer in the barrel bore with diameter 8 mm 
was always higher than in the hole with diameter 6.5 mm. An exception is the thickness in the length from 
barrel muzzle of 9 mm, where the thickness in the barrel bore with diameter 8 mm was lower. The 
thickness of surface hardened layer attained 50 μm to 72 �m in the hole with diameter 6.5 mm; in the 
second hole with diameter 8 mm it ranged from 63 �m to 88 �m. 

Causes of differences between the thickness of hardened layer in bored barrel with diameter 6.5 mm and 
8 mm during deep drilling were be explained by the mechanical loads of cutting tool upon the bore surface, 
whose magnitude is affected by the contact zone between the tool, support pads and machined surface as 
well as magnitude of the cutting forces during drilling. In particular, the forces acting on support pads are 
proportional to the diameter of the hole. It means that during drilling the hole with greater diameters, the 
forces are higher. A smaller thickness at the beginning of drilling the barrel bore with diameter of 8 mm is 
probably associated with the transmission of these forces by drill bushing and therefore the effect of larger 
hardening is not displayed. 

4. CONCLUSION 

The results of experiments showed that in gun drilling process the surface hardened layer was generated by 
high presses of support pads on workpiece surface. With different diameters of deep holes of 32CrMoV10-
12 steel, increasing of microhardness with respect to bulk microhardness may be form up to 149%. The 
differences of maximum microhardness of hardened layer in both bores with diameter of 6.5 mm and 8 
mm were negligible, whereas the thickness of hardened layer in the bore with diameter of 6.5 mm was 
lower and the thickness of hardened layer in both bores was significantly changed during drilling length. 
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Abstract:  

This contribution deals with the effect of vibrations on equilibrium state of molten metal with bottom 
heating and situated in a homogeneous gravitation field. The aim of contribution, within the introduced 
model, is to elucidate the relationships between the affecting environment and melt properties and to 
determine the quantitative relations between the parameters of physical fields and parameters of molten 
metal applicable for prediction of processes taking place in this dynamic system. 

Keywords: molten metal, vibrations, acoustic field, magnetic field, monotonous, manifestation, oscillation 
manifestation, stability of dynamic system  

1. INTRODUCTION AND TASK FORMULATION 

Molten metals exhibit several interesting properties from the viewpoint of liquids: relatively low thermal 
capacity, low values of dynamic and kinematic viscosity, high thermal and electric conductivity, presence of 
more „standard“ phase transitions, several of them even during the continual existence of solid phase 
state, but also phase transitions of magnetic and electric characteristics, while all these may occur within 
the thermal interval of common technological processes. Intensity and quality of all these phenomena 
makes them perspective for utilisation during the technological process of metal processing, preparation of 
metallic systems and affecting their properties. There exist a number of published results, individual 
publications, even whole proceedings of theoretical and experimental character and also others compact 
monographs devoted to this topic. However the effort for grasping the effect of physical field does not 
concern only the metallographic issues, it is topical also in meteorology and the physics of atmosphere, in 
affecting the selective processes in multi-phase systems etc. Just for illustration, we may mention several 
such examples [1] - [8]. It was just one of the mentioned sources, where incentive for a modified study of 
the mentioned problem was found. 

That’s why the affecting of metallic system by ultrasonic and/or magnetic field is directly offered and also 
being employed in practice in different measure. Regarding the fact that the magnetic field of the Earth is 
present everywhere it is rather our duty than mere wish to make use of this trivial fact. The aim of this 
contribution therefore will not be to devote explicitly to the accompanying effect of magnetic field on the 
observed process during affecting the molten metal by vibrations, eventually (ultra)sonic field, but rather 
make provision for its presence as an obtruded existence of the magnetic field of the Earth. Calculation 
would finally allow to consider the purposeful affecting of metal by magnetic field, depending on 
consideration of the magnitude of its characteristics.  
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Let’s suppose that there exists the following orientation of application of physical fields in the Cartesian 
coordinates ),,( kji

��� :  

� gravitation field: gkg .
��

�� , 

� vertical harmonic oscillations of pressure field: ).cos(.. taka Q
��

�  (however, the orientation may not 

be important, thus it need not and will be not considered), 

� gradient of thermal field: TkT .
��

��P ,  

� gradient of magnetic field: kHH
��

.�  (this orientation of mg. field may be disputable with respect to 

mg. field of the Earth, however for some arrangements of technological process may be such 
oriented mg. field of the Earth worth of consideration, but in case of a strong technically created mg. 
field with such orientation, the mg. field of the Earth may be neglected). 

Equilibrium state of such affected molten metal can by described by the velocity perturbation v� , 

temperature T , pressure p  and magnetic field h
�

. After transition to dimensionless formulation of entry 

of the observed issue, its quantification may be written down by the following relationships  

� � 0).(..,,,2 �P
�P�P

$
$ hkRkTtgRRvp

t
v

HR

��������
Q , 

0).( 2 �P��
$
$ Tvk

t
TRp

��� ,                                                                                                           (1) 
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0�Pv�
�

, 

where BPHR RRRR ,,,  are: Reynolds, Hartmann, Prandtl and Batchelor numbers. 

Next assumption, compared to frequency Q , let be the slow relaxation processes in the system, therefore 
for the relaxation time � , then  Q� ��)/1(  must be valid. This assumption may result in discussion 

related with the generally known low viscosity of molten metals, which may be closed by assumption of 
higher vibration frequency in the sense of mentioned inequality. 

The dependence of (...)R  function on gRR ,, Q  parameters and t  variable expresses the perturbation of 

the Reynolds number RR , its expected alteration in dependence on these parameters and the time 

variable. In comparison to gravitation field, if not very strong acoustic field is supposed, the perturbation of 
Reynolds number may be written down by use of a small dimensionless parameter �  in the form  

� �
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In general, it seems to be correct to suppose on first sight that all dimensionless characteristic numbers 
should change in dependence on physical conditions and geometric arrangement of a system, especially in 
dependence on pressure generated by acoustic field. 

However, in this model there is expected that only one from the characteristic numbers depends on the 
acoustic field, as expressed through the comparison (proportion) of parameters of the affecting acoustic 

field and gravity acceleration and it is actually the Reynolds number � � %%
&

'
((
)

*

�
# ).cos(.1)(1.

2

t
g

aRtRR RRR QQ� . 
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This is based on assumption that the thermal, electric and partially also magnetic properties in metal melt 
are given first of all by the free electrons of conductivity, that should accede to collectivisation owing to 
their great mobility, as a consequence of accepting the conditions posed by the acoustic field, regardless 
the frequency of its changes, but the effects of electric shielding would perhaps obstruct that. However, it 
would repay to analyse this fact separately and with much greater accuracy. In the given situation the 
considerations will rest on the statement that the Reynolds number would change in accordance with (2) 

and its effective value by the scheme 
%%
&

'
((
)

*

#

g
aRR RR

2.1 Q , event. 
%%
&

'
((
)

*

#

g
aRR RR

2.1 Q , thus the effect of acoustic 

field will lead to its growth. Regarding the effect of limit conditions on the final establishment of acoustic 
field in the studied volume, it may be in final consequence expected, that they should necessarily reflect 
themselves in the resultant relationship, complexly expressing the dependence on all participating task 
parameters. 

The limit and initial conditions follow from the previous formulation of the geometric and physical 
conditions 

0,0,0 �$$�� zhvT zZ , 

0,0,0 ��� zz hTv                                                                                                           (3) 

for a differential system (1) on the upper and lower boundary of the molten metal layer and also on its 
vertical side walls.  

2. PROBLEM SOLUTION 

A simple model system (1) makes possible to eliminate some variables during solution, namely the pressure 

p  and horizontal components of velocity vector xv  and zv . 

The limit conditions for acoustic field unanimously lead to formation of nodes on the physical solid 
boundary of molten metal localisation, therefore the solution for temperature  T , vertical components of 

velocity zv  and magnetic field will be possible to expect zh  in the form 
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where a part of expression )(tf  gives the time dependence of solution and multiplications of goniometric 

functions give the spatial dependence of solution, while the coefficients  zyxk ,,  are principally (or related 

with) the wave vectors of the standing acoustic wave. 

In case of a long relaxation time on acoustic (vibration) stimulation it may be supposed that by solving the 
(1) only some time-averaged values zz hTv ,,  will be obtained – or, under the effect of rapidly changing 

acoustic field, just slowly changing perturbations will remain as a consequence of long relaxation times  
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where the following is written down in compact form )( 222
, yxyx kkk 
�  ,  )( 2222
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System (5) gives the time evolution of zz hTv ,,.  variables and it proves that the observed problem is in 

principle a dynamic system in the form 
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That could be slightly modified by the presence of time dependence of Reynolds number )(tR , therefore 

one of coefficients on the right side of system, standing  next to T variable, should be „slightly“ time 
dependent. The time averaging within this reality may be in further modifications simplified considered by 

the given transition 
%%
&

'
((
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#

g
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2.1 Q , event. 
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'
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*

#

g
aRR RR

2.1 Q , or, much simpler for the needs of 

a qualitative view on the problem RRtR #)( . Next simplified entry will be made in the sense of the last 

expression, however all three options may be utilised in their real manifestation by the actual wish and 
need. 

Primitive stationary points of a differential system (5a) are 0��� zz hTv , which are however useless for 

the study in this case. There’s even no point to observe pronouncedly the other, eventually no-zero, 
stationary points. However, the collective manifestation of the initial physical system as a unit and/or its 
tendency behaviour seems to be interesting. Answer to this question may be given only by the 
characteristic equation of determinant on the right side of (5a), which will be surely in the form  

0.... 0123 �


 rrrr V�13                                                                                                      (6) 

and which three roots 3,2,1r  will unanimously express the character of behaviour in the initial physical 

system. The roots depend on V�13 ,,,  coefficients of equation (6) and these again depend on 

multiplicators in front of the zz hTv ,,  variables in system (5a), thus in final consequence on the initial 

physical parameters of the system. 

Dependence of V�13 ,,, coefficients finally consists in the geometric arrangement and physical properties 

of the observed system, namely: 

� on   ...;3;2;1),,( �zyx kkk  , what leads to a loss in magnitude of cells zyx kkk /1,/1,/1  within 

which the liquid behaves identically and the conditions (3) on their boundaries and also on the 
physical boundaries of the system  are met 

� on values of the dimensionless characteristic numbers BHPRR ,,, , properties of magnetic and acoustic 

fields Q,, aH  and the value of gravity acceleration g .  

Owing to effect of external acoustic field, the damped/non-damped oscillations (periodic manifestation), or 
damped/non-damped monotonous process may occur in the molten metal.    
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It finally follows from the stability theory that in case of a zero absolute member in equation (6) the 
monotonous perturbations arise, because one of equation roots will be equal to 0  (zero), what in principle 
also expresses the possible instability limit of the initial physical system 

0�V   [[   0)..(... 2123 �

�

 �13�13 rrrrrr , 

   [[    01 �r ,    
3

�311
.2

.42

3,2
���

�r                                                                      (7) 

and the other two roots may lead to a damped and stable oscillation manifestation of some system mode, 
supposed 0/ �� 31  and simultaneously 0.42 �� �31 , or to non-damped and unstable oscillation 

manifestation of some system mode, supposed 0/ �� 31  and simultaneously  0.42 �� �31 , eventually to 

a stable monotonous manifestation of some system mode supposed 0.42

�
���

3
�311  and 

simultaneously 0.42 �� �31 , or to instability of a monotonous manifestation of the mode supposed 

0.42

�
���

3
�311  and simultaneously 0.42 �� �31 . 

Therefore in case 0�V  after expressing the V�13 ,,,  coefficients through the initial parameters of physical 

system the monotonous manifestation will occur when the following condition is met  
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Since 1/. 2 ��B �Q ga , then 1//. 2222 ���B Q�Q ga , therefore in case of establishment of a monotonous 

regime, the following condition will be met 
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In case of  �1V3 .. �  equality for the coefficients of characteristic equation, this fact will express the limit 

condition for establishment of oscillation manifestation, what in expressing through the initial parameters 
of the initial physical system leads to expression  
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Since 1/. 2 ��B �Q ga  is also valid, then 1//. 2222 ���B Q�Q ga , therefore in case of establishment of 

oscillation regime, the following condition will be met
22
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.
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k P

osc

R
zyx

yx # , the same as in previous case. 

However, difference between the values 
mon

(...) and  
osc

(...)  is in the expression below the radix, which 

value for  
osc

(...) is lower. In spite of that the 
mon

(...) and  
osc

(...) values for high frequencies of acoustic 

field are becoming the same and therefore the limit between the establishment of monotonous and 
oscillation manifestations of system is very subtle in this case. This fact is obvious, since the energy of 
acoustic filed is proportional to environment density - , quadrate of amplitude and frequency, thus 

22.. Q- aE B , therefore the enforcing effect of acoustic field is manifested more pronouncedly with their 

growth, what undoubtedly leads to establishment of oscillations. The pressure amplitude and efficient 
pressure of acoustic field also depend on those variables. 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

813 

3. OTHER CONSIDERATIONS 

Overall analysis and a total view on behaviour of the studied system leads to solution of characteristic 
equation (6), finding its roots, observing their properties progressing through their expressing via 

V�13 ,,, coefficients in dependence on the initial system parameters,  multiplicators at zz hTv ,,  

variables of the system (5a). After such a cumbersome, laborious and complex procedure through zeroing 
determinant on the right side of system (5a) much more demanding procedure for finding the roots of 
entire cubic equation (6) follows, at which it is actually impossible to avoid the Cardan scheme. 

Another approach consists in observing the properties of equation (6) and its roots through its discriminant 
22334 418427 �1�1�VV1V ��

�D ,                                                                                   (9) 

by which, after a detailed analysis, the purely monotonous 0�D  (equation (6) has three real roots) and/or 
purely oscillation 0�D  (equation (6) has one real and two complex combined roots) perturbation 
manifestations of the studied system can be determined. The 0�D  value gives a common, neutral limit of 
these regions.  

By solving the inequality � �0;; ���D  it is possible to find the correlations amongst all studied system 

parameters in the mentioned sense, but mere expressing of discriminant D  through the initial system 
parameters (1), and/or (5a) is relatively demanding and laborious. Due to space limitations of this work, this 
is impossible to be realised in full extend, but in order to prove the effort for actuality, an expression for 
determination of frequency, when meeting the neutral conditions 0�D , may be shown 
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From expression (10) type )(0, Xsqrtn �Q  several essentially vital conditions follow, due to requirement of 

non-zero 0SX  value under the radix. 

A detailed observance of this requirement is again beyond the space capabilities of this work, therefore just 
an indication will be mentioned. For meeting the condition 0SX  several mutually excluding possibilities 
may occur, symbolically: 

 / 0 / 0 0...0... D\D]S\S PBPB RRRR , where expression / 0...  symbolically denotes the content of 

outer square bracket in expression (10). Since from several requirements on properties for this type of 
physical systems preference of inequality PB RR S follows, thus an alternative possibility with the sign „or 

] “ is principally excluded. This, in sense of content within the square brackets leads to quadratic inequality  
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which, after its multiplying by „-1“ value and after subsequent solving of quadratic equation 
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requirement of non-zero value below the radix in the last expression with radix and necessity (?) of positive 
value of the appropriate fraction. However, this last mentioned inequality should be met also owing to 
other factors. The last logic relationships may be rewritten in accordance with the scheme:  

 FEDCFEBAFEDCBA \\\]\\\#\\\]\ )( . Then consideration of real 

...,,,,, PB RRga Q  values in the systems of inequalities will allow to determine mutually possible and 

acceptable arrangements of intervals in the last combined alternative inequalities and in the sense of 

studied model then find the conditions for existence of expression   R
zyx

yx R
k
k

Q 6
,,

2
,� , related with the possible 

effect of acoustic field on the molten metal. 

4. DISCUSSION, CONCLUSIONS 

From this analysed, relatively simple model and a view on the results which it allows to achieve it is evident 
that a complete solution is relatively laboriously attainable – even in spite of the fact that a linear dynamic 
system is concerned. Incomparably greater problems would arise in case of non-linear, even simultaneously 
non-autonomous systems. Fortunately, an exact analytic solving of a problem is unimportant in many 
cases, whereas it may be sufficient just to obtain a qualitative picture about the state of modelled problem. 
This is allowed by the present mathematics almost in full extend, owing to a high degree of completion in 
topology and, in case of need for quantitative results also owing to degree of completion in numerical 
methods and last but not least also owing to capabilities of present computer technology. The results 
achieved within the introduced model allow to find the relationships between the affecting environment 
and the melt properties and even to determine the quantitative relations amongst the parameters of 
physical fields and molten metal parameters applicable for prediction of processes occurring in this 
dynamic system. 
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Abstract 

ICDP (Indefinite Child Double Pour) irons designated for working layer of centrifugal rolls of rolling mill must 
have precisely defined properties. The monitored parameters of the ICDP irons are: chemical composition, 
the amount of graphite in a microstructure and hardness of base metal material. Precipitation of graphite 
in ICDP iron with ledeburitic basic metal compound is a complex process that can be controlled and 
managed with the usage of thermal analysis. On the basis of the evaluation of cooling curve parameters of 
ICDP iron there is performed metallurgical adjustment of melting by adding elements supporting graphite 
or carbide formation into ICDP iron. The identified structural and mechanical properties of ICDP irons were 
correlated with recorded cooling curve. Subsequently, a methodology for control of the metallurgical 
adjustment of ICDP iron before tapping and pouring was proposed to ensure the desired microstructure 
and properties the ICDP iron. 

Keywords: Crystallization of ICDP iron, Thermal analysis, Contains of graphite, metallurgical quality 

1. INTRODUCTION 

Well mastered metallurgy of cast irons is subject to the possibility of cast iron properties prediction, even in 
the liquid phase, before tapping and pouring it into moulds. Control of the prescribed chemical composition 
while using spectral analysis is a prerequisite for quality assurance of cast iron, but by itself does not 
guarantee the production of flawless casting. This is due to other variables affecting the metallurgical 
quality cast iron, such as nucleation potential of the melt and the method of secondary processing. 

Control of microstructure and properties of cast iron prediction is in perfect control of the melting process 
and the metallurgical melt processing. Required metallurgical quality of particular type of iron and its 
properties are determined by chemical composition, leadership and melting way metallurgical melt 
processing. Thermal analysis is a suitable tool for the prediction of the properties, i.e. cooling curves 
recording and its subsequent analysis using the first derivative of the normal cooling curve. Cooling curve 
parameters are compared with the resulting microstructure and mechanical properties of real casting and 
technological tests. Many authors adopted thermal analysis to assess cast irons [1, 2]. There exist systems 
for assessing cooling curve with the help of special software. Differential thermal analysis (1st derivation of 
cooling curve) is equivalent to technical calorimetry [3] and is used to determine the status of nucleus in 
the melt crystallization on the basis of the quantitative determination of the number of eutectic cells. Some 
authors [4, 5] claim that the status and number of graphite nucleus in cast iron can be determined from the 
temperature of solidification of graphite eutectic. When the temperature increases, the number of 
crystallization nuclei in the melt is also higher. This improves the graphitization ability of cast iron and its 
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metallurgical quality. The uses of thermal analysis for predicting of the microstructure of modified cast 
irons have been discussed by various authors [6, 7]. 

Prediction of the properties of the resulting cast iron is a prerequisite for the management of metallurgy, 
especially in material of castings with higher content of alloying elements. The centrifugally cast double-
layered castings with indefinite hardened layer of rolls for rolling mills ICDP iron should serve as an 
example. These castings are made from so-called shell-type cast iron which forms the working layer of the 
roll and core iron. Shell layer of the rolls is stressed by heat shock and is also extremely stressed for 
abrasion. The core cast iron transmits mechanical stress. 

One of important indicators of metallurgical ICDP iron work layers quality is defined graphite content in the 
base metal mass of ICDP iron. Graphite content is expressed in an area proportion of graphite particles on 
the control metallographic cut. The recommended optimal proportion of graphite is given within 2 to 5% of 
the surveyed area cut. If so contain of graphite more than 7 %, material is usually “soft”, rating of roll is low. 
Next important parameter is the hardness (70-85 Shore units) of the roll working layer of the roll. Matrix of 
ICDP iron is formed by ledeburitic white cast iron, consisting of iron carbide Fe3C, secondary carbides with 
shares of martensite and residual austenite. On the basis of definition metallurgical quality [8] is the 
metallurgical processing is liable for result into deviations from the required proportion of freely excreted 
graphite in a natural cast. 

The proposed evaluation methodology was tested and verified in the laboratories of Department of 
Foundry at VSB-TU Ostrava and also in operation conditions of centrifugally cast rolls foundry in Vitkovicke 
slevarny, spol. s r. o. 

2. MATERIALS AND EXPERIMENTAL METHODS 

Melts were performed in the operation conditions of centrifugally cast rolls foundry in Vitkovicke 
slevarny, spol. s r. o. dimensions of rolls are from 550 to 1050 mm in diameter and up to 7200 mm in 
length, weight is up to 27 tons. There were 199 samples for the evaluation. Each melt is documented by the 
analysis of cooling curve, by metallographic analysis and evaluation of flat graphite shares as well as the 
hardness of the working layer. The recorded results were statistically evaluated. In Tab.1 there is an 
informative chemical composition of ICDP iron. 

Thermal analyses system (Heraeus Electro-Nite) is used for recording and data collection. The system 
consisted of cup for samples with a thermocouple type K - QC4010, measurement units Quick-Lab, 
complemented by the evaluation and archiving software Melt Control 2000. This software allows the 
export of measurement data into MS Excel. Exported data curves are further analysed by a program 
specially created in MS Visual Basic, on the basis of knowledge of the thermal analysis of cooling curves. 

Tab.1. Informative chemical composition of ICDP iron. 

Material 
Chemical composition (%) 

C Mn Si P max S max Cr Ni Mo 

ICDP 3.0/3.5 0.5/1.5 0.5/1.5 0.100 0.030 0.8/2.0 3.5/4.8 0.2/1.0 
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This program evaluates temperatures from the measured data of cooling curve and its first derivative: 
TL(° C), Tmin (° C), Tmax (° C), TS (° C) ate rather calculation of linear regression in definite interval and 
calculated parameter Alpha. 

3. PARAMETER ALPHA 

The Alpha parameter was used for control of the 
surface proportion of graphite in microstructure of 
the ICPD iron. Cooling curve varies depending on the 
character and amount of graphite solidification 
secreted during the eutectic transformation. Begin 
and end of the purpose area was quantification by 
the help of 1st derivation curve in eutectic delay area 
Fig. 1. This definite interval of the cooling curve is 
interleaved with line. Tangent of the line corresponds 
to the temperature decrease of the eutectic delay, a 
is marked as parameter alpha. Conditions of 
crystallization of ICDP iron are changed by 
metallurgical interventions in furnace before tapping 
by addition graphite or carbide component. This 
change is observed in the cooling curve in area of 
eutectic delay. Parameter Alpha is changed. 

For the Alpha value, the negative value of the direction of the line is valid for decreasing temperatures in 
the interval of eutectic transformation Fig. 1 is found optimal interval. When the value of α is lower and the 
curve has dramatically decreasing character it will additional inoculation be performed in a furnace with 
FeSi. If the Alfa parameter exceeds the upper limit of the interval, the curve is horizontal, or is recalescence, 
additional alloying will be performed by the addition of FeCr. After this correction of melting, there follows 
tapping and inoculation will be performed in the ladle by additions of FeMn, CaMnSi, FeSi etc. From ladle is 
sampled thermal analysis and chemical composition for control of this process. After stripping of the 
casting roll a sample is taken for mechanical testing, metallographic analysis and evaluation of the 
proportion of graphite surface. 

4. RESULTS 

Tab.2. Evaluated surface proportion of graphite, descriptions of data file. 

Class Median surface graphite proportion (%) Rate of class (%) 
1 0.87 < 1 
2 1.49 1-2 
3 2.33 2-3 
4 3.39 3-4 
5 4.41 4-5 
6 5.79 > 6 

Fig. 1. Cooling curve – red, curve of 1st 
derivation – green and eutectic delay area – 

yellow 
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Evaluated surface proportion of graphite was performed by image analyser LECO IA 32, at a magnification 
of 50x. It was evaluated in 199 samples of ICDP irons. From data fail of metallographic analyses there were 
created 6 classes of surface shares of graphite from 1 to 6 %. For representative samples of classes of each 
one there were chosen samples, whose value of the observed proportion of graphite corresponded to the 
median of the class, Tab. 2. Representative samples of classes 1- 6 are in Fig. 2 to 4. 

  
Fig. 2. Class 1, surface graphite proportion 0.86% and class 2 surface graphite proportion 1.48%, enlarged 

50x. 

 

   
Fig. 3. Class 3, surface graphite proportion 2.34% and class 4 surface graphite proportion 3.47%, enlarged 

50x. 

  
Fig. 4. Class 5, surface graphite proportion 4.40% and class 6, surface graphite proportion 5.78%, enlarged 

50x. 
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Values of parameter Alpha were calculated before tapping are kept in interval -0.080 to -0.010. The 
diagram in Fig. 5. Appropriate using of this method controlling of metallurgical quality is documented by 
Gaussian distribution values of graphite surface proportions as is described on Fig. 6. 

 

 
  Fig. 5. Values of parameter Alpha before tapping. 

 

5. CONCLUSION 

The methodology of structure control of ICDP irons was proposed on the basis of 199 samples. The 
described method enabled to correct the surface proportion of graphite in the ICDP iron in the required 
range of 2-5%.Using of the thermal analysis enabled the prediction of microstructure and thus significant 
improvement of the quality of centrifugally ICDP rolls. 
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Abstract  

Austenitic steels for boiler superheater tubes are intended for regions where the metal temperature is in 
the interval of 620°C to 680°C. This application has higher requirements for adequate creep characteristics 
and corrosion resistance of the used materials. The paper focuses on the creep properties studied on the 
new wrought austenitic steel BGA4 (23Cr-15Ni-6Mn-1,5W-2,5Cu-0,3V-0,5Nb-Mo,B,N) developed by the 
British Corus company. The dependencies of the rupture strength, strength for specific creep strain and 
minimum creep rates were evaluated on the basis of the long term creep tests carried out at temperatures 
between 625°C and 725°C. Metallographical analyses are also a part of the work.  

Keywords: creep, austenitic steel, metallography 

1. INTRODUCTION 

Ferritic and martensitic steels can be used in the power industry at temperatures of up to 650°C, austenitic 
steels at 620-680°C and nickel alloys at higher temperatures. Austenitic steels are applied in the end 
portions of superheater pipes where high resistance to corrosion together with sufficient creep properties 
is generally required. These materials can be divided into four groups according to Cr contents [1]: 

� steels containing 15 % of Cr,  steels containing 18 % of Cr, 

� steels containing 20-25 % of Cr,  steels containing higher Cr contents. 
 

Besides Cr, these steels contain increased quantity of Ni (usually within the range of 10 to 25 %) and, 
moreover, they are alloyed with any of the below listed elements: C, Mo, Mn, W, V, Nb, B, Cu, Ti a N. 
Alloying with Mn together with N has an austenite formation effect (partial substitution of Ni), Cu 
precipitates in a phase increasing creep resistance [2], B modifies grain boundaries (increases their 
strength) and other elements combine with C so that they are carbide forming. 

Paper will deal with the BGA4 austenitic steel, which is material developed by CORUS company from Great 
Britain [3]. As to creep properties, it is similar to Esshete 1250 (15Cr10NiMnMoVNbTi) or NF 709 
(20Cr25NiMoNbTi) steels and it is very similar to the SAVE 25 steel (23Cr18NiWNbCuN) as to chemical 
composition. Medium chemical composition of these steels is presented in Tab. I according to [4-6]. 

 Tab. 1 – Chemical composition of some austenitic steel (wt.%) 

Steel C Si Mn Ni Cr Mo W V Nb Ti Cu N 

Esshete 1250 0,12 0,5 6 10 15 1 - 0,2 1 0,06   
NF 709 0,15 0,5 1,0 25 20 1,5 - - 0,2 0,1   

SAVE 25 0,10 0,1 1,0 18 23 - 1,5 - 0,45  3 0,2 
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2. EXPERIMENTAL MATERIAL 

The CORUS company supplied the BGA4 material – identified as CORUS CODE H4F53 – with chemical 
composition stated in Tab. II. The supply included rods with length of 160-300 mm with diameter of 
approximately 20 mm that had been rolled from original material with cross section with diameter of 183 
mm. The rods were subjected to an ultrasound test the aim of which was to identify internal defects. This 
test did not reveal any defects that could be affecting consequent results. The experimental material was 
heat treated using the 1 200°C/20 min/water procedure at the manufacturer. Testing specimens with 
specific dimensions of E 5x25 mm were made and creep tests carried out in SVÚM. 

 Tab. 2 – Chemical composition of BGA4 steel (wt.%) 

C Si Mn P S Cr Mo Ni B Nb V N Cu W 

0,11 0,49 6,10 0,02 0,024 22,9 0,14 15,4 0,007 0,61 0,31 0,185 2,70 1,49 

The creep tests were commenced so that the parameters at temperature range from 625 to 725°C and 
stress of 90 – 330 MPa. The creep tests have been carried out on air at a constant load in the SVÚM a.s. 
laboratory accredited in accordance with EN ISO/IEC 17025. Deformation time change has also been 
measured.  

3. RESULTS OF THE CREEP TESTS 

3.1. Creep strength  

The dependence of stress on the Larson-Miller parameter (PLM) was assessed at first. A following regression 
model was used for assessment [7] 

2
321log LMLM PAPAA 

�� ,          (1) 

where  

PLM=T.(logtr+A4),  

� is stress (MPa),  

T is temperature (K), 

tr is time to rupture (h), 

A1-A4 are material constants. 
 
 

 

 

 

 

  

  

Fig. 1 Creep rupture strength of BGA4 steel Fig. 2  Time to rupture dependence on 
temperature and stress of BGA4 steel 
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Fig. 3 Creep curves of 

Model (1) Model (2) Model (3) 

A1 3,665931E+00 B1 7,164867E+00 C1 -1,870272E+01 
A2 5,086161E-05 B2 -2,769734E-04 C2 -3,781084E+00 
A3 -5,189760E-09 B3 1,241528E-09 C3 -3,922192E+00 
A4 1,980094E+01 B4 1,736592E+01 C4 -1,240277E+01 

    C5 1,047203E+03 
    C6 5,671428E-06 

Fig. 1 illustrates the assessed master curve and the results of creep tests. Fig. 2 provides another 
illustration where the dependence of time to rupture on stress for temperatures from 625 to 725°C is 
drawn. The A1-A4 parameters are listed in Tab. III. 

3.2. Strength for specific creep strain 

Records of creep strain were evaluated using the model [8]. 
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where �c is total creep strain (%), t is time (h), tr is time to 
rupture (h), �0  is initial deformation (%), � is stress 
(MPa), T is temperature (K), K,M,N,�m, E1-3 are material 
constants. Examples of some evaluated creep curves are 
illustrated in Fig. 3. 

The evaluated creep curves allowed specifying 
temperature and stress dependencies of the specific 
creep strain. The identical equation (1) in the form 

21
3

1
211log LMLM PBPBB 

�� ,     (2) 

where )(log 411
1 BtTPLM 
	� , �1 is stress (MPa), T1 is 

temperature (K), t1 is time to creep strain 1% (h), B1-B4 are 
material constants given in v Tab.III., was used. The result 
of assessment of 1% creep strength for strain 1% is 
illustrated in Fig. 4. 

3.3. Creep rate  

The model according to [9] was used to assess the creep rate. 

/ 0 / 0,)sinh(log11log)sinh(log11loglog 6
5

463
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21 TC
CT

CTCC
CT

CC 			�	
			
�	
� ����    (3) 

where�� is minimum creep rate (%/h), � is stress (MPa), T is temperature (K), C1-6 are material constants 
shown in Tab.III. The assessed creep rate is illustrated in Fig. 5. 

  

 Tab. 3 – Material constants of regression models (1), (2) and (3). 
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Fig. 6 Shaeffler’s diagram of microstructure 
state of BGA4 steel 

 

 

 

 

 

 

 

 

 

 

Fig. 7  Specimens chosen for metallography 
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Fig.4 Comparison rupture strength and strength 
for 1% strain of BGA4 steel 

Fig. 5  Minimum creep rate of BGA4 steel 

4. METALLOGRAPHY  

Delta ferrite should not be present in the BGA4 steel 
structure. This structural component could be 
transformed relatively soon to a sigma phase during 
exposure at higher temperatures, which would result 
in making steel brittle. Occurrence of delta ferrite can 
be predicted using the Schaeffler’s diagram [10] 
which is shown on Fig. 6. The equivalents of Cr and Ni 
contents can be calculated from the equations [11, 
12] 

Ceq= Cr+2Si+1.5Mo+5V+5.5Al+1.75Nb+1.5Ti+0.75W, 

Nieq=Ni+Co+0.5Mn+0.3Cu+25N+30C, 

where contents of individual elements are in weight 
percentage.  

The equivalent contents for the evaluated BGA4 steel 
are following: Creq=27.83 %, Nieq=27.19 %.It is 
apparent from Fig. 6 that delta ferrite should not be 
present in the BGA4 steel. This structural component 
has not been detected during our metallographic 
investigation. 

Metallographic study was carried with 11 samples 
identified in Fig. 7. The samples were prepared for 
examination using usual methods of grinding and polishing. The investigation was carried out using a Zeiss-
Neophot light microscope. An agent consisting of 10 ml of HNO3+10 ml of acetic acid+15 ml of HCl+5 drops 
of glycerine was used for sample surface etching characterizing the initial condition. All the other samples 
were etched using an agent consisting of 2g of CuCl2 + 40ml of HCl + 60ml of ethanol. 

The samples had an austenitic structure. The size of grain was assessed using a comparison method with 
100x magnification and it was found out to be 4.5 according to ASTM E112. The dimension of 75 �m 
corresponds to this value. The effect of the parameters of thermal exposure on grain coarsening was not 
apparent; the size of grains of the investigated samples was constant. 
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a) Initial state b) 625°C/315MPa/1130h 

(tr680°C=43h) 
c) 625°C/260MPa/5642h 

(tr680°C=194h) 

   
d) 675°C/200MPa/2045h 

(tr680°C=1514h) 
e) 675°C/150MPa/9378h 

(tr680°C=6886h) 
f) 700°C/130MPa/4854h 

(tr680°C=16471h) 

   
g) 700°C/115MPa/10857h 

(tr680°C=37469h) 
h) 725°C/110MPa/2335h 

(tr680°C=35247h) 
i) 725°C/100MPa/6791h 

(tr680°C=107827h) 
 

Fig. 8 Changes of BGA4 steel microstructure caused by temperature exposition 

The structure does not contain precipitate in the initial condition; the grain boundaries and the boundaries 
of twins are sharp (see Fig. 8.). This Fig. also shows the changes that occur at creep exposure. The 
structures corresponding to growing of time up to fracture are arranged here. However, these values are 
re-calculated for maximum temperature of austenitic steels application (680°C). It can be seen that 
precipitate is created inside of grains already after a short exposure when compared with the initial 
condition. This precipitate coarsens with time under temperature. Growth of thickness of the depleted 
zone along the grain boundaries is another change. This change was assessed using photographs of 
individual statuses (from 10 to 15 statuses). As can be seen in Fig. 9, the change of dimensions of the 
depleted zone on the boundaries of grains has an opposite character than creep resistance of BGA4 steel. It 
means that the size of the depleted zone could be used to estimate creep lifetime of real parts. 
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Fig. 9  Changes of depleted zone on grain 

boundary in relation to creep strength 
Fig. 10 Area closed to fracture of 

specimen YO 14 (625°C/260MPa/5642h) 

 

It has also followed from the metallographic analyses that the boundaries of grains represent weak points 
of the structure. This is apparent from Fig. 10 where the zone close to the fracture area is shown. Fracture 
takes place exclusively on the boundaries. 

Study of existence of structural phases using the CAMEBAX MICRO electron micro-analyser was carried out 
complementarily to the described metallographic investigation. The samples YO5, YO10 (relatively short 
time exposures) and YO15, YO17 (the longest exposures) were analysed. Presence of carbides of the M23C6 
and M6C types on the grain boundaries was proved. Existence of carbides of the MC type (containing mainly 
Nb) was detected inside of grains. MC carbides were found in the samples YO15 and YO17 even on 
boundaries. Sulphides of the MnS type were also detected inside of grains. 

Existence of a phase on the Cu basis (precipitate) was also detected inside of grains. We did not succeed in 
finding this phase in the samples YO5 and YO10, however, we found them in the samples YO15 and YO17. 
When viewing Fig. 8, we can say that the precipitate coarsens considerably with time of exposure at 
temperature. The size of the precipitate particles must be 1-2 �m in order we could distinguish the 
difference between a particle and surroundings when using our micro-analyser. This can be assumed in 
case of the last two mentioned samples.  

5. CONCLUSION 

The investigation completed can be summarised as follows:  

� Creep tests of the BGA4 steel at temperatures of 625-725°C with times to rupture of 104 h were 
carried out. The results of investigation obtained are illustrated in Figs. 1-5. 

� The metallographic study proved changes in the microstructure that take place as a result of creep 
exposure. The main pieces of knowledge are illustrated in Figs. 6 and 8 - 10.  

 

 

Load direction 

1

10

100

20000 21000 22000 23000 24000
PLM=T.(log(tr)+C), [K,h]

W
id

th
 o

f d
ep

le
te

d 
zo

ne
 o

n 
gr

ai
n 

bo
un

da
ry

 [m
m

]

10

100

1000

St
re

ss
 [M

Pa
]

Width of zone Master curve
625°C 650°C
675°C 700°C
725°C

200�m 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

826 

ACKNOWLEDGEMENTS 

This work was supported by Ministry of Education, Youth and Sports of Czech Republic-1P05 OC020. 

LITERATURE 

[1] MASUYAMA,F.: History and Power Plants and Progress in Heat Resistant Steels. ISIJ International, Vol.41 (2001) 
No.6, pp.612-625. 

[2] CHENG,S.C.-LIU,Z.D.-YANG,G.-YANG,Y.-WANG,L.M.-SUN,X.J.-DONG,H.: Copper in Super 304H Heat Resistant 
Steel.1st International Conference “Supper High Strength Steel”. Contribution No. 152, Italy, 2-4 November, 
2005. 

[3] SCARLIN,B.-STAMATELOPOULOS,G.N.: New boiler materials for advance steam conditions. Materials for 
Advanced Power Engineering 2002. Proc. 7th Liege Conference, p.1091-1108, Part II, Ed. J.Lecomte-Beckers and 
all. Forschungszentrum Juelich 2002. 

[4] VISWANATHAN,R.-PURGERT,R.-RAO,U.: Materials for ultra-supercritical coal-fired power plant boilers. 
Materials for Advanced Power Engineering 2002. Proc. 7th Liege Conference, p.1109-1129, Part II, Ed. 
J.Lecomte-Beckers, M.Carton, F.Schubert, P.J.Ennis. Forschungszentrum Juelich 2002. 

[5] MASUYAMA,F.: Advanced power plant developments and material experience in Japan. Materials for Advanced 
Power Engineering 2006. Proc. 8th Liege Conference, p.175-187, Part I, Ed. J.Lecomte-Beckers, M.Carton, 
F.Schubert, P.J.Ennis. Forschungszentrum Juelich 2006. 

[6] SPINDLER,M.W.-SPINDLER,S.L.: Creep Deformation, Rupture and Ductility of Esshete 1250. Creep and Fracture 
in High Temperature Components – Design and Life Assessment Issues. p.452-464. ECCC Creep Conference, 
September 12-14, 2005, London. 

[7] SEIFERT,W.-MELZER,B.: Rechnerische Auswertung von Zeitstandversuchen am Beispiel des Stahles 13CrMo4-
4.15. Vortragveranstaltung „Langezeitverhalten warmfester Stähle und Hochtemperaturwerkstoffe“, 
Düsseldorf, 06.11.1992. 

[8] BÍNA,V.-HAKL,J.: Relation between creep strength and strength for specific creep strain at temperatures up to 
1200°C. Materials Science and Engineering A234-236(1997), pp.583-586. 

[9] PECH,R.-KOUCKÝ,J.-BÍNA,V.: Matematizace hodnot pevnosti při tečení československých ocelí pro výrobu trub. 
Strojírenství 29(1979), č.7, s.389. 

[10] KOTECKI,D.J.: Welding of Stainless Steels. ASM Handbook, Vol.6, Welding, Brazing and Soldering, p.678-709. 
ASM International, December 1993. 

[11] SHINGLEDECKER,J.P-MAZIASZ,P.J.-EVANS,N.D.-POLLARD,M.J.: Creep Behaviour of a New Cast Austenitic Alloy. 
Creep and Fracture in High Temperature Components – Design and Life Assessment Issues. Proc. ECCC Creep 
Conference, Ed. I.A.Shibli, S.R.Holdsworth, G.Merckling, p.99-101, Sept. 12-14, 2005, London. 

[12] GABREL,J.-BENDICK,W.-VANDENBERGHE,B.-LEFEBVRE,B.: Status of development of the VM12 steel for tubular 
application in advanced power plants. Material for Advanced Power Engineering 2006, ed. J.Lecomte-Beckers, 
M.Carton , F.Schubert, P.J.Ennis. Proceedings of the 8th Liege Conference, part II., p.1065-1075. 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

827 
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Abstract 

This paper describes the possibility of determining the fatigue characteristics by means of SFT (Small 
Fatique test) samples, which can be produced from material sampling device SSamTM fy-2 Rolls-Royce. The 
paper describes a comparison between the conventional fatigue tests and fatigue tests on SFT samples. 

Keywords: fatique, SFT, correlation 

1. INTRODUCTION 

In the present there is given a great interest to the 
Small Punch Test method. Its biggest advantage is 
almost nondestructive intervention in the integrity 
of structures, thanks to the small amount of 
removed material. This “new” (also called) 
semidestructive method allows to evaluate the 
current status of operating components on small 
samples which do not disrupt the integrity of the 
operating components and it enables to evaluate 
the current status without long outages. To produce 
fatigue samples we used the same shape according 
to [2]. We began using the name SFT (Small Fatigue 
Test) for the miniaturized fatigue specimens. 

2. SAMPLES PRODUCTION 

Standard specimens for fatigue tests were made according to standards (Fig. 2). SFT samples were made by 
traditional methods of machining (turning, milling). First it was made 15 mm diameter shaft, then milled on 
both sides of the radii (Fig. 3), then the samples were cut to approximately 1.3 to 1.5 mm and finally 
grinded.  
Another set of samples was cut by water jet (Fig. 4). First, the sample was about 290 mm length, 60 mm 
width, 8 mm thick milling and then grinding by the plane grinder to the final 1.2 mm. Objective was to 
compare the results of conventional fatigue tests with small samples and compare the influence of SFT 
production types on the results of fatigue tests. 

Fig. 1 Samples by [2] 
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Fig. 2 Standard testing samples     Fig. 3 SFT samples 

 

 

 

 

 

Fig. 4 Samples cut by the water jet 

3. FATIGUE TEST PERFORMANCE 

Amsler 10 HFP 5100 (high-frequency pulsator) ZWICK//Roell machine was used for the realization of fatigue 
experiments. To fit standard round specimens there were used accessories of the machine and threads 
were adapted to the possibilities of this device (Fig. 5). To fit the SFT fatigue samples there have been 
previously made special grips (Fig. 6). 

 

 

Fig. 5 Testing machine Amsler 10 HFP 5100. Detail of the standard specimen fitting (left) 
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Fig. 6 Principle of fitting SFT specimens (special grips) 

3.1. Examination Process 

Tests were performed as a cyclic loading with force control, the frequency of the material (f = 120Hz to 
145Hz) with a cycle asymmetry (R = 0.1). Termination of fatigue limit was set at 107 cycles, which 
corresponds to the fatigue of steel materials. Tests were performed on standard and SFT fatigue samples. 

3.2. Test Results 

 
Fig. 7 Comparing standard and SFT results 
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Fig. 8 Comparing the types of SFT specimens production and their influence on fatigue results 

4. CONCLUSION 

When considering the stress concentration 1.33 at SFT samples neck (this concentration is already included 
in Fig. 7) the results are shifted in both low cycle and high cycle fatigue lower than the results of 
conventional tests. This is the material property, e.g. for aluminum alloys the fatigue results were almost 
identical when considering stress concentration for SFT specimens and nominal stress for standard 
specimens. 

Despite the dispersion of results (especially in low-cycle fatigue) the evaluated fatigue limits vary by less 
than 5 MPa and impact of the tested production types in the standard way or by water jet to determine the 
fatigue limit is thus negligible (Fig. 8). 
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Abstract 

This paper is dedicated to optimization of parameters of the heat treatment of free-cutting steel, to achieve 
optimum mechanical properties. Hardening was performed at two different temperatures and then the 
samples were tempered subsequently at five different temperatures in range of 250 - 450°C and with two 
different dwell times. The three-point flexural test was used to determine a maximum bending stress, 
Young’s modulus and a maximum strain. A matrix of mechanical properties was constructed on the basis of 
measured data and optimum parameters of the heat treatment were determined. 

Keywords: Free-cutting steel, heat treatment, metallography, mechanical properties. 

1. INTRODUCTION 

The free-cutting steel (chemical composition see in Tab.1.) is a structural material designed for production 
of special holders, which are used for cutting of ZrO2-stones (jewellery). Its flexural rigidity is a crucial point 
for a flawlessness of produced stones. The producer of stones had a problem with bending of holder, 
caused by insufficient strenght. The aim of our work was to increase rigidity and a flexural strenght while 
sufficient toughness was preserved. 

 

Tab. 1  Chemical composition of the free-cutting steel [3] 

Element C Si Mn P S Pb 
Content [%] 0.6 0.2 1.0 0.02 0.2 0.25 

2. FIRST PHASE OF OPTIMIZATION OF THE HEAT TREATMENT 

To achieve a matrix of mechanical properties depending on 
parameters of the heat treatment was performed a cycle of heat 
treatment on the first 60 pieces of semi-finished products – pieces of 
drawn wire. The material of wires in the initial state was soft annealed, 
with microstructure composed by a ferritic matrix, globular pearlite 
and the dispersion of MnS (see Fig. 1) [2], [3]. 

 

The heating-up of the samples was realized in electric resistance 
furnace at the temperature of 830°C and 850 °C. Then samples were 
hardened in the water with the temperature about 20 °C. Followed 
tempering and a cooling on still air with room temperature. 
Temperatures of tempering were 250, 300, 350, 400 and 450°C with 

Fig. 1.  The microstructure of 
free-cutting steel in the initial 
state, LOM, magnification of 

1000x. 
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dwell time of 15 and 30 minutes. The scheme of the heat treatment is obvious from Fig. 2. [2], [3] 

 
Fig. 2.  The scheme of the heat treatment in the first phase of optimization. 

 

The flexural strenght and toughness were measured by three-point method with use of Instron 4202, 
where strain rate was 2 mm/min, and distance of supports was 30 mm. The evaluation of results was 
realized by Bluehill software. The measurement included the maximum flexure to fracture (Fig. 3, 4), the 
maximum flexural stress (Fig. 5, 6) and the Young's modulus of elasticity (Fig. 7, 8). 

  
Fig. 3.  Measured values of max. flexure to fracture;       Fig. 4.  Measured values of max.flexure to fracture; 

parts tempered for 15 minutes.    parts tempered for 30 minutes. 
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Fig. 5.  Measured values of maximum flexure stress;     Fig. 6.  Measured values of maximum flexure stress; 

parts tempered for 15 minutes.              parts tempered for 30 minutes. 

  
Fig. 7.  Measured values of Young's modulus;                 Fig. 8.  Measured values of Young's modulus; 

parts tempered for 15 minutes.                                            parts tempered for 30 minutes. 

 
Fig. 9.  LOM images of hardened and tempered microstructures , magnification of 1000x. Hardening 

830°C/5 min/water; tempering a) 250°C, b) 300°C, c) 350°C, d) 400°C, e) 450°C / 15 min/still air. 

Fig. 9 shows the microstructure acquired with light optical microscope (LOM). This microstructure 
corresponds to hardening (830°C/5 minutes/water) and tempering (250, 300, 350, 400, 450°C/15 
minutes/still air). It´s possible to observe ferritic grain and carbides progressive coarsening. There are also 
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visible some sulphide particles, which are shaped in the direction of wire drawing. At last, the Vickers 
hardness HV2 was measured. It decreases with increasing temperature of tempering (Fig. 10). 

 

Fig. 10.  The influence of the tempering temperature on HV2. 

3. SECOND PHASE OF OPTIMIZATION OF THE HEAT TREATMENT 

In the second phase we have been dealing only 
with optimization of mechanical properties of the 
free-cutting steel depending on austenitizing time 
and on dwell time during the tempering. 
Temperatures were 830°C and 350°C. 
Austenitizing times were 5 and 7 minutes, dwell 
times during tempering were 10, 15 and 20 
minutes (see Fig. 11). 

 

 

 

Values of maximum flexure, maximum flexure stress and Young´s modulus of elasticity were measured 
again (see Tab.2). 

 

Tab. 2.  Values of the maximum flexure, maximum flexure stress and Young´s modulus after hardening and 
tempering in the second phase of optimization. 

Quantity/Treatment 
A max σmax Young´s m. 
[mm] [MPa] [MPa] 

5 min  austenitizing time + 10 min dwell time during the tempering 3,7 3526 204411 

5 min austenitizing time + 15 min dwell time during the tempering 4,1 3763 206449 
5 min austenitizing time + 20 min dwell time during the tempering 3,5 3768 205980 

7 min austenitizing time + 10 min dwell time during the tempering 2,8 3757 196868 

7 min austenitizing time + 15 min dwell time during the tempering 3,4 3753 199878 

7 min austenitizing time + 20 min dwell time during the tempering 3,8 3524 202980 

 

 

Fig. 11.  The scheme of the heat treatment in the 
second phase of optimization. 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

835 

4. DISCUSSION 

The toughness represented by values of the maximum flexure (see Fig. 3, 4) increases with the temperature 
of the tempering. In comparison with respect to temperatures of hardening is obvious, that samples 
hardened at 830°C are tougher. 

The maximum flexural stress (see Fig. 5, 6) culminated in case of hardening from the temperature of 830°C 
and tempering at 350°C/15 min. The value of the maximum flexural stress increases with the tempering 
temperature until 350°C. In case of exceeding of this temperature decreases a value of the maximum 
flexural stress because of a coagulation of the carbidic phase (Fig. 9). Higher values of the maximum 
flexural stress were attainable by a hardening from the temperature of 850°C. 

The material is able to achieve maximum values of Young's modulus by a tempering on the temperature of 
350°C (see Fig. 7, 8). 

From Tab. 2 it is obvious that differences between values of maximum flexural stress  are unimportant in 
case of austenitizing time of 5, resp. 7 minutes and  dwell time during the tempering of 10, 15 and 20 
minutes. A longer duration of the austenitization caused a gentle decrease of Young´s modulus. It was 
probably caused by a coarsening of the austenitic grain. 

5. CONCLUSION 

A considerable increase of values of flexural mechanical properties have been achieved by the heat 
treatment of free-cutting steel , while sufficient toughness of the material was preserved. The steel in the 
initial state have had the maximum flexural stress of 1750 MPa and the Young´s modulus of 130 GPa. By 
optimization of heat treatment parameters we were able to achieve the maximum flexural stress of 3775 
MPa and Young´s modulus of 200 Gpa with preservation of sufficient toughness (maximum flexure 4 mm). 

These values of maximum flexural stress and Young´s modulus is possible to acquire by quenching from the 
temperature of 830°C with austenitizing time of 5 minutes, followed by the tempering at the temperature 
of 350°C for 15-20 minutes. 

By a comparison of initial and heat-treated state of free-cutting steel we can say that the ideal heat 
treatment for this case was found because the increase of the value of maximum flexural stress is 115% 
and of Young´s modulus almost 50%. 
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Abstract  

The cavitation erosion behavior of heat treated Ti-6Al-4V alloy was investigated using a magnetostrictive 
vibratory apparatus with nickel tube and analyzed by scanning electron (SEM) and optical microscope. Ti-
6Al-4V alloy was subject to solution treatment between 810°C and 1050°C with cooling in water or air 
followed by aging at 550°C with cooling in air. The surface of the cavitation damaged samples was analyzed 
trying to find out the regions where cavitation erosion damage occurred preferentially. The evaluation of 
the resistance was accomplished by comparing the erosion specific curves of treated Ti-6Al-4V alloy with 
those of OH12NDL and 41Cr4 steel. The medium depth erosion and the medium depth erosion rate were 
determined. The results reveal that the solution treatment of Ti-6Al-4V alloy at 1050°C with cooling in 
water followed by aging has the maximum resistance to cavitation erosion.  

Keywords: Ti-6Al-4V, cavitation erosion, solution treatment, medium depth erosion 

1. INTRODUCTION 

Cavitation erosion is a common phenomenon that damages the components of hydraulic machines, the 
pumps, the valves, the ship propellers [1]. Cavitation is the formation of small bubbles in a liquid due to low 
pressures. The bubbles are dissolved gasses and liquid vapor. The violent repeated collapse bubbles cause 
serious erosion by impact and penetrating the solid surface with high pressure shock waves and microjets 
[2, 3].  

More researches have been already done to investigate the mechanism of cavitation erosion and to 
understand the phenomenon. The researchers found that the resistance to cavitation erosion depends on 
structure, grain size, hardness, fatigue limit, ductility, work-hardening ability, ultimate resilience and phase 
transformation [2, 4, 5, 6]. 

A lot of materials [3, 5, 6] and different surface coating [1, 7, 8] were tested to find that material or layer 
which reduces the damage produce by cavitation erosion.  

Due to high strength-to- weight ratio, corrosion resistance and excellent high temperatures, titanium and 
its alloys are widely used in aeronautical industry, medicine and engineering industry. Ti-6Al-4V alloys, as 
α+β titanium alloys, with excellent comprehensive mechanical properties, have a lot of applications in the 
industry. The microstructure and desired properties of titanium alloys depend on the heat treatment, alloy 
composition and thermomechanical processing history [9].  

The microstructure of titanium alloys can be changed from equiaxial through bi-modal to fully lamellar. 
Slow and intermediate cooling rates lead to a diffusion controlled nucleation and growth process of α-
lamellae intro the β- grains. A high cooling rates results in a martensitic transformation of the β-phase [10]. 
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The aim of this work was to determinate the resistance and the behavior to cavitation erosion of Ti-6Al-4V 
alloy subject to solution treatment between 810°C and 1050°C with cooling in water or air followed by 
aging at 550°C with cooling in air. 

2. MATERIAL AND METHODS 

Commercial Ti-6Al-4V alloy containing 6.25% Al, 4.05% V, 0.0095% C, 0.008% N, 0.002% H, 0.168% O, 0.17% 
Fe and balance Ti was used in the present work. The received material was subjected to annealing at 770°C 
for 45minutes and after air cooled. Cylindrical rods 15x15mm were subjected to solution treatment at 
810°C, 930°C and 1050°C with water or air cooling and aging at 550ºC with air cooling. The micrographic 
investigations and sclerometry examinations were analyzed and discussed in [11]. 

Cavitation erosion experiments were performed using magnetostrictive vibratory apparatus with nickel 
tube [12]. The samples were subjected to a series of cavitation erosion tests in tap water at 23°C, open to 
air. The erosion loss of the samples was expressed in terms of the mean depth of erosion (MDE) and mean 
depth erosion rate (MDER) calculated by the following equations: 
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MMDE �
-T 		
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          (1) 
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          (2) 

where: M� - eroded mass (mg) in t�  time, t� - the test interval in minutes, d - medium diameter of 
eroded area (in mm) and ρ – material density in kg/m3.  

The cavitation erosion resistance is defined as: 

� � ][min/1 mMDERRe ���           (3) 

The cavitated samples surface at the end of the test was studied by SEM and optical microscope. 

3. RESULTS AND DISCUSSION 

The EDX analysis of the heat treated samples (P1- solution treatment at 1050°C with cooling in water 
followed by aging at 550°C/air; P2- solution treatment at 1050°C with cooling in air followed by aging at 
550°C/air; P3- solution treatment at 810°C with cooling in water followed by aging at 550°C/air; P4- 
solution treatment at 810°C with cooling in air followed by aging at 550°C/air; P5- solution treatment at 
930°C with cooling in water followed by aging at 550°C/air; P6- solution treatment at 930°C with cooling in 
air followed by aging at 550°C/air) after the cavitation erosion tests showed a depletion of aluminum due to 
expulsion of some compound of its during the tests (Tab. 1). 

 

 Tab. 2 shows the microhardness of tested samples and the sample with the highest hardness is P5 
(solution treatment at 930°C with cooling in water followed by aging at 550°C/air). 
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 Tab. 1 EDX analysis of cavitation eroded layers  

Sample Chemical 
elements 

EDX 
after cavitation 

erosion tests 

EDX 
before cavitation 

erosion tests 
XRF 

P1 
Al 
Ti 
V 

5.62 
90.44 
3.94 

6.59 
90.06 
3.35 

6 
91 
3 

P2 
Al 
Ti 
V 

5.34 
90.23 
4.43 

6.75 
89.12 
4.12 

6 
91 
3 

P3 
Al 
Ti 
V 

5.74 
90.07 
4.19 

6.68 
89.59 
3.73 

6 
91 
3 

P4 
Al 
Ti 
V 

6.01 
89.96 
4.03 

6.71 
89.52 
3.77 

5 
86 
3 

P5 
Al 
Ti 
V 

6.10 
91.16 
2.74 

6.99 
90.13 
2.89 

6 
90 
3 

P6 
Al 
Ti 
V 

5.52 
90.31 
4.17 

6.84 
89.05 
4.11 

5 
90 
4 

 
 Tab. 2 Hardness of tested samples 

 P1 P2 P3 P4 P5 P6 

Hardness, HV0.2 379 357 350 337 386 334 

 

 
     -a-        -b- 

Fig. 1 Mean depth of erosion (MDE) (a) and mean depth erosion rate (MDER) (b) as a function of time 
(a-P1; 2- P2; 3- P3; 4- P4; 5-P5; 6- P6; 7- 41Cr4; 8- OH12NDL) 

 
Fig. 1 shows the mean depth of erosion (MDE) and mean depth erosion rate (MDER) curves as a function of 
exposure time. The specific curves (MDE and MDER) of the studied samples are compared with those of 
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41Cr4 and OH12NDL standard steels. The sample P1 exhibits higher cavitation erosion resistance than P2- 
P8 samples. The sample P6 has the lowest cavitation erosion resistance compared with P1-P5 tested 
samples. Even if the sample P5 had the biggest microhardness, the cavitation erosion resistance compared 
with the other tested samples (P1- P4) is lower. 

The Re and its normalized values of the tested samples are showed in Tab. 3 and the results from the Tab. 
are the values at the end of the experiment (165 minutes). As can be observed from Tab. 3 the resistance 
to cavitation erosion of sample P1 increased 3.95 and 5.71 times than the resistance of 41Cr4 and 
OH12NDL stainless steels. 

Compared with the resistance of standard stainless steels (41Cr4 and OH12NDL), the resistance of the 
treated samples is higher (Fig. 1 and Tab. 3). 

 Tab. 3 Cavitation erosion resistance (Re)  

 P1 P2 P3 P4 P5 P6 
7 

41Cr4 

8 

OH12NDL 

1/MDER [h/mm] 96.15 86.45 74.09 70.67 49.74 40.87 24.29 16.81 

(1/MDER)/(1/MDER41Cr4) 3.95 3.55 3.05 2.90 2.04 1.68 1 0.69 

(1/MDER)/(1/MDEROH12NDL) 5.71 5.14 4.40 4.20 2.95 2.43 1.44 1 

-a-        -b- 

  
-c-        -d- 
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-e-        -f- 

   
Fig. 2 SEM micrographs showing the surface morphology of samples after cavitation erosion test 

(a-P1; b- P2; c- P3; d- P4; e-P5; f- P6 ) 
 

-a-        -b- 

  
Fig. 3 Cross-sectioned micrographs (a- P1; b- P6) 

 
Analyzing the Fig. 2 and Fig. 3 we can observe that the surfaces of the tested materials are not uniformly 
eroded. The fatigue cracks initiate along the boundary and the material removal occurred. At the samples 
P5 and P6 appear pulling large quantities of material due to a not so homogenous microstructure after 
solution treatment and many slip lines in the surface (Fig. 2 e). The cross section (Fig. 3) after cavitation 
tests show us that the propagation of the cracks occurred only in the surface.  

Due to the modifications of the final phases the behavior of the samples is different to corrosion.  

4. CONCLUSION 

The heat treatments applied to alloy changed the proportion of the structural constituents in the heating 
phase and modified the dimensions of acicular martensite depending of the cooling speed and in the same 
time the behavior to cavitation erosion. 
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The presence of α” martensite in the structure of Ti-6Al-4V alloy subject to solution treatment at 930°C in 
air/water followed by aging at 550°C with cooling in air led to embrittlement of the material and decrease 
the resistance to cavitation erosion. 

The solution treatment at 1050°C with cooling in water followed by aging at 550°C/air provide a maximum 
resistance to cavitation erosion. 
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Abstract  

The paper includes comparative analysis of effects got as a result of hot-dip Zn galvanizing of cast iron with 
flake graphite grade EN-GJL-250 and of 30MnB4 steel. Samples with diameter φ = 14.7 mm and thicknesses 
of 7 mm were being subjected to different kind of surface preliminary treatment: shot-blasting, 
sandblasting, etching and high-temperature oxidation. Galvanizing was being conducted in industrial 
conditions, in temperature 460 oC, in the zinc bath enriched in nickel, bismuth and aluminium. In the course 
of examinations a thickness and a structure of coated layer were being evaluated using both the optical, as 
well as scanning microscope. Additionally elements distribution on the layers cross section was analysed 
applying RTG examinations. The final effect was verified by corrosion tests in 0.5M solution of Na2SO4, with 
application of potentiostat Si 1286. Examinations showed that applying proper treatment of cast iron 
surface the corrosion resistance of the coated zinc layer could be close to these ones measured on 
galvanized steel samples. The best results were registered after preliminary high-temperature oxidation of 
the cast iron and after shot-blasting of steel.  

Keywords: hot-dip galvanizing, cast iron, steel, high-temperature oxidation, corrosion resistance 

1. INTRODUCTION 

The zinc anticorrosion protection of Fe-C alloys (cast iron and steel) is commonly used in different 
environments: indoor and outdoor atmospheres, chemicals, sea water, soils and other. In comparison to 
other typical coatings zinc layer demonstrates higher adhesion and additionally ensures cathodic protection 
to the scratched steel. The mentioned properties come from the structure of coated layer. Typical structure 
of Zn coating is composed from eta, zeta, delta and gamma phases. For analysis of the zinc-coating 
structure created on iron alloys the basis is the Fe-Zn phase equilibrium diagram [1, 2]. This diagram for 
several dozen years underwent many changes. About 80 years ago it was proved, that in Fe-Zn diagram 
occurs three phases, arising as a result of the peritectic reaction: 
X - Fe3Zn10, V - FeZn7, ^ - FeZn13 and iron 
solid solution in zinc - �. Next, research referred to different forms of V - phase existing within different 
temperature range (V1, V) and with different morphology (VC – compacted, VP – palisade). Also X2 phase 
that is created as a result of reaction between X1 and V phases was distinguished [2]. Because gamma (X), 
delta (V) and zeta (^) are harder than steel they protect steel against abrasion. Next, eta (�) layer is ductile 
and provides the coating impact resistance. 

Cast iron is more and more frequent protected in similar way like steel because this widely undervalued 
material demonstrates sometimes even higher properties than steel (ADI, vermicular cast iron) [3]. Effect 
achieved during hot-dip zinc galvanizing of cast iron differs essentially from steel. When the content of 
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silicon exceeds level expressed by equation: (Si+2,5P)	 103= ESi,P (170% for Technigalva process), thick, 
brittle and dull-grey coating is created [4, 5]. Excessive coating growth of Zn on steel with Si content in the 
range 0,03-0,12% is called Sandelin’s effect [6], when the silicon content is higher than 0,4% observed 
process is defined as Guttman-Niessen effect [7]. Moreover, mechanism of zinc layer growth on the high-
silicon steel surface differs from the mechanism of the protecting layer growth on iron casting surface 
[8](different values of exponent “n” in exponential rule of the growth rate: �=K	tn, where �- layer’s 
thickness; K – growth rate constant; t – time of treatment; n – constant of the growth rate). Additionally 
graphite precipitations included in cast iron can penetrate inside the zinc coating decreasing its continuity 
and tightness  

Surface preparation has the essential influence on the nature of the Zn coating and its corrosion resistance. 
The most popular treatment is abrasive blasting (shot and sand blasting) and the chemical treatment. In the 
presented work a multistage treatment - combination of these methods is applied. Also the effect of 
thermal treatment of the material (heating steel samples to temperature 250oC and high temperature 
oxidation of cast iron in the temperature range 850-1050 oC) on the formation of Zn coating has been 
evaluated.  

So, the aim of presented research that are continuation of previous works [9, 10] was to compare the 
properties and verify the corrosion resistance of Zn coatings created in similar way on steel and cast iron 
samples and explanation of the influence of surface preparation (sandblasting, shot blasting, heating, 
oxidation) on the final results. 

2. EXPERIMENTAL 

For testing cylindrical samples �=14,7mm, thickness h= 7mm with groove lathed at the whole side wall 
circumference were turned. Cast iron samples (with flake graphite grade EN-GJL- 250) were also oxidized in 
temperature 850o C, whereas steel samples (30MnB4) were additionally heated in quartz sand to 250 oC. 
Samples were sand blasted, shot-blasted, etched, heated, oxidized or multistage treated – (combination of 
mentioned methods). 

The hot dip zinc coating has carried out in industrial conditions. The chemical composition of galvanizing 
bath was as follows: 99,800 Zn; 0,0584 Ni; 0,0546 Bi; 0,0020 Al; 0,0607 Fe; 0,0078 Pb; 0,0028 Sn; 0,0070 Cu; 
0,0008 Cd. Process consisted with the following action: degreasing – dirt and oil removal; pickling – rust, 
scale and carbon deposit removal; rinsing – hydrochloric acid removal; fluxing – increasing of zinc adhesion 
to alloy; galvanizing in temperature 445-455 oC; cooling – decreasing of sample temperature.  

Structure was observed using both optical and scanning microscopes. The elements distribution was tested 
with application of X-ray analyser “JCXA – JEOL”. Sample’s surface quality was described additionally by 
roughness measurements made after scale layer removal - „MAHR” profile measurement gauge with 
”Perthometer Concept” software. 

Corrosion resistance was evaluated by application of potentiostat SI 1286 that enables registration of 
polarization curves in three electrodes system. Before measure start, samples were placed in corrosion 
solution – 0,5M Na2SO4, in temperature 25oC, within 24h. Samples were subjected to polarization in the 
same solution, from potential 1000mVNEK in anode direction, with rate 1mV/s.  
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Results of treatment were evaluated basing upon the following parameters: roughness, surface topography 
and corrosion resistance measured by potentio-dynamic method. 

 

3. ANALYSIS OF RESULTS 

Chemical composition of materials used in experiment is presented in Tab. 1. There are essential 
differences between chemical composition of applied steel and cast iron mainly with reference to the 
contents of C and Si. It can influence 
considerably the thickness and structure of 
created Zn coating. Thickness of zinc layer that 
was created at the surface of tested alloys is 
stable and reaches 70-100 μm. Moreover these 
higher values were measured on cast iron 
surface especially when high temperature 
oxidation was applied – because the outside 
surface is more developed – see Fig. 1. 

The quality of obtained surface changes in 
dependence on parameters of surface 
treatment (Ra= 1,30-4,60 μm). The greatest 
surface roughness - Ra = 4,60μm was got for cast 
iron samples turned and oxidized whereas the 
lowest values was measured for etched steel 
(Ra=1,30 μm), Fig. 2. 

 

a)        b) 

 
Fig. 1. Zn coating on the cast iron surface after oxidation – a, and on the steel surface - b 

 

 

 

Fig. 2. Comparison of measured roughness values of 
steel and cast iron surface after hot-dip galvanizing, 

labelling acc. Tab. 2 
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Tab.1. Chemical composition of materials used in the experiment 

 

 

a)        b) 

 

 

 

 

 

 

 

 

 

 

c)       d)   

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. The change of main elements concentration at the cross section of Zn layer: a – Zn, c – C, Fe; b,d – 
observed microstructure with marked analysis points 

 

Source 
of data 

Chemical composition [% wg.] 

C S Mn P Si Cr Cu B N Ni Ti Fe 
Acc 

standard 
30MnB4 

0,27-
0,32 

≤ 0,30 
0,80-
1,10 

≤ 0,025 ≤ 0,025 ≤ 0,30 ≤ 0,25 
0,0008 – 
0,005 

- - - rest 

Acc. 
Analysis 
30MnB4 

0,3 0,11 0,96 0,022 < 0,005 0,22 0,044 0,0035 0,007 0,035 0,041 rest 

EN GJL 
250 

3,32 0,035 0,55 0,065 1,80 - - - - - - rest 
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Tab. 2. Measured parameters of corrosion process 

Sample no. 
Kind of 

treatment 
EK-A [mV] icorr [A/cm2] 

Corrosion rate 
[��m/year 

] 

1 (c.i.) T -1317 2,35×10-7 2,75 

2 (c.i.) P -1306 4,59×10-7 5,37 

3(c.i.) S -605 8,88×10-8 1,03 

4(c.i.) SH -664 9,45×10-8 1,10 

5(c.i.) T+O -520 2,19×10-8 0,26 

6(c.i.) P+O -422 2,86×10-8 0,33 

11(s.) SH+H -386 8,39.10-9 0,10 

22(s.) S+H -502 1,27.10-8 0,15 

33(s.) SH+E+H -1138 8,73.10-6 102,14 

44(s.) S+E+H -1050 1,05.10-4 1228,50 

55(s.) E+H -1185 1,78.10-5 208,26 

66(s.) crude surface -1105 1,25.10-5 146,25 

3* SH+E -548 1,43.10-8 0,17 

 

Mechanism of Zn growth 
at cast iron surface is 
quite different than this 
one observed in Armco 
iron (X1/V/^/�) or steel 
case (Fig. 3). It follows 
first of all from different 
chemical composition of 
alloy basis (higher silicon 
content and in 
consequence higher value 
of equivalent E – see Tab. 
1) and graphite 
precipitates existing in 
the structure. From one 
side we can state that, in 
coating forming at the 
crude cast iron surface 
only small task fulfils ^Z phase (in comparison to coatings at the surface of steel with high value of E 

1 - S. TURNED   
2 - S. POLISHED 
3 - S. SANDBLASTED 
4 - S. SHOT-BLASTED 
5 - S.TURNED AND OXIDIZED 
6 - S. POLISHED AND OXIDIZED 

I(A
/c

m
2 ) 

-2 -1 0 1 
10 -10 

10 -9 

10 -8 

10 -7 

10 -6 

10 -5 

10 -4 

10 -3 

10 -2 

10 -1 

E (Volts) 

1 

2 

3 

4 5 

6 

Fig. 4. Polarization curves registered in the case of cast iron with flake 
graphite 
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equivalent). From the other side, just ^Z phase is the dominating phase in coating growing at cast iron 
machined surface. At the low zinc coating time phase X doesn’t form at all, and graphite precipitations 
cause irregularity of zinc coating structure. 

It results from the data presented at Fig. 4 and Tab. 2 that method of surface preparation before hot-dip Zn 
galvanizing exerts significant influence on measured corrosion parameters: corrosion current density icorr 
and potential of cathode-anode pass EK-A. Cast iron was turned (T), polished (P), sand blasted (S), shot-
blasted (SH) and multi-stage treated: turned and oxidized (T+O); polished and oxidized (P+O). Steel samples 
were additionally coated only after etching (E) and multi – stage surface preparation combined with 
preheating to 250 o C (H). The lowest value of icorr= 8,39.10-9 A/cm2 was measured for steel being shot-
blasted and heating before coating. A little bit higher corrosion current density was achieved for steel after 
sandblasting and heating. When etching was applied icorr values increased even about few orders of 
magnitude. 

In the cast iron case the lowest Icorr values were measured for samples being sandblasted, shot-blasted and 
oxidized. These values are very close to corrosion resistance of Zn coating on steel. It means that quality of 
coating on cast iron is similar to steel protection and will be difficult to improve it. The achieved results are 
caused mainly by graphite particles removal from cast iron subsurface layer. Voids created in this way are 
filled partially by Zn, the created coating is more compact and stronger bounded with metallic matrix.  

4. CONCLUSIONS 

� Mechanism of Zn growth at cast iron surface is quite different than this one observed in Armco iron 
(X1/V/^/�) or steel case. It results first of all from different chemical composition of alloy basis 
(higher silicon content and in consequence higher value of equivalent E) and graphite that 
precipitates in the structure.  

� The dominating factor deciding on the quality of coating created at cast iron surface after machining 
is presence and form of graphite precipitations (chemical composition exerts lower influence). 

� Considering achieved results we can state that using proper surface treatment of cast iron the 
corrosion resistance of created Zn coating could be close to these registered for galvanized steel.  

� Method of surface preparation before hot – dip Zn galvanizing influence essentially the corrosion 
resistance of Fe-C alloys. The best result was achieved after preliminary high-temperature oxidation 
of the cast iron and after shot-blasting of steel.  
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Abstract  

Electroless plating is based on the chemical reduction in aqueous solution of metallic ions, in the present 
case, nickel ions, that are reduced by sodium borohydride.  

The initial steps of the deposition and growth process were studied in depth during this work on substrates 
made of various ferrous alloys chosen for their chemistry: mild steel, cryogenic steel with 9% Nickel, 
austenitic and duplex stainless steel (with both nickel and chromium). The samples were prepared by 
grinding to 1200 mesh with silicon carbide abrasive paper and activated by acidic etching. They were then 
immersed in the plating solution for times varying from 5 s to 1 h. 

The morphological evolution of the deposit during the early stages of plating was observed by scanning 
electron microscopy (SEM) on the surface of the sample and on prepared cross sections. Growth rates were 
measured by weight gains as well as by SEM measurements. Energy dispersive X-ray spectrometry (EDX) 
and glow discharge optical electro spectroscopy (GDOES) analysis were used to obtain information about 
the chemistry of the deposits and their results were correlated with the morphology and growth rate of the 
coating. 

Initiation mechanisms were compared with the mechanism previously indentified on mild steel. Differences 
in initiation delay, growth rate and deposit morphology during growth were observed and related to the 
substrate chemistry. 

Keywords: Electroless nickel, coatings, Coating formation, SEM 

1. INTRODUCTION  

The electroless plating process, developed in 1946 [1], allows the synthesis of metal-metalloid alloy 
coatings by chemical reduction of nickel salts in aqueous solution. Contrary to electroplating, this process is 
suitable for plating dielectric materials because it does not use external current sources. The most popular 
alloys deposited by this method is nickel, which can be obtained in a variety of alloys including pure nickel 
[2, 3], nickel-phosphorous (Ni-P) [4] and nickel-boron (Ni-B) [5]. Electroless nickel coatings present several 
properties of great interest for industrial applications such as homogeneous thickness, high hardness and 
good corrosion and wear resistance [2, 3]. Ni-B alloys are less popular than Ni-P, but they have a higher 
hardness [5]. 

While there is an abundant literature on electroless nickel, most research is focused on properties and 
applications [5-7], plating optimization [8], or heat treatments [9-10]. There are only a few papers dealing 
with phenomena during the plating process [11-13], even if the comprehension of those could lead to 
better control of the plating bath.  
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The process begins by the reduction of nickel ions on the immersed surface of an active substrate. Further 
reaction is enabled by the catalytic activity of the deposit itself [14]. Four ways are possible to induce 
initiation of electroless nickel deposition: (i) using a substrate with spontaneous catalytic activity towards 
the oxidation of the reducing agent, (ii) using a more oxidable metal than nickel as substrate, (iii) activating 
the substrate by dipping in a solution of catalyst (such as Pd salts), (iv) activating the substrate by galvanic 
coupling [4]. Most literature on electroless plating initiation is dedicated to the use of catalyst [15]. As a 
result, initiation mechanisms are rarely known in other cases. 

In this work, the initial deposition of electroless nickel-boron (from a borohydride-reduced bath) was 
observed on various ferrous substrates chosen for their chemistry: mild steel, cryogenic steel with 9% 
Nickel, austenitic and duplex stainless steel (with both nickel and chromium). The onset time of the 
process, deposit morphology and growth rate were monitored during the first minutes of the plating 
process, allowing to get insight about the influence of the substrate chemistry on the plating initiation. 

2. EXPERIMENTAL DETAILS  

2.1. Sample preparation  

The initiation and beginning of the plating process were studied on 4 ferrous alloys whose chemistries are 
shown on Tab. 1. The samples used for the study were small cut sheets with a size of 2*2 cm and a 
thickness of 1 mm. The substrates were prepared for plating using a classical procedure for ferrous alloys 
that has been described elsewhere [13]. After grinding to 1200 mesh with silicon carbide abrasive paper, 
the most important step of this procedure is activation etching in a solution of 30 vol. % HCl for 1 to 5 
minutes.  

 Tab. 1: chemistry of ferrous substrates 

Designation 
mild steel austenitic stainless steel duplex stainless 

steel cryogenic steel 

St 37 AISI 304 2205 (Ur 45N) ASTM A353 
C 0.17 < 0.08 < 0.03 < 0.13 
Cr 17.5 - 20 21 - 23 
Ni 8 - 11 4.5 - 6.5 8.5 - 9.5 

Mo 0.009 0.8 - 2 
Mn 0.2 - 0.5 < 2 < 2 < 0.9 
Si 0.3 < 1 < 1 0.15 - 0.4 
P 0.05 < 0.045 < 0.03 < 0.035 
S 0.05 < 0.03 < 0.02 < 0.035 

Fe balance balance balance balance 

The electroless plating process took place with a borohydride-based bath developed by Delaunois et al. [6, 
16]. This bath uses nickel chloride as a nickel ion source and lead tungstate as a stabilizing agent. It 
operates at 95 � 1 °C and has a pH of 14. For ideal operation, the bath is continuously agitated and the bath 
load is fixed at 25 cm² . l-1. All experiments were carried out in a thermostable, Teflon coated, cell with a 
volume of 8 l and a new bath was used for each experiment. 
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The samples were immersed in the solution for times ranging from 5s to 60 minutes as follow: 5s, 15s, 30s, 
60s, 90s, 4 min, 7 min, 10 min, 30 min and 60 min. After immersion, they were rinsed with deionised water 
and dried in hot air. A separate experiment was designed to ascertain the initiation mechanism on mild 
steel: a sample was immersed for 4 minutes in a bath without reducing agent. 

2.2. Analysis of the samples  

The surface of samples was investigated by SEM using a Jeol JSM 5900LV scanning electron microscope. 
Thicker samples were also investigated on cross section after mirror polishing and nital etching. 

Spreading of the coating on the substrate was followed by EDX during SEM experiments. This technique 
was used on a surface of 1 mm² at a magnification of 100 times, during 60s. The results obtained this way 
represent the composition of the top 1 μm of the sample and give information about the progressive 
accumulation of nickel on the surface. In the case of nickel containing substrate, a correction factor was 
used to discount contributions from the substrate. Used this way, EDX is not quantitative. 

Profile composition of the coating was obtained by glow discharge optical electron spectroscopy (GD-OES) 
with the help of a Horiba-Jobin-Yvon GD-profiler 2 apparatus. 

3. RESULTS AND DISCUSSION  

3.1. Initiation mechanism on mild steel 

No catalytic activation of the substrate was used in this study. 
As such, only two mechanisms are possible for the initiation of 
the electroless deposition process: oxidation of sodium 
borohydride by catalytic activity of the substrate or formation 
of a thin layer of catalytic nickel by displacement with iron. The 
second mechanism is not dependent on the presence of 
sodium borohydride in the bath. The first, however, is. 
Observation of samples placed in a bath without reducing 
agent (sodium borohydride), all other parameters kept 
identical, allows thus to identify the acting mechanism on a 
particular substrate. 

Fig. 1 present a SEM micrograph of the surface of a sample 
immersed for 4 minutes in a bath without reducing agent. On 
this sample, no trace of nickel could be detected but small cubic lead crystals were formed on surface 
defects. This shows that nickel deposition by displacement with iron is not possible in plating conditions. 
The initiation mechanism is thus, by elimination, catalytic oxidation of sodium borohydride on the 
substrate. The presence of lead on the samples can however be attributed to a displacement reaction, lead 
being more noble than nickel and iron (-0.47 V for Fe2+/Fe; -0.27 V for Ni2+/Ni; -0.13 V for Pb2+/Pb). 

3.2. Initiation of electroless nickel-boron plating of ferrous substrates 

SEM micrographs taken after 15, 30 and 90 seconds of immersion are presented on Fig. 2. On mild steel, 
the surface stays unmodified up to at least 15 s. However, an important amount of nodules is observed 

Fig. 1: SEM micrograph of a sample 
immersed for 4 minutes in a bath 

without reducing agent 
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after 30s and the surface is fully covered after only 90 s. Images taken later in the process indicates that the 
coating appears fully densified after 4 minutes (see Fig. 3a). 

 

On austenitic AISI 304 stainless steel, initiation is 
already detectable after 15s but the coverage after 
30 and 90 s is not complete (Fig. 2). However, after 
4 minutes, the substrate is fully covered and the 
coating appears dense (Fig. 3b). The propagation of 
the coating is thus less quick than on mild steel. 

The situation on Duplex stainless steel is similar to 
austenitic steel but with an even quicker initiation 
(first evidence is observed after 5 seconds), as can 
be seen on figures 2 and 3c.  

On cryogenic steel, the coverage is always higher 
than on any other steel. However, roughness of the 
sample may be a factor in this case as initial samples 
were very rough and polishing could not suppress all 
surface defects. Quicker initiation has been reported 
on rougher samples [13]. 

Fig. 3: Surface morphology of coatings after 4 
minutes of immersion on (a) mild steel; (b) 

austenitic stainless steel; (c) duplex stainless 
steel; (d) cryogenic steel 

Fig. 2: surface morphology at the beginning of the deposition process on various substrates 
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The quicker initiation observed on stainless (austenitic and duplex) steels compared to mild steel is 
attributed to the following factors: (i) freshly activated (non-passivated) stainless steels are very easily 
oxidizable. A displacement reaction could thus take place very quickly between chromium and nickel, which 
would induce a quicker initiation of the deposition process. (ii) nickel, which is present in non-negligible 
amounts in all samples except mild steel, is a known catalyst for the oxidization of sodium borohydride. 
This would also help explaining (together with the higher roughness) the very quick initiation observed on 
cryogenic steel, which contains nickel in comparable amount to the tested stainless steels but does not 
contain chromium.  

In the case of duplex steel, it is possible that galvanic 
coupling between the austenitic and ferritic phases also 
plays a role in the quicker initiation. It has not yet been 
possible to determine the relative importance of the 
different factors. 

The quicker initiation but slower growth observed by MEB 
is confirmed by EDX analysis, as shown on Fig. 4. Nickel is 
detected much quicker (event after correction) on duplex 
and austenitic stainless steel than on mild steel. However, 
continuity of the coating (materialized by maximal nickel 
content) is attained after only 4 minutes on mild steel and 
after at least 10 minutes on the other substrates. It 

appears that growth is slightly slower on duplex stainless 
steel than on austenitic stainless steel. 

During later stages of the process, thickness 
measurements carried out by SEM can be used to 
confirm those results. Results are presented on Fig. 5 for 
mild steel and austenitic stainless steel. The coating 
deposited on mild steel is always thicker than the one on 
austenitic stainless steel. However, both coatings 
present a phase of very low growth in the first 10 

minutes of plating that is associated with coating 
densification. 

3.3. Relation between coating chemistry and morphology 

Average chemistry of the nickel-boron deposit is 6 wt.% B, close to 1 wt. % Pb, balance Ni [17]. To compare 
coating chemistry and morphology, the profile composition, obtained by GD-OES, was superposed to a SEM 
cross section image of the coating (Fig. 6). While Ni and B contents are stable across the coating, the Pb 
content has a more noticeable evolution. There is nearly 0.45 wt.% Pb at the coating/substrate interface 
but this values decreases quickly in the first 2-3 μm of the coating, stays low for the next 10μm and 
increases once again near the surface. Morphology of the coating appears influenced by the Pb content: 
lower Pb content (at the center) coincides with wider columns and smaller columns are observed at the 
beginning and the end of the process, when lead content is higher. 

Fig. 4: substrate coverage in the early stages 
of plating 

Fig. 5: coating thickness 
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superimposed with a cross section image of the sample. 

The presence of finer columns (and thus of higher Pb content) 
at both extremities of the coating is associated with lower net 
growth rate. This is coherent with the evolution of chemistry 
as lead is used to slow deposition.  

 

 

 

 

 

 

4. CONCLUSIONS 

The initiation and growth of electroless nickel-boron deposits on various ferrous alloys was studied in this 
work. The following results were obtained:  

� The initiation mechanism on mild steel is a catalytic effect and not nickel deposition by displacement. 

� Initiation occurs quicker on cryogenic steel, austenitic and duplex stainless steel than on mild steel. 
Several effects are proposed to explain this but their importance is not yet known. 

� Growth of the coating is quicker on mild steel than on other substrates. 

� The columns constituting the coating are smaller where the lead content of the coating is higher 
(near the interfaces). 
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Abstract 

Presented paper regards the research of the golden "nanocoatings" deposited on the plates made of 
zirconium oxide. Tests were carried out using a base material - zirconium oxide with a thin layer of gold. 
The coating thickness was about 10 microns. To investigation twelve samples were applied. Golden 
nanocoatings were prepared and analyzed in the Institute of Catalysis and Surface Chemistry - Laboratory 
of Surface Nanostructures. Investigations were divided into two stages: first - cells cultures toxicity tests 
and second – implantations to five adult male Wistar rats. All implants were tolerated in living organisms 
for a period of 5 months. All animals survived until the end of the experiment. 

Histological preparations obtained as a result of experiment and their analysis showed a good tolerance of 
implanted materials. Samples’ surface examinations confirm high quality of golden coatings. 

Obtained results confirm necessity of further experiments with zirconium oxide as the base material and 
other biocompatible metals as the thin outside coating. 

Keywords: implants, zirconium oxide, nanocoatings 

1. INTRODUCTION 

For many years, implants are made of different kinds of materials, such as: titanium, titanium alloys, gold 
alloys, chromium - cobalt alloys, ceramics (e.g. glass, ceramic, etc.). In most cases, as implant metallic 
materials are used where titanium is most often applied element. 

Metallic implants usually demonstrate significant surface roughness, which allows tissues ingrowing into 
the implant and surrounding its surface that enables system stabilization. 

Limitation of titanium alloys application results mainly from low hardness, and as consequence low 
abrasion resistance. Additionally, after titanium or its alloys implantation the metalosis phenomenon 
appears - the migration of alloying elements into the tissues surrounding implant. 

Conducted examinations concerning this problem consisted in replacing the cytotoxic elements by 
biocompatible elements. Although alloys obtained in this way limit the metalosis phenomenon don’t 
eliminate it completely. Considering the above very important is the proper surface preparation of metallic 
implants. 

Corrosion resistance of metallic implants depend greatly on coating or surface quality. During mechanical 
working thin surface film creates with deformed crystal structure. This problem can be solved through the 
use of electro-polishing process. In this way we can improve surface quality and increase the corrosion 
resistance of implants [1, 2, 3]. 
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Another, not applied way to increase implants corrosion resistance, is to coat the surface of a thin layer of 
another biocompatible material. Considering the observed trend – changing the monolithic materials to 
surface treated, in the present work authors engaged in studies regarded usefulness of implants made of 
zirconium oxide as a base material with a super thin film of gold [4]. 

The purpose of zircon ceramics choice [5], as a basis of the metal coating, was to eliminate the effect of the 
substrate material on quality assessment of a very thin outer layer and enabling appropriate 
biocompatibility verification of materials used during the experiment. Applied zirconium ceramic includes 
zirconium oxide (IV), ZrO 2 (97%) and yttrium oxide (III) Y2O3 (3%). Zirconium oxide (IV) has three structural 
forms: monocyclic, tetragonal and cylindrical, which are stable in certain specific temperatures. 

Zirconium oxide structure (IV) at room temperature is stable as monocyclic up to temperature 1170 °C, 
above this temperature it transforms to the next structure, i.e. tetragonal, and then cylindrical. During 
cooling, phase transition is observed and as a consequence volume change - 3-4% is measured. As a result 
cracks appear and structure damage is observed. In order to counteract of this adverse effect stabilizers in 
the form of oxides are added to zirconium oxide, e. g.: CaO, CeO2, MgO, Y2O3, that enables multi-phase 
structure creation. 

The great advantage of zircon ceramics is its bending strength that reaches about 900-1200 MPa. After 5-7 
years of staying in the oral cavity environment this resistance decreases about 600-700 MPa. In addition, 
the stress intensity factor reaches a value of 9-10 MPa x m1/2. Very good physical and chemical properties 
enables wide application of zircon ceramics, e.g. in prosthodontia. Zircon ceramic is used to make: crown-
root inlays, crown cores, skeletons fixed partial dentures (FPDS), implants connectors [6, 7]. 

2. RESEARCH METHOD 

2.1. Materials used in experiment 

The research regarded the base material - zirconium oxide 
(Fig. 1, 2), with a thin layer of gold (Fig. 3). The coating 
thickness was about 10 microns. Samples were prepared 
and analyzed in the Institute of Catalysis and Surface 
Chemistry - Laboratory of Surface Nanostructures. 
Laboratory is equipped with complex apparatus designed 
to study solid monolithic surfaces and powders in ultra high 
vacuum (UHV). The apparatus enables surfaces and 
nanostructures preparation, production, modification and 
analysis by: spectroscopic, microscopic and diffraction 
methods (Fig. 4).  

Chambers used for the preparation and analysis are 
connected to a central distribution chamber. The sample is 
introduced to UHV on a suitable carrier through loading 
lock. Next, can be transferred through a distribution 
chamber to all chambers under UHV. 

Fig. 1. Round sample – zirconium ceramic 
�=5mm, thickness 0,5mm 
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For cell cultures studies copper and titanium model samples and two rectangular samples of zirconium 
coated with gold were used. Ten additional round samples of zirconium coated with gold were implanted in 
the rats’ body. 

 

  

 
 
 

 
 
 
 
 

2.2. Implantation of samples 

The study was made in accordance with permission to conduct experiments on animals No 67/2008, from 
05.02.2008, in the Medical University of Silesia in Katowice.  

 During tests adult male rats, Wistar breed were used. During the experiment animals stayed in closed 
space under standard laboratory conditions - a constant temperature of 22 ° C ± 1 ° in 12-hour cycle of 
artificial lighting. During the whole period of experiment free access to water and standard diet was 
guaranteed. Before tested samples implantation rats were anesthetized by intraperitoneal injection of 
10mg Xylazine and 100mg Ketamine for 1 kg of pure substance. 

Fig. 2. Square sample - zirconium ceramic. 
Dim.: 10mm x 10mm, thickness 0,5mm 

Fig. 3. Square sample - zirconium ceramic with 
golden nanocoating Dim. 10mm x 10mm, 

thickness 0,5mm 

Fig. 4. Equipment for deposition of thin metal 
layers on the samples and for their analysis 
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In order to implant introducing, rat dorsal skin was incised over a length of approximately 1.5 cm. Two 
samples were placed into the wound (subcutaneous tissue) aseptically. Identical samples have been 
implanted in five individuals for a specified period of time. The wound was closed with 2-3 surgical sutures. 

Control rats were seemingly operated, similarly anesthetized like examined rats and subjected to identical 
surgical procedure, it means - skin incision on the back was closed with surgical sutures. 

2.3. Surface analysis of samples 

After the experiment, rats were euthanized and the implanted material was removed. 

Prior to the chemical composition analysis, samples surface was cleaned in 60% solution of methanol and 
water at 70 °C, in the vessel chamber using ultrasounds to avoid any damage before X-ray microanalyzer 
studies. This procedure was designed to minimize the influence of external factors on the achieved results. 

Metallographic studies were carried out using optical microscope Zeiss Imager M1M Axid, at magnifications 
400x up to 1000x. For more detailed studies of tested surface Jeol J7 scanning microscope with a computer 
image analyzer was applied. 

Before starting the X-ray analyzer test it was necessary to sputter all implanted materials with carbon. The 
chemical composition of the layer surrounding the implant was analyzed using wave-dispersion method.  

Content of oxygen (adsorbed and in compounds - oxides) and also other elements were measured using X-
ray microanalyzer in several places on the surface of each sample. On the basis of conducted 
measurements it was possible to determine homogeneity of chemical composition and the distribution of 
elements in different phases. As the detector the X-ray proportional counter was used with a continuous 
flow of argon. Oxygen and other elements (in most contained in tested samples) were additionally 
evaluated qualitatively in the studied micro - areas. 

3. RESULTS OF RESEARCHS 

All animals survived the laboratory test. 
Its behaviour didn’t differ from animals 
not being examined during the whole 
time of experiment. Their weight 
measured within 1 week has not 
changed essentially. 

After samples removal they were first 
examined under a microscope. 

There were no significant changes in the 
samples gold coating, due to staying in 
the vicinity of tissue. Most of surfaces 
were smooth and uniform (Fig. 5). 
Implantation and subsequent removal of 
samples associated with the 
manoeuvring of tweezers resulted 
sometimes in "nano-layers" peeling in 

Fig. 5. One of the samples of zirconium with gold 
"nanocoating". Magn. 400x 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 

 

861 

some places (Fig. 7)  

In addition, during the X-ray analysis of chemical composition "bubbles" formation were observed at the 
lower part of golden "nanolayer". This was most likely caused by transient increase in temperature at 
points of analysis. 

The results of chemical composition and its distribution were similar in all samples. In randomly selected 
measurement points almost 100% gold, and trace amounts of zirconium were found. 

In some places, trace amounts of hafnium were identified. 

 
Fig. 6. “Bubbles" on one of the samples of zirconium with gold "nanocoating". Magn. 1000x 

 
Fig. 7. One of the samples of zirconium with gold "nanocoating" - mechanical damage. Magn. 1000x 
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4. RESULTS DISCUSSION AND CONCLUSIONS 

The results of zirconium samples with golden "nanolayers" tests show good environmental tolerance of 
body tissues. 

Investigations confirmed the initial assumption that tested materials are biocompatible, and a very thin 
coating thickness - 100A is good enough to ensure the high quality resistance level. 

The surface majority did not show any damage or loss of the coating, which is also confirmed by X-ray 
chemical composition microanalysis. The residual amount of zirconium measured in some places together 
with naturally occurring hafnium results from passing the electron beam during analysis by a layer of gold. 

Macroscopic analysis conducted before samples implantation didn’t reveal mechanically damaged areas, 
these defects were visible under scanning microscope and were caused by manoeuvring of tweezers. 

During gold coating quality control also formation of "bubbles" associated with a local increase in 
temperature was found.  

The observed defects were not created due to samples staying in rats tissues. However, coating thickness 
of 100A at this stage of research seems be too thin, because of insufficient mechanical resistance and 
easiness of damage during implantation and the subsequent analysis. Considering this point of view 
“nanolayers” thickness should be increased.  

Research carried out in this work proved good tolerance and quality of the gold coating with a thickness of 
10 microns on the base material - zirconium oxide. Also the biocompatibility of this type of implant was 
positively verified. In the next stage research authors will verify, hitherto not used in the role of super-thin 
coatings, biocompatible materials. 
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Abstract 

Titanium is a material which has superior mechanical properties compared with steels and posses high 
corrosion resistance due to the protective film of TiO2 which is form on its surface. Its main disadvantage is 
the high cost price, for this reason, some parts and machine components which are working in corrosive 
environments, are made from less expensive materials, their functional surfaces being covered with 
titanium.  

The paper presents the experimental results obtained after deposition of titanium layers with the thickness 
of 60 - 120 μm on non-alloy steel substrate by HVOF method (High Velocity Oxygen-Fuel). Optical and 
electronic microscopy analysis shows that the deposited layers are dense, compact and without defects 
such as exfoliation or cracks. X-ray diffraction results show that the deposited layer is composed by 
titanium and oxides (TiO2), which is formed during the thermal spraying process. Corrosion tests performed 
in different environments have shown that the deposited layers by HVOF method shows a significant 
increased of electrochemical corrosion resistance in 3% NaCl solution. 

Keywords: titanium, coatings, microstructure, corrosion tests 

1. INTRODUCTION  

Titanium is a metal which has high mechanical properties, density much lower than the steels, thermal 
stability, characteristics which make it useful in various fields. Relatively high temperature melting point 
(≈ 1725°C) makes it also useful as a refractory metal [1]. The most notable chemical property of titanium is 
its excellent corrosion resistance, resistance that is almost high as platinum, being able to resist in various 
acids or chlorine-based solutions. The corrosion resistance of titanium is due to the presence of a surface 
oxide layer, so titanium is stable in the environments where is possible to form the protective film or in 
environments that do not destroy the film [2]. 

Titanium is used in many industries: aerospace, chemical, energy, shipbuilding, biomedical, construction, 
transport [3]. This widely used titanium and its remarkable properties generates some research to find new 
solutions to reduce the costs, since titanium is an expensive metal compared with the steels, thus making 
all the components from titanium would cost very high. For this reason, are made continuous research to 
reduce the costs of the components but also to ensure high surface properties (wear, corrosion). 
A convenient variant in terms of the cost to obtain components with high corrosion resistance is to apply to 
engineering surfaces field [4] by covering the parts made of steels with corrosion resistant materials. 

The paper presents the experimental results on deposition of titanium layers by HVOF thermal spraying 
(High Velocity Oxygen Fuel) to improve the corrosion performance of the components. 
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HVOF spraying process belongs to the thermal spraying deposition class being a process of the last 
generation. The gas stream having a temperature of 2750°C and the speeds of 2500 m/s, plastify the metal 
powder and accelerates the particles at speeds up to 800 m/s, the powder being projected onto the 
substrate [5]. The technology of coatings production by HVOF thermal spraying process contains some 
technological operation regarding surface preparation for deposition, preheating the substrate and thermal 
spraying. HVOF process is designed to produce high spraying speeds, good stratification and low porosity, 
the obtained layers are compact, dense, without defects such as cracks and presents good adherence [6]. 
HVOF method principle is based on the reaction between oxygen and fuel (kerosene) in a closed chamber 
(combustion chamber), the obtained pressure is high enough to accelerate the particles to the substrate by 
the gun nozzle [7]. Lower temperatures compared with plasma thermal spraying reduce the oxidation of 
the powders used for deposition, and the high impact velocities of particles lead to achievement of quality 
coatings. Compared to other spraying techniques, this method offers several advantages, namely [8], [9]: 

� obtaining dense coatings with fine structure, homogeneous and high adhesion; 

� the possibility of obtaining coatings with lower porosity than other spraying methods; 

� high degree of surface finish, the sprayed components can be used without further processing; 

� can be covered components with complex geometries; 

� the spraying process does not require protection under vacuum, so are made economic benefits by 
reducing the working time. 

The main disadvantage of HVOF method is the noise of 120 dB, the spraying equipment must be placed in a 
closed chamber, isolated with specific materials. 

2. EXPERIMENTAL PROGRAM 

2.1. Materials used  

For the experimental program (α-Ti) commercial pure titanium powder was used with the dimension of the 
particles between 15 and 25 μm, and as substrate it was used non-alloyed steel (C45) samples.  

2.2. Thermal spraying equipment  

For the deposition of titanium coatings on steel parts was used HVOF thermal spraying equipment together 
with ID CoolFlow thermal spray gun from University Politehnica Timişoara. Preparation of the samples used 
as substrate was done by blasting with alumina with the average particle size of 1 mm and the blasting 
pressure of 5 bar, at the distance of 50-60mm. After blasting, the samples were cleaned with technical 
alcohol. The parameters for deposition of titanium layers using HVOF spraying process are presented in 
Tab. 1.  

 Tab. 1 HVOF deposition parameters 

Oxygen 
l/min 

Hydrogen 
l/min 

Kerosene 
l/h 

Transport gas 
l/min 

Deposition rate 
g/min 

300 70 2,6 15 15 
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For combustion was used kerosene, at a rate of 2.6 l/h and as powder carrier gas nitrogen was used with a 
flow of 15 l/min. The spraying distance was kept constant at the value of 85 mm perpendicularly to the 
workpiece surface. The thickness of layers deposited by HVOF thermal spraying method has values 
between 60 μm, and 120 μm.  

2.3. The equipment used for investigation of titanium coatings  

Scanning electron microscope (SEM) Inspect S model coupled with the Energy-dispersive X-ray 
spectroscopy (EDX) was used to characterize the surfaces morphology. The phases composition of the 
coatings was determined by X ray diffraction using the diffractometer, X’Pert Pro MPD PANalytical. The 
working conditions were 45 kV and 30 mA, using copper radiation with the wave length λ = 1.541 Å. For 
thickness determination of the Easy Check F-N devices was used. 

3. EXPERIMENTAL RESULTS 

3.1. Macroscopic and microscopic analysis 

Fig. 1 shows the macroscopic aspect of the titanium layer deposited on non-alloy steel substrate by HVOF 
method, and Fig. 2 shows the optical microscope metallographic analysis of the steel used as substrate and 
the deposited layer by HVOF method (cross-section). It is observing that the layer is uniform and without 
cracks. 

 

     

Fig. 1 Macroscopic aspect of titanium coating Fig. 2 Optical microscope metallographic analysis of 
titanium coating (cross-section) 

3.2. Scanning electron microscopy analysis  

Fig. 3 presents the image obtained by scanning electron microscopy analysis of the powder used to 
produce titanium coatings and in Fig. 4 is presented SEM analysis of the titanium layer deposited by HVOF 
thermal spraying method. 

SEM analysis shows that titanium powder has an irregular shape, shape resulting form obtaining process 
HDH (Hydrogenation-Dehydrogenation). SEM image of the coating shows that its surface is slightly rough, 
without defects such as cracks. The coatings are dense, compact, being composed of particles of lamellar 
shape, shape resulted due to high velocity of the gas jet during the spraying process. Also, the coating-
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substrate interface presents not defects such as microcracks attesting a good adherence of the coating to 
the substrate. 

   
Fig. 3 SEM aspect of titanium powder Fig. 4 SEM image of titanium coating deposited by 

HVOF method 

3.3. X ray diffraction analysis  

To identify the existing 
phases and structural 
constituents in the 
titanium layer 
deposited by HVOF 
thermal spraying the 
coated samples were 
subjected to X-ray 
diffraction analysis (Fig. 
5). 

X-ray diffraction investi-
gations of titanium 
coatings deposited by 
HVOF thermal spraying method shows that the coatings are composed of titanium and small amounts of 
titanium oxide which resulted during the spraying process. 

3.4. Corrosion comportment  

For corrosion resistance determination of titanium coatings and the substrate (non-alloyed steel) the 
samples were tested in electrochemical environment of sodium chloride (3% NaCl) and acid (0.5 M HCl). It 
was analyzed the corrosion behavior of three samples: C45 steel (P control), titanium deposited layer with 
the thickness of 60 μm (P1) and titanium deposited layer with the thickness of 120 μm (P2). Corrosion 
behavior was determined using an electrochemical cell and a potentiostat/galvanostat model AUTOLAB 

Fig. 5 X-ray diffraction analysis of titanium coatings 
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PGSTAT302N, equipment from Chemistry Faculty, Timişoara. The applied potential was ± 200mV vs OCP in 
cathodic and anodic direction, the scan speed being 2 mV/s for NaCl and 1 mV/s for HCl. 

Corrosion comportment in sodium chloride (3% NaCl) 

By logarithmic scale representation and drawing the tangents to the cathodic branch, it was determined 
the anodic corrosion current values (Icorr) and the corrosion potential (Ecorr) (Tab. 2). 

 Tab. 2 Parameters values of the corrosion test in 3%NaCl solution 

 Anodic slope 

[V/dec] 

Cathodic slope 

[V/dec] 

Corrosion 
potential [V] 

Current density 
[μA/cm²] 

Corrosion rate 
[mm/year] 

Pcontrol 0.086 0.399 3.363*10 2  4.421*10 5�  0.51 

P1 0.076 0.138 4.97*10 2  9.229*10 6�  0.10 

P2 0.092 0.123 6.18*10 2  7.969*10 6�  0.09 

 

Comparing the values from the Tab. it is observing that Icorr was shifted from 4.421*10-5 A/cm2 value for 
carbon steel at 7.969*10-6 A/cm2 for titanium deposited layers. The shifting of current density as low values 
indicates a improved corrosion resistance. Moreover, the corrosion rate decreases from the value of 0.51 
mm/year for the non-alloy steel parts, to 0.09 mm/year for titanium layers deposited by HVOF method at 
the thickness of 120 μm. In Fig. 6 are presented the polarization curves for the carbon steel and two 
titanium layer thickness (60 respectively 120μm), after the corrosion test in 3% NaCl solution. 

Corrosion comportment in 0.5 M HCl acid 

The test results of the steel substrate and the two titanium thickness coatings deposited by HVOF method 
(60 and 120 μm) in 0.5 M HCl acid are presented in Tab. 3.  

 

 Tab. 3 Parameters values of the corrosion test in 0,5 M HCl solution 

 Anodic slope 

[V/dec] 

Cathodic slope 

[V/dec] 

Corrosion 
potential [V] 

Current density 
[μA/cm²] 

Corrosion rate 
[mm/year] 

Pcontrol 0.081 0.154 8.722 6.227*10 4�  7.31 

P1 0.081 0.320 23.26 4.817*10 4�  5.65 

P2 0.056 0.262 50.21 1.263*10 4�  1.49 

 

It is observing that Icorr was shifted from the value of 6.227*10-4 A/cm2 for carbon steel at a lower value of 
1.263*10-4 A/cm2 for the sample deposited with titanium by HVOF method. It also noted that the relatively 
small thickness of the deposited titanium layer (60μm) presents a low corrosion resistance. This is due 
because the thickness is too small, which together with the porosity due not create a barrier from the 
substrate and the chemical agents reach the substrate metal (non-alloyed steel) material which has a low 
corrosion resistance. It is also observing an increased corrosion resistance of the corrosion rate from 7.31 
mm/year for non-alloy steel parts, to 1.49 mm/year for the parts coated with titanium by HVOF method 
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with the thickness of 120 μm. Fig. 7 presents the polarization curves of samples tested in 0.5 M HCl 
solution.  

 

 

The coated samples with titanium by 
HVOF method attest a superior quality 
with higher corrosion properties (Fig. 8). 
It is noted that the corrosion rates 
decreases significantly in the case of 
titanium coatings tested in sodium 
chloride and presents lower values in 
hydrochloric acid for the thickness of 60 
μm compared to the thickness of 120 
μm. 

 

4. CONCLUSIONS 

1. HVOF thermal spraying process is used successfully in surface engineering for deposition of titanium 
coatings due to the advantages of the process, especially low temperature and high speeds of the particles 
which lead to a low level of oxides and high adhesion. 

2. Microscopic analysis of the two titanium layers deposited by HVOF thermal spraying process (60 and 120 
μm) shows that the layers are dense, compact and without defects as cracks. 

3. X-ray diffraction analyzes of titanium coatings deposited by HVOF method shows that they consist of 
titanium and small amounts of titanium oxide 

4. Corrosion tests show that both titanium layer thicknesses (60 and 120 μm) deposited by HVOF method 
have a high resistance in 3% NaCl solution compared with the substrate non-alloy steel (C45), and the 

Fig. 6 Polarization curves of the tested samples 
in 3%NaCl solution 

Fig. 7 Polarization curves of the tested samples in 
0.5 M HCl solution 

0
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Fig. 8 Corrosion rates of the metallic substrate and two 
titanium layer thicknesses (60 and 120 μm) tested in 3% 

NaCl solution respectively 0.5 M HCl 
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results of testing in 0.5 M HCl solution shows good values of the corrosion resistance only for the titanium 
layer with the thickness of 120 μm; low corrosion resistance of titanium layer of 60 μm is due to the small 
thickness, which together with its porosity does not cover fully the substrate surface, substrate that has a 
low corrosion resistance. 
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Abstract  

High pressure hydraulic descaling is the most widely used method of surface treatment of the high 
temperature steel rolling. High pressure hydraulic system is usually composed from high pressure water 
pump, pipeline, chamber, stabilizer and nozzle (flat jet spray nozzle). All these parts have impact on the 
final quality of the descaled surface. Parameter, which is possible to define as the high pressure hydraulic 
system, is the intensity and distribution of the water impact pressure. This paper is focused on the study of 
the influence of the water chamber and position of the stabilizer on the distribution of the water impact 
pressure. To study the water pressure distribution experimental device with three types of the water 
chamber and two types of the stabilizer were prepared. The first type of the water chamber was straight 
pipe, the second type was bended pipe and the third was large water chamber. Both types of stabilizers 
were used for all types of chambers. The influence of the water chamber was also verified by CFD analysis 
in Ansys CFX. This method was also used for examining the impact of the stabilizer position in the water 
chamber on the water pressure distribution. The experimental study and numerical simulation confirmed 
the significant impact on the water pressure intensity and distribution.  

Keywords: hydraulic descaling, water chamber, stabilizer, impact pressure 

1. INTRODUTION 

Progressive development of computer technology leads to wider use of numerical techniques, which is 
associated with modeling and simulation of more complex and complicated technical problems. One of the 
most complicated technical problems is high pressure hydraulic descaling. This problem is topical for all 
steel producers, who are obliged to solve the surface treatment of rolling steel at high temperature. 
Fundamental influence of the final surface quality of steel at hydraulic descaling has high pressure hydraulic 
system. High pressure hydraulic system is usually composed from high pressure water pump, pipeline, 
chamber, stabilizer and nozzle. The most widely used descaling nozzles are flat jet spray nozzles. According 
to J. W. Frick [1] the fundamental characteristics of the descaling nozzles are for example: spray width, 
spray angel, overlap and so on. All these parameters have impact on the final efficiency of the high pressure 
hydraulic descaling. Pressure which is produced by this nozzle is called impact pressure. It is possible to use 
the impact pressure to assess the effectiveness of the descaling nozzle and high pressure hydraulic 
descaling process [2]. As has already been written hydraulic system is composed ia. of the inlet pipeline, the 
water chamber and the stabilizer. All these parts are occurring in operations in various configurations and 
combinations. In this paper the impacts of these components on the value of an impact pressure on the 
efficiency of the hydraulic descaling were studied. According to previous measurements and numerical 
simulations the hydraulic descaling can be achieved by suitable design of the inlet piping, felicitous water 
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stabilizer or proper nozzle [3]. These assumptions were verified experimentally and also by numerical 
simulation in Ansys CFX. Based on numerical simulations and experimental measurements it is possible to 
describe such a complex phenomenon which is the high pressure hydraulic decaling.  

2. EXPERIMENTAL APPROACH 

Experimental measurements were prepared to determine the key characteristics of the water jet and were 
used as input data for flow simulation (CFD analysis). The individual experiments were focused on study of 
influence of inlet water stream on the impact pressure distribution, which can be considered as 
a fundamental characteristic of descaling system. 

2.1. Experimental procedures 

 
Schematic Fig. of the experimental apparatus Inlet pipeline – straight pipe 

  
Inlet pipeline – bended pipe Inlet pipeline – water chamber 

  
Fig. 1 Experimental apparatus 

 

Experimental procedures were carried out in the Heat Transfer and Fluid Flow Laboratory, where the 
experimental apparatus was also prepared. Experimental apparatus consisted of two main parts. The first 
part was a high pressure hydraulic system and the second part was measuring bench. The high pressure 
hydraulic system also consisted of the inlet pipeline (water chamber), stabilizer and flat jet nozzle. The 
measuring bench consisted of two directional moving plates, pressure sensor and data logger which 
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recorded the actual position of the moving plate and corresponding value of the impact pressure. 
Schematic Fig. with description of the experimental apparatus is shown in Fig. 1. Several variants of the 
experimental measurements were prepared. The individual variants of the experiments consisted from 
different types of inlet pipelines and different types of stabilizers. The first type of the inlet pipeline was 
straight pipe, the second was bended pipe (110°) and as the final inlet water chamber was used. All of the 
considered inlets are presented in Fig. 1. For the experimental measurements were used two types of 
stabilizers. The first type of stabilizer (a) was older design with flat on the top, with stick in center and 
connected with ribs to the outer wall. The second type of used stabilizer (b) has half sphere on the top and 
the ribs are connected to the outside wall without center stick. Experimental procedures were carried out 
at internal water pressure of 20 MPa and 25 MPa.  

2.2. Experimental results 

Experimental measurements were focused on obtaining ideas about the influence of the different type of 
the inlet pipeline and different design of the stabilizer on the impact pressure of the high pressure hydraulic 
descaling system. Other benefits of the experimental measurements were obtained important inputs data 
for numerical simulation of water flow inside of the studied hydraulic systems. Experiments were carried 
out according to simple experimental design, which included the measurements procedure and individual 
configurations and variants of the hydraulic systems. Individual variants were prepared with regard to 
maximum a description of the examined. Performed experiments and measured input parameters are 
shown in Tab. 1. 

 

 Tab. 1 Experimental design with measured values  

Test Mounting Angle Stabilizer  Water Pressure Volume Flow Rate
1 chamber - a
2 pipe 0° a
3 pipe 110° a
4 chamber - b
5 pipe 0° b
6 pipe 110° b

2.45 l/s

25 MPa 2.31 l/s

20 MPa

 
 

The results of the impact pressure obtained from measurements for each variant of high pressure hydraulic 
system are presented in Fig. 2. The presented results of stabilizer (a), which were measured at internal 
water pressure 20 MPa, shown the influence of water mounting. As can be seen the measured value of the 
impact pressure for water chamber was about 6% lower than impact pressure value of straight pipe and 
about 8% lower than impact pressure of the bended pipe. Obtained results for stabilizer (b) were measured 
at internal water pressure 25 MPa. For stabilizer (b) the same effect as in the previous stabilizer was 
detected. The impact pressure difference measured for the water chamber and the straight and bended 
pipe was about 3.5%. The measurements confirmed that the input mounting has the effects on the final 
value on the impact pressure. Measured impact pressure for water chamber was lower in all cases.  
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Fig 2 Impact pressure of chamber and straight pipe mounting with stabilizer (a)-left and (b)-right 

3. NUMERICAL ANALYSIS 

Numerical analysis allows an excellent visual presentation of behavior of the simulated phenomenon and is 
therefore very progressive and popular. Another benefit of the numerical analysis is the possibility of 
unlimited calculations and simulations of different variants, which would be experimentally difficult and 
time consuming. Numerical analyses of the fluid flow (CFD) through the high pressure hydraulic system 
were carried out in the Ansys CFX 13.0 [4].  

3.1. CFD simulation 

CFD simulation was prepared for analysis of fluid flow through the inlet chamber and water stabilizer. CFD 
simulation was also used for a detailed description of each studied effects of the hydraulic system parts. 
Numerical simulations were based in experimental measurements. The measurements results were used as 
input data of numerical simulation. Among the measured input data were: volumetric flow rate, internal 
water pressure and temperature of water. For the CFD simulation a model was prepared, which 
corresponds to water domain, including inlet water chamber, stabilizer and output. Output of water 
stabilizer was modeled without the impact of the descaling nozzle. Descaling nozzle was not considered in 
the CFD analysis. For both types of used water stabilizers in the experiments and two types of inlet 
mounting (straight pipe and water chamber) corresponding models of water domains were created. Water 
domains were modeled as symmetrical. The CFD simulations for all prepared water domains were carried 
out at reference pressure 20 and 25 MPa. All modeled variants are presented in  Tab. 2.  

 

 Tab. 2 List of CFD simulation 

Simulation Mounting Angle Stabilizer  Water Pressure
1 chamber - a
2 pipe 0° a
3 chamber - b
4 pipe 0° b

25 MPa

20 MPa
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3.2. CFD results 

Straight pipe with stabilizer (a) at 25 MPa Straight pipe with stabilizer (a) at 20 MPa 

   
Straight pipe with stabilizer (b) at 25 MPa Straight pipe with stabilizer (b) at 20 MPa 

  
Water chamber with stabilizer (a) at 25 MPa Water chamber with stabilizer (a) at 20 MPa 

  
Water chamber with stabilizer (b) at 25 MPa Water chamber with stabilizer (b) at 20 MPa 

  
Fig 3 Velocity distribution 
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The CFD results of numerical simulations were evaluated for all variants listed in Tab. 2. The evaluation of 
results consisted of comparison of fluid flow parameters of corresponding configurations. The basic 
evaluated parameters were: velocity distribution of the fluid domain (see Fig. 3), total inlet pressure, total 
outlet pressure and so on. Velocity distribution through the fluid domain contributes to a good description 
and understanding of the impact of individual parts of the high pressure hydraulic system. Evaluated 
parameters for all considered configurations are presented in Tab. 3 Tab. . For assessment and easy 
comparison of individual configuration parameter loss coefficient was evaluated. The loss coefficient 
represents the total pressure loss due to corresponding configuration. This parameter determines the 
characteristics of studied high pressure hydraulic system. The loss coefficient is given by following 
equation:  

2

2
1

_
v

ptcoefficienloss
-

�
�           (1) 

 

 Tab. 3 Evaluated parameters 

mass flow total inlet pressure total outlet pressure loss coefficient
[kg/s] [MPa] [MPa] [-]

pipe 1.155 0.236 0.053 2.126
chamber 1.155 0.140 0.053 3.143

pipe 1.225 0.268 0.060 2.155
chamber 1.225 0.156 0.060 3.113

20 MPa

25MPa

 

4. CONCLUSION 

To study of the impact of the mounting and the position of the stabilizer six measurements were carried 
out. Testing consisted from measuring the impact pressure distribution of each configuration, which was 
composed of the inlet pipe, stabilizer and flat jet nozzle. The evaluation of these experiments has found the 
high influence of each part on the final impact pressure distribution. It was confirmed, that the water 
chamber mounting reduced the value of impact pressure by 6% and bended pipe about 8% compared to 
the straight pipe with stabilizer type (a). Furthermore, it was found that for stabilizer type (b) and water 
chamber mounting the impact pressure was reduced by 3.5% compared to straight pipe. For both types of 
the stabilizers the same phenomenon was detected. The intensity of difference between mounting is 
affected by different volume flow rate, which was for stabilizer (b) higher and different water pressure, 
which was for stabilizer (b) lower. These parameters led to smaller differences in the measured values of 
impact pressure of stabilizer (b) with all types of mounting. 

For more complex analysis of the impact of each part of high pressure hydraulic system CFD analyses were 
performed. CFD analyses were prepared based on previous measurements. For CFD simulation fluid 
domains were created, which corresponded with straight inlet pipe, water chamber with stabilizer type (a) 
and (b) at water pressure 20MPa and 25MPa. Thus CFD analyses were evaluated. To create picture of the 
fluid flow inside each configuration the results of the velocity distribution through the fluid domain were 
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presented. The next evaluated parameter of the CFD analysis was loss coefficient, which defines the total 
pressure loss through the fluid domain. The obtained results of the loss coefficients for all considered 
configurations are listed in  Tab.  and confirm the detected phenomenon of the experimental 
measurements. The loss coefficient for water chamber reached higher values for both types of stabilizers 
and both types of water pressure than for straight pipe mounting. These results indicate that the water 
chamber leads to higher pressure losses, which has influence on final value impact pressure.  
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Abstract 

The work presents investigations of material usually applied as the construction of the hospital equipment. 
Samples with visible local corrosion were cut from the rehabilitation bed for testing. Examinations 
consisted in qualitative and quantitative identification of bacteria existing on the samples surface in real 
hospital conditions. At the samples surface the following bacteria strains was identified: Bacillus cereus, 
Staphylococcus aureus and Acinetobacter baumani. Additionally, adhesion and colonization level of chosen 
bacteria strains was measured on special prepared test samples in disk form, made from DC01 
constructional steel that is applied in production of hospital equipment. Samples were covered with 
different galvanic coatings: Fe//Ni20d/Crr, Fe//Ni10b/Crr, Fe//Ni3s/Cub, Fe//Cus. Surface quality was 
described by three-dimensional topography and roughness measurements.  

Obtained results indicate that perfectly smooth surface is supporting considerable decrease of bacteria 
adhesion to the base but sometimes chemical composition of metallic coating (Cr, Ni, Cu) can exert higher 
influence on bacterial attachment to the protected surface.  

Samples with protective layers: copper and nickel-copper, with higher developed three-dimensional 
topography reveals higher bacteria adhesion level.  

Keywords: bacteria strains, multi-layer coatings, adhesion 

1. INTRODUCTION 

The hospital environment is very special place for the man, where medicine is playing an important role. 
The confrontation of the organism with material being destroyed by corrosion can bring consequences for 
the health of the man. So, it means that a lot of factors should be considered when the project of medical 
equipment construction is analysed and implemented [1].  

Elements of hospital constructions like: operating tables, beds for ER, rehabilitation beds are made mainly 
of chromic-nickel steel or steel with metallic coatings type: nickel-chromium, nickel – nickel – chromium, 
sometimes galvanized or varnished with powder paints. The long-time application of these devices and 
constructions in hard and difficult conditions causes, that they are exposed to mechanical action, and 
farther to damage of protecting coatings (nickel - chromic) [2], that leads to considerable decrease of the 
corrosion resistance and as the consequence the corrosion centre appears (Fig. 1).  
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In this case we are also dealing with corrosion caused by body fluids (urine, blood, saliva, sweat and other) 
and with action of disinfectants. This problem also regards the rehabilitation equipment (Fig. 2), equipment 
of the medical rescue (elements of the internal fittings of the first aid ambulances), area of natural disasters 
and the battle zones. Generation and random propagation of the corrosion centres enables settling and the 
development of such bacteria like e.g. Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus 
and other [3-6].  

The aim of presented work was to identify the bacteria that adhere to metallic protective coating type: 
nickel-nickel-chromium (Fe//Ni20d/Crr) in place where the local intensive corrosion is observed (Fig. 1). 
Next, an adhesion and colonization of chosen bacteria kinds settling on samples with multilayer protective 
coatings (nickel-nickel-chromium, nickel-chromium, nickel-copper, copper) created by electrolysis method 
was analyzed. The exception is coating with copper addition. Additionally roughness and 3D coating’s 
topography was measured.  

 

 
 

Fig. 1. Rehabilitation bed with corrosion centers   Fig. 2. Wheelchair with local corrosion 
places 

2. OWN RESEARCH  

2.1. Bacteria identification at corroded construction’s elements surface 

For testing, the medical equipment - rehabilitation bed marked as LP-01.0 (production year - 1994) was 
chosen, where the local corrosion was observed. Next, two elements with visible corrosion were cut from 
the steel construction of the bed (Fig. 2). This material with galvanic coating type nickel-nickel-chromium 
was subjected to microbiological examinations in order to establish the bacteria kind settling in niches, 
cavities and on a protective layer of examined elements.  

Samples were incubated in 37 °C in 50 BHI ml. Every hour bacterial culture was mixed within 5 min, and 
surface inoculation was being carried out on BHI agar: after the first hour 0.5 ml, in next hours 0.1 ml. After 
24 hours of incubation the bacterial cultures were identified and counted. After 24 hours of cultivation 
0,1ml of every fluid culture in dilution 10-4 and 10-6 was surface inoculated on chosen basis. To final bacteria 
identification the biochemical API tests were made.  
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At the first sample Bacillus cereus strain was identified, whereas on second Staphylococcus aureus and 
Acinetobacter baumani. The highest bacteria number was counted on the first sample (180 CFU/ml after 5 
hours of incubation), for the second sample it amounted to 160 CFU/ml. 

2.2. Tested material 

Chemical analysis of material chosen for investigation – bed construction’s material – is presented in Tab. 1. 
Results confirmed that construction is made from DC01 steel according PN-EN 10130:2009. From 
investigated material samples in the disk shape with diameter of 14.6 mm and the thickness of 3 mm were 
cut. 

 

Tab.1. Chemical composition of materials used in the experiment 

Steel grade 
Chemical composition [% wg.] 

C P S Mn Al Si Cu Cr Ni Fe 

Acc. Specification DC01 ≤ 0,120 ≤ 0,045 ≤ 0,045 ≤ 0,600 - - - - - rest 

Acc. chemical analysis 0,070 0,020 0,016 0,490 0,034 0,060 0,056 0,013 0,032 rest 

 

Carbon and sulphur contents were measured using LECO CS-125 analyser. Rest elements were measured 
using spectrometer ICP-OES. Hardness measurements were made using universal hardness tester 
Zwick/Roell ZHU-250, acc. standard PN-EN ISO 6507-1:2007. The average value of measured hardness 
amounts to 105 HV1. 

2.3. Samples preparation 

Samples that were cut out from the used equipment were being grinded on abrasive paper with grain size 
80 and 120, and next polished using diamond paste. The following galvanic coatings were analysed: 
Fe//Ni20d/Crr, Fe//Ni10b/Crr, Fe//Ni3s/Cub, Fe//Cus: where Fe – means the basis, Ni – nickel galvanic 
coating, 20 - thickness of nickel galvanic coating (2x10 μm), d – two layers nickel coating, b – single layer 
nickel coating with minimum thicknesses 10 μm, Crr – the chromium standard coating with nominal 
thickness 0,3 μm, 3 – thickness of the nickel coating (3 μm), s - half-shiny single layer nickel coating, Cub – 
shining copper, Cup – matte copper [8]. Samples were divided in four groups according designation given at 
Fig. 3.  

2.4. Evaluation of surface layer quality 

The quality of investigated coatings was expressed by 3D topography and roughness measurements, 
evaluated by profile measurement gauge - Perthometer Concept (Mahr). Obtained results are presented at 
the Fig. 3. 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 

 

880 

 
 

2.5. Bacteria adhesion at multilayer galvanic coatings 

Investigation regarded four samples groups – see Fig. 3 Six bacteria strains typical in hospital environment 
were chosen for examination: Staphylococcus aureus, Streptococcus barmani, Pseudomonas aeruginosa, 
Escherichia coli, Streptococcus mutans, Candida albicans. To make the adhesion test suspension of chosen 
bacteria in the volume of 2 ml (2x106 bacterium in 1 ml PBS) was incubated with individual groups of 
samples at 12 well culture microplate, within 1 hour, at 25 oC. Incubation was preceded by 10 min mixing to 
homogenize bacteria distribution. After incubation samples were three times rinsed in PBS, and then the 
MTT reduction test and direct bacteria counting under fluorescent microscope was made – Fig. 4. 

Additionally antibacterial properties of metal plates were checked with reference to analyzed bacteria.  

Ra 0,14μm 

Group A - samples with coating Fe//Ni20d/Crr 

Ra 0,11μm 

Group B - samples with coating Fe/Ni10b/Crr 

Ra 0,12μm 

Group C - samples with coating Fe/Ni3s/Cub 

Ra 0,24μm 

Group D - samples with coating Fe/Cup 

% 

Fig. 3. General samples view. Topography and roughness. Percentage bacteria contents being adhered 
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Fig. 4 demonstrates the percentage bacteria 
contents being adhered on the investigated 
surfaces, whereas the number of bacteria 
cells in analyzed areas is enclosed in Tab. 2. 
Evaluated number of bacteria cell is the 
result of averaging of eight measurements 
(areas with diameter 0,08mm) in the 
sample’s middle.  

 

 

 

 

Tab.1. Bacteria cell number counted in analyzed area 

Samples group 
Number of bacteria cells (area diameter 0,08mm) 

Escherichia 
coli 

Streptococcus 
mutans 

Pseudomonas 
aeruginosa 

Streptococcus 
baumani 

Staphylococcus 
aureus 

Candida 
albicans 

I Fe/Ni20d/Crr 20 66 35 45 60 10 
II Fe/Ni10b/Crr 45 70 27 65 61 24 
III Fe/Ni3s/Cub >200 >200 >200 80 >200 16 

IV Fe/Cup >200 >200 137 71 >200 6 

3. RESULTS DISCUSSION 

It follows from the literature review that there is no detailed data regarding examinations of the bacterial 
flora existing on hospital equipment surfaces and particularly on metallic coatings. Therefore authors 
engaged in the investigations comprised bacteria adhesion process at the galvanic coatings that are normal 
anticorrosion protection of hospital equipment. 

Three bacteria species were identified at chosen samples taken from corroded construction’s elements of 
rehabilitation bed: Bacillus cereus, Staphylococcus aureus and Acinetobacter baumani. These bacteria are 
typical and characteristic in the hospital environment [4-6].  

Surface topography of materials additionally prepared for examinations revealed, that samples from “D” 
group (with matte copper) have the most developed surface layer Ra = 0,24 μm. Roughness measured at 
surface of samples from “A” group (nickel-nickel-chromium, Ra = 0,14 μm), “B” (nickel-chromium, Ra = 0,11 
μm) and “C” (nickel-copper, Ra = 0,12 μm) is expressed with very similar values Ra.  

Microbiological examinations of six bacteria species showed that the adhesion took place on all kinds of 
protective coatings. The highest percentage level of identified bacteria was revealed on samples with 
copper coating (samples “C” = 46,83%, “D” = 45,17%). Parameters Ra measured on samples C and D differ 
essentially but graphic image shows that surface topography is similar that can explain close bacteria 
number being adhered. Comparing the adhesion level of individual bacteria it is visible that generally the 
lowest values are measured at “A” sample – Fe//Ni20/Crr. It regards E. coli, S. mutans, and S. baumani. The 
exception is C. albicans that demonstrates the highest level. From the other side adhesion of P. aeruginosa, 

a b

Fig. 4. An example of analyzed area with visible bacteria 
strains: Escherichia coli on coating Fe//Ni3s/Cub - a; 

Candida albicans on coating Fe//Ni10b/Crr - b 
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S. aureus and C. albicans reaches the minimum at “B” sample that differs only in base thickness. Roughness 
of “A” sample is slightly higher but 3D topography image suggests that it can results from local 
discontinuities, whereas the “B” sample is more homogenous. Sample “C” roughness is similar to “A” and 
“B”, but adhesion level is here much more higher especially for S. baumani and P. aeruginosa. Despite 
different base kind and higher roughness of sample “D”, adhesion of bacteria is similar to sample “C”. 

Recapitulating, it can be stated that chemical composition of metallic coating (Cr, Ni, Cu) might markedly 
affect the bacterial attachment to the protected surface of hospital equipment. Samples coated with Cr on 
the Ni base in more intensive way reduce adhesion process. Copper coatings in both cases (shining and 
matte) with and without Ni base showed similar adhesion level that is much higher than on Cr coated 
samples.  

Analyzing the percentage of bacteria adhesion to different coating, it can be stated that Candida albicans 
(average percentage 9,3%) and Streptococcus baumani (average percentage 46,3%) are low sensitive on 
kind of metal base. The reason of such behavior can be explain by lack or very low affinity of mentioned 
bacteria to metallic surface.  

4. CONCLUSIONS 

1. Keeping the surface perfectly smooth causes considerable decrease of the bacteria adhesion to the base 
although from the other side chemical composition of metallic coating (Cr, Ni, Cu) can exert in some cases 
higher influence on bacterial attachment to the protected surface. 

2. Samples with protective coatings: copper and nickel-copper, with most developed three-dimensional 
topography create favours conditions for the adhesion of the bacterium.  

3. Places where the local corrosion exists are more susceptible to bacteria settling. Bacteria identified at the 
hospital equipment surface (Bacillus cereus, Staphylococcus aureus, Acinetobacter baumani) confirm small 
effectiveness of applied disinfectants. 
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Abstract  

The effect of high residual stress on the quality of thin sputtered carbon nitride films has been studied by 
Scanning Low Energy Electron Microscopy (SLEEM). Basically, two different types of stress can be identified 
in thin films: compressive stress and tensile stress. Compressive stress leads to wrinkling and film 
delamination and tensile stress can cause the fracturing of thin films. Experiments were made in the Tescan 
TS 5130 MM equipped with the Cathode Lens system (CL), which enable us to observe samples at arbitrary 
landing energies of the illuminating electrons. Operating of a SEM at low energies offers several 
advantages: an increase of materials contrast via low energy, high ratio SE, BSE signal and noise, smaller 
interaction volume and elimination of charging effects. The effect of annealing in vacuum to residual stress 
(calculated from Stoney’s equation) was measured. The porous character of films was observed by thermal 
desorption spectroscopy (TDS). 

Keywords: SLEEM, carbon nitrides, residual stress, TDS 

1. INTERDUCTION AND EXPERIMENTS  

The key factor for wider use of thin films in industry is a thickness higher than a few nanometers, which can 
be a problem due to the high values of residual stress. Usually, the residual stress is divided into tensile 
stress and compressive stress. While the tensile stress can lead to cracks, for the compressive stress is 
typical delamination (blisters and telephone cords) (Fig. 1) [1] [2]. 

 

 
Fig. 1 SEM images of influence of critical value of residual stress to quality of films,  

A. tensile stress in SiOx film, B. compressive stress in CNx 

In order to determine stress in thin films, we used a home assembled high-resolution x-ray diffractometer. 
The apparatus is equipped with a conventional Cu X-ray tube and a four-bounce Ge 220 monochromator. 
The stress in the layer bends also the silicon substrate. The curvature radius of substrate was determined 
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from the shift of the 004 diffraction maximum at selected points on the samples. From change in curvature 
we have calculated the residual stress by Stoney’s equation:  

Rd
dE

f

s

s

s
res 61

2

	
�

� _�                                       (1) 

where the Es/1-_s is Young’s modulus and Poisson’s ratio of substrate, d is thickness of substrate and film, 
and R is curvature. 

CNx:(H) films were deposited using the commercially available Z 550 RF (13.56 MHz) magnetron sputtering 
plant (Leybold-Heraeus) incorporating three watercooled planar magnetron sources. The films were 
prepared from a graphite target (purity 99.9999 %) in a pure nitrogen atmosphere (or mixture of nitrogen 
and hydrogen, 15 % of partial pressure of H in N discharge). As a substrate we used (001) oriented silicon, 
cleaned in an acetone bath in ultrasound. The evacuation system consists of a rotary and turbomoleculary 
pump, limited pressure is 10-4 Pa.  

The influence of stress in CNx films (particularly delamination in 
the form of telephone cords and blisters at the CNx/Si interface) 
to their quality was investigated by the scanning low energy 
electron microscope SLEEM (Tescan TS 5130 MM) equipped with 
the cathode lens (CL, Fig. 2). The CL mode in SEM enabled us to 
observe specimens at an arbitrary landing energy of primary 
electrons. Negatively biased specimen forms the cathode and the 
earthed scintillator forms the anode of the CL. Primary electrons 
are kept at constant energy throughout the optical column and 

are retarded only in immediate vicinity of the specimen. 
Emitted electrons are collimated to the optical axis and 
accelerated toward the detector. Detected signal is created by 
secondary and back scattering electrons together.  

Operation of a SEM at low energies offers several advantages: an increase of materials contrast via low 
energy, high ratio SE, BSE signal and noise, smaller interaction volume – higher sensitivity to surface (Fig. 3) 
and elimination of charging effects [3][4]. The optimum energy for observation of carbon nitride films was 
found by 2 keV, which we have used to next study.  

 

 
Fig. 3 Observation of carbon nitrides in SLEEM 

Generally, we can reduce the stress by modifying the deposition process (gas pressure, substrate bias, 
target atomic mass, angle of deposition, cathode power, change the composition of the reactive gases, etc.) 
[5] or we can anneal the films after deposition in vacuum.  

Fig. 2 CL system 
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Porous character of the films was investigated in TDS aperture by means of sample annealing in a quarts 
chamber pumped down to pressure of 10-5 Pa. Temperature in the chamber was increased up to the final 
temperature (550 °C) with the rate of 10 °C/min. Desorption of water (mass 18) was observed. TDS 
measurement is the appropriate technique to probe the presence of voids in the bulks.  

The influence of annealing to stress was calculated and observed by SLEEM. 

2. RESULTS 

The delamination of the films can be caused 
directly after the deposition process (due to high 
value of residual stress) or by absorption of 
moisture. After a few days (or promptly after water 
contact), the films can start to lose their adhesion. 
This effect is caused by absorption of moisture, 
their diffusion into the bulk, and then to the 
interface (substrate-film). This effect was observed 
in our films. Hydrogenated carbon nitrides 
delaminated promptly only after contact with 
water, while carbon nitrides without hydrogen 
delaminated spontaneously on air after a few days.  

The film without hydrogen absorbed more moisture (the voids can cause to spontaneous delamination), 
which is confirmed by observation. CNx delaminated on air, while CNx:H only after direct contact with water 
(no on air) Fig. 4. 
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Fig. 5 TDS spectra 

The porous character of thin films was tested by TDS. Usually, the most common contaminant mass from 
the air is water (then CO2, OH, etc.) [6]. In the Fig. 5, we can observe the evolution of water desorption 
from carbon nitride and hydrogenated carbon nitride. The desorption started about 90 °C and the first 
peaks ended by 220 °C (more probably absorbed water molecules on film surfaces). Next QMS signal come 

Fig. 4 SLEEM images of CNx and CNx:H 1 month 
after deposition process 
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from the desorption of water molecules from bulk. While in the case of CNx:H all water come out from the 
film to 300 °C, for CNx it is about 370 °C.  

The values of stress were calculated by Stoney’s equation from change in curvature after the deposition 
process. The curvatures were determined from the shift of the diffraction maxima in selected points on the 
samples (as a substrate we used silicon with orientation 100). The dependence of residual stress on 
temperature (annealing in vacuum, 10-5 Pa) for CNx and CNx:H is shown in Fig. 6. On the button right corner, 
there is the dependence of thickness to temperature.  

 
Fig. 6 The dependence of residual stress and thickness to temperature 

The thickness loss in the case of hydrogen free sputtered carbon nitride is not dramatic, but with the 
adding of hydrogen, the properties of the films are changed. Fig. 6 shows noticeable reduction of thickness 
in the case of hydrogenated carbon nitrides. To 600 ° C the change is about 10.5 %, while the heating to 
1000 °C caused the loss of 52.3 % origin thickness after the deposition process. The pure carbon nitrides 
start to lose their thickness very slowly, by 1000 ° C it is only 3.0 %. The compressive stress has changed to 
tensile during annealing, but the trend was changed about 500 °C in the case of hydrogenated films. The 
thickness loss indicates the high structural and chemical changes of CNx:H during annealed process. 

 

Fig. 7 SLEEM images of annealed carbon nitrides observed by 2 keV (1 month after deposition process) 
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After 1 month from annealing the films to 200 °C, 400 °C, 600 °C, 800 °C and 1000 °C in vacuum, we 
observed the surfaces by SLEEM. In Fig. 7 there are the results for CNx films. Although, the compressive 
stress decreased with heating, the delamination was detected by non annealed film to heating to 600 °C. 
But the size of damaged parts decreased with temperature. The use of temperature 800 °C (and higher) 
ensures stabile carbon nitride films without defects.   

In Fig. 8 there are figures of non annealed and annealed CNx:H to 400 °C after wetting in demineralized 
water (a few seconds). For heated samples to 0°C and 200 °C, we can observe typical buckling (compressive 
stress), while in case of 400 °C cracks (tensile stress). The samples from 600 °C to 1000 °C are without 
defects (more probably heating caused closing of open film structure). On the air the hydrogenated carbon 
nitrides are stabile.  

 

Fig. 8 SLEEM images of annealed CNx:H observed by 2 keV after contact with demineralized water 

 

The results are summarized in Fig. 9. 

 

Fig. 9 Summarized Tab. (residual stress in MPa, - compressive stress) 

3. CONCLUSION 

The aim of the work was to prepare the carbon nitrides and hydrogenated carbon nitrides with good 
adhesion to silicon substrates. The problems were high value of compressive stress and absorption of 
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moisture. The high value of compressive stress and absorption of voids was eliminated by post deposition 
annealing in vacuum. For CNx the temperature has to be higher than 600 °C, while for hydrogenated CNx:H 
higher than 400 °C. However the discovered disadvantage of hydrogenated carbon nitrides is the thickness 
loss during annealed process. For observation by SLEEM we used the electron impact energy 2 keV. 
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Abstract  

The paper presents research regarding the influence of the surface state of hospital devices elements on 
the adhesion and colonization of bacterial cells. For examination devices with zinc coating – constructional 
elements of hospital bed were selected. In the first stage a bacterial flora existing in real conditions was 
identified, in second stage a degree of the adhesion of chosen kinds of the bacterium was evaluated at the 
test samples with the zinc coating (galvanic and hot-dip galvanizing). Experiment showed that in the studied 
case a slight influence was exerted by the surface roughness on the bacteria adhesion– the most cells S. 
aureus were identified on samples with the galvanic coating. At the hot-dip zinc surface a much smaller 
amount of the bacterium of this type was identified. The similar situation was also observed in case of 
other bacteria (E. coli, S. mutans, C. albicans). Every sample with Zn coating demonstrated properties 
suppressing bacteria growing.  

Keywords: zinc coating, roughness, bacterium adhesion 

1. INTRODUCTION 

Research regarding bacterium adhesion at surfaces exposed in the different environment (dentist's 
prosthodontics, implants, biological corrosion, hospital accessories) show that surface state is significant 
factor influencing bacterium colonization [1-5]. In paper [1, 2] authors stated that surface roughness of 
materials filling the oral cavity (teeth, materials filling, dental implants, prostheses) is supporting the 
bacterium accumulation. Studies of materials applied in the plastic surgery [3] demonstrate the direct 
influence of the surface roughness on the growth of the bacterium, expressed by the increased colonization 
of S. aureus and S. epidermidis on sandblast samples made from stainless steel 316 L, in comparison to the 
smooth surface. Next, examination of biological corrosion [4] suggest that bacterium clinging to the 
metallic surface strongly depend on morphology characteristics, and additionally the quantity of bacterium 
cells at the explored surfaces is smallest on samples made from the pure zinc (in comparison to Al 
galvanized). From the other side results regarding adhesion and development of Pseudomonas bacteria at 
the surface of Armco iron, stainless steel type 315 and copper in water solution [6] revealed that with 
increasing of surface roughness increase the rate of adhesion whereas the development of bacteria at the 
surface is independent of this factor.  
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Considering above controversy at the presented work authors decided to examine the influence of outside 
surface state of hospital devices with zinc coating exerting on the adhesion and colonization of bacteria 
being found in a hospital environment.  

At every hospital are valid principles the aim of which is supporting the proper sanitary and epidemiologic 
condition. Procedures demand removing all substances enabling bacterium development (e.g. oil, urine, 
faeces, blood, dust and other) from the equipment and surrounding of the sick person in order to eliminate 
sources of hospital infection [7, 9, 10]. Infectious ways, hospital micro-organisms and also a lowered 
immunologic resistance of the sick person considered separately don't affect the risks of infection. However 
in mutual correlation they are very dangerous. Also normal bacterial flora that in relation to healthy people 
isn't provoking infection can be dangerous to patients. The most easy to transfer to the skin are Escherichia 
coli, Salmonella spp., Staphylococcus aureus, Candida albicans, rhinoviruses, HAV and rotaviruses. Micro-
organisms being on hands can next be transferred to 5 more distant areas or 14 other persons [8,9]. The 
sick person is exposed to danger of infection as long as the bacterial flora stays on the surface of the 
hospital, diagnostic or rehabilitation equipment.  

Not every medical institution meet high standard of the equipment disinfection. The most often washed by 
hand are only visible areas. Rest difficult reachable elements, i.e. wrists, mounted clubs, springs, due to the 
difficult access are cleaned occasionally or aren't being cleaned at all. These parts are a carrier and a 
cumulating place for all kind chemical compounds and micro-organisms which in great measure are 
hastening the corrosion [12, 17].  

Steel parts applied in hospital conditions are protected against corrosion by metallic and varnish coatings. 
Some elements of hospital accessories are protected also by following coatings: Ni, Cr, Cu, as well as Zn 
created by hot - dip or galvanic methods. Hot-dip galvanizing due to the low smoothness of the surface is 
rarely applied.  

Regarding corrosion resistance - outside layer ensures the essential protection, especially in the initial 
period of the use [18, 19]. Corrosion resistance of Zn coatings considerable decrease on the strength of 
chemical medium and the bacterial flora affect. For example the decomposition of Zn layer and the 
appearance of the local corrosion result in colonization and growing of the bacterial flora [17].  

The main aim of conducted experiment was to identify bacteria existing at corroded constructional 
elements of the hospital bed and determining the degree of the bacterial cells adhesion on zinc coatings 
with different surface layer quality – preparation. 

2. METHODS OF INVESTIGATION 

2.1. Materials used in experiment 

Material applied for examinations was taken from the hospital bed (Fig. 1). The construction of the bed was 
supported on running gear composed of four wheels, with steel rings. A rubber band was applied as lining. 
Running wheel that was an object of examinations was installed rotary on the axle with the zinc galvanic 
coating. After axle disassembly it was observed, that the screw was covered with the layer of oxides (pitting 
corrosion). First stage of investigations was analysis and identification of bacterial flora settling corroded 
places of the object. In the second stage the adhesion level of chosen bacterium species was determined on 
the Zn coating - galvanic and hot-dip and also antibacterial properties of applied coatings were evaluated. 
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To realize the second investigation stage, test samples with cylindrical geometry - diameter of 10 mm and 7 
mm height were cut from the screw. Samples were divided into three groups that were subjected to the 
hot-dip and galvanic zinc process. Material designation for adhesion examinations is presented in Tab. 1. 

 

 

 

 

 
Fig. 1. Hospital bed; a – general view; b – running wheel with visual corrosion; c – screw of running wheel 

 

 Tab. 1 Surface treatment of materials being investigated 
Sample 

No. 
Anticorrosion protection Surface preparation Process parameters 

1 
Hot-dip zinc galvanizing 
samples in ambient 
temperature 

Mechanical treatment: polishing;  
Chemical treatment: etching in HCl acid, 
fluxing  

Bath composition:  
Z1 + ZnNiBi alloy 
Bath temperature: 
460oC  
 

2 
Hot-dip zinc galvanizing 
samples heated to 
250oC 

Mechanical treatment: polishing; 
Chemical treatment: etching in HCl acid, 
fluxing 
Additionally: heating in quartz sand in 250oC  

3 
Galvanic Zn coating with Cr3+ 
passivation 

Mechanical treatment: polishing; 
Chemical treatment: chemical degreasing, 
etching in H2SO4, etching in HCl, 
electrochemical degreasing, activation.  

Bath base Cr3+  
Temp. – 300 oC 
 pH – 2,1 

 

Quality of galvanized samples surface was determined by roughness measurements Ra. Tests were made 
using profile measurement gauge Perthometer Concept (MAHR). Results are presented at Fig. 5. 

2.2. Method of bacteria identification at corroded construction’s elements  

To bacteria identify, corroded material was incubated in temp. 37oC in 50ml BHI. Every one hour bacterial 
culture was mixed within 5 minutes using vibration device and then surface inoculation test on BHI agar 
was made; after one hour 0,5ml, after next hours 0,1ml. After 24 hours of incubation colonies were 
identified and counted. Next at chosen diagnostic base (BHI agar, Mc, Salt, Edwards, etc.) 0,1ml of each 
colony was sowed in dilution 10-4 and 10-6, and incubated in temperature 37°C. Next, to final bacteria 
identification biochemical API test was made. 

 

a) b) 

c) 
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2.3. Method of adhesion tests at trial samples surface  

Basic upon identification results to further examination the following bacteria existing in hospital 
environment were chosen: Staphylococcus aureus, Streptococcus mutans, Streptococcus baumani, 
Pseudomonas aeruginosa, Escherichia coli, Candida albicans [13, 14]. Test consisted in incubation of chosen 
strains of bacteria suspension in the volume of 2 ml (2x106 density of the bacterium on 1 PBS ml) together 
with zinc coated samples at micro-plate within 1 hour in temperature 25oC. Incubation was preceded by 10 
minutes plate mixing to obtain regular bacteria distribution. After the incubation zinc coated samples were 
being three times rinsed in PBS. Next the test of MTT reduction and direct bacteria counting were being 
carried out with application of fluorescent microscope Zeiss. To count bacteria number being adhered at 
area with diameter 0,08mm, acridine orange was used. Counting was conducted using magnification 100x.  

3. RESEARCH RESULTS 

Staphylococcus aureus bacterium was identified at 
corroded surface of construction elements. Results of 
identification are presented at Fig. 2  

Results of surface topography of zinc coated samples 
expressed by roughness measurements are presented 
at Fig. 3, where Ra - it is an arithmetic mean of profile 
ordinates, Rp - height of highest peak of the profile, Rv 
- depth of the lowest valley of the profile. At Fig. 4 and 
5 results of research regarding adhesion level of 
chosen bacteria groups, typical in hospital 
environment are presented.  

Fig. 3. Samples surface topography: 1, 2 – with hot-dip Zn coating (1 - Ra=0,50; Rp=5,45; Rv=4,04 �m,  
2 - Ra=0,29; Rp=3,43; Rv=5,04�m); 3 – with Zn galvanic coating Ra=0,18; Rp=3,11; Rv=2,07�m 

Fig. 2. Number of S. aureus cells with 
dependence on time of incubation 

1) 2) 3) 
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Additionally antibacterial properties of the galvanic and hot-dip Zn coatings were checked. On every of 
inspected samples a 100% of dead bacteria were stated. 

4. CONCLUSIONS 

In specialist literature phenomenon of the adhesion regarding bacteria typical in the hospital environment 
to biotic and abiotic base is described in details [20, 21]. From the other side in the publications review 
there was found no information concerning the influence of Zn coatings on the bacteria adhesion in the 
hospital environment.  

At corroded construction elements of the hospital bed - running wheel the S. aureus was identified.  
It confirms not very effective antibacterial action of disinfectants and the resistance of this bacterium to 
their influence [13, 14, 15]. S. aureus in patient surrounding with lowered immunologic resistance is the 
source of infection that in case of systemic infection that can cause death.   

Influence of surface roughness on bacteria adhesion and colonization still arouses many controversies  
[6, 20]. In investigated case practically no roughness influence on bacteria adhesion was observed. Zinc 
galvanized sample characterizes with the smallest Ra - 0,18μm parameter, whereas hot-dip zinc galvanized 
sample shows highest Ra value – 0,50 μm.  

In laboratory conditions - the higher cells number of S. aureus adhered on samples with the Zn galvanic 
surface (23%). About half less adhered to hot-dip zinc surface. 

Research findings regarding adhesion of remaining species (E. coli, S. mutans and C. albicans) indicate 
better bacteria adhesion to the sample with the Zn galvanic coating. 

In case of material with hot-dip Zn coatings, a smaller adhesion of bacteria on samples heated up to 250oC 
before galvanization was observed. It can come from the presence of the zinc oxide on the Zn coating 
surface that can more effectively hinder the bacteria adhesion than passivated with Cr3+ ions zinc galvanic 
coating.  

All zinc coatings demonstrate properties suppressing bacteria growing. Topography of the hot-dip zinc 
coating surface of construction elements limits its application in hospital conditions. To enable replacing Zn 

Fig. 4. Cells number being adhered at the 
samples surface: 1, 2 - with hot-dip Zn coating; 3 

with Zn galvanic coating 

Fig. 5. Concentration of bacteria cells at 
the area with diameter 0,08mm, at 

surface samples: 1, 2- with hot-dip Zn 
coating, 3- with Zn galvanic coating 
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galvanic coatings with hot - dip one the polishing process or alloying with appropriate improving additions 
should be considered.  

On the basis of above research results and their discussion the following conclusions can be expressed: 

� At corroded construction elements of the hospital bed S. aureus bacterium was identified that proves 
its significant resistance to an antibacterial agents and the unsatisfactory quality of disinfection 
processes.  

� Hot - dip zinc galvanized surfaces reduce the adhesion of bacterial cells in the greater degree than 
zinc galvanic surfaces.  

� Polished or enriched by appropriate improving additions hot-dip zinc coatings can be more effective 
anticorrosive protection in hospital conditions.  
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Abstract  

This paper deals with testing of hard chromium coatings, which are used for piston rings. There were tested 
the standard hard chromium, porous chromium and composite chromium coatings. Wear resistance was 
tested by pin-on-disc method and by engine test. Coatings for pin-on-disc test were deposited on a steel 
plate. Al2O3 and WC balls were used as a counter part. Engine test of coatings was performed on a diesel 
passenger car engine. Coating used for engine test were applied to piston rings made of ductile cast iron. 
The engine was tested on a engine test bench. The evaluation was performed by optical microscope. Loss 
of material on the piston rings was measured by micrometer. The standard hard chromium coating showed 
the highest wear so results were related to this coating. The rate of wear depends on the type of counter 
part. Results of individual test methods are not sometimes comparable. 

Keywords: hard chromium plating, composite chromium, piston rings, pin-on-disc, engine test  

1. INTRODUCTION 

1.1. Hard chromium coatings 

Hard chrome plating of piston rings was introduced during World War II. The first use was for aircraft 
engines. The reason was significant reduction of wear and friction in piston ring – cylinder system. At 
present, hard chromium is still used as a surface treatment of working surface of piston rings for both 
gasoline and diesel engines and for some compressors. Chrome plated are cast iron and steel piston rings. 

Because of ever increasing requirement for combustion engines and components life, the hard chrome 
coating is no longer satisfactory. The advantages of Cr coating applies only to certain thermal and 
mechanical loads of piston ring. Exceeding these conditions, there is a risk of disorder of the lubricating 
film. 

To improve the properties of chromium coating is used porous chromium. The microscopic cracks in the 
chromium holds lubricant. Another improvement is the addition of hard filler in chromium matrix. The first 
was used Al2O3 (company Goetze). Their chromceramics surface treatment (CKS) is the typical solution for 
medium duty engines today. Gas pressures in some diesel engines already exceed the value of 20MPa, 
which is taken as a boundary for the applicability of the CKS. 

This trend leads to the development and use of new coating for piston rings. These include PVD coatings 
and Cr composite coatings using better fillers (diamond, CBN) or increasing the filler content in the Cr 
matrix. 
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1.2. Testing of coatings for piston rings 

Most revealing is the testing of coatings for piston rings directly in a combustion engine in the car. This 
testing is very time consuming and costly. Cheaper variant is testing on a dynamometer. Dynamometer is a 
device for stationary testing of combustion engine. There can be performed short term test (40-60h). Short 
term test is usually used to verify the influence of components on the engine parameters. Long-term tests 
are used to track the life of the engine components. Also monitors the stability of parameters of the tested 
engine. Long-term test takes hundreds of hours. 

Tribological methods such as fretting test, scratch test and “pin-on-disc” are also used. But compared with 
engine test are not as acurate. Their advantage is the cost and test speed. 

The aim is to compare the wear resistance of several variants of chromium coatings for piston rings using 
pin-on-disc a engine test. 

2. EXPERIMENT 

2.1. The tested samples 

6 samples was compared with pin-on-disc method. Two of them were tested in diesel engine on 
dynamometer. Coating wear was measured. Sample 1,2, and 3 are coatings mass produced in Buzuluk a.s. 

 Tab. 1: Samples 

1 Cr Hard chromium Pin-on-disc - 

2 Por.Cr Porous chromium Pin-on-disc - 

3 A 

Chromium with diamond based filler 

Pin-on-disc - 

4 B Pin-on-disc - 

5 C Pin-on-disc Dynamometer 

6 BCr Chromium with Al2O3 Pin-on-disc dynamometer 

 

Fig. 2: Scheme of Cr coating reinforced with hard 
particles 

 

Fig. 1: Chrome coating with Al2O3 cross section. 
Manufacturer Buzuluk a.s. 
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2.2. Pin-on-disc test 

Coatings were deposited on carbon steel plate. Dimension of sample was 100x50 mm. Thickness of coating 
was about 100μm. Tests was performed on tribometer in KMM ZČU Plzeň (Fig. 3 and 4) 

  

 Tab. 2: Test conditions 

 Test 1 Test 2 

Ball material WC Al2O3 

Diameter  2mm 4mm 

The rotation speed 300 rev/min 

The load 10N 

The total number of 30 000 

The ball was rotated every 10 000 cycles and surface was cleaned with alcohol 

WC and Al2O3 ball was used due to availability. 

Wear was measured at four locations at right angles to each other using a light microscope ZEISS. 

2.3. Engine test 

Coatings were deposited on top piston rings made of 
nodular cast iron. Piston rings were manufactured by 
standard procedure in Buzuluk a.s. company. Diameter 
of rings was 81mm. 

Engine was used VW 2,0l TDI PD 103KW. The engine 
was mounted on the engine test bench Superflow in 
engine test room in Buzuluk a.s. company .fig. Testing 
time was 110 and 115 hours. 

Samples were measured by micrometer. 

Reason why was only two samples tested are costs 
and long duration of the test.  

 Fig. 3: Pin-on-disc tribometer 
 

Fig. 4: Fixing the sample 

Fig. 5: Dynamometer with engine, Buzuluk a.s. 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 

 

899 

3. RESULTS 

3.1. Pin-on-disc 

Results are shown in Fig. 6 and 7. Sample 1 (hard chromium) has the worst wear resistance in both tests 
and was taken as 100. Other samples were compared with sample 1.  

 
Fig. 6: Test 1, WC ball    Fig. 7: Test 2, Al2O3 ball 

 

Best wear resistance in test 1 has sample number 6 (chromium with Al2O3 filler). There is almost 
unnoticeable wear. The track is almost immeasurable. Fig. 8 and 9. 

Best wear resistance in the test 2 has sample 3 (A).  

  

3.2. Engine test results 

Results of  

 Tab. 3: Results of ebgine bench test 

Sample Coating Operating time [h] Loss of material [μm] 

5 C 115 54 

6 BCr 110 71 

 

Fig. 8: Ball track test 1 sample 6 Fig. 9: Ball track test 1 sample 6 
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Coating C has 26% better wear resistance than BCr coating. 5 hours of difference can be neglected. 

4. CONCLUSION 

The results show that material of counter part for pin-on-disc has a influence on results. When we exclude 
sample 6 we can observe a similar trend for both ball materials.. 

When comparing the pin-on-disc tests and engine wear can not be compared in absolute terms, but as the 
ratio of wear of individual samples. Test 2 (with Al2O3 ball) is closer to the results of engine test. This result 
must be confirmed by further measurement with more results from engine tests. Next coating tested in 
engine will be sample 3. It is a composite Cr coating with the same filler as sample 5 but with different 
amount of filler. According to the results of pin-on-disc wear resistance of sample 6 should be ever higher 
than the sample 5 in engine test. 
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Abstract  

Porosity is one of the factors that influence mechanical and thermal properties of the thermally sprayed 
deposits. From all characteristics of the pore network, the intersplat interface, characterized by the 
thickness of oxide layer and width of intersplat cavity appears to play the crucial role. Tungsten has second 
highest melting point of all metals, and the coatings of W are of high industrial importance. The 
optimization of W deposit properties is impossible without knowing the effect of porosity on the properties 
of the final deposit. Thus the intersplat porosity of W deposits prepared by RF-ICP and DC-WSP plasma at 
different substrate temperatures was characterized. Metalographically prepared cross-sections were 
observed in SEM and evaluated by a newly developed image analysis method. The method is based on 
combination of fiber detection and distance mapping. Correlation was found among pore width 
distribution, Elastic modulus and Hardness of the deposits. The effect of process parameters and particle 
in-flight properties on the intersplat interface was also discussed. 

Keywords: Tungsten, plasma spray, porosity, elastic modulus, microhardness 

1. INTRODUCTION 

During plasma spray, the feedstock material particles are heated by the plasma flame and accelerated 
towards the substrate. Upon reaching substrate, the particles flatten and solidify, forming splats. Apart 
from splats, the thermal spray deposit consists of the unmelted feedstock particles and a network of 
intersplat and intrasplat pores, cracks and voids. The characterization of intersplat porosity can help in 
understanding of the processes taking place during the deposition and may provide valuable information 
during the deposition process optimization.  

There exist a number of articles related to characterization of the thermally sprayed deposit porosity by 
various methods such as Archimedes method [1], mercury intrusion porosimetry (MIP) [2], helium 
pycnometry, small angle neutron scattering (SANS) [3], image analysis [4] ,[5], [6] etc. Some articles are 
focused on relationship of the porosity with properties of the deposits [7], [6]. For instance Kulkarni et al. 
[7] related the porosity of yttria stabilized zirconia (YSZ) (as measured by MIP) with indentation modulus 
and thermal conductivity. Zhang et al. [4] intercorelated the microhardness, elastic modulus and porosity of 
Ni60 AA alloy. 

One of the most universal and flexible method of porosity characterization is the IA method. Its advantage 
is the ability to estimate both closed and open porosity and evaluate the integral properties of the porosity 
network as well as the properties of individual pores. The disadvantage of the IA methods is its sensitivity 
on sample preparation and significant influence of the imaging technique. Especially the occurrence of 
pullouts introduced during sample preparation can lead to porosity overestimation. Du et al. [8] performed 
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an in depth study of the sample preparation influence on the porosity measured by IA. They showed that 
the measured porosity heavily relies on the roughness of the observed surface of metallographic samples.  

Taking into account the disadvantages of the traditionally used IA methods, it was attempted to design a 
method, that will focus on quantification of specific features of the pore network that can be easily 
distinguished from the artifacts of sample preparation. It was mentioned in [2], that the significant part of 
porosity is formed by narrow pores at the splat interfaces. Therefore a method for characterization of this 
specific type of linear porosity was designed. The method is based on work of Lauschmann [9] originally 
developed for performing quantitative fractography based on fiber analysis. The method analyses the width 
of linear pores and outputs porosity distribution based on the pore width. 

The method was used for characterization of W deposits sprayed under atmospheric (APS) and vacuum . 
(VPS) conditions. The different levels of coating porosity were achieved by varying substrate temperature, 
in case of the VPS system, the torch power and chamber pressure were also modified. The total porosity of 
the deposit evaluated by IA was correlated to overall porosity measured using the Archimedes method. The 
relationship between elastic modulus, microhardness of the deposit and porosity was investigated. 

2. EXPERIMENAL 

2.1. Deposit preparation  

W deposits were prepared by RF plasma spray in deposition chamber (VPS) at CREPE UdeS and by water 
stabilized plasma torch in ambient air (APS) at IPP CAS. The process conditions are summarized in Tab. 1. 
The typical size of the substrate was 170mmx25.4x5mm, substrate material was Cu, 304L stainless steel 
and low carbon steel (see Tab. 3). Different substrate temperatures were obtained by using a cooled holder 
and varying substrate-holder contact condition. Detailed process parameters and description of spray 
equipment may be found in [10] and [11]. 

 Tab. 1 - Process parameters of used plasma technologies 

Parameter RF WSP 

Torch TEKNA PL-50 PAL WSP® 160 

Powder Amperite Am 140.2 Alldyne W 

powder size 45-90 μm 63-80 μm 

feed rate 40g/min 240g/min 

sample rotation 20 rpm 60 rpm 

axial speed 0.26 mm/s 180 mm/s 

# of passes 3-5 12 

spray distance 210 mm 350 mm 

feed distance* -60 mm 40mm 

power 60, 80, 90 kW 160kW 

chamber pressure 300 torr - 

*from torch nozzle, negative values inside torch 
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Four different specimen sets were deposited by different technologies and under different conditions (see 
Tab. 2). The VPS sets F, T, G represent RF sprayed deposits in controlled atmosphere at different torch 
powers. 'Low power' set F is complemented with 'High power' sets T and G. The APS set E was deposited by 
DC plasma torch. In-flight diagnostics was performed for all sets by the DPV-2000 system and the results 
are presented in Tab. 2. 

 

 Tab. 2 - The description of investigated specimen sets and results of corresponding in-flight particle 
diagnostics (volumetric medians of T and v) measured by DPV-2000 

set technology* torch 
power 

avg. coating thickness T (oC) v(m/s) 

T RF 80 kW 0.47 mm 3925 65 

E WSP 160kW 0.83 mm 2100** 80 

F RF 60 kW 3.02mm 3650 65 

G RF 90 kW 2.09mm 3900 65 

*see Tab. 1 , ** underestimated temperature, probably due to oxide vapor cloud 

 

The substrate temperature was defined as the temperature of the specimen surface at the point of passing 
through the center of the plasma plume. The temperature was measured by one color pyrometer for set T, 
thermocouples were used for sets E, F and G, calibration of the pyrometric measurement by the 
thermocouples was performed to unify the measurement values. For the scope of this research, specimens 
with minimum and maximum substrate temperatureswere selected from each set.  

2.2. Specimen characterization 

Elastic modulus of the deposit was measured using four-point bending apparatus mounted on Hegewald 
Peschke electro-mechanical tensile testing machine. The apparatus and force/displacement data processing 
are described elsewhere [12]. Substrates were thinned to approx. 2mm prior to measurement in order to 
increase the method sensitivity. 

Deposit microhardness was measured using an Innovatest Nexus 4504 tester with Vickers indentor. For 
each specimen, 7 measurements were made across the thickness of the deposit. The indentor load was 
1 kg. 

Archimedes method was used as a reference method for estimation of the deposit porosity. The measured 
samples were formed by a rectangular part of the coating with a footprint of 10x10 mm with all surfaces of 
the block polished. 

The porosity measurement by IA was performed on transversal cross-section of the specimens. Prior to 
observation, the samples were electrolytically polished and etched. The polishing was performed by 
applying 15V for 5s and was followed by etching using 1V for 30s in a 1.25 % KOH solution. The micrographs 
were obtained using JEOL JSM5510 SEM in backscattered electron ‚compo‘ mode. Ten micrographs per 
sample at random locations with uniform through thickness distribution were taken. 
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The image analysis extracts and characterizes linear porosity at angles smaller than pi/4 degrees from the 
substrate/coating interface. Such porosity corresponds to intersplat interfaces. This selective extraction is 
insensitive to columnar grains and pullouts often observed on the deposit cross-section. The maximum 
analyzed pore width was chosen as 5μm and is little smaller than the average splat thickness. Wider pores 
are considered as pullouts and are therefore not analyzed. The image analysis is performed in two steps. In 

the first step, an edge detector based on a Mexican hat wavelet with formula  

is used. Discrete filters Fn by size n*n are constructed by arranging n copies of the n-point discretization of 

the wavelet f(y) for . The values of  are stored. The discrete filters Fn are then 

rotated by a step of pi/8 to cover pores up to and angle of pi/4 from the substrate/coating interface. The 
input image is convoluted by all generated filters and each pixel of the image is assigned the value of peak 
filter response (forming response matrix M) and the size n of corresponding filter (forming width matrix W). 
The response matrix M (corresponding to original image with enhanced edges) is then traced using a 
methods of Lauschmann [9] with fixed starting threshold. The result of the tracing is a skeleton of the 
porosity network. All the pixels of the skeleton represent sections of linear pores. The width of each pore 
section is given by the value of the pixel at the corresponding position in the width matrix W. By processing 
width information for each pixel of the skeleton (for each pore section) the pore width distribution can be 
constructed. 

3. RESULTS 

The results of performed characterization are summarized in Tab. 3. The elastic modulus of samples from 
the E set was too low for the used method and the modulus measurement was unsuccessful.  
 

 Tab. 3 - The deposition temperatures Ts and other properies of investigated specimens 

Specimen 
Ts E HV1000 p (archimedes) p (IA) substrate material 

(oC) (GPa) (%) (%)  

E1 142 - 180 25.8 19.8 l.c. steel 

E5 378 - 176 18.3 13.8 l.c. steel 

F2 226 129 203 8.8 10.2 l.c. steel 

F5 549 145 263 5.7 9.3 l.c. steel 

G1 271 112 204 11.8 14.4 l.c. steel 

G5 464 139 204 9.6 12.6 l.c. steel 

T5 290 114 221 14.3 15.2 304L 

T2 564 228 387 1.8 4.3 Cu 

 

The results of the porosity analysis by is plotted on Fig. 1 for all investigated specimen sets. The charts 
represent the porosity volume distribution. By integration of the density curve with respect of d, the total 
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porosity of the deposit can be computed. The total porosities are presented in Tab. 3. It can be seen that 
the proposed method underestimates the porosity of E set, due to globular nature of the porosity in that 
particular set. Without the E set, a coefficient of determination R2 between Archimedes and IA porosity is 
0.96. 

It can be seen from the charts on Fig. 1 that the linear porosity of the specimen is formed by a large area of 
relatively thin (up to 2�m) pores. Each set of specimens is characterized by a particular shape of the 
distribution curve and this shape is usually preserved regardless of the substrate temperature. For F and G 
specimens the highest contribution to total porosity comes from pores of submicron width. For other 
specimens, the porosity is formed mainly by wider pores. The presence of narrow pores in F and G set is 
probably caused by the oxygen contained in the He carrier gas, that lead to formation of thin condensate of 
W oxides on the splat surfaces. The high value of porosity distribution of wider pores on E sample is caused 
by the formation of thick oxide layer between the splats and incomplete sintering due to low particle 
temperature (see Tab. 2). 

 

  
Fig. 1 - The pore width distributions of analyzed pores. The histograms show the porosity density over the 

pore width. The integral with respect to d of the curve is the total porosity of the deposit 

 

A correlation of the measured properties with the deposit porosity measured by Archimedes method is 
apparent on Fig. 1. It can be seen, that the properties of the deposit decrease with increased porosity. The 
obtained porosity influence on elastic modulus and microhardness is included on Fig. 2. The data was fitted 
by models presented in [13, 14]. However, due to the poor fits obtained, the model was modified as: 
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             (1) 

Where E0 and f are constants, p is the specimen porosity. This model was fitted to measured values of 
modulus and microhardness of all specimens using both image analysis porosity and Archimedes porosity 
(Tab. 3). For both methods of porosity determination, good fit is obtained for elastic modulus, whereas the 
microhardness fit is somehow worse (the coefficient of determination R2 is approx. 0.96 and 0.9 for 
modulus and microhardness respectively).  

The values of the porosity distribution of all tested specimens at a particular value of pore width d were 
also tested with the model (1). For d < 3 μm the determination coefficient of the model is R2>0.6 for both 
microhardness and modulus. It can be seen from Fig. 3, that the highest coefficients of determination are 
obtained for d around 1 μm. This supports the hypothesis, that the influence of small pores is higher than 
the influence of large ones (see Fig. 3). For d above 3 μm the determination coefficient R2 becomes low, 
due to the statistically insignificant area of detected pores.  

 
Fig. 2 - The measured deposit properties as function of deposit porosity (left). The determination 

coefficient R2 describing the fit of deposit properties from all specimens by an exponential function (1) of 
the porosity distribution values at a particular pore width d (right) 

4. CONCLUSION 

From the performed experiments and analysis of the porosity network in plasma sprayed W deposits, it can 
be concluded that: 

� The values of porosity evaluated by the proposed image analysis method are comparable to the 
results of the Archimedes method for investigated samples with the exception of APS set E. For 
samples of set E set, the presence of globular pores leads to underestimation of the porosity values 
by the proposed method. 

� The porosity distributions as functions of pore width were constructed. The shape of the distribution 
curves is characteristic for each set of spray parameters. 

� The influence of the total porosity measured by Archimedes method and the proposed image 
analysis method on elastic modulus and microhardness follows an exponential relationship.  

� The exponential formula describes well the relation between the deposit properties and values of 
porosity distributions at particular pore width d for d < 3 μm. This support the hypothesis that there 
is no preferred pore width with significantly higher influence on the deposit properties.  
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Abstract  

This work aims to improve the high-temperature oxidation resistance and tribological properties of the 
alloy based on the FeAl phase. Boronizing and siliconizing were tested for this purpose. Pack boronizing was 
carried out in a commercial boronizing powder and siliconizing was done by annealing in a fine silicon 
powder at 1000-1150°C. Boronizing produced hard layers containing iron boride particles. Silionizing led to 
the formation of Al2FeSi ternary intermetallic phase. It was found that siliconizing improves both wear and 
oxidation resistance. In the case of boronizing, wear resistance was significantly improved, while its impact 
on the high temperature oxidation behaviour was detrimental. 

Keywords: iron aluminide, surface treatment, oxidation, wear 

1. INTRODUCTION 

Nowadays, thermally loaded parts are usually made of heat-resistant steels and nickel superalloys. 
However, these materials are expensive and too heavy for some applications. Although Fe-Al alloys based 
on FeAl or Fe3Al phases are promising alternatives for these materials, having lower density and 
significantly lower price, they are used only sporadically up to now [1]. The reason lies in problematic 
production and processing and in low room-temperature ductility of these alloys. For some applications, 
the corrosion resistance in water-based electrolytes and wear resistance are also insufficient. In the case of 
high-temperature oxidation resistance, well-protective surface layer of α-Al2O3 forms above approx. 
1000°C. Below this temperature, more porous oxide layer formed by several modifications of aluminium 
oxide is created, having less protective effect [2]. Positive effect of silicon alloying on the oxidation 
resistance of FeAl-based materials was previously reported [3]. 

To improve the above mentioned properties, surface treatment by boronizing and siliconizing was tested in 
this work. Boronizing is a well-known technology for the thermochemical treatment of steel, while 
siliconizing was developed for surface protection of titanium alloys [4] and successfully tested also for 
steels [5].   

2. EXPERIMENTAL 

In this work, FeAl24 alloy (given in wt.%) was used as the substrate. This material was treated by boronizing 
in DURBORID 1 commercial boronizing powder based on boron carbide. Boronizing was carried out at 
1000°C for 2-7 h. Siliconizing of this alloy was completed by annealing in silicon powder (powder fraction < 
50 μm at 1000 and 1150°C for 2-7 h. 

Phase composition of the surface layers was determined by PANalytical X’Pert Pro diffractometer. 
Highscore Plus software with PDF2 database was used to solve the diffraction patterns. Microstructure of 
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the layers was observed in cross-section by optical (Olympus PME3) and scanning electron microscope 
(TESCAN VEGA 3 LMU with Oxford Instruments INCA 350 EDS analyser). 

High-temperature oxidation resistance of boronized and siliconized layers was tested at 800°C in air. The 
abrasive wear resistance was evaluated by using a modification of the “pin-on-disc” method, where “pin” 
was the tested material and “disc” was a P1200 grinding paper. The applied load was 5.8 N and the sliding 
distance was defined as 2500 m. Wear rate was calculated from the measured weight losses by the 
equation (1) [6]: 

l
mw

.
1000
-
	�

� , (1) 

where w, �m, - and l are the wear rate [mm3.m-1], weight loss [g], density [g.cm-3] and sliding distance on 
the grinding paper [m], respectively.  

3. RESULTS AND DISCUSSION 

3.1. Microstructure and phase composition of boronized FeAl 

Microstructure of the boronized layers is composed of a continuous layer of FeB iron boride on the outer 
surface of all boronized samples (Fig. 1). Under this compound layer, a diffusion zone containing Fe2B 
precipitate can be observed. Larger amount of boride precipitate is located at the grain boundaries which 
are easier paths for the boron diffusion. Boron segregation at the grain boundaries of FeAl is positive since 
it was previously determined that it reduces the room-temperature ductility of FeAl-based materials [7]. In 
the diffusion zone, Fe3Al phase was also identified, although it was single-phase FeAl before the boronizing, 
It can be caused by a boron interaction with FeAl phase or it results from the partial oxidation of the FeAl 
phase during the process. During oxidation, FeAl phase is depleted by aluminium due to the formation of 
Al2O3 layer on the surface. However, aluminium oxide was not determined on the surface of boronized 
samples by XRD. Therefore, it can be concluded that aluminium probably migrates from the surface layers 
towards the core of the material when boron diffuses to the surface layers producing borides. During 
longer reaction times Fe2B particles tend to coarsen, see Fig. 1b. 

  
Fig. 1: Microstructure of FeAl alloy boronized at 1000°C a) for 4h, b) for 7 h. 
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Total thickness of boronized layers (compound layer and diffusion zone) grows with boronizing time in a 
parabolic dependence (Fig. 2). It indicates that the process is controlled by diffusion of boron to FeAl phase. 
Apparent diffusion coefficient of boron in FeAl phase was calculated by the equation (2): 

tDd 		� 22
, (2) 

where D is the diffusion coefficient of the most slowly diffusing 
element forming the layer [8]. 

Calculated apparent diffusion coefficient of boron in FeAl is approx. 
2x10-13 m2s-1. This value corresponds well with the diffusion 
coefficient of boron in low-alloyed steels [9].  

3.2. Microstructure and phase composition of siliconized FeAl 

Powder siliconizing of FeAl phase leads to the formation of thin 
surface layer of Al2FeSi phase (Fig. 3). Under this layer, regions with 
increased content of aluminium can be seen, denoted as FeAl (Si) in 
the micrograph in Fig. 3. These areas containing approximately 10 
at. % of silicon are probably formed by a solid solution of silicon in 
FeAl phase or FeAl with silicon-rich precipitate.  

  
Fig. 3: Microstructure of FeAl alloy siliconized at a) 1000°C for 4 h, b) at 1150°C for 4 h 

 

The thickness of the Al2FeSi layer grows during first approx. 4 h of 
siliconizing (Fig. 4). After that it slowly decreases. The probable 
reason of this phenomenon is the fact that Al2FeSi layer slows down 
further silicon uptake to the material. During longer reaction times, 
silicon diffuses from the surface layer to the FeAl phase, thus 
reducing the thickness of Al2FeSi phase. This fact was proved by 
electron microscope observations and EDS analyses, showing that 
the thickness of the silicon-containing regions (diffusion zone) under 
Al2FeSi layer grows with the siliconizing time.  

 

Fig. 2: Boronizing kinetics at 1000°C 

Fig. 4: Siliconizing kinetics at 1000 and 1150°C 
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3.3. Properties of boronized and siliconized FeAl 

Oxidation tests at 800°C in air revealed that siliconizing increases the oxidation resistance of FeAl phase 
significantly (Tab. 1). This fact is in a good agreement with the results of oxidation tests of Fe-Al-Si alloys 
with variable content of silicon published in [3]. On the other hand, the effect of boronizing on the high-
temperature oxidation behaviour was found to be detrimental. The reason for this behaviour is higher 
content of Fe2O3 in the oxide layer (proved by EDS and XRD). Porous and poorly adherent iron oxide lowers 
the protective effect of alumina scales. To prove the above presented trends, long-term oxidation tests are 
currently in progress. 

Abrasive wear rate strongly decreases when boronizing or siliconizing is applied, see Tab.1. The effect of 
boronizing on the wear resistance is more significant. It was previously proved that wear resistance is 
connected not only with the hardness on the surface and sliding properties but also with the ductility of the 
material [6]. In the case of boronizing treatment, hard borides play role in wear resistance probably 
together with the boron segregation at the grain boundaries, increasing the ductility at lower 
temperatures. 

 Tab. 1: Abrasive wear rate and oxidation resistance of siliconized and boronized FeAl 

surface treatment wear rate [mm3.m-1] weight gain after oxidation at 
800°C for 100 h [g.m-2] 

without surface treatment 0.0018 20 

boronized (1000°C, 4 h) 0.0005 31 

siliconized (1150°C, 6 h) 0.0009 7 

4. CONCLUSION 

In this work, boronizing and siliconizing of the material based on FeAl phase were studied. Boronizing 
produced layers composed of a continuous compound layer of FeB and a diffusion zone with Fe2B 
precipitate. The process is controlled by boron diffusion to the material. The diffusion rate of boron in FeAl 
is comparable to that in carbon steel. By powder siliconizing, thin continuous layer of Al2FeSi was obtained 
on the surface. Under this sub-layer, non-uniform regions with higher content of silicon arose. 

Both processes led to the improvement of the abrasive wear resistance, the effect of boronizing was 
stronger. In the case of high-temperature oxidation resistance, siliconizing protects the material strongly, 
while the effect of boronizing is detrimental.  
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Abstract 

Paper contains description of CFD-simulations of the present state -of-art of flame-spray process and 
experimental validation of these simulations. Design of additional nozzles is presented and their impact on 
flowfield and flame parameters is studied. Validated CFD model is used for peformance prediction of these 
nozzles. Several variants are compared and the possibility of improvement of technology parameters is 
analyzed.  

Keywords: Flame spray, computational fluid dynamics, chemical reactions 

1. INTRODUCTION 

Out of the whole technology line, flame spray 
technology looks very promising. It is very simple 
and relatively cheap. Just this technology is most 
universal in range of deposit materials, mobility etc. 
The biggest advantage is lower running cost than of 
the other technologies. 

It is possible to deposit coating abrasion, corrosion 
resistant, thermal shock non-conductive high 
temperature and chemical substances resistant 
using flame spray equipment. Thanks to these 
advantages, coatings are used in many branches of 
engineering, mining, industry etc. But the quality of 
these coatings deposited by the original technology 
sometimes does not meet the requirements for 
operating conditions. 

It seems pragmatic to develop a new flame spray 
equipment which will connect the advantages of 
the original technology with outstanding 
improvement of deposited layer properties. Such new technology will be a major asset both to the coatings 
manufacturers and their customers who will use the functional coatings in industry solutions. 

Quality and properties of the deposited coating are determined by depositing and solidification process 
conditions. So it is possible to influence coating properties by changing conditions of gas mixture flow, 

Fig. 1. Flame spray scheme 
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flame properties and material properties of deposited material. We know that it is vital to increase velocity 
of the flame and deposited particles to achieve some properties of the coating. 

These properties are demanded mainly in very important industry applications. Therefore this project is 
focused on researching technology which will make it possible to hold up in such hard operating conditions. 

The project aim is to develop technology with a rectifying and accelerating device which would improve the 
deposit process itself by rectifying and accelerating of particle flow towards the surface. The very basic 
scheme of such device for flame spray is on Fig. 1. 

By using the new technology, parameters of the deposited layer will improve. 

2. PROBLEM DESCRIPTION 

Simulated device for thin layer flame spray deposition is type METCO 6P-II. Type 6P-II uses patented 
construction of siphon-jet for gas inlets which provides torch resistance against backfire. The powder is 
supplied to the torch with constant speed. On the back side of the torch there is mounted a gas valve with 
connectors for connecting of supply of oxygen, fuel gas (acetylene), pressured air and powder. This valve 
determines flow rates of oxygen and fuel gas to the torch. The whole system is modular and has several 
versions of nozzle and air cap configuration. For the simulation we only consider the area behind the 
nozzle. Mixture of acetylene with oxygen in specific amount and ratio flows through the holes for fuel. 
Nitrogen with powder in specified amount flows through the holes for carrying gas. All the inlet gases are 
considered at room temperature. 

3. SIMULATION PROCESS AND RESULTS 

Up to now, we proceeded in the project in the field of simulation of thermodynamical effects with following 
results. 

3.1. 3D simulation 

A simulation with 3D model was tested. The main properties of this simulation compared to 2D simulation 
were large cells and their large amount. Possibility of simulating only a sector of a circle to save cells is not 
possible here because of a different number of holes on different diameters of equipment. For tuning of 
complex calculations, 3D simulation is not suitable because of long computation time for each parameters 
version and because of large cells. 3D models should be avoided in time of tuning the parameters. 

3.2. 2D axisymetric simulation 

Compared to 3D simulation it is possible to use 10 to 100 times smaller and finer mesh. Through it the 
simulation includes less cells than the 3D variant. This possibility is suitable for parameters tuning. 

Nozzle holes were simulated as circular rings. For the circular rings, the option to preserve total cross 
section was selected. This leads to the same inlet velocity in the simulation as in the real nozzle. 

3.3. Hot air 

For the first simulation a version with only hot air instead of flame was chosen. The main problem was that 
the gas temperature was unknown. 
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3.4. Flame simulation 

Settings configuration was chosen with follow parameters: 

Simulation without considering of multiphase flow was used. So no powder was simulated. 

RNG-kε turbulent model was used. For the flame reaction species transport with volumetric reaction and 
diffusion energy source and eddy dissipation was used. 

 

Reaction equation: 

2 C2H2 + 5 O2 → 4 CO2 + 2 H2O 

Viscosity was set up as temperature dependent. Flame ignition was simulated following way: A small area 
just in front of the nozzle was marked and in the marked area temperature was set to 3000K in the 
initialization part of process. This corresponds to a spark in front of the nozzle to ignite the flame. Air was 
set up as mixture of oxygen and nitrogen for the reaction of Oxygen in air to be possible. Results can be 
seen on Fig. 2., Fig. 3., Fig. 4. 

 
Fig. 2. Chart of molecular ratio of oxygen gas  Fig. 3. Chart of pressure contours 

 
Fig. 4. Chart of temperature contours   Fig. 5. Nozzle shape for the simulations 
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3.5. NOx pollute simulation 

NOx pollution was evaluated using NOx pollute model. Results can be seen on Fig. 6. 

 

 
Fig. 6. Chart of NOx mass fraction contours 

4. MEASUREMENT 

Up to now, a preliminary measurement ran over with the following results: 

Reaction of mixed acetylene with oxygen is very fast. The same conclusion is from the calculations. The 
mixture burns out in the first 10mm from the nozzle. 

Temperatures in the flame are over 3000K, which is confirmed by calculations as well. 

The flame contains besides CO2 CO as well, which is not considered in the calculations. Large amount of CO 
is caused by the fact that the mixture of fuel is not in the ideal ratio for burning. 

In the future this next series of measurements will be accomplished: 

Measurements of velocity and pressure fields, material composition and temperatures in various places of 
simulated area. 

A set of measurements with the future developed rectifying and accelerating device in place. 

More targets in the simulations: 

To verify the simulations according to the measurements. 

Mainly to tune the settings of the reactions and turbulence so that the material composition fits to the 
measurements. 

Include reaction with reaction products such as CO and CN to the simulation 

Include the developing device in the model and optimize its shape and dimensions for the particular 
depositing powders. 
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5. CONCLUSION 

It shows up that even a sophisticated physical phenomenon, such as an acetylene torch with nonsatured 
flame with the influence of surrounding air, can be simulated successfully. By using common computational 
technology it is still more suitable to use 2D simulations because of large demand factor of 3D simulation. 

Present results show good agreement of simulation with experiment. Results will further be used in the 
research project to improve the flame spray technology. 
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Abstract 

Specimens made from Vanadis 6 cold work tool steel were machined, ground, heat processed by standard 
regime and finally mirror polished. After that, they were layered with CrN and CrAgN, respectively. The Ag-
content in the layers was chosen to 3 wt% and 15 wt%. The CrN-film grew in a typically columnar manner. 
The CrN- and CrAg3N-coatings had a thickness of 4.3 

and the structure lost columnar character. The hardness of the CrN coating was 16.79 GPa and it was only 
slightly lower for coatings with 3% Ag addition. The addition of 15% Ag lowered the hardness coating 
substantially. The addition of 3%Ag in the CrN improved the adhesion, which can be attributed to the 
capability of the film to store higher work of fracture before failure. On the other hand the addition of 
15%Ag reduced the adhesion markedly. The Ag-containing coatings exhibited superior tribological 
properties at intermediate temperatures. Compared to pure CrN, the friction coefficient is lowered to 50% 
when measured at 400 and 500 oC, respectively. This is reflected in lowering the specific wear ratio in an 
order of magnitude.  

Keywords: Vanadis 6 cold work steel, PVD, chromium nitride, silver addition, tribology 

1. INTRODUCTION 

CrN – films can be synthesized in a very wide range of chemistry, phase constitution and properties. The 
microhardness of coating is normally ranging from 1500 and 3000 HV [1 - 5]. Tribological properties of CrN-
based films, however, cannot be changed in a sufficiently wide range since they are given by the nature of 
the film compound itself. One of possible way how to improve the tribological behaviour of CrN-films is 
external lubrication. But, commercially available lubricants (oxides, molybdenum disulfide, graphite) exhibit 
considerable shortcomings. This is why self-lubricating composite films providing solid lubrication have 
been a subject of scientific interest in last few years [6 - 16]. Silver is the most common noble metal used as 
an addition to the transition metal (TM) nitrides thin films. It posses stable chemical behaviour and can 
exhibit self-lubricating properties due to its low shear strength. In addition it is known that silver is capable 
to migrate to the free surface providing lubrication above 300 oC. 

The current paper deals with the development of nanocomposite CrAgN coatings on the Vanadis 6 Cr-V 
ledeburitic tool steel. It describes and discusses the basic coating characteristics like wear resistance, 
friction coefficient, Young´s modulus, as a function of the silver content and deposition temperature. 
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2. EXPERIMENTAL PROCEDURE 

The experimental substrate samples were made from the ledeburitic steel Vanadis 6 with nominally 2.1 %C, 
1.0 %Si, 0.4 %Mn, 6.8 %Cr, 1.5%Mo, 5.4 %V and Fe as balance. After rough machining to the semi-final 
dimensions, the samples were subjected to standard heat treatment procedure giving a final hardness of 
724 HV 10. After the heat treatment, the samples were fine ground and polished up to the mirror finish. 
The CrN- and CrAgN - coatings were deposited in a magnetron sputter deposition system, in a pulse regime 
with a frequency of 40 kHz. Two targets, opposite positioned, were used. For the deposition of CrN, two 
targets from pure chromium (99.9 %Cr of purity) were used. The target output power was adjusted to 2.9 
kW for each cathode. For the deposition of silver containing films, one silver cathode (99.98% of purity) was 
inserted into the processing chamber instead of one chromium target. In these trials, the cathode output 
power was 5.8 kW on the chromium cathode. On the silver cathode, the output powers were 0.1 and 0.45 
kW in order to produce the silver contents of 3 wt% and 15 wt%, respectively. Two deposition 
temperatures have been used. The first one was 250 oC. To achieve that, the samples were heated using 
resistive heaters during the sputter cleaning step. Afterwards, the temperature of 250 oC was kept constant 
by ion bombardment only. The second deposition temperature was 500 oC. It was achieved by resistive 
heaters placed on internal walls of the processing chamber. The processes were carried out in a low 
pressure atmosphere (0.15 mbar), containing pure nitrogen and argon (both of 99.999 % of purity), in a 
ratio of 1:4.5.  

The microstructure of substrate material was documented using light microscope ZEISS NEOPHOT 32. 
Microstructural analysis of coatings was completed on fracture surfaces of coated specimens, using a field 
emission scanning electron microscope (SEM) JEOL JSM-7600F operating at an acceleration voltage of 15 
kV. The nanohardness and the Young´s modulus (E) of the coatings were determined using the 
instrumented nanoindentation test under a normal load of 20 mN, at a NanoTest (Micro Materials Ltd) 
nanohardness tester equipped with a Berkovich indenter. The adhesion of the coatings on the substrate 
has been evaluated using a CSM Revetest scratch-tester. 

Tribological properties of the coatings were measured using the CSM Pin-on-disc tribometer at a normal 
load of 1N, at ambient and elevated temperatures, up to 
500 oC. Balls 6 mm in diameter, made from sintered 
alumina and CuSn6 bronze (as-cast structure, hardness 
of 149 HV 10) were used for testing. After the testing, 
the wear tracks widths were measured on light 
microscope ZEISS NEOPHOT 32 and relative wear ratios 
were calculated according to method described recently 
[17]. 

3. RESULTS AND DISCUSSION 

The microstructure of the substrate material after the 
heat treatment is shown in Fig. 1. Light micrograph 
shows that the material consists of the matrix, formed 
with tempered martensite and fine carbides, uniformly 

Fig. 1. Light micrograph showing the 
microstructure of PM ledeburitic steel 

Vanadis 6 substrate in as-quenched and 
tempered state 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 

 

920 

distributed throughout the matrix. The carbides are of two types: MC and M7C3. 

Fig. 2 shows cross-sectional secondary electron micrographs from all the developed films. The thickness of 
CrN film without a silver addition was 4.3 �m, Fig. 2a. The addition of 3 wt. % of Ag did not change the 
thickness of the films, Fig. 2b,c. On the other hand, the addition of 15 wt. % Ag accelerated the growth rate 
of the film and, as a result, this film had a thickness of 6.3 �m, Fig. 2d.  

The pure CrN film formed at 
250 oC grew in a columnar 
manner with well visible 
individual crystallites, Fig. 2a. 
The addition of 3%Ag into 
the CrN, formed at the same 
temperature did not change 
the growth mechanism of the 
layer significantly, Fig. 2b. 
The temperature effect on 
the layer growth for the films 
with 3 wt. %Ag addition is 
visible on the micrograph in 
Fig. 2c. It is clearly visible 
that higher deposition 
tempera-ture does not 
influence the growth manner. 
Fig. 2d shows microstructure 
of the film with 15 wt. %Ag 
addition. 

Tab. 1. Mechanical properties of investigated films 

Coating/deposition temperature Hardness [GPa] Young´s modulus [GPa] 

CrN/250 oC 16.79 ± 1.49 244 ± 15 
CrAg3N/250 oC 15.97 ± 1.44 241 ± 9 
CrAg3N/500 oC 16.13 ± 1.83 246 ± 17 
CrAg15N/500 oC 11.43 ± 0.61 204 ± 6 

 

The nanohardness of pure CrN was 16.79 ± 1.49 GPa, Tab. 1. The nanohardness of 3 wt% Ag containing 
films was only very slightly lower than that of the film that does not contain silver. Further, the 
nanohardness of these films was practically the same, e.g. the deposition temperature plays only very 
minor role with respect to the coating hardness. The addition of 15 wt% Ag, on the contrary, led to 
substantial hardness reduction – it was only 11.43 ± 0.61 GPa. This may be explained by the fact that silver 
is very soft metal and its agglomerates embedded in the CrN-matrix cause softening of the film. The 
Young´s modulus, E, of pure chromium nitride film and CrAg3N films deposited at 250 oC and 500 oC, 
respectively, were of about 240 GPa, Tab. 1. The E values ranges, in addition, considerably overlap. 

Fig. 2. SEM micrographs showing the microstructure of developed 
films, a – CrN, deposition at 250 oC, b – CrAg3N, deposition 

temperature of 250 oC, c - CrAg3N, deposition temperature of 500 oC 
and d - CrAg15N, deposition temperature of 500 oC 
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Addition of 15 wt% of silver into the basic film, on the other side, tends towards decrease of the Young´s 
modulus.  

After the scratch-test, the failure of the pure chromium nitride film begins with semi-circular tensile 
cracking, Fig. 3a. The first cracks were observed at a normal load of around 24 N (Lc1). The “total” failure of 
the chromium nitride film is shown in Fig. 3b. It is manifested by many parallel cracks visible in the scratch, 
where of about 50% of the coating is removed from the substrate. The typical load range when this 
phenomenon occurred was 40 – 45 N. The critical load at which these phenomena first occurred was 
around 23 N, Tab. 2. Fig. 3d shows the total failure of the CrAgN film grown at 250 oC. It is evident that 
some of the parallel cracks were stopped their propagation through the film which suggests that the 
coating can store a higher amount of plastic deformation energy preceding the failure. This assumption is 
supported by the fact that the “total” failure of the film was detected at a load higher than that of pure 
chromium nitride, Tab. 2. 

 Tab. 2. Critical loads for defined degree of coatings failure 
Coating/deposition temperature Lc1 [N] Lc2 [N] 

CrN/250 oC 24.5 ± 1.7 42.7 ± 4.4 
CrAg3N/250 oC 23.4 ± 5.9 52.2 ± 5.9 
CrAg3N/500 oC 46.9 ± 8.1 82.6 ± 8.4 
CrAg15N/500 oC 6.4 ± 0.6 44.1 ± 6.3 

For the film with 3 wt% Ag addition, grown at 500 oC, the first symptoms of damage occurred at the 
average loading of around 47 N (Lc1). Coating damage begins with an appearance of semi-circular tensile 
cracks, e.g. it looks to be similar than that of the film deposited at lower temperature, Fig. 3e. The “total” 
failure, detected in the load range 74 – 88 N (Lc2) is in Fig. 3f. The beginning of the failure of the film 
containing 15 wt% Ag can not be easily found. Fig. 3g shows the scratch track at relatively low loading 
range (around 6.4 N), where the critical load Lc1 was determined from. It is evident that the film underwent 
local plastic deformation with clearly visible semi-circular deformation zones. These zones are widely 

Fig. 3. Light micrographs showing the failures after scratch testing: a – CrN, deposition temperature 
of 250 oC, Lc1, b – Lc2, c – CrAg3N, deposition temperature of 250 oC, Lc1, d – Lc2, e – CrAg3N, 

deposition temperature of 500 oC, Lc1, f – Lc2, g – CrAg15N, deposition temperature of 500 oC Lc1, h – 
Lc2 
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spaced, which suggests that the film is capable to store relatively great amount of plastic energy before 
failing cohesively. Typical symptoms for “total” failure of the coating have not been detected, in a similar 
way to the film with 3 wt% Ag. The scratch track contained many parallel microcracks when higher loaded, 
Fig. 3h. Moreover, first symptoms of chipping were detected adjacent to the scratch track at a normal load 
of 44.1 N. 
 

 Tab. 3. Friction coefficients of coatings against two different counterpart´s materials 
Testing temperature 

[oC]/coating 
CrN/250 oC CrAg3N/250 oC CrAg3N/500 oC CrAg15N/500 oC 

Al2O3 CuSn6 Al2O3 CuSn6 Al2O3 CuSn6 Al2O3 CuSn6 
Room temperature 0.378 0.332 0.389 0.285 0.373 0.261 0.365 0.261 
300 0.357 0.313 0.304 0.253 0.238 0.222 0.110 0.220 
400 0.256 0.29 0.194 0.197 0.160 0.246 0.139 0.144 
500 0.239 0.246 0.169 0.194 0.168 0.165 0.143 0.126 

 

 Tab. 3 shows an overview of the friction coefficients � resulted from testing at a room and elevated 
temperatures. At a room temperature, the pure CrN film has the � of 0.378 when tested against alumina. 
CrAg3N films formed at 250 and 500 oC had average friction coefficients of 0.389 and 0.373, respectively. 
The lowest average � was recorded for the 15 wt %Ag containing film, namely 0.365. Therefore, one can 
conclude that almost no positive effect of silver addition can be found when alumina ball has been used. 
Testing against CuSn6 bronze ball gave generally lower friction coefficient. The pure CrN film had a � of 
0.332. Silver addition of 3 wt % tended to lower friction coefficient and the lowering of friction coefficient 
became even more significant for the composite Ag-containing films grown at a temperature of 500 oC. 

The testing at 300 oC against alumina yields to different behaviour of the coatings. The friction coefficients 
for the pure CrN, CrAg3N grown at 250 oC, CrAg3N grown at 500 oC and CrAg15N formed at 500 oC were 
0.357, 0.304, 0.238 and 0.110, respectively. Higher testing temperature lowered the difference in the 
different coatings, for instance, the friction coefficients recorded by the testing at 400 oC were 0.256, 0.194, 
0.160 and 0.139 for the pure CrN, CrAg3N formed at 250 oC, CrAg3N formed at 500 oC and CrAg15N formed 
at 500 oC, respectively. The measurement at 500 oC gave rather similar results. The testing against as-cast 
CuSn6-bronze at elevated temperatures gave similar results, also. The friction coefficients decreased as the 
testing temperature was higher.  

 

 Tab. 4. Wear ratio at ambient and elevated temperatures, alumina used as a counterpart 
Testing temperature 

[oC]/coating 
CrN CrAg3N/250 oC CrAg3N/500 oC CrAg15N/500 oC 

Room temperature 6.947x10-13 7.399x10-13 3.65x10-13 1.031x10-12 
300 2.926x10-11 2.894x10-11 8.405x10-12 7.053x10-12 
400 1.162x10-11 4.329x10-12 9.927x10-12 1.925x10-11 
500 1.927x10-11 6.208x10-12 1.522x10-11 4.802x10-11 
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Lowered friction coefficient m of silver containing films is reflected in wear ratios measured by the pin-on-
disc testing, Tab. 4. This statement is valid for 3 wt% Ag containing films, in particular, where substantial 
decrease of wear ratios was recorded at elevated temperatures. For the film with 15 wt% Ag, there was 
lowered wear ratio recorded when tested at both the room temperature and the temperature of 300 oC. 
Above that, the wear ratio increased noticeable probably due to the fact that the coating became too soft.  

Fig. 4 gives an overview of selected wear scares developed on different coatings by various testing 
conditions. Testing at room temperature gives generally very narrow wear scare, Fig. 4a, b. The addition of 
3%Ag into the CrN operates as an effective lubricant and this effect leads to almost complete preservation 
of the film on the substrate after testing at high temperature, Fig. 4c, while the addition of 15%Ag makes 
the film too soft and sensible to wear, which resulted in it´s partial removal from the substrate, Fig. 4d. 

 

 

 

Fig. 4. Light micrographs showing the 
wear scares of the films: a – CrAg3N 

deposition at 250 oC, room 
temperature, b – CrAg3N, deposition 

at 500 oC, room temperature, c - 
CrAg3N, deposition temperature of 

500 oC, testing at 500 oC and d - 
CrAg15N, deposition temperature of 

500 oC, testing at 500 oC 

 

 

4. CONCLUSIONS  

Investigations of magnetron sputtered CrN-films without/with Ag-additions have brought the following 
findings: 

The films without Ag and with 3%Ag had a thickness of 4.3 �m while that with 15%Ag had a thickness of 6.3 
�m. Therefore, no effect of deposition temperature on the thickness has been observed but it was 
recognized that higher Ag-content led to greater thickness of the film. 

No influence of 3%Ag on the growth manner has been recorded – the films without Ag and those with 
3%Ag grew in columnar manner. Addition of 15 wt% of silver induced substantial changes in the growth 
mechanism of the films. Moreover, individual Ag became easily visible in the microstructure of the films. 

The addition of 3 wt% of Ag did practically not influence both the hardness and the E. On the other hand, 
incorporation of 15 wt %Ag resulted in substantial hardness decrease and decrease of Young´s modulus. 

The adhesion of CrAg3N-films was much better than pure CrN. On the other hand, the adhesion of 
CrAg15N-film was very poor. 

ba

c d
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Silver containing films exhibited excellent wear properties at temperatures above 400 oC. The friction 
coefficient was reduced by 70-75% compared to pure CrN. This was reflected in reduction of wear ratio of 
the films with 3 wt% Ag. The addition of 15 wt% Ag, on the contrary, gave worse wear properties due to 
overall softening of the film 
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Abstract 

In applications that require high corrosion resistance, the surface usually must present a high chemical 
incompatibility with either the counterpart’s surface or the working environment. At the same time, the 
substrate and the surface layer must have a high chemical and mechanical compatibility, in order to ensure 
a good adhesion between them and to reduce the variation of key properties, such as hardness, elasticity 
modulus and thermal expansion coefficients of the surface. Achieving these requirements using a single 
surface treatment can be difficult, because the substrate-surface layer interface presents a gradient of 
chemical composition and functional properties. Combining two treatments into a single one can lead to a 
better corrosion resistance. This paper highlights the beneficial effect of Duplex treatment based on gas 
nitriding followed by shot peening on corrosion resistance of an alloy that is used in automotive and 
mechanical industry. Electro-corrosion tests were performed at room temperature, in 3% NaCl and 0,5 M 
HCl and the samples were analyzed by optical microscopy. 

Keywords: Duplex treatments, nitriding, corrosion resistance, shot peening 

1. INTRODUCTION 

Due to the fact that in the surface of mechanical parts appear most of the defects, especially because of 
corrosion, wear and fatigue, it is necessary the use of materials with special surface properties [1]. The 
surface properties of mechanical parts can be improved through Duplex surface treatments, which consist 
in combination of two different treatments, leading to a higher surface quality of the treated material by 
adding the advantages and removing the disadvantages of these treatments [2 - 4]. The combined 
properties, resulted from the Duplex technology properly realized, had proved to be better than those 
obtained by any other process carried out individually [5]. The possible combinations of Duplex surface 
technologies, which provide new products resistant to aggressive environments, are virtually unlimited [4].  

2. EXPERIMENTAL PROCEDURE 

The steel used for this study was EN 34CrNiMo6, with the composition of C=0.367%; Cr=1.582%; 
Ni=1.601%; Mo=0.204%; Si = 0.148%; Mn = 0.678%; Cr =0.21%; S = 0.009%; P=0.012%. The first stage in 
realizing the Duplex treatment consisted in a hardening treatment, at a temperature of 850 °C, maintained 
for a period of 15 minutes, and oil cooled. After that, a high tempering treatment was realized at a 
temperature of 600 °C, maintenance for 2 hours and air cooled. The second stage of the Duplex treatment 
consisted in a gas nitriding treatment, at 540 °C, maintained for about 60 hours and air cooled. The 
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thickness of the nitrided layer is 0.4 mm. The third stage of the Duplex treatment consisted in a mechanical 
treatment of shot peening. The treatment parameters are presented in Tab. 1. 

 Tab. 1: Shot peening treatment parameters 
Particles dimension [mm] 0.8-2 
Pression [bar] 5 
Distance of shot peening [mm] 50-60 

 

The structure of the Duplex and non-Duplex samples, was investigated by optical microscopy. 
Microhardness tests were performed using a Vickers Hardness Tester Volpert Micro-digital, using a load of 
200 gF. The corrosion behavior was tested in 3% NaCl and 0.5 M HCl solutions, at room temperature, using 
an electrochemical cell equipped with a set of three electrodes: the reference electrode Ag/AgCl, counter 
electrodes (two bars of graphite) and the working electrode with an active area of 1 cm2. Linear 
polarization curves were determined using a potentiostat AUTOLAB model PGSTAT 302N. The potential 
applied was  ± 200mV, in open circuit, with a scanning speed of 2 mV/s. 

3. RESULTS AND DISCUSSIONS 

3.1. Micro-hardness investigation 

The hardness variation on samples 
section in different states is presented in 
Fig. 1. The maximum value of hardness of 
857 HV0.2 was obtained in the Duplex 
treated state. At distances over 0.6 mm 
from the surface, the hardness remains 
constant, with values in range of 390-395 
HV0.2. In nitrided state was obtained a 
maximum value of 800 HV0.2, near the 
white layer. In the diffusion layer, the 
hardness decreases with the distance 
from the surface. In the quenched and 
tempered state, the hardness is constant, ranging between 390-395 HV0.2. It can be noted that, compared 
with the untreated state, the hardness increased about 2.38 times in the Duplex treated sample.  

3.2. Optical microscopy investigation 

The results of metallographic investigations are summarized in Fig. 2. After the heat treatment of 
quenching and tempering, a sorbite structure is obtained, Fig. 2 a, and remains the same after the 
mechanical treatment of shot peening, Fig. 2.b. In Fig. 2 c can be seen the presence of the two typical 
layers for the gas nitriding treatment. The white layer, consisting of chemical combinations, is very thin, 
about 15 μm and under it can be observed the diffusion layer. The nitrided layer thickness is 0.4 mm. 

Fig. 1: The hardness variation on samples section 
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a               b 

  
c               d 

Fig. 2: Optical microscopy images: a) quenched and tempered state b) quenched, tempered and shot 
peened state; c) nitrided state; d) Duplex state 

3.3. The determination of corrosion resistance 

Corrosion behavior of treated and untreated samples was tested by linear voltammetry. In a linear 
voltammetry experiment, the voltage applied to the circuit varies from two potentials, one maximum 
positive and one maximum negative, with a constant gradient variation [6]. 

3.3.1. Corrosion resistance in 3% NaCl 

The values obtained for the corrosion tests in 3% NaCl are presented in Tab. 2. 

 Tab. 2: Parameter values of corrosion test in 3% NaCl 
 

Structural state 
Anodic 
slope 

[V/dec] 

Cathodic 
slope 

[V/dec] 

Corrosion 
potential 

[V] 

Current 
density 

[μA/cm2] 

Corrosion rate 
[mm year-1] 

Quenched and tempered 0.073 0.538 -0.538 16.58 0.1948 

Quenched, tempered and shot peened 0.055 0.298 -0.342 15.61 0.1883 

Nitrided 0.068 0.195 -0.318 4.932 0.0466 

Duplex treated 0.123 0.237 -0.188 3.975 0.0249 

Comparing the values of the current density of the tested samples, it can be noted a decrease from 
16.58 μA cm-2 (quenched and tempered state) to 3,975 μA cm-2 (Duplex treated state). This shift of current 
density values to small values indicates an improved corrosion behavior. Hence, the Duplex treated sample 
has the best corrosion resistance. The polarization curves were obtained by determining the current 
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density change depending on the applied potential in time, Fig. 3. High positive values of the corrosion 
potential indicate that the Duplex treated sample is nobler.  

 

 

Fig. 4 presents the corrosion rate for the four structural states. It can be observed a decrease of the 
corrosion rate of about 60% for the Duplex treated sample compared to quenched and tempered state. 

The corroded surface was examined by optical microscopy and the images are presented in Fig. 5. 

 

  
a               b 

  
c                d 

Fig. 5: The corroded surface: a – quenched and tempered state; b – quenched, tempered and shot peened 
state; c – nitrided state; d – Duplex treated state 

 

Fig. 3: Polarization curves of samples tested 
in 3% NaCl 

Fig. 4: Corrosion rates obtained for the four structural 
states 
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Analyzing the microscopic images of the corroded surface, corresponding to the four structural states, it 
can be observed a higher proportion of iron oxides in quenched and tempered state, compared to the 
nitrided and Duplex treated states. This can be explained by the presence of the chemical compounds Fe4N 
and Fe3N in the surface, which prevents the formation of iron oxides. 

3.3.2. Corrosion resistance in 0,5 M HCl 

A similar test was realized in 0.5 M HCl. The values obtained by fitting the cathodic and anodic slopes, are 
presented in Tab. 3. 

 Tab. 3: Parameter values of corrosion test in 0,5M HCl 
 

Structural state 
Anodic 
slope 

[V/dec] 

Cathodic 
slope 

[V/dec] 

Corrosion 
potential 

[V] 

Current 
density 

[μA/cm2] 

Corrosion 
rate 

[mm year-1] 
Quenched and tempered 0.062 0.303 0.396 0.08897 10.45 

Quenched and shot peened 0.053 0.294 0.373 0.07968 9.703 

Nitrided 0.075 0.120 0.467 0.79620 8.584 

Duplex treated 0.066 0.131 0.468 0.04881 5.733 

Comparing the values of the current density of the tested samples, it can be noted a decrease from 0.08897 
μA cm-2 (quenched and tempered state) to 0.04881 μA cm-2 (Duplex treated state). The polarization curves 
were obtained by determining the current density change depending on the applied potential in time, Fig. 
6. 

 

 

In Fig. 7 are the corresponding corrosion rates of the four structural states. It is observed a decrease in 
corrosion rate of about 50% for the Duplex treated sample compared to quenched and tempered state. 

The corroded surface was examined by optical microscopy and the images are presented in Fig. 8, for each 
structural state. 

Analyzing the microscopic images of the corroded surface, it can be observed a higher proportion of iron 
oxides in the quenched and tempered state, compared to the nitrided and Duplex treated states. 

 

Fig. 6: Polarization curves of samples tested in 
0,5 M HCl 

Fig. 7: Corrosion rates obtained for the four 
structural states 
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Fig. 8: The corroded surface : a – quenched and tempered state; b – quenched, tempered and shot peened;     
c – nitrided state; d – Duplex treated state 

4. CONCLUSIONS 

The micro-hardness tests determined a maximum value of 857 HV0.2 for the Duplex treated sample. For 
the nitrided sample, was obtained a maximum value of 800 HV0.2, near the white layer and for the 
quenched and tempered state was obtained values in range of 390 – 395 HV0.2. Consequently, it can be 
noted that for the duplex treated sample, the hardness increased about 2.38 times compared to the 
untreated state. Corrosion behavior of duplex treated steel EN 34CrNiMo6 was electrochemically 
determined in 3% NaCl and 0.5 M HCl. In both corrosion tests, the current density decrease from 16.58 μA 
cm-2 (quenched and tempered state) to 3.975 μA cm-2 (Duplex treated) in 3% NaCl, and from 0.08897 μA 
cm-2 (quenched and tempered state) to 0.04881 μA cm-2 (Duplex treated) in 0.5 M HCl. In 3% NaCl, the 
corrosion rates decreased of about 60% for the Duplex treated sample than its quenched state. Similar, in 
0.5 M HCl, the corrosion rate is about 50% lower for the duplex treated sample compared to the quenched 
and tempered state. 
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Abstract 

Plasma sprayed thermal barrier coatings (TBCs) are widely used in gas turbines to reduce thermal effect 
and increase turbine efficiency. Depending on the application of plasma spray coating, different 
characteristics are important but there are some characteristics that are the same for all plasma spray 
applications: thickness, porosity, microstructure, presence of unmelted particles, cracks and oxides, 
microhardness and bond strength. The poor bonding between splats and the imperfections in the form of 
pores or thermal cracks cause the thermo-mechanical property values of plasma spray coatings. Bond 
strengths of TBCs were tested with the standard test method ASTM C 633. Porosity and unmelted particles 
ratio generally decreases adhesion tensile test values since a pore of critical size can induce a macroscopic 
failure with tensile stress applied. It was observed that the spray parameters: plasma gas flow rates, plasma 
current , powder feed rate and spray distance are important effective parameters on the microstructure as 
well as bond strength of the coatings. 

Keywords: Plasma Spray, TBC, Bond Strength, ASTM C633 

1. INTRODUCTION 

Plasma spray deposition method is the most flexible or versatile thermal spray process. Plasma spray have 
been used to improve thermal protection, wear and erosion resistance, chemical stability and 
biocompatibility [1]. Plasma spray coating characteristics are very dependent on feedstock powder 
properties, substrate surface condition and spray parameters. Mechanical properties of the coatings are 
related with microstructural features [2,3]. There are more than 50 macroscopic parameters that influence 
the quality of the plasma spray coating. Depending on the application of plasma spray coating, different 
characteristics are important but there are some characteristics that are the same for all applications: 
thickness, porosity, microstructure, presence of unmelted particles, cracks and oxides, microhardness and 
bond strength [4]. The poor bonding between splats and the imperfections in the form of pores or cracks 
cause the mechanical property values of plasma spray coatings to be considerably lower than those of the 
corresponding bulk materials [2-4]. Adhesion bond strength primarily determines the quality of a coating 
while the cohesion bond strength indicates coating lifetime. Yttria or/and Ceria Stabilized Zirconia coatings 
which are used for production of the thermal barrier coatings (TBC) have been widely developed due to 
their low thermal conductivity, relative high coefficient of thermal expansion and high durability. The long 
term performance of thermal barrier coated components such as gas turbine blades, vanes, combustion 
chambers, heat sinks can be affected by the adhesion coatings to superalloy substrate [5-9]. In this study 
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spray parameters and substrate factors effect on bond strength of coatings were investigated by ASTM 
C633 test standard. 

2. EXPERIMENTAL 

The ceramic top coats used were ZrO2–8wt.%Y2O3 (204NS Sulzer Metco) and ZrO2–2.5wt.% Y2O3 -25wt.% 
CeO2 (205NS Sulzer Metco). A deposition of all coatings was done by atmospheric plasma spraying (APS) 
process. Coatings were deposited with a Sulzer Metco F4 MB plasma spray gun, Before the spraying 
process, the surface of the substrate was activated and preheated. Surface roughening was done with an 
appropriate abrasive (Al2O3). The target coating thickness for all specimens was 250–750 μm (100-250 μm 
bond coat thickness). The selected spray parameters are given in Tab. 1. 

 Tab. 1. Spray Parameters 

Plasma 
Current 

Ar/H2 

gas flow 
rates nlpm 

Feed Rate 

gr/ min. 

Spray 
Distances 

mm 

TC 
Thickness 

μm 

BC 
Thickness 

μm 

Total 
Thickness 

μm 

550-
600A 

Ar: 40-44, 
H2: 8-12 

35-45 120-180 200-1050 100-250 300-1300 

Cross-sectional Vickers microhardness measurements were performed on polished samples at 300gr. Both 
microhardness and roughness values quoted are an average of 18 measurements for each coating.The 
most commonly applied standard tensile test method for adhesion or cohesion strength of thermal spray 
coatings (ASTM C 633). ASTM Standard C633-79, is widely used in industry and research for evaluating 
bond strengths of thermal spray coatings. Tests are conducted by applying the coating to the end of a 
cylindrical test specimen 25.4 mm (1 in.) in diameter by 25.4 mm (1 in.) long. The coating surface is bonded 
to an uncoated cylinder of the same material and geometry. The force required to pull the cylinders apart is 
recorded. The bond strength is calculated by dividing the maximum force by the area of the 1 -in. diameter 
cylinder assuming that the stress is uniform over the area where the debonding occurs[10]. A constant 
cross head displacement rate of 0.32 cm thick disk that was bond coated on all surfaces 0.101 cm/min 
(0.040 in/min) was employed. The adhesive used in the adhesion test was the FM1000 cured for 1,5 h at 
185 °C and 30N of pressure. 

3. RESULTS AND DISCUSSION 

3.1. Microstructure 

All coatings show a typical lamellar microstructure containing solidified splats, inter-splat imperfections, 
crack network and macro/ micro porosity. Fig. 1. shows pores morphology, unmelted particles and splat 
boundaries in the coatings. The higher magnification of SEM micrograph (Fig.1) shows inter-splat 
boundaries/cracks. Such splat flaws are present in the all of the air plasma-sprayed coatings and they may 
have up to 0.1 mm length. The microstructure of plasma-sprayed coatings may be altered with change 
powder feed rate/ spray distance, plasma power. It can be explained by changes in total porosity, 
shape/size of the inter-splat pores and unmelted particles. The total porosity of coatings decreases as 
powder feed rate and plasma power increases. Higher plasma energy improves the melting ratio of 
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powders. With the increase of intersplat contact areas leads the less porosity. Unmelted particle ratio 
affect the porosity. When the powder feed rate is high more unmelted particles may be preserved. This 
means that some of the powder particles either have not melted completely or have melted and cooled 
before impact. Such particles do not flatten as splat and therefore possess a very small area of intimate 
contact with other particles, so large pores can be created between them. The velocity and temperature of 
particles are dependent on spray distance and arc current. Powder is melted in high temperature plasma 
flame and accelerated toward the substrate, where it rapidly solidifies. The spray distance determines the 
velocity of melted powder when it impacts to the substrate. At low spray distance, many micro/ macro-
cracks are found in the coating. 

Cross Section Micrographs 
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Fig. 1. Cross section and microstructure of the coatings 

3.2. Bond Strength 

The mechanical properties of plasma-sprayed coatings, such as adhesion to substrate, can be affected by 
the process parameters. Adherence of the coatings is determined by the volume fraction of porosity and 
unmelted regions. It may be concluded that the improvement in the adhesive properties of the coatings 
can mainly be achieved by decreasing the volume fraction of porosity and reducing unmelted areas. Bond 
strength results and surfaces of the pull out test samples at Fig. 2. The residual stress is believed to be an 
important effective factor on the adhesion properties of coatings. The residual stress may be affected by 
substrate temperature, coating thickness and process parameters. The coatings with lower thickness show 
higher adhesion due to lesser internal stress. When YSZ and CSZ based coatings were compared, Bond 
strength of CSZ higher than YSZ and also were achieved higher thicknesses due to the lower internal 
stresses (Fig. 3). Generally bond strength values were changed between 10MPa and 38MPa. Higher coating 
thickness (>500μm) showed low adhesion. Highest strength of adhesion obtained with 400μm thickness. 
Higher than 750 μm thickness of the coating exhibited lowest bonding. 

    Macro porosity 
   Micro porosity 

Micro cracks 
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Fig. 2. Bond strength results and surfaces of the pull out test samples 

 
Fig. 3. Bond strength of stabilized ZrO2 based coatings deposited at different thicknesses. Experimental 

results obtained from tensile tests. 

 
In Fig. 4 shows that the different spray 
parameters effect on bond strength of 
the coatings. Ar/H2 ratio and plasma 
current influenced the particle melting 
ratio and acceleration. However the 
optimum gas flow rate and plasma 
current have to be determined. Ar/H2 
ratio: 44/10 gas flow ratio showed 
highest bond strength at 600A plasma 
current spray conditions. When the 
hydrogene gas flow rate increased 
particle temperature increased and then 
hot particles crashed the cold substrate 
surface with highly scattered. This leads 
to the high porosity levels of the coatings 
and decreases the bond strength. 

Fig. 4. Bond strength of stabilized YSZ based coatings 
deposited at different spray parameters (Variables: 

plasma current, Ar/H2 gas flow rates, constant: 120mm 
spray distance, 35 gr/ min. feed rate) 
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When the spray distance and feed rate were 
changed, bond strength were siginificantly 
influenced (Fig. 5.). Lower feed rate as 35 gr/ 
min at 150mm spray distance for 600A showed 
high bond strength. However at higher spray 
distances adhesion properties is not clarified. 
But we can say that the higher melting ratio 
and acceleration of the particles improved the 
bonding. With the higher spray distances 
occurs better melting ratio. Spray distance 
effect is higher than the plasma current on 
bond strength.Because it control the porosity 
of the coating and intersplat adhesion. 

 
In Fig. 6. shows the surface roughness and 
substrate temperature effect on bond 
strength. These results imply that the adhesive 
strength between the coating and the 
substrate roughened by grit blasting was partly 
due to the anchor effect caused by surface 
roughness. The bond strength of the sprayed 
coating was affected by the surface roughness 
of the substrate. Higher roughness have 
negative effect on bond strength. However 
substrate temperature have improved the 
bond strength.  

4. CONCLUSION 

In conclusion, the sprayed coatings would bond to the substrate by a combination of mechanical anchoring 
and metallurgical bonding. Tab. 2. summarizes the effective factors for bond strength/ adhesion test 
results. It was observed that the plasma gas flow rates, plasma current , powder feed rate and spray 
distance are important effective parameters on the microstructure as well as adhesion behavior of the 
coatings. Microstructure analysis showed that powder feed rate and spray distance have great effect on the 
pores morphology. Coating failures are mainly located in the bond coat/substrate interface at highest 
adhesion strength. Highest bond strength was obtained with optimum parameters: 44/10 gas flow ratio at 
150mm for 600A and 35gr/min feed rate.The Ra 4.8 μm surface roughness show the highest adhesion 
values at 300 °C.  

 

 

Fig. 5. Bond strength of stabilized YSZ based coatings 
deposited at different spray distances and feed rates. 

(Variables: spray distance, feed rate) 

Fig. 6. Surface roughness and substrate temperature 
effect on bond strength 
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 Tab. 2. Summary of Effective Factors for Bond Strength/ Adhesion Test Results 

Factors As Sprayed 

Process 

Primer and seconder gas flow rates 

Plasma current, Plasma power 

Spray distance 

Powder Feed rate 

Substrate 

Roughness 

Temperature 

Chemical composition 

The coefficient of thermal expansion 

Bond coat 

Thickness 

Surface rougness 

Oxide content 

Chemical composition 

Top coat 

Thickness, pass number, pass thickness 

Porosity ratio 

Unmelted particle ratio 

Macro/micro cracks 

Vertical or horizontal cracks 

Chemical composition 

Glue 

Glue type 

Curing time 

Curing temperature 

Test condition- pull out rate 
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Abstract 

Four Cr-V ledeburitic cold work tool steels with different chromium and vanadium contents have been 
powder boronized and subsequently re-austenitized, nitrogen gas quenched and tempered to standard 
core hardness prescribed for a given material. The microstructure, phase constitution and microhardness of 
boronized layers were investigated. The boronized regions are, except those developed on the steel with 
ultra-high vanadium content, composed of both the FeB- and the Fe2B-phases. The thickness of boronized 
layers increases with increasing boronizing time. The effect of the steel composition on the layer thickness 
is the following: The maximal thickness has been found for the steel with 12%Cr and 0.95%V. At this level of 
Cr-content, the effect of the vanadium on the thickness is negative – the higher the vanadium content the 
thinner is the layer. Higher vanadium content but lower chromium content generally led to even much 
thinner compound layers. The microhardness of the layers developed on the steels with low and medium-
vanadium content was very high and it exceeded 2000 HV 0.1 in selected cases. On the other hand, the 
steel with ultra-high vanadium content and very low Cr-content had the lowest microhardness.  

Keywords: boronizing, boronized layer, boronizing powder mixture, ledeburitic steels  

1. INTRODUCTION 

Boronizing is thermo-chemical treatment, which results in a saturation of metallic surfaces with boron. As a 
product of the treatment, thin, very hard wear resistant and corrosion resistant compound layers are 
formed [1 - 3]. Below the compound layers, transition areas are formed as a result of certain, but very 
limited solid solubility of boron in the 3-(or �)-phase. These areas, however, have significantly lower 
hardness than the boron compounds. Depending on the nature of the substrate material and processing 
conditions, single phase (Fe2B) or double phase (FeB+Fe2B) layers can be formed. The initial material state 
and chemistry, as well as the parameters of the boronizing itself can have a substantial impact on the 
results of the treatment. The thickness of compound layers can reach up to 60-100 �m for tool steels [4, 5]. 
Due to high alloying of tool steels, also other elements can easily form the borides in the layers, mostly Cr if 
the alloy contains chromium in sufficiently high amount [6]. Phase constitution of boronized layers changes 
from the free substrate to the layer/base material interface as the boron content decreases in the same 
direction. The free surface side of boronized layer is often formed by the FeB-phase and its content 
decreases in favour of the increase of Fe2B amount [7]. Close the base material also complex borides like 
(Fe,Cr)2B or (Fe,Cr)B for the chromium ledeburitic tool steels can be formed [6, 7]. Hardness of boronized 
layers can achieve over 2000 HV 0.1 for Cr- ledeburitic steels as well as for high speed steels [7, 8]. The aim 
of the conference paper is to determine the effect of chromium and vanadium content on the formation 
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and properties of boronized layers on Cr-V ledeburitic tool steels. The steels grades K110 (D2), K190, 
CH3F12 and VANADIS 6 were chosen as experimental materials.  

2. EXPERIMENTAL 

Four Cr-V ledeburitic steels, Tab. 1, were used as experimental materials. The samples were ground to 
a final roughness of Ra = 0.1-0.2 �m, cleaned, degreased and boronized using the Durborid® powder 
mixture in hermetically sealed containers. The boronizing temperature was 1030 oC for all the materials and 
the processing time was chosen from the range 30 – 150 min. After the boronizing, the containers were air-
cooled to a room temperature and the samples were removed from them. Afterwards, the samples were 
re-austenitized in a vacuum furnace up to 1025 oC (Vanadis 6 steel up to 1000 oC) for 30 min, nitrogen gas 
(6 bar) quenched and twice tempered at 530 oC for 2 h.  

Tab. 1 Chemical composition of used steels  
Steel grade Chemical composition [wt. %] 

C Si Mn Cr Mo V Co 
K110 1.55 0.25 0.35 11.80 0.80 0.95 - 
K190 2.30 0.4 0.4 12.50 1.10 4 - 
CH3F12 3.04 - - 3 - 12 0.8 
Vanadis 6 2.1 1.0 0.4 6.8 1.5 5.4 - 

 

The light and scanning 
electron microscopy (JEOL 
7600F operating at 
acceleration voltage of 15 
kV) after a deep etching 
were used for the 
microstructural evaluation. 
For the EDS mapping and 

point chemical analysis, the 
EDS-detector was used 
whereas the acceleration 
voltage of the SEM was 
lowered to 1 kV. 
Microhardness of boronized 
layer, transient region and 
core material was measured 
with a Buehler Indentament 
1100 tester, at a load of 100 
g (HV 0.1) and loading time 
of 10 s. At least ten measurements have been made to obtain the mean value and other statistical data, 
according to method elaborated in [9]. 

Fig. 1 Light micrographs showing the microstructure of experimental steels, 
a – K110, b – K 190, c – CH3F12, d – Vanadis 6 

30 �m a 
30 �m b 

30 �m 
d 30 �m c 
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3. RESULTS AND DISCUSSION 

Fig. 1 shows the microstructure of core materials after heat treatment. The materials consist of the matrix 
(tempered martensite) and carbides. The carbides differs as from the point of view of their nature so in the 
size and shape. The K110 steel contains mostly chromium and the carbides are M7C3. In the case of Vanadis 
6 and K190, two carbides can be found in the structure, namely M7C3 and MC [10]. The last material, 
CH3F12, contains mostly vanadium and the carbides are of MC-type. Moreover it should be noted that the 
K110-steel was manufactured via classical ingot metallurgy while all the other materials were made via 
P/M. This difference is reflected in significantly coarser eutectic carbides in K110-steel, compare Figs. 1a 
and 1 b-d.  

 

Fig. 2 shows boronized 
layers developed on the 
K110 steel. The thickness 
of the regions increases 
with processing time. 
The layers have two-
phased constitution, e.g. 
both the FeB- and Fe2B-
phase appear in the 
microstructure. Below 
the compound regions, 
there is a transient area 
with enhanced portion of 
insoluble carbides. As 
clearly shown, the 
interface between 
compound region and 

transition area is so-
called „irregular“ in 
samples processed for 
shorter time while it changes to typical “sawtooth” morphology for samples processed for longer times.  

Fig. 3 shows representative micrographs of boronized layers developed on the Vanadis 6 steel. The 
thickness of the layers increases with processing time. Nevertheless, the layers are thinner compared to 
those formed on the K110 steel for the same processing time. As clearly shown, all the layers are two-
phased. On the free surface, there is the FeB region (dark) and in between, the Fe2B- phase appears 
(bright). Below the compound regions, there is a transient region, typical through enhanced amount of 
insoluble carbides. The interface between compound layer and transition region exhibits symptoms of 
typical “sawtooth” morphology – in contrast to that of K110 steel, in the short-time processed samples, 
also.  

In the case of boronizing of high chromium steels, the FeB-layer tends to form more easily and it can make 
up to 50% of the total compound layer thickness [11 - 13]. In current work, a similar effect of vanadium has 

a b 

c d 

30 �m 30 �m 

30 �m 30 �m 

Fig. 2 Microstructure of boronized layers developed on K110 steel, a – 
processing time of 30 min, b – 45 min, c – 75 min, d – 150 min 
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been found – the FeB-phase makes only 10% of the total layer thickness of practically no vanadium 
containing K110 steel while up to 50 % of the layer formed on the Vanadis 6 steel (less chromium but much 
more vanadium content). 

Elevated carbide content in the transient regions can be attributed to the almost complete insolubility of 
the carbon in borides. Therefore, it is transported from the surface towards the substrate and forms a 
“carbide excess” in the transition areas, in high carbon steels in particular.  

Fig. 4 shows the 
thickness of boro-
nized regions for all 
the investigated 
steels, as a function of 
processing time. 
Generally, the 
thickness of layers 
increased with pro-
longed processing 
time. However, the 
thickness of layers has 
been determined to 
be different for the 
materials with various 
both the chromium 
and the vanadium 

content. The thickest regions 
were found for K110 steel, 
containing dominant part of 
chromium and only very limited 
content of other elements. The 
layers on the K190 steel are 
thinner – it should be noted that 
the steel contains 4 %V at similar 
chromium content. The CH3F12 
material had thinner layer in the 
case of longer processing time 
and thicker on short-time 
processed samples. Here, it should 
be noted that the material contains mainly vanadium (in carbides mostly) and low amount of chromium. 
Finally, common effect of high chromium and high vanadium content is demonstrated upon example of 
Vanadis 6 steel. It is clearly evident that high content of both the Cr and the V induced the thinnest 
boronized regions. It is known that chromium inhibits the layer growth rate [14]. But, obtained results 
indicate that vanadium inhibits the growth rate in much more distinctive manner than chromium.  
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Fig. 3 Boronized layers on the Vanadis 6 
steel formed at 1030 oC for: a - 45 min., 

b - 75 min., c - 150 min. 

Fig. 4 Thickness of boronized regions for all the examined steels, as a 
function of processing time 
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Fig. 5 Microstructure of boronized layer developed on K110 steel, a – overview, b – detail, c – EDS-map of 
Cr, d – EDS map of Fe 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Microstructure of boronized layer developed on CH3F12 steel, a – overview, b – detail, c – EDS-map 
of Cr, d – EDS map of V 
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Fig. 5 presents representative SEM micrographs of boronized layers on the K110 steel and corresponding 
EDS-maps. It is shown that there are some original carbides conserved in the compound layer, Figs. 5b,c. 
These carbides contain mainly chromium, Fig. 5c and less iron, Fig. 5d. The carbides in the transient region 
(newly formed) are chromium rich, also, but the Cr-content is much lower than that in original carbides.  

Fig. 6 presents SEM micrographs of boronized layers on the CH3F12 steel and corresponding EDS-maps. The 
original carbides in the material are the MC-particles. In the transient region, Fig. 6b, these particles (dark 
contrast due to lower atomic weight of V) are surrounded by newly developed carbides (bright), containing 
much more chromium and negligible amount of vanadium, Figs. 6 c, d.  

Fig. 7 shows SEM micrograph and EDS-mapping of boronized layer on the Vanadis 6 steel. Here, original 
both the Cr-based and V-based carbides are clearly visible in the compound layer, Fig. 7 a,c,d. Further, it is 
shown that the boronized layer is composed of two distinctively different regions. Close to the surface, 
there is the FeB-phase with enhanced boron content, Fig. 7b, and lowered Cr-content, Fig. 7 b, c. The Fe2B-
phase with lower boron content is located in between. There is also evidence of newly formed carbides in 
the transient region – these particles are chromium rich as indicated in Fig. 7c.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Microstructure of boronized layer developed on Vanadis 6 steel, a – SEM micrograph, b – EDS-map of 
boron, c – EDS-map of Cr, d – EDS map of V 

 

The hardness of the compound boronized layers commonly increased with prolonged processing time, Fig. 
8. The effect of the material chemistry can be summarized as follows: The hardness was the highest for Cr-
ledeburitic steel K110-grade. The K190-steel with 4%V had lower hardness and, in addition, measurement 
of FeB-phase was impossible due to the fact that it was too brittle. Therefore, the results are comparable 

7 �m a b 

d c 
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for the Fe2B only. Common effect of high chromium and high vanadium content can be commented as 
negative on the hardness as demonstrated upon example of Vanadis 6 steel.  

 

4. CONCLUSIONS 

All the materials consist of the matrix (tempered martensite) and carbides, whereas their nature depends 
on the material chemistry and manufacturing route used.  

Boronized layers developed on all the materials are two-phased. Their thickness increases with processing 
time. It seems that besides known inhibiting effect of chromium, vanadium inhibits the growth rate of the 
layers, also.  

Transient areas contain enhanced portion of carbides. This can be referred to almost complete insolubility 
of carbon in borides whereas carbon atoms, released due to decomposition of part of carbides, are 
transported away the surface. Here, they form chromium rich particles in all the investigated materials.  

The effect of Cr and V, respectively, on the hardness follows the impact of these elements on the thickness. 
The highest hardness was found for the layers on K110-steel whole the lowest was one was recorded for 
the layers on Vanadis 6 steel.  
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Abstract 

The CoCrWC alloy, well known as Stellite Alloy 6, is the most widely used alloy in the Co-based group of 
alloys. It has an excellent resistance to many forms of wear and corrosion over a wide range in 
temperature. Their exceptional wear resistance is due mainly to the unique inherent characteristics of the 
hard carbide phase dispersed in a CoCr alloy matrix. Stellite Alloy 6 has an outstanding resistance to seizing 
or galling as well as cavitation erosion and retains a reasonable level of hardness up to 500°C. It is available 
in many product forms – castings, wrought bars, sheets etc. It is ideally suited to a variety of hardfacing 
processes and can be turned with carbide tooling. Examples include valve seats and gates; pump shafts and 
bearings, erosion shields and rolling couples. The thermal spraying is one of the technologies that can be 
used for Stellite Alloy 6 deposition on the parts surface. To preserve its superior properties, it is necessary 
to find the optimal spraying parameters. During spraying, the undesirable structure features, such as pores, 
oxides or unstable phases, can occur. The process of spraying parameters optimization aims to find the 
parameters that keep the occurrence of the above mentioned features to a minimum amount. In the 
paper, the methodology of parameters optimization process is described together with the results of 
coating properties evaluation. Based on the results, the best spraying parameters were found to be used 
for further spraying of commercial applications.  

Keywords: HVOF, spraying parameters, optimization, Stellite 6 

1. INTRODUCTION 

The CoCrWC alloy, commonly known as Stellite 6 is in the form of bulk material characterized [1] by a 
chemical composition containing (27-32)%Cr, (4-6)%W, (0,9-1,4)%C and the Co-base. The hardness of bulk 
Stellite 6 ranges from 36 to 54 HRC or from 380 to 490 HV. Its microstructure composes from Co fcc 
dendrites surrounded by Co phases and carbides. Cr content ensures resistance to oxidation and corrosion 
and strength thanks to the formation of M7C3 and M23C6 carbides. The content of Mo and W also 
contributes to the strength of the alloy by formation of MC and M6C carbides and Co3(Mo,W) intermetallic 
phases. The possible Ni, C and Fe additives increase the stability fcc structure in Co matrix and enables the 
alloy to be stabile up to the melting temperature (1495°C), while the Cr, Mo and W tend to be stabile at low 
temperatures (up to 417°C ) in hcp structure.  

The hypo-eutectic structure composes from hard wear resistant carbides embedded in the tough matrix. It 
offers the combination of the resistivity to abrasive and sliding wear and the resistivity to cavitation wear, 
galling and seizing. When self-mated, it has very low coefficient of friction of 0.12. Its resistivity to 
cavitation-erosion wear is ten times higher than that of 304 stainless steel. It has high resistance to a 
variety of corrosive media and excellent oxidizing resistance to about 1095°C. It resist to an influence of 
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oxidation acids such as acetic, formic, phosphoric and low concentration sulphuric. It is not recommended 
to use for reducing acids such as hydrochloric.  

The superior Stellite 6 properties are widely used in surface engineering for coating of the surfaces of highly 
stressed components in many branches of industry. The most spread technology for Stellite 6 deposition is 
welding, the classical [2], and the laser cladding [3,4]. It offers the well adhered coatings with minor 
porosity, but suffers from the high thermal and residual stress. Another possibility to deposit the Co-based 
alloys is the technology of thermal spraying. Compare to the welded overlays, the thermally sprayed 
coatings are more beneficial from the stress point of view, but on the other hand are less adhered to the 
parts surface and can include some amount of pores and oxides.  

To minimize the occurrence of unwonted structure defects, the proper spraying parameters have to be 
found. The spraying parameters vary in dependence on used spraying device and used powder material. 
Not only material composition, but also the way of powder manufacturing and the size mesh matters.  

The mechanical and corrosion resistance properties of HVOF sprayed Stellite 6 coating in comparison with 
Ni-based coating were evaluated in [5,6]. In this study, the hardness of Stellite 6 coating reached 800-900 
HV. It was shown, that the corrosion resistance of the coating is ensured by the formation of Si and Cr 
based oxides and CoC rand NiCr based spinel oxides on the coating surface and on the boundaries of 
individual splats. The oxidation process is fast from the beginning, later the increasing amount of oxides 
protect the coating from further oxidation. Similar mechanism of corrosion resistance was described also 
for plasma-sprayed Stellite 6 coating [7]. The wear resistance of Stellite 6 coating was compared with 
several other materials in [8]. Based on the results, the Stellite 6 was recommended for application on the 
surface of turbine blades and pumps.  

2. EXPERIMENTAL AND RESULTS 

2.1. Spraying parameters 

To design the set of the spaying parameters, the parameters recommended by the powder producer was 
used as a reference. The amount of oxygen and fuel was varied to obtain 9 sets of parameters. The flame 
temperature (represented by equivalent ratio :) and velocity (represented by combustion pressure p) was 
varied independently.  

Used powder material: Stellite 6, FST 484.33 

 Tab. 1. Variable spraying parameters – designation of the samples 

:: 
p [psi] 0,85 0,98 1,1 

100 1 2 3 
109 4 5 6 
119 7 8 9 

Constant spraying parameters:  

Spraying distance: 360 mm; Carried gas: nitrogen; Carried gas flow: 6,5 l/min; Traverse speed: 250 mm/s;  

Offset: 6 mm 
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2.2. Testing equipment 

The coated samples were grinded and polished using automatic Struers grinding and polishing equipment. 
The microstructure of the coatings were evaluated by optical microscope Nicon Epiphot 200 using 
magnification 50x and 100x, SEM Quanta 200 from FEI using magnification 200x, 1000x and 3000x and 
HIROX KH 7700 using magnification 700x. The thickness of the coatings was measured on the coatings 
cross-sections by optical microscope. For each coating, at least 5 measurements were done and the 
average value was calculated. The surface roughness was measured by surftester Mitutoyo SJ-201P, 
according to DIN EN ISO 4287. The reported values are average from at least five measurements. The 
surface hardness HR15N was measured on the as-sprayed coatings surfaces using hardness tester Rockwell 
HT 8003. The reported values are average from at least 5 measurements. The coating microhardness HV0.3 
was measured on the coatings cross-sections. The reported values are average from at least seven 
measurements. The abrasive wear resistance of the coatings was evaluated by Dry Sand/Rubber Wheel test 
according to ASTM G 65. The reported values are the average from two measurements.  

2.3. Coatings microstructure 

In the Fig. 1a, the poorest microstructure of the coating, sprayed by parameters 4, is shown. The high 
amount of porosity, combined with low interspalt cohesion, can be caused both by low flame temperature 
and low particle velocity. On the other hand, the microstructure of the coatings, sprayed by parameters 7, 
is much better; even if the equivalent ratio, representing the flame temperature, is comparable to 
parameters 4 (see Fig. 1b.)  

 

Fig. 1 Coatings with the worst (a) and the best (b) microstructure 

2.4. Coatings surface roughness 

In the Fig. 2, the dependence of Ra and Rz parameters on the spraying parameters can be seen. For 
characterization of not-periodical surface, the Rz (average distance between the highest peak and lowest 
valley in each sampling length maximal profile height) value of coating is a better parameter than usual Ra. 

a) b) 
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Fig. 2 Coatings surface roughness parameters in dependence on spraying parameters 

From both graphs, it is obvious, that the coatings surface roughness is influenced by both temperature as 
well as velocity of the sprayed particles. The coatings become smoother with increasing temperature and 
increasing velocity, when the better flattering of the particle after impact is enabled.  

2.5. Relative deposition efficiency 

The relative deposition efficiency is determined 
as the thickness per pass. The thickness of the 
coatings was measured on the coatings cross 
section and then it was divided by number of 
spraying passes. It enables to compare the 
efficiency of spraying process between samples 
sprayed by different parameters without 
knowledge of amount sprayed powder and 
volume of coating materials. As it can be seen 
from the Fig. 3, the relative deposition 

efficiency is lower for lower temperature and 
for higher velocities. The temperature 
corresponding with Equivalent ratio 0.85 is from 
the efficiency point of view, suitable for 
deposition. The EP0.98 and EP 1.1 gives similar results. The higher impact energy has a positive effect on 
the deposition efficiency. 

2.6. Surface hardness and microhardness 

With respect to scatter of hardness value, the overall trend of the hardness and microhardness can be 
described as increasing with combustion pressure. While the microhardness seems to increase together 
with increasing of equivalent ratio, the surface roughness decreased. The influence of combustion pressure 
can be explained by peening effect of impacting particles, introducing the inner compressive stress into the 
coating. The influence of temperature is not significant in this case. 

Fig. 3 Relative deposition efficiency in dependence on 
spraying parameters 
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Fig. 4 Surface roughness and microhardness in dependence on spraying parameters 

2.7. Abrasive wear resistance 

The abrasive wear resistance of the materials depends both on the hardness and fracture toughness. In the 
case of thermally sprayed coatings, the toughness is connected with the intersplat cohesion of the coating. 
The results of the Dry Sand/Rubber Wheel test, expressed by total mass loss [g], are shown in the Fig. 5a. 
With the exception of the lowest particle velocity, it corresponds with the results of surface hardness (see 
Fig. 4). In the Fig. 5b, the cumulative mass loss [g] in dependence on the abrasive distance show, that the 
difference between individual coatings are very low, almost negligible. The influence of the spraying 
parameters is under the resolution of ASTM G 65 method. 

Fig. 5 Total (a) and cumulative (b) mass loss in dependence on spraying parameters 

 

The wear mechanism of the Stellite coating was evaluated by SEM (Fig. 6). The ploughing was found to be 
the main wear mechanism. In some places, the rests of the Al2O3 sand is embedded to the worn surface. 
The profile of worn surface is shown in the Fig. 7. The worn surface is very smooth, the depth of the wear 
scars does not exceed 1,5 μm.  
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Fig. 6 Wear mechanism evaluated by SEM – coating no. 8 

 
Fig. 7 Wear mechanism evaluated by HIROX – the wear track profile – coating no. 8 

3. CONCLUSION 

Based on the realized evaluation of influence of spraying parameters on the properties of HVOF sprayed 
Stellite 6, the recommendation of the best spraying parameters can be done. The best results of 
mechanical properties were achieved using parameters 7, 8 and 9. All of them use the highest velocity of 
particles, impacting the surface. On the other hand, the deposition efficiency of those coatings is the lower 
compare to coatings sprayed by lower combustion pressure. From this point of view, the parameters 8 is a 
reasonable compromise and will be further use for commercial purposes. 
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Abstract 

High-alloyed steels are highly recommended for applications in the structures, where R/- is considered a 
significant utilisation criterion. However, as the time goes these steels can be exposed to conditions, under 
which they might interact with an environment producing atomic hydrogen. One of the disadvantages of 
high-strength steels is their high sensitivity to the presence of absorbed diffusible hydrogen. 

Keywords: high alloyed / strength steels, acid pickling, hydrogen embrittlement 

1. INTRODUCTION 

Machined semi-products made of high strength steel may be pickled in acid solution, for cleaning or 
preparation of final state of surface. In these cases the time of exposure does not exceed admissible time at 
ambient temperature. Acids used for pickling can be inhibited with different types of inhibitors. After 
pickling is strongly recommended removing of absorbed hydrogen by thermal desorption method. 
According to standard requirements, the interval between the end of pickling and the start of hydrogen 
removal should not exceed 1 hour. Standard condition for hydrogen removal consists in heating the part to 
190 – 210°C for at least 3 h (dependent on dimensions). The goal of hydrogen removal is to dislodge 
diffusible hydrogen from steel, but strongly trapped hydrogen cannot be dislodged. 

2. DESCRIPTIONS OF EXPERIMENTS 

For experiments we used high-alloyed steel 15-5 PH. This steel is high-alloyed martensitic- and 
precipitation- (carbide and copper particles) hardened steel. For testing we have used the steel in “H925 
state”, which implies a particular tempering regime after quenching [1-3]. The steel is labelled as “medium-
resistant” to corrosion cracking, if tempered as specified, [3], Tab. 1. 

 Tab. 1 Chemical composition of AMS 5659 15 5 steel, % wt 

Element C Si Mn P S Cr Ni Cu Nb 

Anal. 0.04 0.5 0.75 0.02 0.005 14.5 4.8 3.5 0.3 

 

Specimens were made from both bar and a pipes. Before sample preparation material was heat treated as 
follows: a) 1200°C/ 30 min – cooled in water; b) tempering at 500°C/ 4 h (H925), [1,2]. The structure of the 
steel corresponds to the heat treatment regime, i.e. it is martensitic tempered structure, Fig. 1. Exposure in 
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acid was modelled by exposure in solution of hydrochloride acid (H2O : HCl ≈ 1 : 1VOL), the time of exposure 
was different 10 min to 8h (without or with cathodic polarization). 

3. DESCRIPTIONS OF EXPERIMENTS 

Concerns about the failure to comply with the standard interval between pickling and hydrogen removal 
were caused by doubts whether or not the material is affected by hydrogen diffuse into the volume of steel 
during the pickling phase and subsequently during the delay, [6,7,9]. The depth of the area affected by 
hydrogen depends on the time of exposure to HCl solution, hydrogen evolution rate (the corrosion rate of 
steel in HCl during the pickling process) and on the diffusion coefficient of hydrogen in steel; the extent of 
surface coverage by hydrogen, and thus hydrogen diffusion into steel may be affected also by the used 
inhibitor. In steel, hydrogen may exist in two forms, either in a diffusible form or caught in structural traps 
(depending on the energy of traps, hydrogen may remain trapped in steel irreversibly), [9]. During the 
pickling phase, hydrogen enters the superficial layer and once this process is finished, part of hydrogen will 
diffuse towards steel and part will be desorbed from steel into atmosphere. As a result of the delay (before 
removing of hydrogen), the area affected by hydrogen will expand from the surface deeper into the 
material, depending on the extension of the interval, diffusion coefficient of hydrogen in steel and 
frequency of traps. The time of hydrogen activity in steel also differs – delayed fractures may form during 
longer extensions, if the part is subject to residual stress. Reversibly absorbed hydrogen will be desorbed 
after some time from the material after both regimes. 

 

 
Fig. 1 Steel structure – the original state (left); fracture morphology in the place of breakdown, occurrence 

of intergranular de-cohesion (right) 

 

An experimental programme divided in two phases was designed to verify the impact of different regimes 
of pickling and hydrogen desorption procedure on the ability of steel to transfer operation stress: Phase 1 – 
The impact of pickling on the hydrogen diffusion into steel and verification of its potential negative 
influences on the properties of steel. Phase 2 – Evaluation of the impact of hydrogen content on the 
occurrence of brittle fracture under the conditions of complex loading (Not performed – only a part was 
completed). 
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3.1. Phase 1: Specification of the apparent diffusion coefficient of hydrogen in steel 15 – 5 PH, 
evaluation of corrosion rate – the intensity of hydrogen feeding in HCl 

The permeation method was used for an approximate evaluation of the diffusion coefficient of hydrogen in 
steel 15 – 5PH, [8, 10, 11]. The membrane was formed on a treated hollow bar specimen with an external 
wall locally thinned to 0.5 mm, Fig. 2. The saturating electrolyte 20% wt. HCl (without an inhibitor/ with 
inhibitor “T” and/or “R”, [4,5]) was exposed to the external surface of the tube, an extraction electrolyte 
(NaOH 0,1 mol.dm-3) was put inside the tube. The external surface outside the membrane was masked with 
tape and then exposed to the acid (20% wt. HCl). The apparent diffusion coefficient was identified based on 
the permeation delay from the last exposure. Saturation time was in total 4x24h and the measurements 
gave just an approximate value of the apparent diffusion coefficient of hydrogen in steel Deff≤8,3G10-11m2.s-

1. Exposure tests were performed with the same type of specimens (without thinned areas) to identify 
corrosion rate during the pickling process. In addition, the tests enable estimating the intensity of hydrogen 
evolution during the pickling process. Inhibitive effect of the inhibitors involved was specified based on 
these experiments, Tab. 2; it is obvious that the intensity of hydrogen evolution during the pickling process 
is approximately 40 to 50G lower than during cathodic polarization (jKAT = -100 A.m-2). 

 

Deep / shallow groove 

 

 
Fig. 2 The specimen used for modified permeation measurements (left) and bending test (right) 

 Tab. 2 Aggressiveness of hydrochloric acid with various types of inhibitors  

Bath Pickling time, min vKOR/ jH - mm.a-1 / A.m-2 Inhibitor efficiency, % 

HCl 15 17 / - 14 - 

HCl+”T” 15 3,1 / - 2,6 82 

HCl+”R” 15 1,3 – 2,5 / - 2,1 85 - 92 

HCl + DBSO 15 1,1 / - 0,9 93 

VKOR/ jH corrosion rate/ intensity of hydrogen evolution 
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3.2. Phase 1: The impact of H-removal regime on the amount of residual hydrogen in steel 

In order to identify the content of hydrogen in steel after various states, specimens of 0,5 to 1,5 g were 
used for modelling various pickling combinations and delays after the start of hydrogen removal, Tab. 3, 
[12]. 

 Tab. 3  Results of hydrogen content specification after various hydrogen removal regimes 

State of the material - operation 
Hydrogen content: w(H)/ mg. kg-1 

Minimum Average Maximum 

 Base material / after + 190°C/3h 2,0 / 0,23 2,7 / 1,1 3,3 / 3,2 

Steel samples were treated for hydrogen removing before following operations (pickling) – 190°C/ 3h 

 Pickling: HCl+INH R / 20 min  

         T / 20 min 

 0,2 0,68 1,3 

 0,55 1,2 2,2 

 Pickling: HCl+INH R / 20 min 

         T / 20 min 

190°C/3h 0 0,50 2,4 

 190°C/3h 0,05 0,93 3,9 

 Pickling: HCl+INH R / 20 min 

         T / 20 min 

18h/NT� 190°C/3h 0,028 0,47 1,3 

 18h/NT� 190°C/3h 0 0,39 0,79 

R / T … type of inhibitor, NT … room temperature 

 

Considering the very low diffusion coefficient, it was deliberately decided that the pickling time would be 
higher so that the effect of diffusing hydrogen would be more significant. It was identified that the base 
material contained up to 3 mg.kg-1 of hydrogen, which is not typical for vacuum re-melted materials [1, 2]. 
It is obvious that the introduction of hydrogen removal heating decreases the average content of hydrogen 
in steel, however, rare maximum contents are identical for both states. As the results show (Tab. 3), the 
impact of the extent of the delayed interval between the end of the pickling process and the diffusible 
hydrogen removal treatment (hydrogen removal) seems to be insignificant. However, it is apparent that the 
hydrogen removal works out rather positively, regardless of the extent of the delay, by decreasing the 
content of hydrogen. The extent of the delay shall not be underestimated, though. If the parts exposed to 
pickling were after higher plastic deformation or contain residual stresses, there is a risk of delayed 
fractures. Considering the low apparent diffusion coefficient and a short period of time, the impact of 
hydrogen and its effects can be expected only in the superficial layer of steel.  

3.3. Phase 1: Evaluation of steel resistance to leading at various levels of hydrogen in steel and various 
hydrogen removal regimes 

Two types of experimental objects differing in the size (depth) of a groove and the heat treatment regime 
were used for verification of the impact of loading and the resulting plastic deformation. An approximately 
1 mm deep groove was cut in the bar, on another type of testing bar the groove cut was deeper with the 
residual depth of steel being 1,5 to 2 mm, Fig. 2. The experimental objects with cut grooves were subject to 
a bending test after various pickling regimes and subsequent hydrogen removal; the deformation rate was 
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chosen so that the time of test was approximately 1/3 of the total time of pickling in an acidic bath. The 
strength essential for bending the object when shifting the cross-bar by 20 mm was evaluated. Considering 
high hardening of steel, most objects cracked during the test (before reaching the maximum bend); they 
either broke completely in two parts or most of them cracked in the groove, and the objects must have 
been broken in two parts subsequently. The initiation area (adjacent to the groove) was subject to the 
fractographic evaluation. Traces of brittleness induced by hydrogen were locally detected on steel after 
intensive cathodic hydrogen feeding. Comparison of experimental objects not affected by hydrogen with 
objects briefly affected by potentially atomic hydrogen in the superficial layer implies that in all cases the 
fracture area has an appearance of low-energetic ductile fracture. Differences in the fracture appearance in 
the initiation area (on the bottom of the groove) are insignificant. The character of fracture area was 
compared especially at objects with different hydrogen removal procedure. Initiation areas were 
characterised by micromorphology corresponding to a ductile transgranular damage. Based on the 
performed tests it can be stated that the extent of the delay in the interval between pickling and hydrogen 
removal had no impact on the appearance of the fracture area in the place of damage initiation. 

3.4. Phase 1: Metalographic evaluation of irreversible steel damage 

The effects of irreversible trapping of hydrogen may differ. Hydrogen can be caught in traps with a higher 
energetic barrier; therefore, part of hydrogen may continue to be trapped in the matrix even after 
hydrogen removal as used (i.e. at 190°C/3h). Hydrogen trapped that way poses a risk of steel 
embrittlement in the vicinity of the trap. This form of hydrogen is detectable by analytic methods only, and 
the analyses results imply that the growth of hydrogen content in steel is low during the pickling process. 
Another form is hydrogen that evolves from the solid solution on internal interfaces (or gets formed at 
matrix defects) in a form of a molecule: 2HABS-DIFF → H2 (g). The evolved molecule of hydrogen is no longer 
capable of movement and forms various types of heterogeneities in the matrix, depending on the character 
of the interface where the reaction took place. Considering low diffusion coefficient of hydrogen in steel 
15-5PH, the said effects can only be expected in the superficial layer of the material. Metalographic 
evaluation detected traces of this effect in the matrix, therefore, an investigation was performed in order 
to enable a local analysis. The evaluation indicated occurrence of two types of superficial heterogeneities. 
One group had a linear character and the other one had an flat character. Apparently, frequency and 
character of the flat superficial heterogeneities are comparable to those in the subsurface layer of steel 
both affected and unaffected by hydrogen. More distinct visualization, or as the case may be, short 
decohesion of borderlines of probably primary austenitic grains or the inclusion – matrix interface of 
inclusions leading up to the steel surface were detected on the material after the hydrogen charging (by 
cathodic polarization). Both frequency and depth were independent of the delay before hydrogen removal, 
its significant impact was only reported for objects subject to cathodic hydrogen feeding; it is very likely 
that the borderline short decohesion does not have the character of embrittlement at grain borderlines, 
and for the time being, the cause of this effect is being investigated. The analysis of flat heterogeneities 
revealed that they are either carbidic or oxidic particles, or cavities created after their release from matrix. 
Obviously, there are no fractures or running cracks in their vicinity, which often indicate hydrogen-induced 
steel embrittlement. The outcome of the performed evaluation is that no traces of a large irreversible 
damage (internal blister, etc.) in the structure of steel with a surface affected by atomic hydrogen were 
identified. 
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3.5. Phase 1: Quantitative evaluation of the hydrogen effect 

Considering the data on the hydrochloric acid aggressiveness and the apparent diffusion coefficient of 
hydrogen in steel DEFF ≤ 8.3 x 10-11 m2. s-1, the depth of steel to be affected by hydrogen during the exposure 
was estimated compared to the steel loss during the process: 

Tab. 4: 

Time of exposure to inhibited HCl, h 1/6 2 18 

Maximum depth of hydrogen diffusion in steel, μm 200 800 2300 

Steel loss by corrosion in inhibited HCl, μm 0.1 1 

 

Apparently, the depth of hydrogen diffusion in steel is bigger than the layer of steel that would be removed 
by corrosion during the pickling process. During the extended interval before hydrogen removal, the 
hydrogen front may shift by 2.3 mm into steel. However, hydrogen concentration in the entire volume will 
be by approximately 10x lower than on the surface immediately after pickling, i.e. its effects will be lower 
within the volume of steel than on the surface. The said data imply that despite the low diffusion 
coefficient of hydrogen in steel, the tested states are more conservative states in light of potential 
embrittlement of the superficial layer compared to the situation on site. Nonetheless, negative influence of 
atomic hydrogen generated by corrosion of steel during pickling process was not detected. 

3.6. Phase 2: The tensile test 

Both basic mechanical properties of the original steel and their changes after the steel is affected by 
hydrogen (generated during the pickling process) were tested on the tensile test experimental specimens. 
The produced flat experimental objects with 2 mm in thickness were exposed to hydrochloric acid solutions 
for some time and after various intervals they were subject to hydrogen removal; subsequently, the object 
was loaded identically as in a traditional tensile test. Flat experimental objects with a rather low thickness 
were used intentionally so that as a big cross-section of its working part as possible was affected by 
hydrogen. The deformation rate was chosen so that the total tensile test time did not exceed the time of 
hydrogen removal and was at the same time as low as possible to let hydrogen show its strongest impact. 
For objects exposed to HCl, the relative tension rate was ε ≈ 5.6x10-5 to 2.8x10-5 s-1. After the test, the 
fracture area was coated with a protective paint and separated for further fractographic analysis. It was 
detected that the basic mechanical properties were typical for states H925 to H1025. No early fractures 
were identified in materials affected by pickling, all objects showed a typical and comparable curve 
throughout the working diagram. The embrittlement factor evaluated in the perspective of contraction or 
elongation was independent of the influence of chemical treatment (hydrogen diffusion in the superficial 
layer), or the hydrogen removal regime, and was very low FA/Z ≈ 0 – 3% / 0 (FA/Z ≈ 100% / 0%, the material 
shows / does not show embrittlement). Fracture area of the original material was complex, staggered; 
traces of minor longitudinal cracks that might have been caused by a rather high content of hydrogen in the 
base material were detected at objects made of the original steel as well. The character of fractures at 
objects exposed to HCl was comparable to the distribution of longitudinal cracks, signs of a more extensive 
unambiguously embrittlement were not detected. 
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4. SUMMARY 

The hydrogen content in the base material, steel 15-5PH, was at 3 mg.kg-1. It was possible to slightly 
decrease the amount of hydrogen in the base material by hydrogen removal heating up to 190°C/3h. 
Considering the composition and structural state of the material, the effective diffusion coefficient is low; 
in case of hydrogen penetration, this process takes place only in the superficial layer of steel. During typical 
pickling period, 600s exposure of steel to HCl, the layer affected by hydrogen may reach up to 200 μm for 
steel 15-5PH. During a delayed interval before hydrogen removal the hydrogen front may shift by 2,3 mm 
deeper into steel, however hydrogen concentration in the volume will be approximately 10x lower than 
that on the surface immediately after pickling, i.e. its effects within steel will be lower than on the steel 
surface. The pickling process itself in hydrochloric acid does not seem to increase hydrogen feeding of steel. 
The effect of the delay between the end of pickling and hydrogen removal proved to be insignificant in 
terms of hydrogen content in steel. Comparison of the character of fracture areas at objects without 
hydrogen removal, after standard hydrogen removal and after longer period before hydrogen removal 
implied that the places of initiation are characterised by micromorphology corresponding to ductile 
transgranular damage. Traces of brittle fracture accompanies by the occurrence of intergranular corrosion 
were localised only after an intensive cathode hydrogen charging. 
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Abstract  

The samples in present study were prepared by air plasma spraying (APS) of CoNiCrAlY coatings onto the 
nickel-based superalloy INCONEL 713LC substrate surface. Immediately, after the spraying was onto the 
CoNiCrAlY coatings outer surface pressed an high purity aluminium sheet by means of uniaxial cold pressing 
techniue. After that the samples were annealed at the temperature of 650°C for different dwell-time in 
argon-flow atmosphere. The modified CoNiCrAlY coatings enriched by aluminium were produced. 
Moreover the voids, imperfectly melted powder particles, and oxide scale present in original plasma 
sprayed coating microstructure were eliminated. The scanning electron microscope (SEM) was used to 
record the modified coatings microstructure. Changes in chemical composition were studied by means of 
energy dispersive microanalysis (EDX). 

Keywords: M-CrAlY coatings, air plasma spraying, heat treatment, remelting, microstructure 

1. INTRODUCTION  

Superalloys are the most reliable and cost effective structural material widely used in aircraft and industrial 
gas turbine applications. The components like internal combustion chambers, impellers and shafts of 
turbojet engines are subjected to varying temperature and stress load cycles during their operation 
conditions. Within these cycles the component material undergoes a number of degradation processes, 
especially oxidation and high-temperature corrosion [1, 2].  

The superalloys surface does not have adequate level of such critical elements as Al and Cr to impact 
oxidation and corrosion resistance for complete service live of produced components. Increasing Al and Cr 
concentration, therefore, would apparently be a logical solution to increase oxidation capability and high-
temperature corrosion resistance. However, a high concentration of Al leads to produce brittle 
intermetallic (NiAl3 and Ni2Al3) phases with lower melting points and unsufficient creep resistance. The idea 
to modify the superalloy and increase their surface properties by Al using CVD, slurry or out of pack 
deposition processes was firstly applied in the 1960s and found a wide application area. Since the 1980s, 
some types of overlay coatings found an application in turbine blades. Recent overlay coating production 
technologies enables to control required chemical composition, thickness, and appropriate combination of 
physico-chemical and mechanical properties. In recent practice well established M-CrAlY coatings (M = Ni 
or/and Co) are widely applied as a standalone “overlay coatings” or as a “bond coatings” in thermal barrier 
coating systems [3, 4]. 
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The paper deal with the study of microstructural changes and phase transformations after the remelting of 
M-CrAlY plasma sprayed coatings, where these coatings are at the same time enriched by aluminium and 
relieve of voids, imperfectly melted particles, and oxides scale present. 

2. EXPERIMENTAL 

Commercially available polycrystalline nickel-base superalloy Inconel 713LC, supplied by PBS Velká Bíteš, 
a.s., Czech Republic, was used as a substrate material. Their nominal composition is listed in Tab. 1. Surface 
of specimens (10 x 10 x 5 mm) was ground with abrasive paper up to #800 and washed with acetone in 
ultrasonic cleaning bath for 15 min before the coating deposition. The CoNiCrAlY powder with average 
particle 45 - 65 �m (GTV GmbH, Germany) and nominal composition, see Tab. 1, were sprayed onto the 
substrate surface by means of air plasma spray technique. The average thickness of the CoNiCrAlY coating 
was about 125 �m. 

 Tab. 1 Chemical composition of substrate alloy and powder [at.%] 
 C Al Nb Ti Cr Mo Ni Co Y 

Substrate          
Inconel 713LC 0,23 12,07 1,19 0,92 12,74 2,65 bal.   

Powder          
CoNiCrAlY  15,57   21,21  27,73 bal. 0,30 

An aluminium sheet of 99,999 % high purity was pressed (10,5 t) by uniaxial cold pressing technique (CBJ 
500-6 hydraulic press). Specimens were heated to 650°C for 0, 2 and 5 hrs in Heraeus tubular furnace with 
argon-flow atmosphere. Scanning electron microscope (SEM) Philips XL30 was used for microstructural 
evaluation. Chemical composition was measured by means of energy dispersive X-Ray spectometr (EDX) 
EDAX. 

3. RESULTS AND DISCUSSION  

3.1. As-sprayed coating microstructure  

Initial state of the samples of plasma sprayed 
CoNiCrAlY coatings with the pressed aluminium 
sheet is shown in Fig. 1. The resulting CoNiCrAlY 
coating microstructure is typical for the technology 
used. It consist of remelted splats “flattened 
powder particles“, small amount of porosity, oxide 
scale and unmelted particles. The aluminium sheet 
consist of homogenous Al solid solution (FCC crystal 
lattice structure). The plasma sprayed CoNiCrAlY 
coatings could be created by three phases: CoNi-
solid solution, 1-CoAl intermetallic phase, and 3-
Al2O3 oxide. No apparent difusion layers were 

Fig. 1 SEM backscattered electron micrograph 
of CoNiCrAlY coating deposited on the Inconel 

713 LC surface after the aluminum sheet 
pressing 
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observed at the interface in between the CoNiCrAlY coating and the substrate or at interface in between 
the CoNiCrAlY coating and the aluminium sheet. 

3.2  Coatings microstructure changes after the thermal exposure 

The CoNiCrAlY coating microstructure after the annealing at the temperature 650°C for 0 hrs with pressed 
aluminium sheet onto the CoNiCrAlY coating surface is shown in Fig. 2(a). There is minor change in 
comparison with the as-sprayed coating microstructure only. The upper part of CoNiCrAlY coating was 
enriched by aluminium, the voids, imperfectly melted powder particles, and oxides presented in original 
plasma sprayed coating microstructure were eliminated. New light grey phase formation at the interface 
between the CoNiCrAlY coating and the aluminium sheet was observed, see Fig. 2(c). 

 
Fig. 2 SEM backscattered electron micrographs of modified coating system on Inconel 713 LC after 

annealing - 650°C/ 0 hrs (Ar), (a) overview of substrate/coating/aluminium interfaces, (b) detail of remelted 
aluminium region, (c) detail of remelted CoNiCrAlY coating region and (d) detail of interface in between the 

remelted and unmelted CoNiCrAlY coating 

 Tab. 2 Chemical composition estimated by EDX analysis, corresponding with Fig. 2 [at.%] 

 1 2 3 4 5 6 7 8 

Al 99,3 81,0 82,3 79,1 85,0 82,8 78,2 18,0 

Cr 0,7   12,7 4,4 4,2 6,0 20,7 

Co  10,1 12,7 3,8 6,7 6,6 9,2 33,9 

Ni  8,9 5,0 2,1 3,9 6,4 6,6 27,4 

Y    2,3     

Based on EDX measurement (Tab. 2) corresponding to cross marks locations in Fig. 2 and known phases 
stoichiometry were estimated the expected phases. These are intermetallics Al3(Co,Ni) (point 3), Al7Cr 
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(point 4) and Al solid solution (points 5, 6, 7) in the remelted part region of CoNiCrAlY coating and pure 
aluminium (point 1) and Al3(Co,Ni) intermetallic phase (point 2) in the remelted alumnium sheet region.  

More significant changes in coating system microstructure can be observed after the annealing at the 
temperature 650°C for 2 hrs (Fig. 3(a)). In comparison with as-sprayed coating microstructure the remelted 
aluminium region (Fig. 3(b)) consist of three different phases.  

 
Fig. 3 SEM backscattered electron micrographs of modified coating system on Inconel 713 LC after 

annealing - 650°C/ 2 hrs (Ar), (a) overview of substrate/coating/aluminium interfaces, (b) detail of remelted 
aluminium region, (c) detail of remelted CoNiCrAlY coating region and (d) detail of interface in between the 

remelted and unmelted CoNiCrAlY coating 

 Tab. 3 Chemical composition estimated by EDX analysis, corresponding with Fig. 3 [at.%] 

 1 2 3 4 5 6 7 8 

O   52,5      

Al 85,8 82,4 46,0 85,2 83,0 77,6 81,0 74,9 

Cr 12,7   8,9 1,9 3,5 5,1 7,1 

Co 0,5 9,2  2,7 7,4 2,3 7,5 10,7 

Ni 1,0 8,4  3,2 7,7 11,7 6,4 7,2 

Y   1,5   4,9  0,1 
Based on EDX analysis listed in Tab. 3 the intermetallic phase Al7Cr (point 1), Al solid solution dispersed by 
fine Al3(Ni,Co) intermetallic phase (points 2) and Al2O3 oxide scale (point 3) can be expected. Within the 
remelted coating region (Fig. 3(c)) was apparent the formation of an Al solid solution with fine dispersed 
Al3(Ni,Co) (points 5, 7), Al7Cr (point 4), Al3Ni (point 6) and Al3(Co,Ni) (point 8) intermetallic phases. Slight 
increase of the remelted coating region thickness was recorded. Due to the porosity coarsening after the 
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remelting of CoNiCrAlY coating a large amount of small voids were eliminated. The coarse pores were 
observed within the intermetallic strengthened aluminium region.  

The most significant changes in a coating microstructure can be observed after the annealing at the 
temperature 650°C for 5 hrs, see Fig. 4. The remarkable increase of remelted coating region thickness was 
observed and almost whole original CoNiCrAlY coating was remelted. Coarse voids were moved from 
remelted coating region towards the free surface, where spallation of the rest intermetallic strengthened 
aluminium was obviously observed [5, 6]. Moreover, it was described in a case of NiCrAlY coatings 
remelting in reference [7]. Spallation of mentioned region can be probably observed after the annealing at 
the temperature of 650°C for dwell-time longer than 5 hrs as well.  

Based on the EDX analysis measurements listed in Tab. 4 the Al solid solution strengthened by fine 
dispersed Al3(Ni,Co) (points 2, 3, 4, 5, 7) intermetallic phase and Al7Cr (point 1), Al3(Ni,Co,Y) (point 6), 
Al3(CoNi) (point 8) and Al3Ni2 (point 9) intermetallics was formed. The cracks originate in the modified 
coating system microstructure due to the consequence of high aluminium concentration, which promotes 
the brittle NiCoAl3 phase formation [8]. Based on the records of above observed phases the transparency of 
CoNiCrAlY coating and the aluminium sheet interface for diffusion exists. The major elements of CoNiCrAlY 
coating (Ni, Co and Cr) diffuse into the aluminium sheet direction and also in backward direction the 
diffusion of Al was confirmed. Due to the CoNiCrAlY coating enrichment by aluminium, the porosity, 
imperfectly melted powder particles, and oxide scale from original plasma sprayed coating microstructure 
were eliminated. The CoNiCrAlY coatings remelting process is apparently slower than in a case of the 
NiCrAlY one [7], because of the prior aluminium melt interact with cobalt and nickel within the interaction 
zone, where the aluminides are formed, and afterwards the CoNiCrAlY coating is going to be remelted. It 
should be noted, that longer dwell-time at the temperature of 650°C can be recommended to complete 
remelting of CoNiCrAlY coating thickness. 

 

 

 

Fig. 4 SEM backscattered electron 
micrograph of modified CoNiCrAlY 

coating after the annealing of 650°C/ 5 
hrs (Ar) 

Fig. 5 SEM backscattered electron micrographs of modified 
CoNiCrAlY coating after the annealing of 650°C/ 5 hrs (Ar), 

(a) top coating region, (b) unmelted coating/remelted 
coating/aluminium interface 
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 Tab. 4 Chemical composition estimated by EDX analysis, corresponding with Fig. 5 [at.%] 

 1 2 3 4 5 6 7 8 9 

Al 85,4 82,7 82,1 82,6 81,1 77,4 80,9 75,5 57,7 

Cr 12,5   2,3 5,1 4,5 4,5 4,3 11,1 

Co 0,5 9,1 8,5 7,4 5,8 3,8 7,7 11,1 16,4 

Ni 1,6 8,2 9,4 8,7 8,0 10,8 6,9 9,1 14,8 

Y      3,5    

4. CONCLUSION  

The modified CoNiCrAlY coatings enriched by aluminium were produced. Moreover the voids, imperfectly 
melted powder particles, and oxide scale present in original plasma sprayed coating microstructure were 
eliminated. Especially the voids present in the coatings microstructure cumulated itself within the top of 
original aluminium platted region. The cracks originate in the modified coating system microstructure due 
to the consequence of high aluminium concentration, which promotes the brittle NiCoAl3 phase formation. 
Higher annealing temperature than 650°C and longer dwell-time could be recommended in order to remelt 
whole CoNiCrAlY coating thickness. 
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Abstract  

The paper deals with the relationship of the spray parameters and mechanical properties of a thermally 
sprayed coating on the base of ceramic materials. The main aim was directed to materials of aluminum, 
titanium and chromium oxides, which were sprayed using the flame spray technology (FS). Generally, 
ceramic coatings are standardly sprayed using the plasma spray technology (APS/VPS). APS or VPS 
technologies are most of all used for spraying the materials with high melting point, as the ceramic 
materials are, due to high operating temperature around 20 000 K. Nevertheless, several materials can be 
sprayed using the FS technology having in mind correct and circumspect setting of process and spray 
parameters. The spray parameters strongly influence the final quality of the coating and that is why it is 
necessary to consider them to be very significant. The amount of the fuel and oxygen in the process, spray 
distance and the powder feed rate are the crucial factors of the whole spray process. Amount of fuel and 
oxygen determine the temperature and velocity of the flame and the spray distance influence the amount 
of oxygen in the coatings and the coating hardness or strength. The right setting of the spray parameters is 
very important most of all in case of ceramic materials because of great differences between thermal 
expansion of a ceramic coating and a steel substrate. Bad setting of spray parameters can cause cracking 
inside the coating, rapid decreasing of toughness, higher porosity, higher surface roughness, lower 
deposition efficiency, etc. In our study ceramic coatings of Al2O3-3%TiO2, Cr2O3 and TiO2 were investigated. 
The influence of the sprayed parameters on the coating quality was investigated. The results of this study 
have shown that the spray distance is the most important factor for the coatings´ quality in case of ceramic 
materials sprayed using the FS technology. It was surprising that the flame temperature and velocity play a 
minor role in the optimizing process (minor influence on the coating hardness, microhardness, porosities 
and coating microstructure). The results of this work significantly contribute to improving knowledge about 
the FS sprayed ceramics and reveal some possibilities of optimizing the spraying parameters to achieve high 
quality coatings. 

Keywords: Flame spray, coating, spraying parameters, optimization, Al2O3-3%TiO2, Cr2O3, TiO2  

1. INTRODUCTION 

Al2O3-3%TiO2 coating offers the resistance to the galvanic and high-temperature corrosion, the abrasive 
wear resistance and low coefficient of friction. Thanks to their properties they are successfully used as 
electrical insulators, as wear resistant coatings in the applications suffering from galvanic corrosion (pumps 
shafts, thermocouples). They are also applied in combustion chambers of diesel engines or in the cutting 
tools). Al2O3 powder particles are in stable α form, but after the thermal spraying they soften and transform 
into the у form that decreases mechanical resistance, nevertheless increases the indentation fracture 
toughness of coating. The phase transformation can be a problem in flame spraying because of its lower 
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process temperature. This ceramics material undergoes several changes in crystallographic modifications 
during thermal spraying due to fast cooling of coating. These transformations lead to the creating of 
metastable phases which decrease the indentation fracture toughness of coating. Coating toughness and 
hardness is influenced by the amount of TiO2 addition (the influence of the addition on the tribological 
properties is different regarding the used thermal spray technology and powder or the powder 
manufacture and its grain size). With increased amount of TiO2 the hardness of whole coating decreases, its 
toughness increases and the porosity of coating declines. TiO2 is also mainly used as the additive for 
improving the thermal spray process. With TiO2 additive the coating adhesive strength is significantly 
improved. In coatings containing TiO2 the following structure phases are usually detected: α-Al2O3, у-Al2O3, 
Al2TiO5, Al2Ti2O13 and rutil TiO2. For ceramic powder spraying it is necessary to spray primarily an interlayer 
(bond-coat) on the substrate because between the substrate and ceramic coating high anisotropy occurs 
between coefficients of thermal expansivity. This anisotropy can cause excessive stresses on the boundary 
of the coating and substrate. Mechanical properties of coating can be improved by spraying nano-particles 
of the ceramic powder [1-9]. 

TiO2 material is multifunctional having a number of potential applications such as medical technology, gas 
sensors and wear protection, but photocatalysis ranks among the most important ones. TiO2 shows a 
greater photocatalytic efficiency for the degradation of organic pollutants [10]. Titania thermal spray 
coatings are not recommended to be used at high temperature above 540 °C due to the possibility of 
cracking as the result of phase transformation. It is recognized that this cracking event is based on the 
titania anatase-brookite to rutile phase transformation. Anatase and brookite transform irreversibly to 
rutile at temperatures from 400°C to 1000°C. Due to the lack of plasticity and low resilience of ceramic 
materials, this phase transformation tends to cause cracking and leads to failure of titania thermal spray 
coatings. This is a similar case to that of the Al2O3 coating failure caused by the у-Al2O3 to α-Al2O3 phase 
transformation at high temperatures (700°C -1200°C) [11]. Microstructure of TiO2 coating can be influenced 
by spraying parameters, mainly by the amount of the gas flow rate. Authors in [12] stated that the coating 
porosity and adhesive/cohesive strength can be regulated by the amount of nitrogen flow rate. Low 
nitrogen flow rate increases oxygen content on the splat boundaries and on the coating substrate interface.  

Chromium oxide (Cr2O3) is an interesting material for many industrial applications due to its excellent wear 
and sliding properties. Poor toughness and sintering properties limits the use of Cr2O3 in bulk form. Limited 
toughness hinders also when applied as a coating. The coatings produced by different spray processes such 
as thermal and plasma spray techniques have various microstructure and properties. The coating structure 
containing in-homogeneities strongly influences its tribological behavior. In sliding of Cr2O3 coatings various 
failure mechanisms such as plastic deformation, adhesion and brittle fracture may occur. Nevertheless, 
thermally sprayed chromium oxide coatings have the highest wear resistance both in dry and lubricated 
conditions in comparison with WC-Co, Al2O3 and TiO2 coatings [13, 14]. 

The proper choice of spraying parameters are crucial for spraying of coatings with mechanical, corrosion 
and high temperature properties meeting the expectation. The using of spraying parameters recommended 
by the powder suppliers did not lead to a coating with appropriate microstructure, properties and 
deposition efficiency. The experiment aimed at finding better parameters was designed and realized. Its 
results are described in the following paragraphs.  
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2. EXPERIMENT 

2.1. Spraying parameters 

The GTV 6P-II flame spraying equipment was used to spray all the evaluated samples. The previous grid 
blasting procedure, standard in VZU Plzen, was applied before spraying. 

The parameters optimization procedure is based on the variation of oxygen and fuel flow. Their mutual 
ratio expressed by equivalent ratio :, represents the flame temperature. The amount of gases influences 
the particle velocity. For some sets of parameters, the spraying distance and the amount of powder also 
varied. Other parameters, such as carrier gas pressure and flow, as well as travel speed and offset, 
remained constant. The variable parameters are summarized in Tables 1 – 3 for all tested materials.  

 Tab. 1. Variable spraying parameters – designation of the samples of Al2O3-3%TiO2  

Parameters A B C D E F 

Equivalent ratio :: 1.78 1.78 2.13 1.6 2.0 1.86 

Spraying distance [mm] 105 75 75 75 75 75 

Speed of screw feeder [min-1] 2 3 2 3 2 2 

 Tab. 2. Variable spraying parameters – designation of the samples of Cr3O2  

Parameters A B C D E F G 

Equivalent ratio :: 2.42 2.32 2.24 2.08 1.91 1.56 1.52 

Spraying distance [mm] 76 76 76 76 76 76 76 

Speed of screw feeder [min-1] 1.5 1.5 1.5 1.5 1.5 1.5 1.5 

Parameters A, B, and C differs by the flame velocity: the B was the slowest, the C the fastes  

 Tab. 3. Variable spraying parameters – designation of the samples of TiO2  

Parameters A B C D E 

Equivalent ratio :: 1.51 1.51 1.13 1.30 1.32 

Spraying distance [mm] 76 110 76 76 76 

Speed of screw feeder [min-1] 2.5 2.5 2.5 2.5 2.5 

2.2. Testing equipment 

The surface hardness HR15N was measured on the as-sprayed coatings surface using the Rockwell HT 8003 
hardness tester. The reported values are average ones of at least five measurements. The measured HR15N 
values were transferred to HRC. Then the coatings were cut, grinded and polished. The coatings 
microstructure was evaluated by the Nicon optical microscope using 50x, 100x and 200x magnification. The 
coating microhardness HV0.3 was not measured due to the difficulties with reading of indent diagonals 
length. The difficulties were caused by the in-homogeneity of the coatings microstructure. The abrasive 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 

 

970 

wear resistance of the coatings was evaluated using the Dry Sand/Rubber Wheel test according to ASTM G 
65. The reported values are the average ones of two measurements. 

3. RESULTS AND DISCUSSION 

Specific influence of the microstructure on the equivalent ratio (temperature of the flame) was found by 
means of microscopy evaluation on the coating cross sections. Nearly no powder particles melting was 
observed for parameters : < 1,3 in case of Al2O3+3%TiO2 coating. These coatings were very porous and a 
great amount of un-melted particles occurred in the coating microstructure. These coatings were 
characteristic with low cohesive and adhesive strength and poor deposition efficiency. With increasing the 
flame temperature the particles melting was more positive, but full-melting of powder particles wasn´t 
achieved. A strong effect of equivalent ratio on coating microstructure was also observed at TiO2 coatings. 
These coatings inclined to cracking during or after thermal spraying, which was probably caused by phase 
transformation, anatase and brookite transformed irreversibly to rutile. When using a colder flame, which 
means lower equivalent ratio, this effect was slightly suppressed. Nevertheless, some cracking was 
observed at all TiO2 coatings. 

3.1 Al2O3-3%TiO2 coating 

The results of mechanical properties evaluation of Al2O3-3%TiO2 coatings, sprayed by different spraying 
parameters, are summarized in Fig. 1 b) and in Tab. 4.  

As it was expected, the coating with the highest hardness showed also the highest wear resistance. If 
compared with Tab. 1 (spraying parameters), the strong influence of spraying distance can be seen. The 
variation of oxygen and fuel flow has only a mild effect on the hardness, and with respect to the scatter, 
almost no effect on the wear resistance of the Al2O3-3%TiO2 coating.  

 Tab. 4. Results of HR 15N and wear resistance according to ASTM G-65 of Al2O3-3%TiO2 coating  

Parameter A B C D E F 

Hardness HR15N 82.3 ± 1.9 61.3 ± 3.6 60.5 ± 3.6 62.6 ± 3.4 62.5 ± 7.2 64.8 ± 7.9 

Wear rate [10-5 g/m]  83 ± 3.8 138 ± 5.4 156 ± 12.8 121 ± 1.3 157 ± 10.9 151 ± 21.3 

 
 

a)                       b) 
Fig. 1 Microstructure of Al2O3-3%TiO2 coating, sprayed by GTV P-II (a) and ASTM G-65 results (b) 
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3.2 Cr2O3 coating 

The results of mechanical properties evaluation of Cr2O3 coatings, sprayed by different spraying 
parameters, are summarized in Fig. 2 b) and in Tab. 5.  

 

 

a)                     b) 

Fig. 2 Microstructure of Cr2O3 coating, sprayed by GTV P-II a) and ASTM G-65 results (b) 

 

 Tab. 5. Results of HR 15N and wear resistance according to ASTM G-65 of Cr3O2 coating  
Parameter A B C D E F G 
Hardness 

HR15N 77.3 ± 2.4 73.3 ± 3.6 74.0 ± 7.4 81.8 ± 5.6 79.3 ± 4.7 78.3 ± 5.5 80.1 ±1.8 

Wear rate 
[10-5 g/m] 134 ± 8.6 172 ± 58.2 57 ± 18 140 ± 3.7 84 ± 26.9 64 ± 37.0  80 ± 0.12 

 
In the case of Cr2O3 coating, the variation between the measured values of surface hardness HR15N is very 
low. On the contrary, the differences between wear rates are high (compare results of F and A coatings 
with comparable surface hardness and double wear rate). Even if for abrasion wear the microhardness is 
more relevant parameter than the surface hardness, such a discrepancy is bigger than acceptable. The 
reason can be found in the poor coating microstructure. The low intersplat cohesion causes high wear rate 
in the abrasive conditions. 

Also in the case of Cr2O3 coating, no measurable influence of equivalent ration on the evaluated properties 
was observed. 

3.3 TiO2 coating 

The results of mechanical properties evaluation of TiO2 coatings, sprayed by different spraying parameters, 
are summarized in Fig. 3 b) and in Tab. 6. For TiO2 coating, the results of surface hardness and wear 
resistance are in a good agreement. Also for TiO2 coating, the only significant effect was recorded in the 
case of variation of the spraying distance. 
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a)                     b) 

Fig. 3 Microstructure of TiO2 coating, sprayed by GTV P-II a) and ASTM G-65 results (b) 

 

 Tab. 6. Results of HR 15N and wear resistance according to ASTM G-65 of TiO2 coating  

Parameter A B C D E 

Hardness HR15N 49.0 ± 27.5 82.1 ± 3.1  77.1 ± 4.5 76.7 ± 6.6 71.4 ± 6.5 

Wear rate [10-5 g/m]  108 ± 1.2 81 ± 2.4 88 ± 4.8 83 ± 5.8 91 ± 3.2 

4. CONCLUSION 

The performed experiments showed that the ceramic materials can be successfully sprayed by the 
technology of flame spraying. In the process of parameters optimization, the parameter with the most 
significant effect showed to be the spraying distance. Mutual ratio between the amount of oxygen and fuel 
has a negligible effect on the evaluated parameters. The sets of parameters, recommended for spraying of 
each material, were found and will be further use for commercial purposes.  
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Abstract 

Glass-ceramic enamels are glazes formed on a metallic undercoat by burning at temperature exceeding 
800 °C. This coating can be used in various fields of engineering. Glass-ceramic enamel coating using 
favorable properties such as high resistance to corrosion in organic acids, high hardness and abrasion 
resistance. Forming of a compact enamel coating (with no defects or cracks penetrating up to ground 
metal) is a fundamental prerequisite for utilization of its functional features. Final brittle-fracture 
properties of the coating are dependent on its structure, texture and chemical composition. The most 
important inorganic components during production of this coating are clay and fritted glass. Usage of 
various sizes of these components influences final quality of the coating. The main goal of this thesis was to 
compare brittle-fracture properties of glass-ceramic coatings made by using commonly-dimensioned 
inorganic particles and of inorganic particles in nano-dimensions. Titanium and its alloys are able after a 
certain time and under specific conditions to establish direct contact with bone through the soft tissue. On 
the contrary, titanium alloys, which, when working in human organism causing allergic symptoms and thus 
rejection of the implant organismem. Finish with a glass-ceramic materials can guarantee the health of the 
implant to ensure establishment of biocompatibility. Contribution studies effect of clay component like 
input raw material which is add in different time sequence on mechanical properties of glass-ceramic 
coatings.  

Keywords: mechanical properties, fracture toughness, microhardness, glass-ceramic enamel coat, clay, 
kaolin, steel, alloy, bioactivity 

1. INTRODUCTION 

Glass-ceramic coatings are characteristic of high-quality anticorrosive protection and resistance to 
aggressive environments. The technology of glass-ceramic coating manufacturing increases the possibilities 
of using it in the industrial areas in which it can be applied. Glass-ceramic coatings are used in various 
technical areas, e.g. in mechanical engineering, civil engineering, restoration work, in the food industry and 
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newly in medicine and, to be specific, in dental implantology. Dental implantology using glass-ceramic 
coatings is a newly expanding area. Glass-ceramic coatings have various positive properties, such as good 
resistance to aggressive, corrosive environments, surface abrasion, long-lasting service life and chemical 
stability. Since enamel coatings do not contain significantly harmful substances, there is the possibility of 
their application in the so-called biological environment. Glass-ceramic coatings are formed by vitreous 
inorganic and chemical compounds which, under heat processing, form coatings with properties of 
adhesion to metal-based surfaces. In the group of the so-called “bio-active ceramics”, which is often used 
for implantation purposes, there is a mutual interaction in the composition of glass-ceramic coatings 
containing the same chemical elements. The resultant compatibility between the biological environment 
and the protective coating is provided by cell cultures. Using of clay and kaolin materials as input 
compounds can influence the actual cultivation of cell cultures. The size of clay components in the nano-
scale have affects on the mechanical properties. Positively affect brittle-fracture properties and also there 
is the possibility of using applications in dental implantology. The present experimental work and their 
results using a nano-scale clay components are presented in another chapters. 

2. SIMILARITY GLASS-CERAMIC COATING WITH BIO-ACTIVE GLASS 

If compared to the chemical composition of glass-ceramic coatings and bio-active glass, one can find 
consistency in contents of the same oxide compounds.  

Chemical composition of the glass-ceramic enamel coating: 

SiO2, P2O5, CaO, CaF2, B2O3, Na2O, Al2O3, K2O, CoO, MnO… 

Chemical composition of the bio-active glass:  

SiO2, P2O5, CaO, CaF2, B2O3, Na2O [1] 

Characteristics of bio-active materials are the formation of bio-active hydroxycarbonate apatite (HCA) on 
glass surfaces, which provides relation with a live tissue. The formation of the apatite layer on glass 
surfaces is not limited only to the glasses having Ca and P. Production of this HCA layer is also conditioned 
by the presence of the separated surface layer rich in SiO2, which allows catching of calcium and phosphor. 
With respect to meeting the conditions for hygienic harmlessness and properties of glass-ceramic coatings, 
which are close to the bio-active ceramics, there is the possibility of their use in contact with a live 
organism. [1]  

3. EXPERIMENTAL MATERIALS 

Substrates of test samples for experimental work for use in dental implantology were used pure titan Ti-ISO 
5832-2 and titan alloy Ti6AI4V-ISO 5832-2. The surfaces of the pure titan samples were mechanically 
ground and brushed. The Ti6AI4V titan alloy test samples were made by turning without any other 
mechanical surface treatments. Samples for dental implantology were cut from rod material with a 
diameter of 8 mm and length of 3 mm. The samples were being degreased at a temperature of 25 °C and 
pH 9.44 for 5 minutes. Rinse was being carried out by immersion into a water bath at a temperature of 22.3 
°C and pH 8.27 for 1 minute. On the ground material was applied the preliminary layer and the cover 
enamel. On specimen were used two types glass-ceramic slurry with clay component sizes smaller than 5 
μm with a 1D size of 400 nm (preliminary and cover). Milling of clay the size of 5 μm with 1-D dimension of 
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400 nm was carried out on a jet vertical mill Sturtevant. Then enamel slurry was applied in a common way 
and with the respective amount of micro-sized clay and nano-sized fine milled clay in size 20 to 200 nm. The 
samples were being dried at a temperature of 100 °C for 5 minutes. Burning was carried out in an oven at 
temperatures of 820 to 840 °C for a period of 8 to 12 minutes, accompanied by formation of enamel 
coating with subsequent cooling in the air. 

Kinds of clay and kaolin compounds used in the enamel suspension: 

� MIC fine milled clay 

� MIC common clay  

� Calcined kaolin T4 

4. EXPERIMENTAL WORK 

4.1. Measuring of Kinematic Viscosity and Determination of Dynamic Viscosity of Enamel Slurry 

Measuring of kinematic viscosity was carried out in compliance with ČSN EN ISO 2431. A standardized Ford 
cup with a standard discharge nozzle with the diameter of 6 mm was used; the time, during which the 
volume of the cup was discharged through a given hole, was determined in seconds.  

Viscosity of the fluid indicates a rate of tangential stress between layers of the flowing fluid and a velocity 
gradient. In addition to various factors (such as pressure, temperature), the viscosity value of suspensions 
depends on a shape and roughness of particles (see Tab. 1). 

The consistency of enamel slurry of both preliminary and surface glass-ceramic coatings is 1400 kg.m-3. 
Relation between dynamic and kinematic viscosity: ν = η / ρ, where ν – kinematic viscosity, η – dynamic 
viscosity, ρ – consistency. On the basis of the performed experiment, it was found out that with usage of 
fine clay at the same weight content as common clay, enamel slurry shows higher viscosity than enamel 
slurry with common clay, and therefore its rheological properties are changed. It is necessary to take this 
found experience into account during application of enamel slurry in practice. (see Tab. 1). 

 Tab. 1 Kinematic & Dynamic Viscosity of Enamel Slurry 

Kinematic Viscosity of Enamel Slurry 

Glass-ceramic coating Kinematic viscosity [m2/s] 

Preliminary glass-ceramic coating - common clay 5.10-6 

Preliminary glass-ceramic coating - fine clay 60.10-6 

Covering glass-ceramic coating - common clay 10.10-6 

Covering glass-ceramic coating - fine clay 80.10-6 

Dynamic Viscosity of Enamel Slurry 

Glass-ceramic coating Dynamic viscosity [Pa.s] 

Preliminary glass-ceramic coating - common clay 7.10-3 

Preliminary glass-ceramic coating - fine clay 84.10-3 

Covering glass-ceramic coating - common clay 14.10-3 

Covering glass-ceramic coating - fine clay 112.10-3 
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Measurements of kinematic viscosity by enamel slurry with fine clay showed higher viscosity than enamel 
slurry with classic coarse clay (usage of fine clay at the same weight content as coarse clay), and therefore 
its rheological properties are different.  

4.2. Measuring of the roughness on selected glass-ceramic coatings 

Measuring of the roughness parameters of the samples with glass-ceramic coating according to ČSN EN ISO 
4287. Results from measuring roughness are shown (see Tab. 2).  

 Tab. 2 Average values of surface roughness 

Surface roughness 

 Ra [μm] Rz [μm] Rq [μm] 

Preliminary glass-ceramic coating-common clay 1,72 8,19 2,11 

Cover glass-ceramic coating-common clay 2,87 16,15 3,41 

Preliminary glass-ceramic coating-fine clay 3.87 18.61 4.69 

Cover glass-ceramic coating-fine clay 1,96 11,12 2,49 

Preliminary glass-ceramic coating-kaolin T4 1,28 4,68 1,21 

Cover glass-ceramic coating-kaolin T4 1,01 6,31 1,29 

 

 

Fig. 1 Profilographs surface roughness 

Value of parameter roughness Rz can have a positive effect on the adhesion of cell 
cultures and cultivation. In a sample of pure Ti showed the largest average value of Rz 
preliminary glass-ceramic coating containing fine milled clay MIC. 

4.3. Microhardness tests in compliance with ČSN EN ISO 4516 & determination of 
fracture toughness  

Material microhardness is defined as material resistance to local plastic deformation 
emerging under a loaded diamond cutting point (indenter). In order 
to measure microhardness, the Vickers method was used.  

Fracture toughness was determined on the basis of radial checks 

Fig. 2 Palmqvist crack created 
by Vickers indentation [7] 
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which emerged in diagonals of an indenter impression. Glass-ceramic coatings showed a change in 
microhardness and fracture toughness when fine clay was used in comparison with coatings with common 
clay. 

Measurements showed only Palmqvist cracks 
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Where: 

c – crack lenght  

r – half the length of the indentation diagonal  

E – Young's module elasticity 

Hv – Vickers microhardness 

k - constant  

 

 
Fig. 3 Results of microhardness & fracture toughness 

4.4. A test of enamel resistance to mechanical impact by Wegner in compliance with ČSN ISO 4532 
(945050)  

The test instrument according to Wegner consists of a firing pin, into which a steel ball with the diameter of 
5 mm has been set. The steel ball is fired by means of a compressed spring towards an enamel surface. The 
impact force may be set within the range from 0 N to 90 N by a knurled nut according to a scale of 
graduation marks around the circumference. The test starts with a hit with the power of 10 N, which is 
gradually increased, and strength when the first impact to material occurs is determined. The assessment 
shall be carried out visually from the distance of 250 mm. Impacts to enamel shall be assessed (separation, 
peeling up to steel substrate). The final assessment is carried out after 24 hours. Glass-ceramic coatings 
showed higher resistance to mechanical impacts and higher adhesion to substrate when fine clay was used 
in comparison with glass-ceramic coatings, for which common clay was used. 
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Increased levels of impact force Fp for fine-clay coatings represent an increase in enamel adhesion to the 
substrate. Best result presented glass-ceramic coating contained fine clay and kaolin with impact force 70 
N. This results were also presented by cover glass-ceramic coating-kaolin T4.  

 Tab. 3 Average values of microhardness, fracture Roughness, bursting force by impact test, surface 
roughness of the vitreous enamel coating. Average values of microhardness, fracture toughness, impact 
force by impact test of glass-ceramic coating. 

 Impact force Fp
 
[N]  HV

0,1
 [MPa]  K

I C
 [MPa.m

1/2
]  

Preliminary glass-ceramic coating-common clay 60 6796 3,068 

Cover glass-ceramic coating-common clay 50 6542 2,511 

Preliminary glass-ceramic coating-fine clay 70 6378 2,874 

Cover glass-ceramic coating-fine clay 70 6670 0,52 

Preliminary glass-ceramic coating-kaolin T4 50 4727 1,326 

Cover glass-ceramic coating-kaolin T4 70 3836 0,633 

5. CONCLUSION 

The resulting value of these experiments showed that the fine clay demonstrated increased mechanical 
properties of glassy coatings. This suggests a positive effect on brittle properties of enamels. The use of clay 
with different particle size affects the cohesive and adhesive degradation of metal - vitreous enamel 
coating, leading to significant changes in the deformation processes as well as the initiation of damage of 
the surface enamel layer. On the basis of experimental tests have been shown positive affect of fine clay 
onto the brittle-fracture and functional properties of the coat. Tendency to defect formation is also 
substantially reduced. These benefits can be used in practice especially in assembling of enamelled 
segments. 
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Abstract  

Laser techniques are one of the technologies that can be used for modification of material surface optical 
properties. Decorative or identification marking of products is one of possible applications. Basic 
characteristics of laser technology utilization for stainless steel marking are presented in this contribution. 
Possibilities and limitations of this technology are discussed, in particular from the point of view of the 
marked surface corrosion resistivity preservation. Example of results of performed analysis are 
demonstrated, e.g. the influence of laser parameters on marking contrast properties, laser treated surface 
roughness and phase composition or corrosion resistance of laser treated surfaces. A possibility of an 
additional acid picking of laser treated stainless steel surfaces was also tested and it is discussed in this 
contribution.  

Keywords: laser marking, stainless steel, corrosion resistance 

1. INTRODUCTION 

There are many reasons for material or products surface marking. The marking can be applied for 
decorative or informative purposes in a form of colored text, pictures, barcodes or datamatrix codes. It can 
be produced by different procedures in dependence on the marked material or other requirements 
(production costs, wear resistance or acids resistance for example). Used techniques are for example dot 
peen marking, self-adhesive labels, printing, anodization or emulsion coating. 

A usage of the conventional methods of the surface marking can be limited in many cases, due to the 
technological requirements, production speed or expanses. Laser marking [1, 2] seems to be an interesting 
alternative for a permanent material surface marking. Laser marking is based on an interaction of laser 
beam with the material surface. This interaction can lead to different processes based on laser type, 
process parameters and treated material. Different laser systems with many possible process parameters 
combination can be used. This makes the laser marking technique very universal and usable for a wide 
range of applications and treated/marked materials, for example metals, plastics, ceramics or leather. 

This contribution is focused on stainless steel surface laser marking. The treated steel surfaces can be 
modified in such a way that it appears as colored. The final marking properties and quality depend on used 
laser type and processing parameters. Laser marking is the fastest and cheapest method in many 
applications. However, the thermally affected areas on the treated surface can loss their corrosion 
resistance or wear properties. An investigation of an influence of laser marking of a stainless steel surface is 
therefore important [3]. High quality laser marking for decorative or descriptive purposes can be produced 
if suitable laser equipment with optimized processing parameters is used.  
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2. STAINLESS STEEL LASER MARKING 

2.1. Laser equipment and laser marking procedure 

Pulsed fiber lasers are the most popular in the industrial marking applications. They are compact, have the 
long service life and their main advantage is the possibility of an independent change of the adjustable 
parameters. We have used a pulsed fiber laser SPI G3-HM 20 W, SPI G3-HM 30 W and SPI G3-HM 40 W for 
our experiments. The peak emission wavelength of this laser is 1062 nm (IR range) and the laser average 
output powers are 20, 30 or 40 W respectively. The laser marking was realized using ScanLab ScanCube 10 
scanning head with f-theta lenses of various focal lengths. The pulse frequency could be adjusted from 1 to 
500 kHz, the pulse length could be 9-200 ns and the maximum scanning speed is about 10 m.s-1. The laser 
power, scanning velocity and line spacing set other important quantity - the heat input Es. The heat input is 
one of the principal quantities for the marking process and it has to be adjusted based on laser type, its 
output power, used lens and marking strategy. We have used the heat input in range from about 0.1 to 4 
J.mm-2 in our experiments. The laser spot diameter is dependent on the used lens and laser power (it is 
about 90 um for 30 W laser and f160 f-theta lens). The SPI G3-HM lasers are usually used for marking 
(plastics, metals or poly-compounds), scribing, ablation or solar cell processing. 

The subject of laser marking is a change of the surface contrast properties caused by an interaction of laser 
beam with the marked material surface. It can be achieved by chemical, phase or surface morphology 
changes during the laser processing. Ablation and thermal oxidation are the most suitable processes for 
metals laser marking, however, other processes can be suitable for different materials as well [4]. Different 
processing strategies can be used for the laser color marking using a pulsed laser [3]: single lines, single line 
overlapping, multi line overlapping, grating surface creation. In addition to these techniques the laser 
ablation can be also used. All the described strategies can be used for stainless steel laser marking, 
however, melting, ablation or excessively heating of the surface can weaken its corrosion resistance. 

 

 
Fig. 1: Optical microscopy pictures of surfaces treated by different laser marking strategies: A - laser 

ablation, B - single line overlapping, C - multi line overlapping, D - grating surface 

The most important laser marking parameters are laser spot size, laser beam power, scanning velocity, 
scanning lines distances, pulse frequency and pulse length. Variation of these parameters leads to 
a presence of different processes during the laser marking and hence to different properties of the marked 
surface. The laser parameters affect the chemical or phase composition of the marked surface and its 
morphology. These parameters determine the laser marking quality - contrast, optical properties, wear 
properties and corrosion resistance of a marked surface, which is an important parameter for stainless steel 
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usage applications. The laser marking processing parameters have to be optimized in such a way that the 
produced marking meet all the quality and technological (production rate for example) requirements. 

2.2. Materials and experimental techniques 

Corrosion resistance of stainless steel is mainly caused by a specific chemical composition of the material. 
The most common alloying agents used for increasing of steel corrosion resistance properties are 
chromium, nickel or molybdenum. These addition agents cause origination of a thin oxide protection layer 
on the steel surface - so called passive layer. This layer is self regenerating in a case of damage and it 
protects the steel surface against corrosion. The ability of a stainless steel to renew a damaged passive 
layer can be limited or lost in some cases. Therefore, the creation of the protective layer can be supported 
by pickling and passivation procedure [5]. The corrosion resistance level of the steel in different 
environments is given by used addition agents and their content in the material. The surface state 
(roughness, residual stress, crystalline defects, cracks occurrence etc.) can play also an important role for 
the steel corrosion resistance. 

We have used the AISI 304 equivalent steel in our experiments. Laser marking was applied on 1.5 mm thick 
sheets with the surface quality 2B (cold-rolled) after a pickling and passivation treatment. The 
microstructure of the steel is austenitic with marks of plastic deformation and it contains max. 0.08 % of 
carbon, 17.5-19.5 % of chromium, 8-10.5 % of nickel, less than 1 % of Si and less than 2 % of Mn. This type 
of steel is resistant against water, water vapor, atmospheric humidity or weak organic and anorganic acids. 
It is in common use in food industry or pharmaceutical industry. 

The optical properties of the marking can be evaluated immediately after the marking production by a 
visual inspection or using some special devices. We have used the COGNEX Data Man 7500 datamatrix 
reader in our testing for these purposes. Color stability and corrosion properties of the stainless steel 
marking is much more complicated to appreciate because of time and financial demands for necessary 
experiments. Therefore, we have performed an amount of experiments with a view to find relations 
between laser marking parameters, marked surface properties and corrosion resistance changes of 
stainless steel. We have tested different laser marking parameters combinations including variations of 
scanning velocity, frequency, pulse length, laser power and lens. The corrosion tests were performed 
according to ČSN 03 81 31 (exposure to 100% humidity in condensation chamber) and ČSN EN ISO 9227 
(exposure in a saline mist with 5% NaCl solution) standards. Furthermore, we have preformed other surface 
and material analyses of the marked areas [6]: roughness measurement, microscopy surface analysis using 
optical and electron microscopes, metallography analysis, EDAX element analysis and XRD phase analysis. 

3. RESUTS 

3.1. Laser marking quality 

The scanning velocity and pulse length have only a weak influence on the marking quality. The pulse 
frequency and the laser power play more important role - the marking quality decreases rapidly if the laser 
power decreases under a certain level (about 50% of maximum power if 30W SPI G3-HM laser was used). 
However, other factors (line spacing, used lens, etc.) can also influence the result significantly and the laser 
processing parameters should be adjusted for each individual case of used laser and f-theta lens. Deviation 
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from the focal length had a significant influence on the marking quality. The acceptable deviations for the 
f160 lens were about ±1 mm and the marking was practically unreadable if this limit was overstepped. The 
range of a possible focal length deviation can be increased by using of a greater focal length lens. However, 
such lens can change other processing parameters (minimum spot size for example), that influence the 
marking corrosion resistance of the marked areas negatively. The acceptable declination from the focal 
plane (that means the laser beam is perpendicular to the surface) was about 15°. The marking quality 
decreases over this limit and the readability can be limited. 

The marking quality experiments gave as the first information of the usability of the laser marking on the 
stainless steel. Based on the obtained results, we have selected the parameters combinations, which were 
usable to make a good quality marking. We have prepared experimental samples with a matrix of marked 
areas, which were made using different parameters and which met the quality requirements. These 
samples were subsequently used for the corrosion tests. 

3.2. Corrosion tests results 

The corrosion tests results showed that many of the parameters combinations used were not suitable for 
the laser stainless steel marking from the point of view of corrosion resistance of the laser treated surface. 
Most of the marked areas were attacked by pitting or surface corrosion or the color stability was not 
acceptable on these areas. The corrosion tests indicated that the lower heat input Es is more preferable. 
This result is in accordance with other published results [3]. However, these corrosion tests did not make 
possible to determine any dependence of the laser treated areas corrosion resistance on the laser 
processing parameters. 

Original sample Sample 1 Sample 2

Sample 3 Sample 4 Sample 5

Es=1.5 J.mm-2

 
Fig. 2: Corrosion test results. Identical samples made by the same laser processing parameters after the 

corrosion test 

We have carried out other corrosion experiment with the aim to confirm the obtained results and their 
repeatability. We have prepared a set of identical samples with laser marked fields, which were made using 
the heat input in the range from 1.5 to 4 J.mm-2. We obtained very similar results as it is shown in Fig. 2. 
The best corrosion resistance was observed for the marked fields with the heat input 1.5 J.mm-2 (the lowest 
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heat input used for this experiment). Moreover, we can see a perfect repeatability as the results are almost 
identical for all the tested samples. On the other hand, the results were not too satisfactory from the point 
of view of the used parameters combinations set, because most of the fields had significantly lowered 
corrosion resistance. 

We have adjusted the laser processing parameters in such a way that we could lower the heat input and 
the marking kept still readable. We have used the heat input in the range from 0.5 to 3 J.mm-2. Accordingly 
to previous results and other published observations, the most corrosion resistant fields were made by the 
lowest heat input. These results also showed the influence of the pulse frequency and pulse length. The 
higher pulse lengths and pulse frequencies were more advantageous from the point of view of corrosion 
resistance of the marked surfaces. However, higher pulse frequencies brought results with unsatisfactory 
contrast properties of the marking. Therefore, the optimum procedure seems to be the lowest possible 
heat input and suitable combination of the pulse length and pulse frequency so that both the marking 
corrosion and contrast properties are satisfactory. It should be noted that it is complicated to use a 
subsequent procedures to increase the corrosion resistance (for example pickling and passivation) in this 
case, because the marking quality (contrast) properties could be lost. 

We have introduced the experimental way how to determine the parameters for stainless steel laser 
marking. The disadvantage is that the parameters can change for a different laser equipment (laser 
wavelength, lens, etc.) and probably also for different material compositions. Therefore, we have 
performed other material and surface analyses to find a relationship between the corrosion resistance and 
some other quantity. 

3.3. Surface and material analyses 

The surface roughness could be one of the factors influencing the surface corrosion resistance. The surface 
roughness Ra of laser treated fields was in the range from 0.2 to 1.6 and a clear dependence between the 
roughness, scanning velocity and pulse frequency was observed. The surface roughness increased with the 
decreasing scanning velocity and pulse frequency. These relations were valid independently of the heat 
input. However, a relation between the roughness and heat input was not observed as well as an explicit 
relation between the corrosion properties and roughness was not observed. 

We have investigated the surface structure by both electron and optical microscopy. As we have tested 
a wide range of laser processing parameters combinations, we have obtained very different surface 
structures. The structures corresponded to the different laser marking strategies and processes that taken 
place during the laser marking. The individual line paths and small surface cracks were evident on some of 
marked fields if a higher magnification was used. However, even in this case we did not observe an 
expressive relationship between the corrosion resistance and surface morphology or cracks occurrence. 

The metallography analyses were made on a limited number of samples only. The steel structure was 
austenitic with the evident plastic deformation due to a rolling process. Although the periodical marks 
caused by the laser treatment were evident on the metallographic cross sections, no structural changes 
were observed at analyzed samples. 

The EDAX analyses confirmed the expected composition of the base material with about 18 % of Cr and 8 
%Ni. The amount of these essential alloying elements did not vary significantly in consequence of laser 
marking. The considerable changes were observed for the amount of oxygen only, which was found to be 
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dependent on the heat input. The higher used heat input led to an increased oxidation and thus to an 
increase of oxygen amount in the marked areas. It affected the corrosion properties of the marked surfaces 
negatively, as followed from other results as well. However, based on this measurement, it is not possible 
to determine the level of the corrosion resistance generally. 

The base material and the marked fields with supposed bad and good corrosion resistance were analyzed 
using the XRD measurement. Austenitic (cubic, face centered lattice) and ferritic (cubic, body centered 
lattice) phases were identified in the base material. The oxide phase (cubic diamond lattice) was found in 
the laser marked surfaces in addition to the austenitic and ferric phase. The performed experiments 
showed the clear relationship between the corrosion resistance, the ferritic phase amount and partially 
also the oxide phase amount. The ferritic phase content was reduced significantly (not detectable in some 
cases) in the samples, which had a good corrosion resistance. On the other hand, the content of the ferritic 
phase was higher in samples with a worst corrosion resistance. The content of the oxide phase seems to be 
also higher in the samples with the low corrosion resistance, but this is not as evident as in the case of the 
ferritic phase. 

The XRD analyses results did not explained exactly the reasons and principles of the corrosion resistance 
changes of the stainless steel material. However, it brought very clear relations between the phase changes 
in the material caused by the laser treatment and corrosion resistance properties of the affected surfaces. 

4. CONCLUSIONS 

The laser marking seems to be an interesting technique for stainless steel marking. It can be used in many 
industrial applications and it can bring a lot of advantages - lower expenses or faster marking process for 
example. However, it is also connected with some technological problems including the marking quality 
questions or stainless steel corrosion resistance changes. 

We have shown that the SPI G3-HM laser is usable for stainless steel marking if the parameters are 
adjusted properly. The good quality marking can be made also if the processing conditions are not ideal 
(deviations from the focal length, declination from the focal plane, etc.), for example in industrial 
production lines. The processing parameters and used equipment can be adjusted in a wide range of 
combinations to meet production requirements (marking quality, production rate, etc.). 

An unchanged corrosion resistance is one of the very important requirements for stainless steel laser 
marking. The experiment showed that laser marking processing parameters variation can lead to very 
different results from the point of view of corrosion resistance of the marked surfaces. It was verified that 
the most important processing parameters was the heat input. The heat input influences the process 
principles - laser marking strategy, thermomechanical processes during the marking procedure and the final 
state of marked surfaces. Even if a surface morphology can play a role in a material corrosion resistance, in 
this work was not confirmed a significant influence of surface roughness or cracks occurrence on the laser 
treated surfaces corrosion resistance properties.  

The most important for the stainless steel corrosion resistance is a passive oxide layer on the original 
material surface. However, this layer is probably damaged during the laser marking process and it cannot 
be renewed by an additional pickling and passivation, because these processes can lead to the created 
marking quality changes. The XRD diffraction analyses showed the occurrence of austenitic and ferritic 
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phases in the original stainless steel material. The passive layer was neither detectable by the XRD, nor by 
other used experimental techniques. However, it was confirmed by the XRD analyses that processes during 
the marking procedure led to changes of the ferritic phase content in the material surface and to a creation 
of a new oxide layer. Furthermore, the results indicated that the ferritic phase content and the new oxide 
layer content in the marked material surface have a relationship with the laser affected surfaces corrosion 
resistance.  

The performed experiments did not make fully clear the base of the changes in corrosion resistance after 
the laser marking processes. However, it showed some relationship between the surface properties and 
corrosion resistance. As the corrosion tests are expensive and time consuming, the XRD analysis seems to 
be a promising method, which can be helpful to find out an optimum parameters combination. 
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Abstract  

Current concepts of lightweight car body combine different types of materials. The use of aluminium alloy 
and steel combination in one construction is quite common in automotive industry. The main still 
remaining issue is how to join these two different materials. When fusion joining is used, brittle 
intermetallics can occur in the joint. The amount of these intermetallics depends on thermal cycle of joining 
process. Presented experimental work deals with the influence of thermal load on Al-Mg-Si/steel joints 
properties. The analysis of temperature distribution has been done by infrared camera.  

Keywords: steel to aluminium joint, temperature distribution, infrared camera measurement 

1. INTRODUCTION 

Current trends in automobile design reflect increasingly strict requirements for the composition of exhaust 
emissions. Throughout the world, CO2 receives most attention of all exhaust gases. Regulations for car 
manufacturers vary across countries and organizations. As Fig. 1 shows, however, the reduction of CO2 
emissions continues to be a common trend. One of the efforts that can help to meet this demand is 
reducing the car weight. Hence, automotive design becomes ever more complex and relies on a number of 
different types of materials in manufacturing the car body. Combining steel and aluminium alloys has raised 
a number of materials and manufacturing difficulties. 

The main still remaining issue is how to join 
these two different materials. When fusion 
joining is used, brittle intermetallics can occur 
in the joint [1]. The amount of these 
intermetallics depends on thermal cycle of 
joining process. The thermal cycle of the joining 
process strongly affects diffusion phenomena at 
the joint's interfaces and the degradation of 
properties of the aluminium alloy and steel. 
Consequently, it has a significant impact on 
end-use properties of the entire joint. Key 
aspects in controlling this process are 
monitoring and analysis of the temperature 
field during the creation of the joint. Data 
obtained by this means can be used for 

Fig. 1 Planned CO2 emission reduction 
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numerical modelling of properties of the joint and for its quality prediction. Measurement of temperature 
fields by infrared camera is a promising technique for development projects and industrial applications. It is 
well suited for exploring temperature fields of surfaces with known emissivity [2]. Where the surface 
emissivity value is either not known or is too low, a surface paint with high emissivity value can be used [3]. 
This method was used for monitoring the temperature fields in aluminium alloy and steel sheets being 
joined. The joints were created by GMAW process. 

2. EXPERIMENTAL PROCEDURE 

First parent material was aluminium alloy EN AW-6082. It is an Al-Mg-Si hardenable alloy. End-use 
properties of this alloy can be altered primarily by heat treatment and thermomechanical treatment. MgxSiy 
precipitates have significant impact on its properties and are employed to achieve the hardening effect. 
Good corrosion resistance combined with relatively good weldability and machinability make the alloy very 
versatile in terms of application potential. The second parent material was dual phase (DP) ferritic-
martensitic steel. It is an advanced fine-grained high-strength steel. Its characteristic is the presence of two 
basic microstructure components: martensite and ferrite. Martensite islands have positive effect on 
strength and hardness of the material. Ferrite matrix provides relatively high ductility, formability and 
toughness. Filler material selected for the experiment was AlSi5. Chemical composition and basic 
mechanical properties of the experimental materials are given in Tab. 1. 

 Tab. 1 Chemical composition and basic mechanical properties of parent materials and filler material 

Fe C Si Mn P S N Cr Ni Cu Mo Al Nb V B
bal. 0.15 0.2 1.8 0.011 0.002 0.004 0.43 0.05 0.01 0.01 0.035 0.015 0.01 0.0002

DP steel

902 16 Zn ~ 8.5 μm thickness per side
Rm [MPa] A80 [%] Hot-dip galvanizing  121 g/m2
Basic mechanical properties / zinc coating

Chemical composition [wt%]

Rp02 [MPa]
732  

Al Cu Mg Mn Si Fe Ti Zn Cr
bal. 0.020 0.885 0.471 1.034 0.245 0.017 0.017 0.099

Aluminium alloy EN AW-6082; T6
Chemical composition [wt%]

Basic mechanical properties 
State Rm [MPa] Rp0.2 [MPa] A10 [%]

T6 340 310 12

Si Mn Cu Ti Al Be Fe Zn Mg
5.1 0.01 0.01 0.06 bal. 0.0002 0.1 0.01 0.02

55 18

Filler material AlSi5
Chemical composition [wt%]

Basic mechanical properties 

160
Rm [MPa] Rp0.2 [MPa] A5 [%]

 
Dimensions of parent material specimens were 150×225×1.2 mm. The sheets being joined were coated 
with a paint of known emissivity of 0.93.  

The filler material was in the form of a bare wire of 
1.2 mm diameter. As shown in Fig. 2, the sheets were 
clamped in lap joint configuration. The joint was made 
by gas metal arc welding process (GMAW).  

Infrared camera FLIR SC2000 was placed to capture 
the joining process from above. The camera with the 
resolution of 320×240 pixels can capture objects with 
temperatures of up to 2000°C. The temperature range Fig. 2 Lap joint configuration 
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of the camera for the experiment was selected in reference to the known emissivity of sheet surfaces, 
rather than to those of the electric arc and weld pool which were not known. The parts of sheets to be 
joined, where the filler material was transferred, were not painted. The main reason was to allow the 
electric arc to be established and stable. Three technological variants of specimens were prepared. The 
process speed of 10 mm/s was constant in all cases. Sets of parameters for the first, second and third 
specimen were 41 A, 12 V, wfs 3 m/min; 52 A, 12 V, wfs 3.5 m/min and 64 A, 12 V, wfs 4 m/min, 
respectively. The parameters were chosen to provide comparison between conditions with increasing 
amounts of heat input to joined sheets.  

2.1. Analysis of Temperature Field 

An image of the sheets to be joined taken with the 
infrared camera is shown in Fig. 3. In the middle of 
the infrared image, an area of the joint was clearly to 
be seen, whose emissivity was not known. The torch 
is shown in the left part of the image where 
temperature is the highest as well. It is the region 
where metal from the filler material is transferred to 
the weld pool. The infrared image also reveals higher 
transfer of heat to the aluminium alloy: Fig. 3, sheet 
no. (2). This highly heterogeneous temperature field is 
caused by the difference in thermal diffusivity of the 
materials to be joined. Consequently, one can also 
expect higher internal stresses in the area of the joint. 
The infrared image reveals that the heat source 
provided only minimal preheating of the materials to be joined. Using the ThermaCAM Researcher 
thermograhic software, points spaced 5 mm apart were distributed in the infrared image in the area close 
to the joint and additional points spaced 10 mm apart were laid out in a greater distance from the centre of 
the joint for tracking the time dependence of temperature. The points were laid out in both directions 
perpendicular to the trajectory of the torch, as shown in Fig. 3. Temperature vs. time curves were obtained 
for each of the 33 points, see Fig. 4, Fig. 5.  

Fig. 4 and Fig. 5 show the time dependence of temperature in the aluminium alloy sheet and in the steel 
sheet at various distances from the centre of the joint. Points, which were closest to the centre of the joint 
and, at the same time, in a region with known emissivity, were 10 mm from the centre of the joint. The 
highest temperature found at these points was 323.5 °C on the surface of the aluminium alloy sheet (Fig. 4) 
and 184.6 °C on the surface of the steel sheet (Fig. 5). With increasing distance from the centre of the joint, 
the maximum temperatures of the points decrease and shift to later times. The time interval from t = 0 s to 
approx. t = 12 s is the time required for the torch to arrive at the monitored points in the centre of the 
sheets. A slight temperature oscillation can be seen at the monitored points prior to the actual increase in 
temperature. In view of the arrangement of the experiment, this occurrence may be attributed to the 
torch’s movement across areas closest to the centre of the joint, i.e. points “10” and “15”, Fig. 4, Fig. 5. 

 

Fig. 3 Temperature field of sheets being joined 
– (1) steel sheet with less diffused heat (2) 
aluminium alloy sheet with further through 

conducted heat 
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Fig. 6 and Fig. 7 show maximum temperatures measured at the monitored points on aluminium alloy and 
on steel at various distances from the joint’s centre for variants 1 through 3. Measured data shows that 
temperatures increase with increasing welding current at all points. When constant current is used, the 
maximum temperature decreases with increasing distance from the joint. 

2.2. Examination of Joints  

Metallographic cross sections the joints were prepared for observing their macrostructures and for HV 
hardness measurement. Test specimens were made for (room temperature) tensile test. As Fig. 8 shows, 
the weld bead geometry changes: its height decreases and its length increases with increasing heat load. 
These changes are strengthened by the fact that a greater amount of filler materials melts. The maximum 
length of the joined area was found in specimen 2: 4850 μm. Decohesion of the sheets occurred in the 
right-hand part of specimen 3. The images show a clear increase in porosity in the sequence of specimens 

Fig. 7 Maximum temperatures at monitored 
points on the steel sheet at various distances 

from the joint, specimens 1, 2 and 3 
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Fig. 6 Maximum temperatures at monitored 
points on the aluminium alloy sheet at various 
distances from the joint, specimens 1, 2 and 3 
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Fig. 5 Temperature - time curve for monitored 
locations on the side of the steel sheet, 

specimen 1 
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from no. 1 to no. 3. This porosity is assumed to be caused by the zinc 
coating evaporating from the steel sheet surface and being trapped in 
the filler material.  

HV 0.05 hardness was measured on specimens 1 through 3. In all 
cases, indentations were on a centre-line of the section of aluminium 
alloy sheet. The zero point of the coordinate system was on the left-
hand side of the weld bead. Measured data showed that AlSi5 filler 
material had lower hardness than the unaffected aluminium alloy in 
T6 condition. Hardness of the HAZ is lower than that of the unaffected 
parent material, as shown in Fig. 9. The HAZ widths were as follows: 
10.7 mm, 11.7 mm and 16 mm in specimens 1, 2 and 3, respectively. 
The hardness profiles for all tested specimens are typical of the 
structure degradation taking place in fusion joints in 6xxx-type 
aluminium alloys in T6 condition [4]. Local minimum of the hardness 
levels in HAZ in the aluminium alloy in specimens 2 and 3 were almost 

equal: 65 HV 0.05 and 68 HV 0.05, respectively. 
These values are almost equivalent to those of the 
filler material (approx. 65 HV 0.05). Local minimum 
of hardness in specimen 1, which exhibited the 
mildest heat load, was 78 HV 0.05. 

Specimens of the aluminium alloy-steel lap joint 
were tested in tension. Thickness of the tensile test 
specimens was 10 ± 0.15 mm. Five tests were 
conducted for each joint variant. Values of 
maximum force at fracture are shown in Fig. 10. The 
scatter of the data of maximum force at fracture for 
variant 1 (Fmax = 2575 N) was relatively high: ± 70 N. 
This was caused by the fact that in some specimens 
the fracture occurred in the region rich in 
intermetallic phases, i.e. at the interface between 
the aluminium alloy and steel. Maximum force was 
measured in case of specimen 2: Fmax = 2837 N. 
Fractures in these specimens occurred 
predominantly in the weld metal of the aluminium 
alloy and in HAZ. Fractures in specimens 3 
(Fmax = 2517 N) occurred predominantly at the 
interface between aluminium alloy and steel.  
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3. CONCLUSION AND FUTURE WORK 

� Temperature fields in joints between aluminium alloy and steel can be monitored using infrared 
camera.  

� Temperature distribution of the sheets being joined reflects material and technological parameters.  

� In addition to data on temperature in the vicinity of the electric arc, it would be useful to obtain 
additional information by another temperature measurement technique, e.g. a pyrometer. 

� The measurement provided information on time dependence of temperature at various locations of 
the sheets being joined. The temperature field values will be used as input for numerical simulation 
of joining of these materials. 

� HV 0.05 hardness was measured along a line in the HAZ of the EN AW-6082; T6 aluminium alloy. 
Degradation of the aluminium alloy based on hardness profiles was measured. 

� Tensile test data proved that the amount of heat input has significant impact on strength of these 
dissimilar joints.  
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Abstract 

The group of electron beam lithography runs the laboratory equipped with a shaped beam electron writer 
(BS600) and the basic technology for the lithographic process. The group is able to prepare micro and nano 
structures in thin layers of metals and other materials; including the characterization of the realized 
structures (using AFM, SEM, and CLSM). Within a few months (in the frame of the 'ALISI' project) a new e-
beam writer with a better resolution will be installed; it will enable the realization of the actual structures 
in a better quality and the development of new structures with a very high innovation potential. 

Keywords: E-beam lithography, shaped electron beam, thin metallic layers, micro structures 

1. INTRODUCTION 

This contribution is aimed at the preparation of microstructures in thin metallic layers. Data preparation for 
microstructures, e-beam exposure, resist development, metal etching and sputtering issues are discussed 
as well as characterization and evaluation methods. Next, an overview of practical applications is presented 
e. g. special photo masks for optical lithography, direct written structures, calibration specimens for 
microscopic distance and orthogonality check, and metallic grating for optical applications. Finally, the 
potential using the new high-resolution equipment is summarized. 

2. E–BEAM TECHNOLOGY 

2.1. E–Beam Pattern Generator 

E beam writer (pattern generator) with a rectangular-shaped electron beam (Tesla BS 600, see Fig. 1) 
allows for a fast exposure of high resolution image information into a thin layer of electron resist spun on 
Silicon (or glass) substrates. The basic step of the writing system is 50 nm; the maximum grating density is 
about 2 000 lines per mm. The permanent improvement of the pattern generator technical parameters 
allows for the increase of the writing speed. Besides that, the recent installation of the magnetic field 
cancellation system improved also its precision noticeably [1]. 

2.2. Data preparation 

The first technological step is similar for all processes. Required patterns are prepared in the machine 
readable format and the data are checked for the consistency. Thin metallic working layers however imply 
a necessity to provide a special care and handling of electron scattering during exposures. Also, the 
isotropic etching process parameters (widening of delineated patterns) is to be considered. 
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2.3. E–Beam Exposure and Resist Development 

The required pattern is transferred into the 
resist layer during the exposure. Generally, 
the shaped beam system has a higher writing 
speed then the Gaussian one; larger area 
could be patterned. Both positive and 
negative tone resists are available. The resist 
layer mask is created by the development of 
the exposed patterns. The areas exposed into 
the positive resist (PMMA is a commonly 
used) are dissolved in an appropriate 
developer. 

2.4. Metal Etching and Metal Sputtering 

The substrate surface (or the working layer previously deposited on the substrate — either a metallic or a 
dielectric one) is modified through the resist openings. Alternatively a thin metallic layer can be sputtered 
on the relief created in the resist. Final structures are checked using different microscopic techniques 
(profile meter, optical microscope, atomic force microscope — AFM, confocal laser scanning microscope — 
CLSM, scanning electron microscope). 

3. PRACTICAL APPLICATIONS 

3.1. Photo Masks for Optical Lithography 

The main industrial application of the e-beam lithography is the 
preparation of the masks for other (mainly optical) lithographic 
processes. An example of the 4 by 4 inches photo mask is 
depicted in Fig. 2. This mask includes a matrix of testing 
structure chips used in imaging analysis of implanted regions 
(Boron, Phosphorus) with different concentration for scanning 
electron microscopy.  

 

 

The photo masks are sometimes used directly as a 
standalone product for special purposes. We can 
mention the application for Earth movement monitoring 
(results of the monitoring provided by P. Kalenda are 
accessible on-line, cf http://dynamicgravity.org/mereni/ 
— detail of the mask is shown in Fig. 3). A photo mask 
used for the calibration of measurements apparatus for 
stone assortment mesh screen could be another 
example. 

Fig. 1. E–beam pattern generator BS600 

Fig. 3. Detail of a mask used for Earth 
movement monitoring, lettering 50 microns 

Fig. 2. Lithography mask, Chromium 
on 4” glass substrate 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 

 

995 

3.2. Direct Written Structures 

Thin layer structures are usually prepared by the etching 
of working (metallic) layer or by a lift-off technique. The 
etching process (both isotropic and anisotropic) is 
performed through the resist mask openings. Silicon, glass 
or ceramic substrates can be used — see Fig. 4.  

A large variety of sizes and patterns were alienated with 
the resolution down to sub submicron resolution. 
Application field covers micro sensors applications 
(temperature sensors, pressure sensors, illumination 
sensors, surface acoustic wave devices). Structures were 
also used as masters for nano imprint lithography process 
[2]. 

Special cases — calibration specimens and various types of diffractive gratings — are discussed in the 
following sections. 

3.3. Calibration Specimens 

The metrics of the pattern generator is derived 
from the laser interferometer module and the 
prepared structures can be delineated with a 
remarkable precision. A natural application is 
then calibration specimens used for metrology 
check of various types of microscopes. Over a 
hundred samples were prepared during last few 
years for optical and scanning electron 
microscopy that are used for dimensional and 
orthogonality check. The precision of the 
specimens is guaranteed with the certificate of 
calibration issued by the Czech Metrology 
Institute.  

The specimens are basically composed of various patterns as linear and cross gratings, scales, geometric 
shapes and description. They can be easily customized. A cross grating with the period of 462 nm prepared 
by an anisotropically etch of the Silicon (100) covered by a thin metallic layer (Platinum) is shown in the Fig. 
5. 

3.4. Metallic Gratings 

Metallic gratings in the micron and submicron resolution can be prepared either in the resist layer and 
consequently covered by a selected metal layer (Silver, Gold, and Platinum) either by etching the metallic 
layer through the resist mask openings. Regular diffraction grating as well as irregular structures (Fresnel 
lenses, computer generated holograms) can be prepared in a very flexible way — examples shown in Fig. 6 
and Fig. 7. 

Fig. 4. Comb structure made in the 
Aluminum layer on a glass substrate 

Fig. 5. Detail of a calibration specimen: cross grating 
with a period of 463 nm 
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4. TUNGSTEN TIP FORMING 

A little bit apart from the thin film technology there is a metallic tip forming technology. Using a precisely 
controlled anodic etching process (bath temperature, hydroxide concentration, etching current, process 
timing) we can achieve the predefined shaping of metallic wires. A Tungsten wire of 100 microns in 
diameter can be shaped in the sub micron region in a way that is required for electron beam emitters [3] — 
see Fig. 8. 

 

  
Fig. 6. Part of a Fresnel lens, resist layer covered by 

Silver, optical microscope 
Fig. 7. Multilevel computer generated hologram, 

basic pixel is 2.5 microns, AFM 

 
Fig. 8. Tungsten tip, diameter 800 nm 

5. CONCLUSIONS 

A potential of the high resolution equipment. So far we have presented the results that were achieved 
with the actual pattern generator (resolution of several hundred nanometers). Soon, a new pattern 
generator with a considerably better resolution will be installed. This system, in combination with the 
reactive ion etching equipment, will push the capacities as the resolution is concerned but also a much 
higher aspect ratio (ratio of the deepness and the width of the structures) will be achievable. Such 
structures, with a substantially larger surface area given the volume of the metallic material remaining 
constant, can change optical, mechanical, frictional, electrical or thermal properties of the metal surfaces in 
a very interesting way. 
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Abstract 

One type of functionally graded coating system is thermal barrier coating (TBC), where the combination of 
ceramic and metallic coating is used both to reduce the temperature and to increase oxidation and 
corrosion resistance of the substrate. TBCs usually consist of the top ceramic coating based on YSZ 
(ZrO2+Y2O3) and the metallic bond coating of M-CrAlY type, where M means Ni, Co or their appropriate 
combination. Electron beam physical vapour deposition (EB-PVD) or vacuum (VPS), low pressure (LPPS) or 
atmospheric (APS) plasma spraying techniques are most frequently used as a deposition method. Despite 
some requirements on the product shape simplicity, the air plasma spraying offers high productivity, 
sufficient quality and much lower production costs in comparison with the EB-PVD technology. The 
contribution deals with high temperature structural stability of TBCs of YSZ + NiCrAlY and YSZ + CoNiCrAlY 
types that were produced by air plasma spraying on the INCONEL 713LC polycrystalline nickel based 
superalloy substrate. Immediately after deposition, the specimens were exposed to temperature of 1000°C 
for 5-500 hours in the common ambient atmosphere. The changes in both microstructure and chemical 
composition were studied by means of scanning electron microscopy, energy dispersive microanalysis and 
image analysis methods. 

Keywords: Plasma Spraying, Thermal Barrier Coatings, Nickel-based Superalloys, Thermal exposure, 
Microstructure 

1. INTRODUCTION 

High temperature coatings are important materials with main applications in aircraft and power generation 
industries, where they are used primarily for the protection of turbine blades and vanes. These materials 
operate in extremely harsh working conditions, including high temperatures and temperature gradients, 
abrupt thermal changes (thermal shocks), the presence of oxidizing and corroding atmosphere, high 
pressures and multiaxial stresses of broad amplitude and frequency spectra [1,2].  

Based on the functional principle, two main groups of coatings exist: (BCs) bond coatings, which could be 
further subdivided into diffusion and overlay coatings [3,4], and, (TBCs) thermal barrier coatings. A 
functional graded thermal barrier coating consists of two coatings: the thermally insulating ceramic top 
coat and the metallic aluminium-containing bond coat (usually of the MCrAlY type), which provides 
oxidation resistance and compensates for different thermal expansion coefficients of the substrate and the 
top coat [2]. 

The deposition of the ceramic top coat is done either by electron beam physical vapour deposition or by 
plasma spraying, although other deposition methods are also being explored, e.g. [5]. In the case of plasma 
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spraying, a raw coating material is injected in the form of powder into the high-temperature and/or high-
velocity plasma jet. The powder is melted and propelled toward the substrate, where the molten particles 
solidify and form “splats”. Plasma spray deposition results in a lamellar structure with 10-15 wt.% ceramic 
coating porosity and a certain volume fraction of cracks that are generated in order to relieve stresses 
caused by different thermal contraction of the top coat and the bond coat substrate, and by the rapid 
cooling of droplets. Moreover, because of the relatively weak adhesion, further delamination cracks are 
formed at the splat boundaries, having a significant effect on thermal conductivity and thermal shock 
resistance. The main advantage of plasma spraying consists in high deposition rates and low production 
costs. 

The paper focuses on reporting the structural stability of thermal barrier coatings produced by means of 
thermal spraying onto the Inconel 713LC substrate surface. Specimens were subjected to high temperature 
exposure for different dwell-times in ambient environment. The changes in a coatings microstructure and 
chemical composition were investigated in detail. 

2. MATERIAL AND METHODS 

Functional graded coating systems were prepared from commercially available powders NiCrAlY (GTV 
60.46.8), CoNiCrAlY (GTV 60.95.1) and ZrO2/Y2O3 (GTV 40.23.1) that were purchased from company GTV 
GmbH. Nominal chemical composition and the average particle size guaranteed by the manufacturer are 
collected in Tab. 1. 

 Tab. 1 Nominal chemical composition (wt %) and the average grain size of used powders [�m] 
Powder Average size  Al Y Zr Cr Ni Co 
NiCrAlY 15 – 38 10.0 1.0 --- 22.0 bal. --- 
CoNiCrAlY 20 – 45 8.0 0.5 --- 21.0 32.0 bal. 
ZrO2/Y2O3 20 – 45 --- 8.0 bal. --- --- -- 
 

Coatings were deposited on specimens made of a polycrystalline nickel-based superalloy Inconel 713LC 
substrate. Substrate’s surface was grounded by the #600 sandpaper and polished by 3 �m diamond paste 
prior to deposition. Thermal barrier top coat was prepared by plasma spraying in standard ambient 
atmosphere in cooperation with the company S.A.M. Two TBCs were prepared: ZrO2/Y2O3 + NiCrAlY a 
ZrO2/Y2O3 + CoNiCrAlY. The thicknesses of individual coating layers were 50±5 �m and 30±5 �m (ceramic 
ZrO2/Y2O3 topcoat) and 210±10 �m and 450±50 �m (NiCrAlY and CoNiCrAlY bond coat), respectively. 
Structural stability of all systems was studied under isothermal annealing in the tubular furnace HERAEUS. 
Specimens were exposed to temperature 1000°C in the ambient atmosphere with dwell-time in the range 
of 5-500 hours. Metalographic samples from both the as-sprayed state (VS) and thermally-exposed state 
(TS) specimens were obtained by means of the deformation-free dividing equipment AKUTOM by STRUERS. 
All samples were grounded by increasingly finer sandpapers (starting at #120 up to #1200) under intensive 
water cooling, polished by 3��m and 1��m diamond pastes and finally chemically polished by means of 
OPCHEM. Microstructural observations were carried out by means of the scanning electron microscope 
(SEM) XL30 by PHILIPS equipped with the energy dispersive X-ray spectroscopy microanalyser by EDAX 
company. 
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3. RESULTS AND DISCUSSION 

Microscopical observations revealed that the ZrO2/Y2O3 topcoats are present in the form of continuous 
locally irregular layers that traced the geometry of the underlying MCrAlY bond coat. Considerable number 
of microcracks, especially at interfaces of individual splats, and high number of closed pores were observed. 
The bond coating NiCrAlY (Fig. 1a,c,e) and CoNiCrAlY (Fig. 1b,d,f) layers deposited on the IN 713 LC 
substrate are comparatively more uniform and coherent. In this case, the microstructure and the surface 
relief, which is essential for the geometry of the top coat, correspond to manual deposition directly onto 
the plane substrate specimens. The microstructure consists primarily of flattened splats, which are 
generated when metallic molten particles solidify after impact on the substrate, and by oxides formed at 
their interfaces. Occasionally, partially unmelted particles were observed as well [2]. 

  

  

  
Fig. 1 SEM micrographs of ZrO2/Y2O3 + NiCrAlY (a) VS, (c) TS: 1000 °C/ 5 h, (e) TS: 1000 °C/ 500 h and 

ZrO2/Y2O3 + CoNiCrAlY (b) VS, (d) TS: 1000 °C/ 25 h, (f) TS: 1000 °C/ 500 h thermal barrier coatings 

 

a) b) 

c) 
d) 

e) 
f) 
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The bond coat / top coat interface is characterized by the presence of very fine local discontinuities and the 
continuous thin thermally grown oxide (TGO) layer. The threshold thermal exposure conditions for its 
formation are 1000 °C / 5 h in the case of the ZrO2/Y2O3 + NiCrAlY system (Fig. 1c) and 1000 °C / 25 h for the 
ZrO2/Y2O3 + CoNiCrAlY system, respectively (Fig. 1d). In both cases, the thickness of TGO layer slightly 
increases with increasing dwell-time; this effect, however, is more pronounced for the ZrO2/Y2O3 + NiCrAlY 
coating system, Fig. 1. 

SEM microphotograps of VS specimens with ZrO2/Y2O3 + NiCrAlY coating system are shown as Fig. 2a,b. 
Chemical composition was studied at several locations as indicated by numbered white cross marks. 
Present phases were determined based on this analysis, known stochiometry of ceramic and intermetallic 
phases [6] and previous results of study on short-term structural stability of M-CrAlY coating systems [7]. 

  
Fig. 2 SEM microphotographs of VS microstructure of ZrO2/Y2O3 + NiCrAlY thermal barrier: (a) ceramic 

ZrO2/Y2O3 top coat, (b) metallic NiCrAlY bond coat 

  

  
Fig. 3 SEM microphotographs of microstructure of ZrO2/Y2O3 + NiCrAlY thermal barrier after TS: 1000°C / 
500 h: (a,b) ceramic ZrO2/Y2O3 top coat, (c) top coat / bond coat interface (d) metallic NiCrAlY bond coat 

a) b) 

a) b) 

c) d) 
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SEM microphotograps of TS specimens with ZrO2/Y2O3 + NiCrAlY coating system is presented as Fig. 3a-d. 
Clearly, the ceramic top coat does not experience any substantial changes of chemical composition during 
the thermal exposure. On the contrary, the metallic bond coat undergoes distinct changes during the 
thermal exposure. In the VS, NiCrAlY-based bond coating belongs to two-phases coating consisting of solid 
solution �-NiCr (77-84%Ni, 10-18%Cr, max. 5%Al (wt.%) – Fig. 2b, locations 1,5) and intermetallic phase �‘-
Ni(Cr)3Al (66-68%Ni, 22-23%Cr, 10-12%Al, max. 1%Y – Fig. 2b, locations 2-4). Oxides Al2O3 and Cr2O3 are 
found at splats’ interface (38%O, 20%Al, 32%Cr, 2%Y, 8%Ni – Fig. 2b, location 5). After thermal exposure, 
more Al2O3, Cr2O3 and NiO oxides (24-45%O, 48-15%Al, 21-4%Cr, 72-3%Ni – Fig. 3c,d), locations 13-
15,18,21) are formed not only at the layers interface but also in the vicinity of flattened particles. This is 
due to the Al depletion, which causes complete transformation of initial Ni(Cr)3Al intermetallic phase to 
NiCr solid solution (75-77%Ni, 21-24%Cr, 1-3%Al [hm.%] – Fig. 3c,d, locations 16,17,19,20,22) during 
thermal exposure. 

 

SEM microphotograps of VS specimens with ZrO2/Y2O3 + CoNiCrAlY coating system is presented as Fig. 4a,b. 
Similarly to ZrO2/Y2O3 + NiCrAlY coatings, there are no substantial changes in the chemical composition of 
the top coat, while the chemical composition of the CoNiCrAlY bond coat changes quite substantially. 

  
Fig. 4 SEM microphotographs of VS microstructure of ZrO2/Y2O3 + CoNiCrAlY thermal barrier: (a) ceramic 

ZrO2/Y2O3 top coat, (b) metallic CoNiCrAlY bond coat 

 

  
Fig. 5 SEM microphotographs of microstructure of ZrO2/Y2O3 + CoNiCrAlY thermal barrier after TS: 1000°C / 

500 h: (a) ceramic ZrO2/Y2O3 top coat / metallic CoNiCrAlY bond coat interface, (b) upper part of the 
metallic CoNiCrAlY bond coat 

a) b) 

a) b) 
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Fig. 5 SEM microphotographs of microstructure of ZrO2/Y2O3 + CoNiCrAlY thermal barrier after TS: 1000°C / 

500 h: (c) middle, and (d) lower (adjacent the substrate) part of the metallic CoNiCrAlY bond coat 

As in the previous case, the ceramic top coat does not experience any substantial changes of chemical 
composition. In the VS, the CoNiCrAlY bond coat consists of the intermetallic �‘-CoNi(Cr)3Al phase (8-12%Al, 
max. 19-22%Cr, 32-37%Co, 31-36%Ni (wt. %) – Fig. 4b, locations 7-11), with Al2O3, Cr2O3, NiO oxides (24%O, 
13%Al, 23%Cr, 27%Co, 13%Ni – Fig. 4b, location 12) at splats’ interface. During the thermal exposure, an 
aluminium is going to be depleted in a direction from the ceramic top / metallic bond coat interface down 
to the bond coat and the intermetallic phase �‘ is transformed to � solid solution (4-5%Al, 22-23%Cr, 38-
40%Co, 34-35%Ni – Fig. 5b, locations 7,8,10) within splats, while Al2O3 – based oxides (34%O, 44%Al, 2%Y, 
6%Cr, 7%Fe, 7%Co – Fig. 5b, location 9) form at splats’ interfaces. In the middle and lower (adjacent the 
substrate) parts of the bond coat, formation of the solid solution � (4-5%Al, 21-23%Cr, 36-40%Co, 33-38%Ni 
– Fig. 5c,d, locations 12-14), precipitation and coarsening of intermetallic CoNi(Cr)Al particles (20%Al, 7%Cr, 
20%Co, 53%Ni – Fig. 5c, location 11) were observed. 

4. CONCLUSIONS 

Thermal barrier coating of ZrO2/Y2O3 + CoNiCrAlY type shows better structural stability in the thermal 
exposure (1000°C, 500 h) when compared with the ZrO2/Y2O3 + NiCrAlY coating system. This corresponds 
with delayed formation of the continuous thermally grown oxide layer at the top ceramic / bond metallic 
coating interface in the first case (ZrO2/Y2O3 + CoNiCrAlY type). Moreover, the presence of the intermetallic 
phases was observed for all 100, 250 and 500 h time dwells. Both studied coating systems undergoes 
almost the same degradation mechanism: undesirable oxide based on Al, Ni, Cr and Fe are formed in the 
ceramic top coat and the Al is gradually depleted from the metallic bond coat forming Al-based oxides 
between individual splats. Due to Al depletion, intermetallic Al-based phases in the metallic bond coat are 
transformed into NiCr and CoNiCr solid solutions, respectively. Based on achieved results, the thermal 
barrier coating of ZrO2/Y2O3 + CoNiCrAlY type is recommended to be preferred for nickel based superalloy 
Inconel 713LC substrate protection. 
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Abstract 

The objective of this work is the evaluation of characteristics of CrN coatings applied by PVD method on 
tool steels. The properties of a coating deposited directly on a substrate and a duplex coating deposited on 
a plasma nitrided layer are evaluated. The results show a positive effect of nitriding the layer on hardness, 
tribological properties and adhesion of the coating. The research has yielded a basis for the methodology of 
applying layers of functionally graded materials, which are planned to be further examined in the future. 

Keywords: PVD, CrN, duplex coating, tribology, nanoindentation, FGM 

1. INTRODUCTION 

Physical vapor deposition (PVD) is a widespread method for preparing thin coatings on tool steels. The main 
advantage of this method is a low temperature of deposition. On the other hand, the main disadvantage of 
this type of coating is a low adhesion to the substrate. The research in this field can be divided to two 
directions. The first one is adjusting physical properties of the coating to the substrate as much as possible 
(in order to achieve similar mechanical properties). The second direction focuses on modifying the 
substrate, i.e. preventing brittle cracking at high loads (which restrict plastic deformations) [1]. The 
modification of the substrate implies using such a procedure leading to maximum hardness similar to the 
hardness of the substrate; this significantly increases the adhesion of the coating. Coatings prepared by 
PVD (CrN, TiN, AlTiN, WN) are an important protective factor of the material or of previous layers against 
oxidation, heat transfer, wear and corrosion [2]. The major application of these procedures is the 
preparation of functionally graded materials (FGM). These systems could eliminate certain disadvantages of 
conventionally prepared coatings (cracks, poor adhesion). [2]. Theoretical model properties of FGM are 
well known. [3-6] To prepare a high quality FGM coating requires an extensive knowledge of properties of 
each single coating. 

For the investigation of individual coatings, there are many measurement and evaluation techniques - 
scratch test [7,8], microindentation and nanoindentation [9, 10] and the measurement of wear resistance 
(pin-on-disk) [11, 7], „Mercedes“ test for qualitative adhesion measurement [12] etc. 

The aim of the presented study was to examine the characteristics of duplex and non-duplex CrN coatings. 
Furthermore, the utilization of ledeburite and sub-ledeburitite steel as a substrate for PVD coating was 
assessed. This basic knowledge will be applied in our future development of functionally graded layers. 
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2. EXPERIMENTAL  

2.1. Materials 

For the PVD deposition and subsequent description of the tribological behavior, steel types were selected 
with the objective of utilizing the acquired results as a reference for a broad range of tools. 

Two typical tool steels were selected: HS 6-5-2 (ČSN 41 9830, Vanadis 23) and X40CrMoV5-1 (ČSN 41 9554, 
Orvar Supreme). Vanadis 23 typically consists of a sub-ledeburitic structure composed of pearlite and 
carbides. It has primarily been used for die casting molds. Orvar Supreme is a typical representative of the 
steel used in the manufacture of cutting tools, and has a ledeburitic structure. Both materials are typical 
substrates for PVD coatings. 

The original material was a soft annealed rod of circular cross-section with 25 mm in diameter.  

Both steels were heat treated at Prikner Ltd. Heat treatment of both materials was executed by vacuum 
quenching at 1020 °C, followed by a triple tempering. For Orvar steel, the tempering course at 550 °C – 
540 °C and 570 °C was applied and for steel Vanadis 23, temperature steps 560 °C – 580 °C and 560 °C were 
used. 

2.2. Coatings deposition 

According the objective of the project, all samples were prepared during the same cycle. Then, with the 
coatings prepared with the exactly same parameters, it was possible to compare behaviors of different 
substrates or different types of coating systems (duplex/non-duplex) eliminating effects potentially arising 
from altered deposition parameters (among different coatings cycles). 

Duplex coating - this coating was prepared by magnetron sputtering in the following order: nitride layer - 
chromium coating - CrN coating. The chromium coating was integrated in order to improve adhesion and 
tribological properties of the final CrN coating. 

Cr-CrN deposition – this coating was prepared in the same way as a duplex coating using magnetron 
sputtering but without the nitride layer. 

Plasma Nitriding - in order to describe the particular properties of the nitride layer, plasma nitrided samples 
were prepared. The plasma nitriding parameters were identical to those of the duplex coating. The coating 
procedure was carried out on Flexicoat 850 (Hauzer) device in a single process. 

2.3. Measuring techniques 

The Tribotest device (CSM Instruments) was used to determine the tribological properties. The load of steel 
ball (100Cr6) was set to 5 N, the measurements were carried out on a circular orbit with the radius of 3 
mm. Duration of the test was define by 5000 revolutions with the frequency of 300 rpm. 

Adhesion measurements were performed with the Reverest Xpress + (CSM instruments) device, with 
Rockwell indenter (tip angle 120°, tip radius 0.2 mm). A linearly increasing load was set from 1 to 100 N 
with the loading rate of 49.5 N/min. The length of each scratch was 10 mm with the velocity of 5 mm/min. 

Nanotest (Micro Materials Ltd.) device was used to determine the hardness of the coatings. 10 indents 
were made on each sample at the load of 200 mN and the loading times of 10sec/5sec/10sec 
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(load/dwell/unloading). The hardness values calculated from the nanoindentation test were compared with 
hardnesses measured using non-instrumented microindenter Leco M-400-G1 with applied load of 50 g. 

In order to evaluate the quality of adhesion, Mercedes standardized test [11] was conducted at the 
Rockwell hardness tester with a load of 1500 N. 

For the evaluation of microstructure and microhardness indent analysis, metallographic light microscope 
NEOPHOT 32 with digital image analysis of NIS Elements was used. The samples were prepared according 
to standard metallographic procedures. 

3. RESULTS AND DISCUSSION 

3.1. Microstructure 

After the heat treatment, the hardness of Orvar supreme steel was 51 HRC and the structure after the heat 
treatment consisted of a tempered martensite (Fig. 1a). However, Vanadis 23 had the hardness of 64 HRC 
with the structure consisting of a tempered martensite with carbides (Fig. 1b). 

3.2. Coating sputtering 

Prior to the coating, the samples were mechanically cleaned off impurities and oxide layers caused by the 
heat treatment. The samples were degreased in an ultrasonic washing machine in acetone.  

The 

parameters of the sputtering process (Tab. 1) were designed to meet the technological requirements for 
the final coating. The coating thickness should not have exceeded 5 �m (Tab. 2) and the process 
temperature should not have been higher than the maximum used tempering temperature. The 
parameters (Tab. 1) were previously tested on the test samples in order to optimize other important 
process parameters (Bias voltage, gas flow etc.).  

Fig. 2 shows the comparison of substrate microstructures, nitride layers and deposited coatings using SEM 
and EDS. 

 

  
a) b) 

Fig. 1 Microstructure of steels after heat treatment (a) Orvar supreme, (b) Vanadis 23 
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a – Duplex/Orvar interface 

Blue: Cr-N-Mo-Si; Red; Fe-Mo-Si; Yellow: V-N-Mo. 

b – Duplex/Orvar interface, detail 

Green-Red: Cr-N-Si; Green: Fe-Si-Mo; Blue: V-Mo. 

    

c – Duplex/Vanadis interface 

Green: Cr-N-W; Blue: Fe-W; 

Red: V-W-Si-Fe-Mo-N; White: Si-W-Mo-Fe. 

d – Duplex/Vanadis interface 

Red: Cr-N; Red-Green: Cr-N-W; Green: Fe-W-Mo; 

Blue: V-Mo-W-Si-Cr; White: Si-Mo-W-Fe 

Fig. 2 Comparison of Duplex layers on Vanadis 23 and Orvar Supreme substrate 

3.3. Mechanical and tribological properties 

The most important technological parameter is the coating's adhesion to the substrate, which is 
determined by the Scratch test. Every single residual groove can be divided into four regions, LC1 
(emergence of cracks), LC2 (large-scale cracks), LC3 (first coating delamination) and LS (total coating 
delamination). 

 Tab. 1 Parameters of magnetron sputtering 

 
Time 

[hours] 
Temperature 

[°C] 
Plasma nitriding 3 530 
Plasma source etching 0,3 530 
Cr  0,3 380 
CrN 6 380 

 

 Tab. 2 Thickness of nitride layers and coatings 

duplex coating 
CrN 4,27 μm 
Cr 0,28 μm 

simple coating 
CrN 4,25 μm 
Cr 0,23 μm 

nitride layer 
Orvar Supreme 26,32 μm 
Vanadis 23 25,14 μm 
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The character of a coating deformation was the same for both types of the coating. In the LC1 part, cracks 
oriented opposite to the direction of the tip were observed. In the LC2 area, a minor coating removal was 
already present. In the areas of LC3 and LS, a coating damage was recorded at the edge of the grooves. To 
assess the quality of a coating adhesion, critical was the area LC3 (Fig. 3) where the total coating removal 
was apparently initiated. 

As shown in Fig. 3, duplex coatings had a significantly higher adhesion to the substrate. The adhesion of 
both coatings was improved compared to using non duplex coatings Cr-CrN by 260 % for the Orvar 
substrate, and 179 % for the Vanadis 23 steel. Generally, lower overall values are in Orvar steel caused by a 
lower hardness of the Orvar steel matrix.  

 

  

  
Fig. 3 Comparison of residual scratch grooves according to critical loads 

 

Improved properties of duplex coatings were confirmed in terms of adhesion by the results 
of the "Mercedes" test (Fig. 4). Duplex coatings were classified as K2 category (according to 
adhesion scale [7]) and compared to CrN coatings classified as K3 (Vanadis 23) and K4 (Orvar 
supreme), where the coating delamination could be observed along the edges of the 
indentation. The results of "Mercedes" (size of impressions) test have also suggested a lower 
hardness of the coatings on the Orvar supreme substrate. 

 

 

73 N 

Orvar - Duplex 

47 N 

Vanadis 23 - CrN Orvar - CrN 

28 N 

84 N 

Vanadis 23 - Duplex 
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Fig. 4 Comparison of Duplex a non-duplex layers 

 

Hardness measurements were divided into two independent steps (i) the microhardness measurements, (ii) 
nanohardness measurements. 

 
 Tab. 3 Results of hardness measurements 

 
HIT 

[HV] 
HV0,5 

Er 
[Gpa] 

Duplex CrN -Vanadis 1815 2046 244,4 
Duplex CrN - Orvar 1923 2029 258,4 
CrN- Vanadis 1788 1936 250,4 

CrN - Orvar 1482 1431 198,5 
 
 Tab. 4 Results of tribological testing 

Coating Type Substrate 
V 

[mm3] 
w·10-6 

[mm3/Nm] 
μ 
[-] 

duplex CrN 
Vanadis 468,79 995 0,324 
Orvar 622,51 1322 0,334 

Cr+CrN 
Vanadis 559,36 1188 0,344 
Orvar 825,01 1752 0,351 

The results of both measurements (Tab. 3) showed a greater value of hardness in the case of duplex 
coatings. A higher difference could be observed on Orvar matrix where the hardness increased by 42 %. In 
the case of Vanadis 23 steel, a lower difference was observed, however the duplex coating still showed 

K2 K2 

K3 K4 

Vanadis 23 - Duplex 

Vanadis 23 - CrN 

Orvar - Duplex 

Orvar - CrN 
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higher absolute values. Furthermore, hardness values showed a relatively decent correspondence using 
both declared methods (HIT - nanothardness; HV0,5 - microhardness). 

By means of the results from the pin-on-disk test (Tab. 4), the improvement of mechanical and tribological 
properties by duplex coatings was verified. In the case of Vanadis steel, the value of wear volume w was 
12% lower with use of the duplex coating compared to Cr-CrN coating. Using the Orvar substrate, the 
improvement of 24% was observed. The volume of the residual tracks V and the friction coefficient μ were 
also lower for the duplex coatings. 

4. CONCLUSIONS 

From our measurements, following conclusions could be made: 

� Results of experiments conducted on a duplex CrN coatings by PVD sputtering on tool steel Orvar 
Supreme (19 554) and Vanadis 23 (19 830) showed clearly improved properties observed on duplex 
coatings. 

� The greatest improvement occurred in the duplex coating adhesion; in particular the improvement of 
260 % and 179 % for Orvar Supreme and Vanadis 23, respectively. These results were confirmed by 
the qualitative "Mercedes test" where the duplex coatings achieved better results. Duplex coatings 
were qualified as K2 category, while non-duplex coatings were classified as K3 (Vanadis) and K4 
(Orvar). In Orvar substrate, unlike the other coatings, a delamination around the indentation imprints 
was observed. 

� The results showed the influence of a substrate in the hardness results, especially the nitrided layer 
(duplex coating). In the case of coatings without the nitrided layer, it became evident that the 
hardness results were highly dependent on a hardness of the base material. 

� In terms of basic materials, Vanadis 23 appeared to be a superior substrate material. During the 
tests, higher levels of adhesion were achieved as well as a greater resistance to abrasion and a 
comparable hardness and elastic modulus. 

� The results will be used as a part of an experimental methodology for evaluating multilayer coatings 
of functionally graded materials prepared by a combination of PVD and plasma technologies (PS, SPS, 
HVOF). 
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Abstract  

Air plasma spraying was applied to obtain AlSi protective surface coating on cylindrical specimens of cast 
polycrystalline superalloy Inconel 738LC. Chemical composition of the surface treated layer was studied 
and the hardness depth profile was measured. Surface treated and untreated specimens were cyclically 
strained under total strain control at 800 °C in air. Cyclic stress-strain response and fatigue life of both 
materials were obtained. The coating results in a slight decrease of cyclic stress-strain curve. A detrimental 
effect of the surface treatment on derived Wöhler curve is documented while Manson-Coffin curves of 
both materials are almost identical. Specimen section observations and fracture surface examinations help 
to discuss fatigue behaviour of both materials. 

Keywords: High temperature fatigue, Inconel 738LC, fatigue life curves, cyclic stress-strain curve, AlSi 
plasma coating 

1. INTRODUCTION 

Nickel-base superalloys were developed for the critical parts of gas turbines in aerospace and marine 
propulsion and land based power generation. They are exposed to complex cyclic and sustained loading 
during operation under extreme environmental conditions including erosion. Since their excellent 
mechanical properties are attained to some extent at the expense of environmental resistance, a suitable 
surface protection against oxidation and hot corrosion can improve the performance of structural parts [1-
3].  

Polycrystalline cast Inconel 738LC is a precipitation strengthened nickel base superalloy that is used to 
produce blades and discs of gas turbine engines. Its fatigue behaviour at high temperature has been 
reported previously [4-9]. It has been published recently that fatigue crack paths of a cast superalloy can be 
influenced by its heterogeneous dendritic structure [10,11].  

The effect of surface treatment on low cycle fatigue properties of Inconel 738LC at high temperature is 
ambiguous [5,6,12,13]. An Al-Si diffusion coating had a slight beneficial effect on the fatigue life of Inconel 
738LC in the low amplitude domain [5]. A vacuum plasma sprayed NiCoCrAlY coating [14] did not change 
the fatigue life of Inconel 738LC while a Pt modified Al diffusion coating resulted in the fatigue life decrease 
[12]. Itoh at al. [13] have reported an inferior fatigue life under push-pull load control tests of CoCrAlY and 
CoNiCrAlY vacuum plasma coated Inconel 738LC when compared with the uncoated material.  

The aim of the present paper is to study the effect of an AlSi air plasma spraying on the low cycle fatigue 
behaviour of Inconel 738LC at 800 °C in air. Special attention is devoted to coating characterization and to 
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fatigue damage of the coating-substrate composite. This work is a part of an extensive research on the 
influence of surface treatment on the high temperature fatigue properties of cast polycrystalline nickel 
based superalloys [14-18]. 

2. EXPERIMENTAL DETAILS 

Conventionally cast polycrystalline superalloy Inconel 738LC 
was provided in the form of casting rods in fully heat treated 
condition, i.e. after 1120 °C / 4 h / air cooling (AC) + 845 °C / 
24 h / AC. Chemical composition of the material is 15.86 Cr, 
8.26 Co, 3.27 Ti, 3.31 Al, 2.54 W, 1.74 Mo, 0.15 Fe, 0.88 
Nb,1.65 Ta, 0.11 C, <0.05 Si, <0.05 Mn, 0.03 Zr, 0.008 B, 
<0.004 P, 0.004 S, the rest Ni (all in wt. %). Polished section of 
the material revealed coarse grains with dendrites, carbides 

and shrinkage pores. The microstructure consists of γ´ 
precipitates embedded in γ matrix and is characterized by 
dendritic segregation of elements. An example of coarse 
dendritic structure is shown in the optical micrograph of 
the section parallel to the rod axis in Fig. 1. The average 
grain size, found using the linear intercept method, was 
3.6 mm.  

Fatigue tests were performed on button-end specimens 
having gauge length and diameter of 15 mm and 6 mm, 
respectively. Specimens were machined parallel to the rod 
axis and their gauge length was mechanically ground [19]. 
Five specimens were surface-treated by air plasma 
spraying (APS) using SNECMA equipment of PLASMA – 
TECHNIK with a gun power of 35 kW. The coating material 

was Al and Si powder (50/50 wt. %). Besides, flat specimens with a thickness of 10 mm and diameter of 20 
mm were surface treated to study coating properties. Surface treated specimens were annealed in the 
protective Ar atmosphere at 950 °C for 5 hours followed by slow cooling. Then the fatigue specimen gauge 
length was finely ground to a diameter of 6.2 mm. The mean thickness of their resulting surface layer was 
380 μm. The mean coating thickness of flat specimens was 187 μm. 

Surface treated and untreated specimens were fatigued in a closed-loop electro-hydraulic testing system at 
total strain rate of 2x10-3 s-1 with fully reversed total strain cycle (Rε = -1) at 800 °C in air. Heating was 
provided by a three-zone resistance furnace and the temperature was monitored by three thermocouples. 
Strain was measured and controlled using a MTS extensometer 632.53F-14 with 12 mm base. Hysteresis 
loops for selected numbers of cycles were recorded in disk memory. Plastic strain amplitude derived from 
the half of the loop width and stress amplitude at half-life were evaluated. 

Optical microscopy (OM) and scanning electron microscopy (SEM) Philips XL30 were used to study surface 
relief, fracture surfaces and polished sections of the gauge segments in both treated and untreated 

Fig. 1. Dendritic structure of Inconel 738LC 
(OM) 

Fig. 2. Microstructure of a coated flat 
specimen in the section perpendicular to the 

surface (OM) 
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specimens. The micro-hardness was measured in LECO 400M-PC2 indentation tester equipped with the 
Knoop indenter using a load of 0.025 kgf (0.245 N). The chemical analysis of the diffusion coating was 
investigated with energy dispersion X-ray spectrometer EDAX built in SEM using spot and plane analysis. 

3. RESULTS AND DISCUSSION 

3.1. Characterization of coating 

Fig. 2 shows an OM image of a section perpendicular to the 
surface of a coated and annealed flat specimen. The thickness of 
the coating ranges in the interval of 149 to 218 μm and 352 to 
411 μm for flat and cylindrical fatigued specimens, respectively. 
Cracks were not identified at the interface between the coating 
and substrate.  

The concentration profiles of major elements in the coating on 
a flat specimen measured by plane analysis are shown in Fig. 3. 
Individual phases in the coating were obtained through EDAX 
spot analysis. The matrix of the coating is formed by the β NiAl 
phase with a number of small particles of Si-Cr and complex 

carbides based on Mo, 
W, Ta, Nb whose 
distribution and shape 

depend on a distance from the surface. 

Fig. 4 shows the micro-hardness depth profile measured in three 
different locations on the section perpendicular to the flat 
specimen surface. A sharp decrease of the Knoop hardness is 
apparent in the vicinity of the interface between the coating and 
the substrate. Within a 10 μm interval the hardness value is 
reduced by a factor of 2.2 – see Fig. 4. The average Knoop 

hardness HK 0.025 of all coating values and of all substrate 
values shown in Fig. 4 is 1126 and 478, respectively. It can be 
concluded that the high gradient of mechanical properties 
between the coating and substrate can support crack initiation 
close to the interface. 

3.2. Cyclic stress-strain response and fatigue life  

Fig. 5 shows the stress amplitude σa as a function of the number of cycles N obtained for both coated and 
uncoated specimens cycled with different total strain amplitudes. The stable stress response is typical for 
low amplitudes while the initial hardening followed by saturation and softening is observed in the high 
amplitude domain in the uncoated material (see Fig. 5a). Fig. 5b shows the gradual slow softening for all 
strain amplitudes in the coated superalloy.  

Fig. 3. Concentration profiles of major 
elements in the coating layer of a flat 

specimen 

Fig. 4. Hardness depth profile of a coated 
flat specimen measured in three different 

locations 
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Fig. 6. Fatigue life curves in (a) Manson-Coffin and (b) Basquin representation of uncoated and AlSi plasma 
coated Inconel 738LC 

Fatigue life curves are shown in Fig. 6 both for the uncoated and coated Inconel 738LC. Fig. 6a shows the 
plastic strain amplitude εap at half-life vs. the number of cycles to fracture Nf. Experimental data for the 
uncoated superalloy were approximated by the Manson-Coffin law and parameters obtained using the 
regression analysis were published elsewhere [5]. It can be seen from Fig. 6a that within experimental 
scatter the experimental data for the surface treated and untreated material are almost identical. Fatigue 
life curves in the representation of the stress amplitude σa at half-life vs. the number of cycles to fracture 
Nf (derived Wöhler curves) are shown in Fig. 6b. The Baquin law was fitted to the data for the uncoated 
material and parameters were published elsewhere [5] (see a dashed line in Fig. 6b). The plasma AlSi 
coating results in a fatigue life decrease in the low amplitude domain.  

The cyclic stress-strain curve both for the uncoated and coated material is shown in Fig. 7. The stress 
amplitude σa is plotted vs. the plastic strain amplitude εap at half-life. The power law was fitted to 
experimental data for the treated material (see a dashed line in Fig. 7). Fig. 7 shows that the surface 
treatment results in a small decrease of the stress-strain response particularly for low amplitudes.  

3.3 Observations of specimen sections and fractography 

 
 

Fig. 5. Fatigue hardening/softening curves (a) of the uncoated and (b) plasma coated Inconel 738LC 
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Fig. 8 shows an optical micrograph of the section parallel to the loading axis of a plasma coated specimen 
cycled to fracture with low strain amplitude (εa = 0.24 %, Nf = 2447 cycles). Four cracks can be seen in Fig. 8. 
The crack in the left goes through the coating and terminates in the substrate. Three other cracks star at 
the specimen surface and stop at the coating-substrate interface. Rarely, cracks were observed to begin at 
the specimen surface and terminate within the coating or to extend from the coating-substrate interface 
and stop in the coating without reaching the specimen surface. The density of surface cracks in coated 
specimens is several times higher than that in uncoated specimens. Therefore, surface crack initiation is 
more homogeneous in the coated material. Fracture surface observation of the plasma coated superalloy 
reveals that casting defects present close to the surface play an important role in the fatigue crack 
initiation. 

Low cycle fatigue tests at 800 °C show that the fatigue life in the Basquin plot of AlSi plasma coated Inconel 
738LC is reduced in comparison with the untreated material – see Fig. 6b. Numerous crack initiate in the 
comparatively brittle coating during the fatigue lifetime – see Fig. 8. Stress concentration ahead of the 
surface cracks results in the accelerated fatigue crack growth into the substrate. Therefore, the effect of 
plasma coating on the fatigue life is detrimental in the representation of the stress amplitude versus the 
number of cycles to fracture.  

4. CONCLUSIONS 

The present study on the effect of the AlSi plasma coating on the low cycle fatigue behaviour at 800 °C 
under constant total strain amplitude can be concluded as below. 

� The plasma coated specimens are characterized by the high hardness gradient in the vicinity of the 
coating-substrate interface. 

� The surface treatment of Inconel 738LC results in changes of its fatigue behaviour. 

� The plasma coating has detrimental effect on the fatigue life. The Basquin curve of the coated 
material is shifted to lower fatigue lives in comparison with the untreated material. 

Fig. 7. Cyclic stress-strain curve of the AlSi plasma 
coated and uncoated Inconel 738LC 

Fig. 8. Fatigue cracks going from the surface to the 
substrate of a coated specimen (OM) 
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� Surface crack initiation is more homogeneous and therefore plastic strain is less localized in the 
coated superalloy. 
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Abstract 

Phosphating is currently the highest standard of surface treatment before painting in the vehicle industry. 
Excluded phosphate crystal layer is due to its high porosity absorbing not only paints but also oil and 
lubricants that can reliably maintain the surface. Improved bond strength in the case of coatings exposed in 
the humid atmospheres in comparison with multiple non-coated surface. Focus of this work is an effort to 
improve the bond strength between the different plasma-sprayed coatings materials and carbon steel using 
different phosphate coatings. Because most of the eliminated phosphate crystallizes with four crystal 
waters the samples was covered by zinc-calcium phosphate, which crystallizes with only two waters 
[scholzite: Zn2Ca(PO4)2 . 2 H2O] and coated from bath of „three-cations“ phosphate due to the large 
thickness of the coating and compaction [phosphophyllite: Zn2Fe(PO4)2 . 4 H2O]. They decided test for 
measuring the quality of bond strength between coating and steel substrate set by pull-off test according to 
EN 4624 for using pull-off test device COMTEST OP ½, where the glued joint standard provide 
recommended special adhesive glue call Loctite Hysol 3425. The test included measurement of the 
minimum tensile strength between the adhesive roller and the test plasma-sprayed surface, which causes 
separation of the specimens and the fracture characteristics. Fracture surface evaluated using the electron 
microscope TESCAN VEGA to fully experience the EDS analysis.  

Keywords: surface treatments; phosphating coatings; bond strength; plasma spraying; ceramic coatings 

1. INTRODUCTION 

Phosphating the surface of common carbon steel is currently the highest standard of surface preparation 
before painting metal in the vehicle industry. Excluded phosphate crystal coating is porous and therefore 
highly absorbing not only paints, but also oils, waxes and lubricants [1,2]. If in addition to high corrosion 
resistance is also necessary to improve the wear resistance of surface layers is possible in special case to 
make their surfaces thin and hard ceramic coating. Known procedures, for example creating a coating of 
titanium nitride by CVD methods or magnetron sputtering, but it is limited to small areas and small size 
samples, mainly because it is carried out under reduced pressure in a closed apparatus. Plasma deposition 
method, a method such as APS (Atmospheric Plasma Spraying) allows to coat substrates of almost any size, 
with the surface of several tens dm2. Plasma coating of ceramic materials is high-temperature process and 
one of its drawbacks is the formation of coatings with porosity up to 5%, depending on the meeting point 
compounds deposited. Focused on this work is an effort to improve the bond strength between the 
different plasma-sprayed ceramic materials and the surface of carbon steel use different phosphate 
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coatings as interlayers. The aim of the work described is to verify the ability of phosphate coatings improve 
adhesion of plasma-deposited ceramic coatings simultaneously applied to present the sub-corrosion of 
ceramics coatings, because of its increased porosity. 

2. EXPERIMENTAL  

To carry out the experiment, samples were selected entirely standard carbon steel (according to ČSN 10327 
[DX51D]). These samples of composition (0.12 %C, 0.50 %Si, 0.60% Mn, 0.10 %P, 0.045% S and 0.30 % Ti) do 
not guarantee any increased resistance under normal atmospheric corrosion and do not affect excretion 
and the duality of phosphate coating. Furthermore, its size (100 x 100 mm) fully comply with technology of 
plasma spraying as well as its thickness (t = 2 mm) fully meet the standard for objective assessment of 
adhesion of coating system of pull-out test. Individual samples were standard receive a full prior to 
phosphating. First was the mechanical surface pretreatment (grinding P120 and P1200) and then chemical 
surface pretreatment, degreasing (Pragolod 57 N) standard pickling and activation (3 % HCl solution) and 
eventually non-standard activated (Proofs 1427 or Proofs 1927). The individual steps were inserted 
pretreatment through rinsing (water spray and immersion utility distilled water). Finally, the individual 
samples of phosphating in commercial preparations (Pragofos 1220, Pragofos 1600, Pragofos 1900, 
Pragofos 2060, Pragofos 2400), all surface pretreatment and phosphating own place in accordance with 
technical data sheets of individual products. The obtained coatings were characterized by X-ray diffraction 
analysis, mineralogical analysis, spectral analysis, EDS was measured and their surface roughness by the 
instrument Mitutoyo SP X5.  

Were verified by the different type phosphating technology, zinc phosphating (Fig. 1), zinc-calcium 
phosphating (Fig. 2), manganese phosphating (Fig. 3), and finally called „three-cations“ phosphating (Fig. 
4). The experiments were excluded iron phosphate coatings, resulting in compliance with the chemical 
formula (1), showed no improvement since the adhesion properties of the ceramic coating (the coating is 
very thin and amorphous (thickness < 1 μm) [3]  

4 Fe + 4 NaH2PO4 +2 O2 = Fe3(PO4)2 (s) + FeO + 2 Na2HPO4 + 3H2O                   (1) 

Coatings of zinc phosphate Zn3(PO4)2, prepared in accordance with equation (2), had a perfect crystal 
structure by XRD analysis, however, was a mixture of structure orthorhombic hopeite (cca 70%) and 
monoclinic phosphophyllite FeZn2(PO4)2 (cca 30%), see Fig. 1. Surface roughness was Ra = 1.55 μm. A 
summary of the reaction of crystal coating of zinc-calcium phosphate can be described by the equation 3.  

3 Zn2+ + 2 H2PO4
- + 4 H2O = Zn3(PO4)2 (s) + 4 H3O+                            (2) 

Ca2+ + 2 Zn2+ + 2 H2PO4
- + 4 H2O= CaZn2(PO4)2 (s) + 4 H3O+                       (3) 

Coatings technology acquired zinc-calcium phosphate treatment (see Fig. 2 and equation 3) were typical 
“egg-shaped“ shape characteristic orthorhombic scholzite CaZn2(PO4)2 .2 H2O. Formations of phosphate 
layers are always very fine, even without previous activation of the surface. Coatings have a surface weight 
of 1 – 4.5 g/m2. Coating technologies resulting manganese phosphating (Fig. 3.) consist hurealite 
Mn5H2(PO4)4. 4 H2O, which may have complicated chemical composition, because it occurs at diadochian 
behavior and manganese is in the summation formula for phosphating steel partially replaced by iron, 
literature rather show summary session with both metals (Mn, Fe)5 H2(PO4)4 . 4 H2O). In our case, according 
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to EDS analysis, the ratio of Mn/Fe = 3/2. All hurealites crystallizes in monoclinic system and consist of 
columnar crystals acicular with high surface roughness, Ra, in our case 1.75 μm. This roughness is suitable 
for plasma spraying, as in the standard plasma injections is necessary to pretreated the surface of 
substrates, at lest such value of Ra. Coatings have created a weight of 7.5 – 12 g/m2. Comprehensive 
response to precipitation manganese phosphate coatings show equation 4 [2,4]. 

5 Mn2+ + 4 H2PO4
- + 6 H2O= Mn5H2(PO4)4 (s) + 6 H3O+                          (4) 

 Fig. 
1 

  
Fig. 2 

 Fig. 
3 

  
Fig. 4 

  

 (Mn,Fe)5H2(PO4)4.4H2O

 

 

Position [°2Theta] (Copper (Cu))

10 20 30 40 50 60 70 80

nts

0

50000

100000

 1920

FeZn2(PO4)2 .4H2O     

 

Fig. 1 SEM image of the coating obtained zinc phosphate coating technology. Crystalline coating is formed 
the mixture hopeite and phosphophyllite phase. Surface roughness Ra = 1.69 μm 

Fig. 2. SEM image of the coating obtained zinc-calcium phosphate technology. Crystalline coating is formed 
scholzite. Surface roughness Ra = 1.78 μm 

Fig. 3. SEM image of the coating obtained manganese phosphate technology. Crystalline coating is formed 
hurealite. Surface roughness Ra = 1.75 μm 

Fig. 4.SEM image of the coating obtained „three-cation“ phosphate technology. Crystalline coating is 
formed phosphophyllite. Surface roughness Ra = 1.84 μm 

 

The so-called „three-cations“ phosphating (Fig. 4) was performed in a bath containing zinc dihydrogen 
phosphate, but also contain cations Mn2+,Ni2+,Co2+. The resulting are formed by a combination of different 
crystal structures, in our case (see Fig. 4), mainly phosphophyllite, so Fe2 Zn(PO4)2 . 4 H2O. Such a coating 
bath arrange for the production of extremely tight-grain, and therefore an even greater adhesion to the 
steel surface [4].  

2.1. Characterization of plasma spraying 

Plasma coating belongs to the so-called thermal or hot-dip coating, when the stream of plasma generated 
from various sources is fed powdered material in the interaction with plasma is heated to high temperature 
and subsequently in the form of microscopic droplets reaching the substrate surface, where it solidifies and 
creates pay, which may have a complicated character, not only the chemical nature of the process, or 
chemical interactions with plasma, but due to rapid cooling upon impact with the substrate can be 
crystalline or amorphous fix, less common or metastable phases. Simplified diagram of plasma deposition 
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using a generator WSP® Fig. 5 illustrates. Typical surface morphology of corundum coating is shown in Fig. 
6. Plasma deposition methods have a large number of possible variants. Given that the plasma coatings is 
mainly the issue of interface between the substrate and coating as two very different materials (metal-
ceramic, ceramic A and B ceramic), especially with different melting points and the coefficient of linear 
thermal expansion, plays an important role in the ability to create the interlayers [5] to improve the 
adhesion of heterogeneous surface contact primarily by changing the surface roughness Ra and the mean 
coefficient of expansion of the new interface. In the event that we follow in this work, is also expected to 
improve corrosion resistance and subsurface layers. 

Powdered precursor

• Particle melting
• Evaporation
• Sublimation
• Chemical changement
• Reaction with plasma medium
• Spheroidization

• Rapid solidification, 
• quenching , 
• splats formation
• Structure transformation
• Cracking

 
 

Fig. 5 Scheme of plasma deposition of powdered 

alumina precursors 

Fig. 6 Surface of plasma sprayed 
aluminium oxide coating 

(morphology is typical for all 
investigated samples) 

3. RESULTS AND DISCUSSION 

To assess the suitability of individual phosphate coatings for subsequent plasma coating is necessary to 
characterize their dehydration behavior, because the temperature-induced spontaneous dehydration can 
cause distortion of the crystal structure of phosphate and thus reduce its protective and adhesive 
properties. In the initial part of the research were excluded individual swabs phosphate coatings subjected 
to differential thermal analysis (DTA). In a purely empirical testing of coatings at different curing 
temperatures up to 150 ° C at which deposited organic coatings [3] was not observed loss of bond strength 
between the metal and the coating system. It can therefore predict that dehydration in this temperature 
plays a key role in the distortion of the phosphate coating. The question remains, however, application of 
coatings at significantly higher temperatures during plasma coating or dipping, and the actual course of 
dehydration under the ceramic coating. To the first compare the suitability of each coating method was 
used DTA whose waveform is shown in Fig. 7. The underlying assumption in front of our tests was the view 
that they are more resistant phosphate coatings which contain less water of crystallization (Pragofos 1600: 
Zn2Ca (PO4)2 .2 H2O, scholzite) and the resilient coating will be harder (Pragofos 1900: "tree-cations" 
phosphating and Pragofos 2400: manganese phosphating), zinc phosphate coatings have similar 
dehydration curve (Pragofos 1220 and PZn). Since the process is endothermic dehydration reaction can be 
attributed to the decrease of temperature curves around 150 ° C was dehydrated phosphate coatings. To 
the Fig. 7 phosphate Pragofos 1600 and Pragofos 1220 and non-commercial zinc phosphate PZn observe a 
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similar curve. The apparent dehydration begins to occur at about 120 ° C and dehydration becomes 
temperature maximum at 150 ° C, the process ends at about 180 ° C. These samples are close not only the 
temperature at which dehydration begins and ends, but also in the same comparison made ground in the 
DTA analysis, it is evident that there is a corresponding loss of stoichiometric water. Samples Pragofos 1900 
and Pragofos 2400 differ from this behavior. Sample the beginning of Pragofos 1900, dehydration shifted to 
about 130 ° C, but again the end of dehydration ends at 180 ° C, but the amount of dehydrated water is 
significantly smaller. Sample Pragofos 2400 begins to dehydrate at 150 ° C and ending up dehydrated at 220 
° C (again with the volume of water abstracted sub-stoichiometric). However, with this curve, there's yet 
another endothermic process at about 310°C. The question is, what marks this process, if other (residual) 
dehydration, and phase change in our own hurealite crystals, which due to its complexity and the existence 
of numerous structural forms is possible. 

 

P1600 – CaZn2(PO4)2 .2 H2O ;  

P Zn – Zn2Fe(PO4)2. 4 H2O (62%) Zn3(PO4)2 . 4 H2O 
(38%) 

P1220 - Zn2Fe(PO4)2. 4 H2O (78%) Zn3(PO4)2 . 4 H2O 
(22%) ; 

P1900 – Zn2Fe(PO4)2. 4H2O ; 

P2400 – (Mn,Fe)5H2(PO4)4 .4 H2O 

 

 
Fig. 7 DTA of phosphate coatings 

Plasma corundum coating 
deposition proceeded in a 
standard procedure 
described in [6]. In the 
plasma torch power of 150 
kW and the spraying 
distance parameters) SD = 
300 mm and the feeding 
distance FD = 80 mm and 
administered amount of 
Al2O3 40 kg / h have been 
developed coating 
thickness from 0.1 to 0.3 
mm. Metallographic cross 
section of a steel washer, 
and corundum interlayer 
phosphate coating on Fig. 8. Deposition rates and flow of molten material were chosen to avoid 
overheating and dehydration of the phosphate crystallohydrates. Substrate temperature and total 

 

Fig. 8  Cross section of a steel substrate 
with interlayer phosphate coating and 

corundum coating 

Fig. 9 Record imager showing 
the maximum and minimum 
temperature of the sample 

surface during plasma coating 

Al2O3 coating

Steel substrate

Phosphate interlayer
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deposition temperature was controlled by the thermal imager Micro-Epsilon TIM 160. The initial alumina 
layer with a thickness of about 15 mm and thermal conductivity of 25-30 W m-1K-1 it has already acted as a 
thermal barrier, the increase in other layers of coating a scanning mechanism. The footage imager (Fig. 9) 
shows that the temperature of the substrate at the beginning and end of deposition ranged from 94 °C to 
206 °C. 

The decisive test for measuring the quality of cohesion between coating and steel substrate has been cited 
by tearing-off according to ČSN EN 4624 for pull-out device COMTEST OP 1/2, which provides a special 
bonding glue Loctite Hysol the 3425. The test includes measurement of the minimum bond strength 
between the test roller diameter of 15 mm and plasma-sprayed surface, which causes separation of the 
specimen and determine the characteristics of the quarry. Fracture surface is evaluated using the electron 
microscope TESCAN VEGA to fully experience the EDS analysis. Records obtained fracture stress tests will 
be with regard to a wide range of results limited to coatings that exhibit the greatest resistance to 
spontaneous dehydration at elevated temperature. According to DTA are coatings "tree-cations“ 
phosphate (Pragofos 1900) and manganese phosphate (Pragofos 2400). Performed stress tests on samples 
of phosphated steel with a plasma sprayed alumina ceramics were correlated with the values measured for 
alumina coatings on stainless steel ČSN 17021 (AISI 410), which range from 17-70 MPa [7]. 

4. CONCLUSION 

In this paper we present the first information about the adhesion of ceramic coatings on steel materials 
class ČSN 10327 bearing the phosphate layer. The systems are not only complicated multiphase formation 
of phosphate coatings, but also applied to the ceramic aluminum oxide may contain, in addition corundum 
structure and phase delta-Al2O3. The research program also includes coating of zirconia and mullite which 
increase surface wear resistance of structural materials and the high corrosion resistance is no doubt. The 
data collected will be used to refine the selection of appropriate interlayer between the concrete and steel 
with ceramic coating so that several times the abrasion resistance increased slightly porous ceramic coating 
has been compromised corrosion resistance of the metal substrate. The best is yet seems phosphate 
coating ready for application of thermal technologies Pragofos 1900 ("three-cations" phosphating) and 
coating technologies ready Pragofos 2400 (manganese phosphate coating), while for the phosphate coating 
is necessary to investigate the phenomenal endothermic behavior at temperatures between 310°C to 
350°C, in order to determine the upper temperature limit of application. The values of the ceramic coating 
adhesion to steel surfaces such treated materials are in the range 10-20 MPa. Cohesive fracture was more 
pronounced in samples coated manganese phosphate. It was found that corundum coating bond strength 
with the phosphate interlayer is higher than the bond strength of phosphate coating with the underlying 
steel material.  
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Abstract 

Due to the demanding operating conditions of nickel alloys, respectively high-alloyed steels application, the 
materials deserve an extraordinary attention for the structural changes they are prone to during their 
construction longevity. The changes resulting from their multicomponent base that is formed from 
complicated ternary or quaternary systems often substantially influence their mechanical and corrosion 
properties. 

The paper evaluates the consequences of experimental long-term thermal exposure lasting up to 6170 
hours which is about to simulate real working conditions – e.g. weld overlay of heat-exchanging surfaces at 
the temperature of 700 °C. Materials EN grades X1Cr24Ni22Mo6; X1Ni32Cr28Mo7; NiCr23Mo16Al; 
NiMo29Cr were chosen for the evaluation. As first their microstructural changes were evaluated by optical 
and electron microscopy methods, and by X-ray diffraction analysis. The effect of a long-term exposure of 
high-alloyed materials to high temperatures causes structural changes, and consequently the material 
becomes more susceptible to some types of corrosion attack (mainly localized) to which they are resistant 
in normal conditions. In order to determine the effect of a long-term thermal exposure on the material 
corrosion resistance, it is possible to apply the method of an open-circuit potential measurement in a 
medium with high-oxidizing ability. Specifically, the “green death” solution was used. For the evaluation or 
a possible prediction of degradation of mechanical properties, hardening, eventually creep strength, 
methods of hardness measurement of the material matrix as well as methods measuring microhardness of 
individual microstructure components identified by SEM methods were applied for all grades of thermal 
degradation. 

Keywords: Nickel alloys, corrosion resistance, hardness, green death 

1. INTRODUCTION 

Nickel alloys are recommended/ often used as construction materials due to their utility properties. They 
are resistant to material degradation; nonetheless, it is vital to be sufficiently familiar with the processes 
they are prone to during their service life. Being exposed to high working temperatures, for which they 
have been designed, they show various structural changes depending on a specific chemical composition 
and conditions of the exposure. The described research conducted with four types of nickel alloys, namely 
X1Cr24Ni22Mo6 (austenitic steel); X1Ni32Cr28Mo7; NiCr23Mo16Al; and NiMo29Cr with a nickel content 
ranging from 22 to 66 wt.% follows prior parts [1, 2] focusing predominantly on the structural changes 
themselves. The part that is being presented now deals with the electrochemical behaviour of selected 
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materials in some types of “destructive” electrolytes, or its changes after a long-term thermal exposure. In 
addition to other things, good mechanical properties are vital for construction materials. This project 
evaluated standard hardness of the “entire” material according to Vickers and Brinell. The Vickers 
microhardness test followed in order to better explain structural causes of hardness changes. The entire 
research is inevitably documented by optical and electron microscopy and by EDS and X-ray diffraction 
analyses of chemical, or phase composition to complete the results and for the sake of orientation among 
the samples.  

2. MATERIALS AND EXPERIMENTAL PROCEDURES 

Grades of surveyed industrial austenitic nickel alloys, which were subjected to a long-term annealing, and 
their chemical composition are given in the Tab. 1.  

Materials were supplied in a state after homogenisation annealing at 1100 °C as strips with thickness from 
3 to 6 mm, which were, for testing purposes, further divided by water jets to 50 x 20 mm samples.  

Alloys are observed after long-term annealing, specifically after 500, 3188 and 6170 hours exposed to the 
temperature of 700°C [1, 3] in special enclosed boxes made especially for these purposes from the steel 
grade ČSN 17 147 equipped with an absorption filler of titanium sponge preventing access of oxygen.  

 Tab. 1. Chemical composition of experimental materials 

 

In terms of detectable phase and structural changes, the metalographically prepared samples were 
monitored and documented using methods of optical microscopy and SEM. Chemical composition of the 
phases detected by X-ray diffraction was identified by EDS analyses.  

A hardness test was mostly used to evaluate the changes of mechanical properties, hardening, or creep 
strength. This procedure was chosen in respect of the size (the mass of thermally sensitised material). HV 
100 and HBW 30 (ball diameter 2,5 mm) “macrohardness” tests were performed on all materials and for all 
exposure times. The tests were always performed on an equidistant series of 10 indents, which implied the 
mean hardness of the specific sample. Considering the enormous tendency of the material to precipitation 
of secondary phases, HV 0.01 microhardness tests [4, 5] of all structural formations were performed. The 
methodology differed here according to the substructure character. Indentation was applied in previously 
determined (optically identified) spots. In specific cases, an equidistant series of five indents were identified 
on larger homogenous areas.  

In order to identify the effect of long-term tests on the material corrosion resistance, the method of free 
corrosion potential “Ecor” specification in a highly oxidizing environment [6] was applied. Free corrosion 
potential is a measurable indicator of voltage compared to the reference electrode. The reference 
electrode used in that case was an argentchloride (ACLE) electrode with a potential of +196 mV compared 

material, EN grade 
(wt.%) 

C Mn S Ni Cr Mo N Cu W  P  Si 

X1Cr24Ni22Mo6, EN 1.4659 0,016 3,0 <0,001 22,6 24,1 5,6 0,46 1,61 2,00  -  - 
X1Ni32Cr28Mo7, EN 1.4562 0,009 1,6 0,002 31,0 27,0 6,4 0,2 1,30 - 0,015 0,30 
NiCr23Mo16Al, EN 2.4605 0,005 0,15 0,002 60.0 22,5 15,8 - - - 0,002 0,04 
NiMo29Cr,   EN 2.4600 0,009 - - 66,0 2,0 28,0 - - - - - 
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to the hydrogen electrode. The testing solution consisting of 11.9 wt%. H2SO4 + 1.3 wt%. HCl + 1 wt%. FeCl3 
+ 1 wt%. CuCl2 (known as “green death”) [7, 8] was used as the corrosion environment. The testing solution 
was dropped on a grinded and oxide-free surface of the samples and a reference electrode was attached. 
Free corrosion potential was measured for 20 minutes. After all tests had been completed on all samples, 
the oxidation-reduction potential of the testing solution was determined by an inert platinum electrode.  

3. RESULTS AND DISCUSSION 

3.1  Phase analysis 

The change in phase composition of tested alloys after exposure to the temperature of 700°C for various 
periods of time was evaluated based on X-ray diffraction analysis, Tab. 2. 
 

 Tab. 2. Evolution of phase composition of analysed materials during the long-term annealing 
material 
/phase 

annealing time 
0 h 500 h 3188 h 6170 h 

X1Cr24Ni22Mo6 FCC - γ FCC - γ FCC - γ FCC - γ 

  Mo0,2Fe0,8 Cr5.5Mo1.5Fe6.5Ni1.5 Cr5.5Mo1.5Fe6.5Ni1.5 

    Mo0,2Fe0,8 Mo0,2Fe0,8 

X1Ni32Cr28Mo7 
 

FCC - γ FCC - γ Cr5.5Mo1.5Fe6.5Ni1.5 Cr5.5Mo1.5Fe6.5Ni1.5 

  Cr5.5Mo1.5Fe6.5Ni1.5 Fe0.66Ni0.34  Fe0.66Ni0.34  

  Fe0.66Ni0.34    CrMo  

NiCr23Mo16Al FCC - γ FCC - γ FCC - γ FCC - γ 

  Ni - Cr - Co - Mo Ni - Cr - Co - Mo Ni - Cr - Co - Mo 

NiMo29Cr FCC - γ MoNi3 MoNi3 MoNi3 

  Fe0.66Ni0.34  Fe0.66Ni0.34  Fe0.66Ni0.34  

3.2  Hardness 

  
Fig. 1. HV 100 progress of observed alloys Fig. 2. X1Cr24Ni22Mo6 steel - comparison 

between HBW 30 and HV 100 values 

Progress of the structure disintegration due to formation of hardening phases was also confirmed by 
hardness tests, which were quite explicit. The time of thermal exposure is followed by a substantial growth 
of hardness values (Fig. 1). The curves seem to copy one another and the values of hardness do not differ 
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too much in both chosen methodologies – HBW 30, HV 100 (Fig. 2). Hardness of material in the original 
(unsensitised) state ranges from 185 to 225 HBW 30, or HV 100. After that, all alloys show a strong 
tendency to hardness increase (6170hod) from 250 HV 100 at NiCr23Mo16Al to 430 HV 100 at NiMo29Cr. 
The trend shown by all materials greatly corresponds to the optical, or SEM monitoring of the 
microstructure and the mass of deposited precipitate (secondary phases). It may be claimed that the 
increase of hardness copies the increasing proportion of precipitate, and that the steep growth is initiated 
when the original contrast of the austenitic structure retreats after its decomposition to the contrast of the 
deposited precipitate (Fig. 3) and the precipitate deposits on the original grain boundaries. The most 
significant increase of hardness, 410 HV 100 already at 500 h, is reported for NiMo29Cr when the original 
FCC - γ structure disintegrates, and the newly formed (similar in terms of morphology) spicular phase of 
MoNi3 [9] with a orthorombic lattice has probably a similar impact as martensite in steels and causes major 
internal stress, see the SEM image and results of the spot EDS analysis on Fig. 4, or Tab. 3.  

 

 
Fig. 3. Structural changes in the X1Cr24Ni22Mo6 alloy during long-term thermal exposition – from left 0, 

500, 3188 and 6170 hrs. 
 
 Tab. 3. EDS analysis of NiMo29Cr alloy 
 

Spektrum Cr Fe Ni Mo Total 
Spektrum 1 1,39 0,68 28,22 69,70 100,00 
Spektrum 2 0,97 2,16 60,14 36,73 100,00 
Spektrum 3 1,22 3,19 64,20 31,38 100,00 
Spektrum 4 1,33 1,22 35,38 62,07 100,00 

 

 

 

3.3  Microhardness  

Microhardness tests mostly focused on specific structural 
components (precipitates, phases, grain boundaries). 
X1Ni32Cr28Mo7 and X1Cr24Ni22Mo6 materials (Fig. 5a, b) 
show similar behaviour with growing thermal exposure. Fine 
precipitate enriched with chromium and molybdenum forms within and on borderlines of grains in the 
basic matrix, the composition of which (according to EDS) corresponds to the original material. On the 
contrary, the content of nickel and iron is lower (according to prior analyses σ-phase [2]). Microhardness 

Fig. 4. SEM microstructure of NiMo29Cr 
alloy, with marking of EDS measured 

points 
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tests were thus supposed to assess the impact of the precipitate and the matrix on the resulting 
microhardness. Absolute values of HV 0,01 correspond on average to 150% of HV 100 values – which is 
caused by different methodology and another elastoplastic response of the loaded material. Unfortunately, 
it turned out that the size of precipitate is in the same or even lower order that the indent itself. This 
disadvantage is augmented with the time of exposure and the growing uniformly distributed proportion of 
precipitate and the results must then be subjectively assessed. Moreover, the method enables only 2D 
visual monitoring of the surface. However, the results depict the 3D situation even under the surface. The 
microhardness curves of the matrix with precipitate for both materials are depicted in Fig. 5c. It is obvious 
that the dependence is non-monotonous despite unambiguous post-heat-exposure hardening. The 
precipitate (or the matrix with the highest precipitate density) shows higher hardness levels compared to a 
“pure” matrix. On the other hand, a significant drop to 391 HV 0.01 was reported in some cases, namely at 
the original grain Y-shaped boundaries (see the indent “3” at Fig. 5a, X1Ni32Cr28Mo7). Creep damage can 
be assumed here. NiCr23Mo16Al is relatively phase stable and shows no enormous microstructural changes 
even after 6170 h of exposure. The proportion of fine (by EDS molybdenum rich) precipitate (according to 
[2] μ –phase) grows with the time of exposure and its density decreases with the distance from grain 
boundaries. After 6170 h, the matrix with precipitate shows an average value of 405 HV 0.01 compared to 
345 HV 0.01 of the pure matrix. Its tendency to hardening is the lowest of all tested materials. As for 
NiMo29Cr, considering the new microstructure having replaced the original one, it is very difficult to find 
and distinguish areas that could be identified as a matrix. Nevertheless, these areas showed 812 HV 0.01 on 
average. In areas with dominating precipitate, microhardness fluctuates from 630 up to 987 HV 0.01 with 
an average value of 791 HV 0.01. 

 
Fig. 5. Microhardeness measurement: a) alloy X1Ni32Cr28Mo7 (1 - matrix; 2 - matrix with fine precipitate; 3 

– Y grain boundary); b) alloy X1Cr24Ni22Mo6; c) grafical comparison both alloys 

3.4  Corrosion potential 

The following facts are apparent from Fig. 6. A certain similarity between materials X1Ni32Cr28Mo7 and 
X1Cr24Ni22Mo6 was identified by the free corrosion potential test. Material in the original state increases 
its corrosion potential in the testing solution environment and gets passivated. Even after 500 h exposure, 
it initially increases its corrosion potential. After 400 seconds it is slightly decreasing. The samples after 
3188 and 6170 hours get activated and passivated again within the first 5 minutes. However, this state is 
unsustainable and after a while they start to reduce their corrosion potential and transit to activity or 
succumb to localised attack. After all regimes of thermal impact, the character of time curves of 

a) 
a) 

c) b) 
a) 

 1              
      3        
 
        2         
   1      2 
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NiCr23Mo16Al alloy corrosion potential in the used testing solution was comparable. Free corrosion 
potential steadily keeps growing and approximates to the redox potential of the environment. The material 
does not tend to deflect from the solution redox potential after all states of heat influence. It was 
confirmed that the lower content of chromium in NiMo29Cr affected its corrosion resistance and 
passivation ability. Corrosion potentials of all samples kept decreasing from the beginning of tests, the 
material is active and attacked by corrosion. Even though the material in its original state was retaining the 
level of corrosion potential for 5 minutes, with the potential starting to continuously decrease only after 
that, the sample after 3188 h exposure got activated almost immediately.  

  

  
Fig. 6. Corrosion potential “Ecor” dependence on exposition time in the testing solution 

4. CONCLUSIONS 

Nickel alloys X1Cr24Ni22Mo6; X1Ni32Cr28Mo7; NiCr23Mo16Al; NiMo29Cr were chosen to study the 
changes of some of its mechanical and electrochemical (corrosion) properties. 

Changes of phase and chemical composition during long-term annealing at 700°C lasting up to 6170 hours 
was simultaneously documented by the method of electron microscopy and XRD analysis. Having been 
exposed to high temperatures on a long-term basis, all tested materials are prone to substantial 
microstuctural changes, where the original FCC – γ (austenitic) structure partly or totally disintegrates and 
is gradually replaced by a new one with very fine particles.  

The original chemical composition of tested materials obviously affects all monitored properties. The 
impact is further fostered by a long-term thermal exposure.  

Considering mechanical properties (HBW 30 and HV 100 hardness testing), there is a strong tendency to 
hardening, or strengthening. It is caused by changes in stress-related deformation conditions resulting from 
the formation of new phases particles.  
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When HV 0.01 microhardness was tested even at a very low level of applied stress (0,098 N), the size of 
imprints corresponded to or exceeded the size of analysed particles. The results must have been therefore 
analysed thoroughly. Yet, the tendency to a significant increase of hardness during thermal exposure was 
confirmed.  

In terms of structure, NiCr23Mo16Al, which shows the lowest tendency to changes of mechanical 
properties due to the structural stability described above and whose corrosion properties remain 
essentially identical in a strong oxidizing environment, proved to be the most stable of all tested alloys at 
the temperature of 700°C, which confirms the experience gained to date [10]. 

The least stable structure at the heating temperature of 700°C was reported for NiMo29Cr alloy, which 
proved to be absolutely inappropriate for usage in strong oxidizing environments even in the basic state 
unsensitised by temperature due to its different chemical composition (compared to NiCr23Mo16Al the 
content of chromium is replaced with molybdenum). Also the extent of hardening only after 500-h 
exposure substantially exceeds other tested materials.  
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Abstract 

An impact test has been used to evaluate the impact wear resistance of nanostructured hard coatings using 
a system developed at the Institute of Scientific Instruments in collaboration with the Brno University of 
Technology. After the test, wear scars were evaluated by means of scanning electron microscope, spectral 
analyses and profilometer. The impact test offers an important new method for the determination of both 
the fracture toughness and wear behaviour of hard thin coatings. 

Keywords: impact test, wear resistance, hard coatings 

1. INTRODUCTION 

Recent generations of composite and multilayered coatings have offered substantial improvements of both 
hardness and tribological properties, even at higher temperatures. These are able to extend potential 
applications in many fields, such as high speed machining and hot forming. Almost every coated system will 
in practice under complex actions undergo unavoidable impacts, resulting in damage to the coating. 
Therefore, any investigation of their resistance to repetitive impacts is very important, and this is being 
undertaken by many coating manufacturers [1]. 

2. DYNAMIC IMPACT TESTER 

Many investigators have used conventional 
erosion tests to measure the erosion rates of 
coatings, in the same manner as for bulk 
materials. The need is obvious for both a 
standardized test procedure and standard 
methodology in order to assess the dynamic 
resistance and toughness of thin coatings. 
Our approach is based on a dynamic impact 
tester and a very promising approach 
towards a solution of this task. 

The basic principle of the dynamic impact 
tester is the cyclic loading by an indentor, 
which impacts upon the surface of the coatings/substrates. A mechanical diagram is shown in Fig. 1.  

The most important part of the tester is the moving part, carrying the indentor, which is ball-shaped and 
made of tungsten carbide, having a diameter of 5 mm and of a defined surface shape and roughness. The 
effect of a variable electromagnetic field causes repetitive impacts of the indentor with a constant 

Fig. 1 Mechanical diagram of the dynamic impact tester 
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frequency and given impact force onto the tested surface. The resulting elastic-plastic surface deformation 
is proportional to the dynamic wear of the coatings. Synchronization of the dynamic movements of the 
indentor is controlled by a computer program, as are the 
adjustments of the impact force as well as the total number of 
impacts. 

Technical parameters of the tester: 

Range of impact force   150 ~ 600 N 

Frequency of impacts   8 Hz 

Total number of impacts   1 ~ 105 impacts 

Distance of indentor´s travel  2,4 mm 

Measurement temperature  (25 ± 5 ) °C 

Adjustable relative humidity with accuracy (0 ~ 97 ) % ± 2 % 

3. MEASUREMENT EVALUATION 

The result of the test is a set of craters, whose 
characteristic quantities (depth, radius, volume 
and axial cross-section) represent information 
about the wear rate in the given dynamic mode. 
Finally, for comparisons between the results of 
differently processed coatings, the volume of 
craters was chosen, as determined by their 
radius and depth. The process of deformation at 
progressively increasing numbers of impacts at a 
constant loading force represents sufficient 
information about the coatings (or even the 
substrate´s) behaviour as well as the progress of 
the wear rate during an actual usage. The 
general course of such a relationship is shown in 
Fig. 3. 

Three considerably different regions I, II, III can be noticed, where region I represents the adjustment of the 
energy equilibrium and the forming of the substrate area. The most significant is region II, the so called 
region of zero wear [3], in which the length and slope from the axis of the impacts gives maximum 
information about the mechanical wear resistance in the dynamic regime. This region represents minor 
plastic deformation, but without texture change. In region III, transport of the coating and substrate 
materials occurs, cracks and fractures are created and the surface of the substrate appears inside the 
craters. The meeting point between regions II and III represents the usability limits within a given dynamic 
mode and can be used for comparisons of the dynamic resistance for various different coatings. 

 

Fig. 2 Dynamic tester in climatic 
chamber 

Fig. 3 General relationship of the number of impacts 
to the wear rate 
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4. RESULTS 

Fig. 4 shows relationship of the wear rate upon the number of impacts at a constant indentor load. Images 
of the craters are shown, corresponding to the wear of the coating. Except for the volume wear rate, the 
dynamic wear resistance of the coatings is dependent on the mean depth of the craters in as can be seen in 
Fig. 5.  

Fig. 4 The crater’s cross-section in relationship to the number of impacts with corresponding images of the 
craters 
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Fig. 5 The dependence of the middle depth on the number of impacts 
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5. CONCLUSION  

The results that can be achieved with these dynamic impact tests for different coatings for, substrates and 
treatments cannot be accomplished by static tests. Their application, especially in the case when the 
coatings are locally and periodically loaded, cannot be replaced by other types of tests. In the case of 
testing at the indentor´s higher loads, the results are achieved in a relatively short time frame and are 
altogether sufficient for a rough evaluation of the proposed structure of the coatings. So far tens of millions 
of impacts have been done on the existing equipment with reproducibility in range of a few percent.  
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Abstract 

The aim of presented experiment is analysis of degree of micro-organisms adhesion to the surface of 
prosthetic implants, in dependence on surface state: initial or after modifying. The surface layer of the 
titanic implant was modified by the ion implantation of silver, with dose 1016 ions/cm2 and the energy of 
implantation 15 keV. Examinations were conducted on eight chosen test species of micro-organisms that 
belong to a spectrum of germs favouring paradentosis, such as: “Porphyromonas gingivalis”, “Provotella 
intermedia”, “Actinobacillus actinomycetem comintas”, “Fusobaterium nucleatum”, “Campylobacter 
rectus”, “Peptostreptococcus micros”, “Bacteroides forsythus”, “Eikenella corrodens”, “Provotella 
nigrescens”.  

Conducted microbiological examinations of bacterial strains, demonstrate increase of bacteria quantity on 
the not-modified surface of the titanic implant in comparison with the area modified with ions of silver. The 
observed results can influence on limiting inflammable reactions around the inserted implant.  

Keywords: implantation, periimplantitis, bacterial strains, antibacterial reactions 

1. INTRODUCTION 

Definition implantation which in dentistry is being described as implant-prosthodontics refers to trans-
tissue alloplastic introductions or xenogeneic material trough reconstruction action within the scope of 
dental bows and the interrelation occlusion jaws and mandibles. It is the most complicated and far more 
than other invading method of functional reconstruction of the stomatognathic system – both as the 
physiological norm, as well as disorders of his function. It also acts importance role in the aesthetic 
improvement and in avoiding progress of the involution process [1, 2].  

The rapid development of implantology is dating back to 1982, when a German Dental Society (DGZMK) 
accepted implantology as the scientific method of therapy. Prosthetic rehabilitation in the form of implant 
prosthodontics is one of widely developing fields of dentistry and constitutes the alternative to the 
conventional prosthetic treatment.  

The practical purpose of modern implant-prosthodontics is an improvement of chewing function through 
stabilization of the prosthetic completion, elimination of the moving prosthesis, protection of the natural 
tooth tissues, preventing bones resorption, as well as subjective requirements. The positive result of the 
implant-prosthodontics treatment will depend on getting ostheo-integration of pillar implants, i.e. direct, 
structural and functional connection between the living bone and the surface of the implant. The secondary 
stabilization of implant is one of criteria proving bone’s integration which depends on the operation 
technique, the density of the bone tissue, the way of treatment of the implant bed, the kind of the surface 
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and the shape of the implant, as well as from the primary stabilization. Modified surfaces and appropriate 
dental implants shapes favours integration. Universally applied shape of the tapped cylinder with different 
kinds of thread pitch and the rough implant surface are supporting proper pressure distribution on the 
surrounding environment and thanks to micro fastenings enable the better ossification of the implant 
surface. Implantation not always allows achieving a success. One of the therapy failure reasons that 
frequently results in implant loss is periimplantitis [3]. Inflammation surrounding implants – periimplantitis, 
is determined as the inflammable reaction around the inserted prosthetic implant which effect is 
progressing loss of the bone tissue in which the implant is planted. Effects that confirm an inflammable 
state are as follows: bleeding, the increased depth of sounding, the mobility and suppurating [4]. The 
following factors influence on the appearance of periimplantitis: appearing of the pathogenic micro-flora, 
exaggerated overloading (bruxism, parafunctions) and individual reaction of the immunology system to 
existing pathogenic factors. For appearance of surrounding implants bone losses the below mentioned 
elements are responsible: the amount and the quality of the bone bed as well as the dominance of Gram - 
positive anaerobes. 

Amongst a micro-organisms group favouring paradentosis which were observed in surroundings 
endangered of implants, it is possible to distinguish: Porphyromonas gingivalis, Provotella intermezzos, 
Actinobacillus actinomycetem comitans, Fusobakterium nukleatum, Campylobacter rectus, 
Peptostreptococcus micros, Bacteroides forsythus, Eikenella corrodens, Provotella nigrescens, and kinds 
Capnocytophaga. Such germs are also appearing as entherogerms, Staphylococcus and Candida that not 
joint with Periodontopathic, but are characteristic of patients in bad condition and applying dentures [5, 6]. 

2. INVESTIGATED MATERIALS 

2.1. Dental implants 

Investigated implants were prepared in the SPI ® system (Swiss Precision Implant) that was elaborated in 
the HaTi Ladorman system. A Swiss Thommen Medical Waldenburg company is a producer. Implants are 
applied in the SPI ® system both in the method sub-gum as well as through gum. They have identical 
platforms fitted to standard and individual prosthetic superstructures. They are made of titanium 4-th level 
characterized by high durability and precision. The chemical 
composition of the titanic implant was as follows: 99,00% Ti; 
<0,10%C; <0,50% Fe; <0,0015%H2; <0,05%N2; <040%O2.  

All SPI ® implants have a shape of the screw with self-coning 
thread, but its intraosseous part (infrastructure) has a 
cylindrical or conical-cylindrical shape. Conical rounded top 
supports optimal putting the implant in the bone bed. 
Additionally, the infrastructure surface of the implant is 
sandblasted with aluminium oxide Al2O3 (gradation 25 - 50 μm) 
and thermally etched with solution of acids - HCl 50% (32%), 
H2SO4 25% (95-97 %) and H2O 25% in temperature 108 oC and 
the time t = 5 min. Such surface treatment influences 
positively on the ostheo - integration process.  

Fig. 1. SPI® implant in sterile plastic 
ampoules 
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 SPI ® implants are available in sterile plastic ampoules together with the integrated closing screw. Four 
types of implants are offered in the SPI ® system: ELEMENT, CONTACT, ONETIME and DIRECT. To the 
examination ELEMENT type of implants was choose which is applied in two-phase curative treatments. 
Thanks to the low necks height - 1 mm it is possible to get the very good aesthetic effect, especially in the 
front segment. Shape and form of sterile plastic ampoules of ELEMENT implant is presented at Fig. 1.  

2.2. Modification of implant surface layer  

Implant gets the basic features and the biocompatibility, thanks to the chemical composition of material 
from which was made of. However the chemical composition of his outer layer has the biggest influence on 
implant approval by the tissue – ostheo-integration process.  

Therefore the surface treatment of titanic implants: ion implantation, anodic oxidation, thermal spraying 
processes or vacuum sublimation, sol-gel method, fluorescent processes and more and more popular 
hybrid methods is finding the more and more wide application.  

The most frequent types of the surface modification of metal dental implants are:  

� Surface TI-unite or SLA which is got through jet-abrasive processing of the implant surface using 
coarse grains of sand. These grains cause getting the porous titanium macrostructure which next is 
etched by acid, creating micro-holes that increase the contact surface. 

� Coating the titanic implant with preparation Titan-Plasma-Flame (TPF) heated up in the arc in the 
argon envelope. The thickness of this layer is about 0.3 mm and increases contact surface 6 - times in 
comparison with implants with smooth surface.  

� Covering the implant surface with the hydroxyapatite HA coating. Tests of implants covered with 
the hydroxyapatite coating applied in the oral cavity demonstrated breaking away from the titanic 
corps as well as imperfect mechanically and biologically stability in the contact with the bone and the 
soft tissue.  

� Coating of aluminium oxide, tantalum oxide or zirconium oxide. Contact between these layers and 
the bone is based on piling the bone tissue up and is determined as bioinert – non active. The last 
examinations showed that there were created physicochemical connection with the bone tissue that 
in consequence is leading to implant surface changes.  

� CELL plus surface. It is new achieving of biotechnology which actively supports biological processes 
leading to the build-up of bones around the implant. This surface is acting as the sponge and absorbs 
from surroundings both blood and bone cells. This property of surface facilitating absorbing leads to 
the intensification of early stages of bones healing on the implant, even in poor quality tissue.  

The ion implantation is a process of doping materials basing upon the high kinetic energy. Atoms of additive 
are ionized in the source of ions, and then accelerated in the electric field to the energy from several dozen 
to a few hundred keV (corresponding to the speed of hundreds to thousands kilometres for a second). The 
formed bundle of ions is being pointed to the surface of any material. Thanks to appropriately great ions 
energy they are put (stuck) to pelted material for the depth up to one micron. In our case the outer layer of 
the titanic implant was subjected to ion implantation process of silver with dose of 1016 ion/cm2 and the 
implantation energy of 15 keV.  
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2.3. TEST SAMPLES 

Examination was made for „ELEMENT” type of prosthetic implants prepared in SPI® system. The surface of 
one sample from each series was subjected to modifying processing – silver ion implantations. 

3. INVESTIGATION METHOD  

Examinations of chosen strains adhesion to the implant was conducted on 5 test strains: Actinobacillus 
actinomycetum, Fusobacterium nucleatum, Campylobacter rectus, Peptostreptococcus micros, Bacteroides 
forsuthus, Streptococcus mutant. 

Actinobacillus actinomycetum, Fusobacterium nucleatum, Campylobacter rectus, Peptostreptococcus 
micros, Bacteroides forsythus strains were planting to Agar with the addition of the 5% of sheep's blood. 
Samples were incubated through 72 hours in 370 oC in anaerobic conditions with addition of 5% CO2. Next, 
strains were being suspended in the physiological salt solution (103 cell/ml). In every suspension with micro-
organisms both implants were being put. Implants hung in the saline were applied as a point of reference. 
Implants immersed in the suspension of micro-organisms and in the saline solution were incubated for 60 
minutes in 37 oC, shaking suspension every 15 minutes. After the incubation implants were being washed 
three times in saline solution, next they were put in the barren humid chamber. Implants were being taken 
out of the chamber on the same day, and then in intervals of 24 h. After draining implants were being put, 
and then gently rolling in agar enriched in blood. Cultures were incubated through 72h in 370 oC, in 
anaerobic conditions with the addition of CO2 and then created colonies were being counted.  

The reference strain - Streptococcus mutants was cultured to concentrated agar. Bacteria were incubated 
within 48 hours in oxygen conditions and temperature 370 oC. The got stains were being washed with saline 
solution (PBS) and thicken to density 2McF. Bacterial suspension was divided in two parts: first was 
incubated through 1 hour, however the second one through 3 hours in the 25oC. After the incubation tests 
determining the adhesion of micro-organisms to implants were made. The following tests were carried out: 
Alamar blue, MTT reduction and colouring by safranin.  

a)     b)       c)  

              

 

 

 

 

 

 

 

 

 

Fig. 2. Biofilm before bacterial test – a; MTT test – b, violet colour means the adhesion places; coloured by 
Safranin - c, red colour on implants denotes bacterial adhesion 
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In the case of the incubation for 24 h bacteria were incubated in microbiological base BHI (Brain Heart 
Infusion). As additional test the surface inoculation was made after 15 min. implants incubation in the 2% 
Saponin solution in PBS with shaking. Cultures were carried out on solid BHI base. Colonies were counted 
after 48h of the incubation in the 37oC. It wasn't possible to achieve results after 24 h of the incubation 
allowing for the comparison to the reference sample (suspension of the bacterium without implants) 
therefore these results are showing only a difference in the adhesion between two implants. Every time 
before carrying tests out implants were autoclaving, and after the incubation with bacteria they were 3 
times rinsing in PBS in order to remove not-bounded bacteria. Fig. 2 presents SPI ® implants before and 
during of the adhesion tests. 

4. RESULTS ANALYSIS 

Achieved results are presented both in Tables 1 and 2 and in the form of diagram – see Fig. 3 and 4. 
Considering the difference between initial titanium surface and surface after silver ions implantations the 
greatest effect – colonies reduction was observed for FN bacteria whereas the smallest differences was 
measured for BF bacteria – Fig. 3. It is visible that the highest number of AA (Actinobacillus actinomycetum) 
and FN bacteria colonies adheres to the tested titanium implants. With increasing of incubation time its 
quantity systematically decrease, but even after 5 days the same bacteria kinds reveals the highest 
adhesion level. On the other hand the lowest adhesion was stated with reference to CR and BF bacteria 
colonies Fig. 4. 

 Tab. 1 Bacterial lifetime on implants with silver. Results of two tests. 

Incubation 
day 

Number of cultivated colonies 

Actinobacillus 
actinomycetum 

Fusobacterium 
nucleatum 

Campylobacter 
rectus 

Peptostreptoco-
ccus micros 

Bacteroides 
forsythus 

1 108/93 82/76 52/73 99/101 94/89 

2 94/83 63/69 68/52 81/92 67/69 

3 80/73 33/31 42/36 36/31 39/32 

4 46/62 12/11 2/4 13/10 8/14 

5 12/15 0/0 0/0 0/0 0/0 

CONTROL 0 0 0 0 0 

 Tab. 2 Bacterial lifetime on implants without silver. Results of two tests. 

Incubation 

day 

Number of cultivated colonies 

Actinobacillus 
actinomycetum 

Fusobacterium 
nucleatum 

Campylobacter 
rectus 

Peptostreptoco-
ccus micros 

Bacteroides 
forsythus 

1 156/149 141/152 126/143 149/132 121/131 

2 123/127 131/127 117/127 127/112 85/98 

3 115/121 84/111 90/66 73/81 72/81 

4 83/92 62/73 63/44 53/69 35/39 

5 79/85 56/62 32/35 32/42 12 /21 

CONTROL 0 0 0 0 0 
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Fig. 3. Highest and the lowest number of bacteria colonies reduction counted for Fusobacterium nucleatum 

and Bacteroides forsythus 

 

a) 

 

 

 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

 

 

 

Fig. 4. Number of bacteria colonies identified on implant surface without silver ions implantation – a and 
with such modification – b 
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5. CONCLUSIONS 

On the basis of conducted examinations it is possible to formulate the following conclusion:  

� Microbiological examinations of chosen bacterial strains, demonstrated reduced lifetime of bacteria 
on implants with silver ions, in the comparison to lifetime of bacteria on implants, where the surface 
wasn't enriched with silver ions 

� Tested bacteria are sensitive of different level to silver ions implantation. The greatest reduction was 
observed with reference to FN (Fusobacterium nucleatum) bacteria. 

� Applying of surfaces modifying process of titanic implants, through the Ag ions implantation into the 
outside structure, can be one of factors limiting inflammable reactions around inserted implants.  
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WEAR RESISTANCE OF DUPLEX COATED CR-MO-V ALLOYED STEEL 

Marie KOLAŘÍKOVÁ, Jan SUCHÁNEK 

CTU in Prague, Prague, Czech Republic, EU 

Abstract 

The requirements for materials used in the machine parts production, especially their functional 
characteristics and service life are currently increasing. Thin ceramic coatings deposited on the surface of 
tools and machine parts by PVD methods improve considerably their tribological properties. These hard 
brittle coatings can be damaged rapidly if a plastic deformation initiates in the substrate near the coating-
substrate interface when subject to relatively high intensity loading. Therefore, the strengthening of 
substrate surface layers, e.g. by plasma nitriding, appears to be a suitable solution of the low strength of 
the substrate.  

The paper resumes results of tribological testing of duplex coating tool steels. Steel samples (31CrMoV9) 
were nitrated and subsequently treated by PVD process. There were deposited different coatings (TiN, CrN, 
TiAlN and multilayer 3x(CrN-TiN)) with thickness 1 and 3μm. Samples were tested and characteristics like 
nanohardness, hardness of duplex coating, friction coefficient (pin on disc), coating thickness (Calotest), 
resistance against abrasion (Scratch test) and adhesive wear (HEF) were measured. Results of friction 
coefficient and wear measured by “HEF” tribometer are summarized in this paper.  

The conclusions drawn from the experiment show that duplex treatment is a useful way to increase the die 
service life. Current thin wear-resistant surface layers and duplex coatings bring remarkable extension of 
service life and reliability to parts, tools and dies as confirmed by this research. Still most coating 
technologies have not managed to reach the limits of their possibilities so far.  

Keywords: Friction Coefficient, Wear resistance, Duplex Coating, HEF, PVD  

1. INTRODUCTION 

The requirements for materials used in the machine parts production, especially their functional 
characteristics and service life are currently increasing. Thin ceramic coatings deposited on the surface of 
tools and machine parts by PVD methods improve considerably their tribological properties. These hard 
brittle coatings can be damaged rapidly if a plastic deformation initiates in the substrate near the coating-
substrate interface when subject to relatively high intensity loading. Therefore, the strengthening of 
substrate surface layers, e.g. by plasma nitriding, appears to be a suitable solution of the low strength of 
the substrate. [1, 2] 

2. EXPERIMENTAL DETAILS 

The specimens from structural low-alloyed steel 31CrMoV9 were austenitized at 865°C and inert qas 
quenched and tempered at 600oC for 2 hours in nitrogen atmosphere, fine ground and polished. The duplex 
treatment proceeded in two phases. In the first phase the specimens were pulse plasma nitrided at the 
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parameters: atmosphere N2:H2 = 1:3, nitriding temperature - 540°C and dwell time - 20 hours. In second 

phase of duplex treatment there were deposited PVD coatings - TiN (1 and 3μm), CrN (1 and 3μm), TiAlN 
(3μm) a multilayer 3× (TiN-CrN) (3μm).  

The PVD coatings thickness was checked by the Calotest. The coating adhesion to parent nitride steel was 
tested by the Scratch test. There was evaluated critical load Lc parameter. Both microhardness (load 200g) 

and nanohardness were measured. Evaluation of nanohardness was made by CSM method with maximum 
load Pmax=670mN (according to specification EN ISO 14577-1). The duplex treated specimens were tested 

on tribometer „pin-on-disc". The experiments were realized at the temperature 22°C and 350°C. The 
loading of the specimens were 1, 2 and 5N (conditions of dry friction). The duplex treated specimens were 
also tested on a tribometer HEF type “ring-on-block”. The specimens were tested at two loads (50 and 150 
N) in the conditions of dry friction. The specimens after tribological tests were evaluated by the EDX 
analysis. The morphological changes on the surfaces of tested specimens were evaluated with light 
microscopy.  

In addition to visible wear marks in the form of tiny grooves there were detected transfer of material from 
counterpart. The transferred material was studied with surface and point EDX method with equipment 
JEOL – JSM – 5410. 

3. RESULTS 

Results of tribological testing on 
tribometer HEF are shown in graph 
1 (load 50 N) and graph 2 (load 150 
N). The duplex treatment of low 
alloyed steel 31CrMoV9 improved 
its wear resistance. The highest 
wear resistance had the plasma 
nitride specimens with the PVD 
coating 3× (TiN-CrN) in both cases. 
 

   Graph 1: Average mass wear depending on the distance at load 50 N 

 Tab. 1 shows the results of 
measuring the depth of wear by the 
confocal microscope LEXT OSL 3000. 
Measurements were made on both 
sides of the sample. Results are in 
Tab. 1. 

 

 

 

 
Graph 2: Average mass wear depending on the distance at load 150 N 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 

 

1046 

 
 

Tab. 1: Depth of wear depending on the type of coating and position measurement 

Measurement 
position 

coating 
CrN 1μm CrN 3μm TiN 1μm TiN 3μm TiAlN 3μm TiN-CrN 

right 2,88575 6,27504 0,670607 1,36907 2,01875 2,706107 
left -4,6335 -0,48139 -1,46696 -4,27286 -0,16671 1,528286 
 

The biggest wear was measured on coatings 
CrN 1μm and TiN 3μm on left side. The 
biggest deposition of material was shown at 
coating CrN 3μm on the right. The left side 
has a very low wear, which does not exceed 
coating thickness. Similar results were 
achieved by coating TiAlN 3μm, where on the 
one side was a small increase in size (a little 
more than increase on coating CrN 3μm). On the second side was wear less than 0.2 μm. At multilayer 
3x(TiN-CrN) on both ends of the wear mark was shown an deposit of material. In both cases it was less than 
3 mm. To determine if the material is from the counterpart or it is transferred from the coating material, 
EDX analysis was performed. Fig. 3 shown wear tracks for each coating. 

    
Fig. 2: Measuring of wear depth on coating TiAlN 3μm (left) and coating 3x(TiN-CrN) 3μm (right) 

    
Fig. 3: Wear mark on the coating CrN 3μm (left), and coating 3x(TiN-CrN) (right),200x magnification  

Fig. 1: Wear of sample with coating 3× (TiN-CrN) at load 
150 N 
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Samples were also analyzed by light microscopy. In some places there was a breach of the coating which 
was worn to the base material. In some places in the wear marks was even the transfer of the coating 
material to the edge of the worn surface. 

For the reasons above, as the most suitable coatings for wear behavior was evaluated coating TiN with a 
thickness of 3 μm and multilayer 3x(TiN-CrN). It has been shown when reduce the thickness of the coating 
to 1 μm, the behavior of coatings is significantly worse. The wear is so big that the coating in some places is 
completely removed. For other coatings with a thickness of 3 μm it leads to a large mixing of coating 
material and material of counterpart and thus to degradation. 

Next, the EDX analysis was applied on the deposited material. Measured values shows that deposited 
material is from the counterpart and it is mainly the oxides of iron, silicon and aluminum, and other 
elements contained in the counter. 

 

Fig. 4: Wear mark of coating TiAlN (SEM, 1000x magnification) 

4. CONCLUSION 

Duplex treatment is a useful way to increase the die service life and that the most suitable coating is the 
TiN coating. This coating in combination with a nitrided substrate, had a low friction coefficient and a small 
wear. At low load (50 N) the lowest wear was gained for the plasma nitride and PVD 3×(TiN-CrN) coated 
steel 31CrMoV9. At load 150 N the lowest coefficient friction has also plasma nitrided and PVD 3×(TiN-CrN) 
coated steel. The smallest wear resistant has in both cases steel 31CrMoV9 after plasma nitriding + PVD 
coating CrN 1 μm. 
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Abstract  

At present, the demand is placed on the quality and cleanness of the surface of industrial products as left 
by processing technology. One important aspect is the surface treatment of metals, which mainly affects 
the adhesion of protective coatings and their resulting quality. The most commonly used protection for 
substrate materials are coating systems. Their development is still improving and focuses mainly on the 
improvement of the protection against corrosion, reduction of coating thickness and also on environmental 
requirements, which constitute a reduction of organic compounds (VOC) in the coatings. Presently used 
coating systems, thanks to emerging science, contain particles of corrosion pigment of small size. These 
particles improve the properties of protective coating such as corrosion resistance, abrasion resistance and 
impact strength. One of the representatives of these anticorrosion pigments is zinc phosphate.  

The experiments were focused on the influence of the pre-treatment of the metal substrate on the 
corrosion resistance of transparent coating systems based on alkyd resins containing microparticles and 
nanoparticles of zinc phosphate. The corrosion resistance of the coating system on two different substrates 
(standard metal test panel and hot rolled seamless tube) was compared. The substrates were coated with a 
coating system containing particles of zinc phosphate, with commercial designation ZP10, which contained 
3-5 % by weight of nano particles and 3-5 % by weight of micro particles. 

Keywords: steel substrate, adhesion, corrosion resistance, anticorrosive pigments 

1. INTRODUCTION 

The surface treatment of metallic materials contributes substantially to the quality of the finished product. 
This technical field of study is used in many industrial sectors such as engineering, metallurgy, chemical 
industry, construction, etc. A quality surface treatment optimizes material properties, increases the 
corrosion resistance of products to the surrounding environment, and thus extends its life and increases its 
functional properties. The final quality of the protective coating depends particularly on the pre-treatment 
of the surface of the substrate material and also on the good choice of the paint system. The paint system 
creates a continuous and impermeable barrier on the material surface that prevents penetration of 
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moisture and aggressive substances to the surface. One of the components for the improved corrosion 
protection of the coating systems are anticorrosive pigments. Recent development in the area of coating 
systems focuses on the use of anticorrosive pigments in nano dimensions. These particles, thanks to their 
characteristic features, improve the corrosion resistance of coatings, the mechanical properties of these 
coatings and their resistance to bacteria, etc. 

2. EXPERIMENTAL MATERIALS 

Two types of materials were used as experimental materials. Testing metal panels (STANDARD) supplied by 
LABIMEX CZ s.r.o., which are made of low carbon steel with a corporate designation CRS SAE 1008/1010 
and a size of 102 x 152 x 0.8 mm. Samples were supplied ground and degreased. The second type of 
material used were hot-rolled seamless pipes supplied by VÁLCOVNA TRUB TŽ, a.s. made of S355J2H 
material, with dimensions 100 x 150 x 6.3 mm without surface pretreatment.  

 

3. EXPERIMENTAL WORKS 

� Chemical analysis of the substrate surface  

The chemical analysis of the surface of STANDARD substrate materials and hot rolled seamless pipes was 
carried out at the Centre for Nanotechnology of the Technical University of Ostrava using the scanning 
electron microscope EDAX PHILIPS XL 30. The results are reported in Tab. 1. 
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Seamless rolled pipes were not pre-treated prior to the application of the surface coating. Surface 
contamination is evident from Tab. 1. The occurrence of carbon on the surface indicates the presence of 
organic substances (grease, oil, etc.). These elements can negatively affect the adhesion of the coating 
system.  

 
� Surface roughness measurement according to ČSN EN ISO 4287 

The roughness of substrates was measured with the device Mitutoyo Surftest SJ 301. The measuring 
principle is based on the scanning of the material surface profile by a diamond-tipped stylus. Measured 
values are shown in chart 1. 

 
Chart 1 Graphical representation of the measured roughness values Ra and greatest profile height Rz 

 

The chart no. 1 shows that the average roughness values Ra and Rz are much higher in the Pipe substrate 
than Standard substrate. It derives from the fact that the rolled pipes were not pre-treated prior to the 
application of the surface coating and its surface was significantly scaled. 

 

� Application of coating systems 

The substrate material was covered with a transparent coating system. This is a transparent water-borne 
coating system based on alkyd resin with no VOC content. The coating system was enriched with zinc 
phosphate particles (identified commercially as LC 10), nano and micro sized particles with a volume of 3 to 
5 % by weight. The prepared paint was allowed to settle for 24 hours. Paint application was performed by 
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air spraying on both substrates in a single layer. After application, the samples were kept in air for 1 hour at 
20 ° C and then placed in a drying oven for 6 hours at 70 ° C. After drying, the samples were cooled in air 
atn 20 °C.  

 
� Adhesion tests - chipping test and cross-hatch test 

A cross-hatch test and chipping test were performed according to ČSN ISO 16276-2 standard. For 
evaluation purposes the tests were performed three times and the found values were averaged. These 
average values were incorporated in Chart 2.  

 

 
Chart 2 Graphical representation of average values on the left: Cross-Cut test, on the right: X-Cut test 

 

Chart 2 shows that the average adhesion values of paint systems applied to the substrate materials are very 
good. We can state that the adhesion was slightly better on the STANDARD substrate. Overall, however, 
average grid damage occurred in 5% of the grid in the grid adhesion test. In the cross-hatch test, the 
average adhesion value ranged below the degree 1, which is characterized as: Very little chipping along the 
cuts or in their intersections.  

� Corrosion test - salt spray test according to ČSN EN ISO 9227 

The corrosion test was performed in the corrosion chamber LIEBISCH S400 M-TR. The evaluation was 
performed according to ČSN ISO 4628 standard. The transparent coating system based on alkyd resin is 
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designed for short-term corrosion protection (up to 6 months), which corresponds to approximately 36 h 
exposure of samples in a corrosion chamber with a corrosive environment of C5. 
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 Tab. 3 implies that the best results were shown by the coating system applied to the PIPE substrate 
material. After 48 hours of exposure in a corrosion chamber with a corrosive environment of C5, the 
observers found a very small number of blisters visible only with ten times magnification. Rusting through 
the coating system did not occur, samples with cutting showed with very little corrosion occurring in the 
cut. The worst results were those of the coating system containing from 3 to 5 % by weight of ZP 10 
particles of nano size applied to the PIPE substrate material.  

4. CONCLUSION 

Coating systems with the addition of 3 to 5 % by weight of ZP 10 particles in the nano and micro size 
showed good results in terms of adhesion to the substrate material. Both types of coatings showed similar 
results, but adhesion was slightly better on the STANDARD substrate. This result is also confirmed by the 
chemical analysis conducted on the surface of samples using a scanning electron microscope. The surface 
of the rolled pipes was dirty compared to the STANDARD substrate material. The surface was found to 
contain residues of lubricants and oils suggesting a negative effect on the adhesion of coatings.  

From the corrosion point of view, the best coating system appeared to be the one containing 3 to 5 % by 
weight of ZP 10% with the admixture of particles in micro size. This result could have been caused by a 
different thickness of the applied coating systems. In the Standard substrate materials, the thickness of the 
dry layer ranged from 45 to 55 micron compared to the Pipe substrate material, where the dry film 
thickness was 70 to 85 micrometers. 
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DETERMINATION OF CHARACTERISTIC FREQUENCIES OF TEST SIGNALS OF LITHIUM-ION AND 

LITHIUM-POLYMER BATTERIES  

O.N. KRIVOLAPOVA, V.P. TARASOVa , E.V. TARASOVAa, J. PODJUKLOVÁb, T. LANÍKb 

a National University of Science and Technology «MISiS», Moscow, Russian Federation, onk@misis.ru 
b VSB-Technical University of Ostrava, Ostrava, Czech Republic, jitka.podjuklova@vsb.cz 

Abstract.  

Current research determines impedance parametres (with Rа active Хр reactive components of total input 
impendance of electrochemical cell) that reveal the state of discharging properties of potential power 
feeding elements and computer hardware and studies correlations of impendance parametres of test 
samples of lithium-ion and lithium-polymer batteries  

Keywords: impendance, lithium-ion battery, lithium-polymer battery, electrochemical cell 

1. AIM OF RESEARCH 

The aim of our studies focused on the analysis of correlations between impendancies Ra, Xp, impendance 
modulus Z, phase-angle φ at different frequencies and discharge capacity of test samples of various lithium-
ion and lithium-polymer batteries. We applied the method of regression analysis [1-5] to establish statistic 
dependence between Z and φ. The correlation between Z and φ at fixed frequencies of alternating current 
is of interest.  

 

With  - correlation momentum for φ and С; 

 - standard deviations for φ and С.  

With provision for discontinuous variables where the correlation momentum is expressed through formula: 

 

            (1) 

and every φ value conforms to one single С value we obtain the following formula: 

               (2) 

with  

n – quantity of sampling batteries; 

 - direct average value of phase-angle for total input impendance at j-frequency of a test signal; 
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 - direct average value of residual capacity; 

 - standard deviation value of phase-angle at j-frequency of a test signal; 

 - standard deviation value of residual capacity. 

2. RESULTS AND METHODOLOGICAL DISCUSSION 

We experimentally researched correlations of impendance parametres of two batches of batteries. The 
obtained results are delivered in Tab. 1.  

 Tab. 1 – Correlation coefficient  

Batteries   
Test signal frequency, Hz 

0,1 1 10 100 1000 10000 65000 

1st batch, lithium-ion batteries 0,814 0,202 -0,233 -0,328 -0,672 0,051 -0,487 

2nd batch, lithium-polymer 
batteries 

-0,749 -0,661 -0,645 0,489 0,210 -0,284 -0,269 

As it appears from the Tab. 1 slight correlation between Z and φ occurs at 0,1 HZ frequency , i.e. disposed 
parametres are most tightly bound. Thus measurements of phase-angle will be sufficient to control battery 
parametres at 0,1 HZ frequency.  

Correlation coefficient, although, cannot be applied to 
all dependencies, but mainly to the so-called linear 
dependence [6]. Linear probability dependence of 
discontinuous variables consists in increase of one 
discontinuous variable along with increase (decrease) 
of another one in linear fashion. This tendency may be 
more or less marked, approximate to the functional 
one, i.e. to the tightest linear dependence. By contrast 
when values of two discontinuous variables are 
distributed inside a circle with uniform density linear dependence does not occur despite correlations 
between them. Figs. 1 and 2 perform graphs where all obtained Сφ values of sampling lithium-ion and 

lithium-polymer batteries from the 1st and 2nd batches 
respectively are plotted as graph-points. Consequently one 
may speak about the presence of clearly marked positive 
(Fig. 1) and negative (Fig. 2) dependence between these 
values.  

Thus Сφ can be described by the equation of linear 
regression as follows: 

 

 

 

Fig. 1 – C dependence on φ in sampling 
lithium-ion batteries (1 st batch) 

Fig. 2 – C depenedence on φ in sampling 
lithium- polymer batteries (2nd batch) 
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                 (3) 

consequently transformed to:  

 

   
Based on formula (3), one can forecast, with certain credibility, a discharge capacity for batteries without 
perturbing factor as well as other imposed load. The given approach to battery parametres measurements 
is feasible to control energy parametres.  

One can argue that the estimate for discharge capacity value (measurements were run in galvanostatic 
conditions) was affected by deviation value of cells discharging current, ripples occurrence and temporary 
drift as well as deviation of time measurements since cell discharge started up to its full discharge when 
further exploitation is no longer [7]. 

In experiments the deviation value of battery discharging current depended on ampermeter fault level and 
made less than 0,5 %. The deviation of measurements for discharging time did not excess 0,1% which is 
negligible for the case.  

Phase-angle estimate of lithium cells impendance was carried out through its calculations based on the 
measured values of active and reactive components of batteries impendance at various characteristic 
frequencies [8-9]. Active and reactive components were measured by special measuring apparatus 
Solartron Analytical, USA, with measurement deviations for impendancies 0,1% throughout the whole 
range of frequencies. Proceeding form this assumption one can assert that phase-angle deviation did not 
excess 0,1%. 

3. CONCLUSIONS:  

The obtained experimental results proved that technological digression and man-made defects (leakage, 
moist battery solution, assembling in damp atmosphere, oxidized lithium, separator and battery solution 
deficiency) directly affect the transformation of a range of lithium batteries locuses and changes in 
parametres of their impendance at characteristic points.  

Characteristic frequency of a test-signal- 0,1 Hz, cannot be explicitly detected in the suggested theoretical 
model. By contrast experimental studies with sufficient statistic data reveal that the highest correlation 
value between impendance paarmetres and discharging capacity occurs precisely at low frequency of 0,1 
Hz. This complies with standalone data from other modern sources of technical information [10]. 

Upon the research of lithium cells from various batches we obtained various angle values of experimental 
dependence of discharge capacity on impendance phase-angle at characteristic frequency 0,1 Hz. This 
results from the fact that lithium cells, notwithstanding their functional likeness, are designed and 
produced in accordance with different specifications and materials. Along with this the comparison of 
dependencies sustained an overall trend for single-pattern conventional technology. The work revealed 
general correlation between impendance parametres and discharge capacity. 
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Abstract 

This work focus on the use of hot-dip galvanized steel reinforcement concrete, which is coated with the 
material discussed replacing ordinary carbon steel. The basic property that has reinforced composites to 
meet a good bond strength between the two materials. This work tries bond strength hot-dip galvanized 
steel reinforcement concrete after 6, 28 days and finish 4 months of ageing concrete and compares them 
with the results of bond strength ordinary carbon steel exposed under the same conditions. From 
theoretical considerations indicate that the zinc coating should be in an alkaline fresh concrete subject to 
intense corrosion in active state associated with the elimination of hydrogen. Generated hydrogen diffuses 
into the fresh cement and concrete results in increased porosity of the adjacent layers of concrete. 
Literature, however, says that the corrosion products generated with cement from a dense phase, which 
fills secondary pores created and there is a back to improve bond strength. This feedback can achieve 
improved bond strength values significantly higher than their own bond strength between normal carbon 
steel and concrete where the chloride in the absence of any significant changes to the interface occurs. 
Bond strength between the reinforcement was verified by modified extrusion tests carried out on the pull-
out device INSTRON 5882 and pull-out test according to ČSN 73 1333. Porosity of concrete taken from the 
interface was measured by mercury porosimetry, this method has been tested samples after 6 and 28 days 
curing concrete. Further samples were taken and image analysis to determinate the total area of pores.  

Keywords: corrosion reinforcement in concrete, hot-dip galvanized coating, bond strength between 
reinforcement and concrete, porosity of concrete 

1. INTRODUCTION 

Plain concrete has relatively narrow use in construction, since it has low strength characteristics. The use of 
architectural concrete for general purposes is possible only after reinforcement. As a concrete reinforcing 
carbon steel is used today with a relatively small amount of carbon [1]. In an alkaline paste and corrodes 
carbon steel passivity in low corrosion rate. Pore solution of calcium hydroxide and other alkalis contained 
in cement mixtures, provides corrosion of carbon steel in passivity [2,3]. Effect by carbon dioxide 
(carbonation) is to reduce the pH of pore solution and the activation of steel. To activate the steel is also 
the action of chloride, which causes this change without changing the pH. Bulky steel corrosion products 
cause dropout of concrete coatings and damage to static structures [4]. The necessary remedial work on 
such buildings are always very expensive. The solution to corrosion problems associated with the use of 
carbon steel reinforcement can be solved by selecting a different material as reinforcement. The 
application in this case, to find stainless steel. However, their use is associated with higher acquisition 
costs. Another alternative may be to use hot-dip galvanized steel [1,3,5]. This solution is significantly 
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cheaper than the use of stainless steel, but the effectiveness of this solution there are contradictions in 
scientific circles. Hot-dip galvanized coatings (Fig1.) is composed from several layers with different contents 
of iron (iron content increases towards the steel substrate) topmost layer (η-phase) is composed of pure 
zinc [4]. With regard to the behavior known as amphoteric zinc metal in an alkaline environment and 
measurements of corrosion potentials of spontaneous hot-dip galvanized steel in fresh cement paste is 
obvious that the topmost layer of zinc corrodes in activity and cathodic corrosion reaction product is 
hydrogen. The passivation coating hot-dip zinc occurs in the fresh cement paste in the layer containing 
enough iron to passivation [1,4]. To assess the suitability of steel reinforcement protected hot-dip 
galvanized coatings for use in concrete is not only the corrosion behavior of the coating in this 
environment. Important role in assessing the suitability of play and the expected loss of bond strength 
between the reinforcement and concrete was due to hydrogen evolution [6,7]. Hydrogen diffuses into the 
cement paste, which causes the formation of secondary pores. The negative effect of hydrogen effect on 
bond strength with concrete reinforcement is discussed in many scientific assessments. In some, however, 
the authors conclude that the pores are caused by hydrogen in the later stages of hardening of concrete 
filled with corrosion products of zinc and zinc resulting consistency of reinforcement and concrete is 
comparable to the consistency of concrete with ordinary carbon steel exposed under the same conditions 
[5,8]. Some authors, however, his works show that the corrosion products are not able to fill the voids 
created at the interface of both materials and therefore the resulting bond strength between hot-dip 
galvanized reinforcement and concrete permanently reduced [7,8]. This work focuses on testing the 
consistency hot-dip galvanized reinforcement compared with concrete and the bond between normal 
carbon steel and concrete. Both types of samples were exposed under the same conditions and the 
consistency was assessed after 6 and 28 days and finally 4 months aging. 

2. EXPERIMENTAL 

To assess the bond strength between the two types of concrete and reinforcement were carried out two 
tests: standard pull-out test (according to ČSN 73 1333) implemented in the experimental Klokner´s 
Institute Department at Technical University in Prague and extrusion test undertaken in the Prague 
Institute of Chemical Technology at the Department of Metals and Corrosion Engineering. For the modeling 
of reinforced concrete for the extrusion test were used carbon steel pipe. Some tubes were hot-dip 
galvanized (coating thickness 80 μm, Fig. 1.), others were just blasted that both surfaces are comparable 
(pipe length was 150 mm and its diameter was 21 mm). Samples of each bar were placed into a mold made 
of PVC (length form of 100 mm and its diameter was 50 mm) to protrude from one side of the form of 10 
mm from the other side of 25 mm. Areas bars, bordered by the end of tape forms were isolated so that 
they are well placed caps seal the fresh cement putty, but also significantly impede the movement of 
reinforcements tested in the vertical direction. As has been used to dry concrete mix commercial B20 
Baumit. Concrete strength class C16/20 with a maximum aggregate size of 4 mm and mixing ratio of water 
4 - 4.5 l/40 kg of dry mixture. Samples were placed on the grid in a box of high relative humidity (RH = 95%) 
and temperatures 22 ° C. Testing consistency was at 6 and 28 days and 4 months of aging concrete. For the 
pull-out test were used smooth rods made of carbon steel and hot-dip galvanized carbon steel with a 
diameter of 12 mm. The test specimens, which were planted into rods, they form a square prism with sides 
15 cm and a height 5D + 5, where D is the rod cross section in cm2 test. The rod protruded in the direction 
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of pull-out at least 25 cm and in the other direction about 2 cm. After making the body was exposed in a 
moist environment for RH = 95% and temperature of 20 °C for 28 days. The production of cement concrete 
was used CEM II / BS 32.5 Čížkovice. Had created concrete strength class C 40/50. Extrusion test was carried 
out on the pull-out device INSTRON 5882 (Fig. 2.) For extrusion was set to a constant value shift 0.01 mm/s 
shoulders and was continuously recorded pressure force acting on the tube up to a value exceeding the 
limits of bond strength with concrete pipes, which showed the sharp drop in load power. Evaluation of the 
test was simply recording the maximum limit of bond strength (the smallest load power that is needed to 
induce a loss of bond strength between the two materials). Pull-out test was carried out on the pull-out 
device INSTRON 3000 (Fig. 3.). Using an LVDT displacement sensor B20. Loading was carried out at 10 
degrees to the loading force of 2.5 kN with a level of waiting life of 30 seconds after the tenth stage of the 
loading force grew at 0.125 kN has no waiting time. Again, growth was recorded continuously until tension 
exceeded bond strength between concrete and reinforcement. 

 

  

  

  

  

  

  

  

Fig. 1. Hot-dip galvanized 
coating on the steel surface 

Fig. 2. Device for extrusion test 
(INSTRON 5882) 

Fig. 3. Device for pull-out test 
(INSTRON 3000) 

Further, the porosity of the concrete studied from both phase boundaries in order to verify and compare 
the changes. Single-phase interface was separated from the reinforcement and divided into several 
fragments. The best pieces were ground (apart from the actual phase boundary) and plastered with epoxy 
glue. Such fragments of concrete made from the interface phase of both materials were analyzed by 
mercury porosimetry on the unit AutoPore IV 9500 v1.06. Image analysis of both phase boundaries was 
made by electron microscope TESCAN VEGA. 

3. RESULTS AND DISCUSSION 

First, pull-out tests were performed to test Klokner´s Institute for the mentioned pull-out device INSTRON 
3000. Testing was performed on 3 parallel samples, trying to anchor to the rod axis of the box. Results of 
the measured bond strength is shown in Tab.1 (b.s. = bond strength). 

To objectively assess the consistency between model reinforced concrete specimens is necessary to ensure 
anchoring rods being the axis of the specimens. The pull-out test results show that in the case of the use of 
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zinc coated rod aimed at reducing its bond strength with concrete after 28 days of aging of concrete by 28% 
for the same samples bearing rods of ordinary carbon steel. 

 

Tab.1 .Pull-out test after 28 days aging concrete. 

samples num. b.s Fe [MPa] b.s. Fe/Zn [MPa] 
1 6.353 4.845 
2 5.208 4.111 
3 6.446 4.031 

average 6.002 4.330 

Tab.2. Extrusion test after 6 days aging concrete.      

samples num. b.s. Fe [MPa] b.s. Fe/Zn [MPa] 
1 2.556 2.171 
2 2.611 1.787 
3 2.433 2.077 
4 2.545 1.806 
5 2.271 1.836 

average 2.483 1.936 
st. deviation 0.121 0.144 

 Tab. 3. Extrusion test after 28 days aging concrete.     

samples num. b.s. Fe [MPa] b.s. Fe/Zn [MPa] 
1 3.125 1.924 
2 2.901 1.752 
3 2.731 2.228 
4 3.653 2.565 
5 4.061 1.701 

average 3.294 2.034 
st. deviation 0.493 0.323 

Tab.4. Extrusion test after 4 months aging concrete. 

samples num. b.s. Fe [MPa] b.s. Fe/Zn [MPa] 
1 3.374 2.305 
2 3.345 2.688 
3 4.527 2.994 
4 5.382 3.447 
5 4.487 2.989 

average 4.343 2.885 
st. deviation 0.673 0.387 

For extrusion tests were made a total of 30 samples (5 parallel samples for one period of aging). These tests 
were conducted on INSTRON 5882 pull-out device and results for all periods of maturing concrete (6, 28 
days and 4 months) are listed in ascending order of ripening in Tab.2 to 4. The results again show a 
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reduction of bond strength between the concrete, galvanized reinforcement in concrete curing all times. 
After 6 days of curing concrete is consistency between hot-dip galvanized reinforcement and concrete is 
reduced by 22% for samples bearing common carbon steel, after 28 days is again reduced the bond of the 
samples provided with hot-dip galvanized reinforcement by 38 % and after 4 months and also by 34 %. The 
results also show that the overall bond strenght, it evolves with increasing time of aging concrete. While 
watching the changes of porosity of concrete stone from the phase interface (ITZ = interface transition 
zone) by means of mercury porosimetry was always in 4 parallel samples verified that in the case of carbon 
steel samples after 6 days of ripening concrete porosity is concentrated in the pore radius from 0.001 μm to 
1 μm (Fig. 4), whereas the samples of concrete stone from the phase interface, hot-dip galvanized steel / 
concrete are well represented and pores with a radius of 10 μm and larger (Fig. 5). Similar distribution 
curves for the two-phase see the interface as well as after 28 days of curing concrete (Fig. 6. and Fig. 7). 
Significant differences in their own surface topography and porosity of both types of phase boundaries 
after 28 days of aging concrete, revealing images of optical and electron microscopy (Fig. 8. - Fig. 11). 

 

 

Fig. 6. Distribution curve from mercuric porosimetry 
of ITZ carbon steel/concrete after 28 days aging. 

Fig. 7. Distribution curve from mercuric 
porosimetry of ITZ galvanized steel/concrete after 

28 days aging. 

  

Fig. 4. Distribution curve from mercuric porosimetry 
of ITZ carbon steel/concrete after 6 days aging. 

Fig. 5. Distribution curve from mercuric porosimetry 
of ITZ galvanized steel/concrete after 6 days aging. 
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Fig. 8. ITZ from carbon steel after 28 days 
aging concrete (optical microscope). 

Fig. 9. ITZ from carbon steel after 28 
days aging concrete (TESCAN VEGA). 

  

Fig. 10. ITZ from galvanized steel after 28 
days aging concrete (optical microscope). 

Fig. 11. ITZ from galvanized steel after 
28 days aging concrete (TESCAN 

VEGA). 

4. CONCLUSION 

This work was aimed at examining the bond strength between hot-dip galvanized reinforcement and 
concrete consistency and comparison with commonly used concrete and carbon steel. Exact testing and 
comparing the measured bond pull-out test and extrusion test. Comparing the individual minimum limits of 
bond strength, thus the forces needed to model bond strength failure between reinforcement and 
concrete. In all cases, evidence of reduced bond strength in the model when using hot-dip galvanized 
reinforcement in terms of common carbon steel. In terms of development was confirmed by the 
consistency assumption that the zinc corrosion products are able to fill the resulting secondary pores 
caused by hydrogen, and so even the least consistency of hot-dip galvanized reinforcement in concrete 
with a normal level of bond strength of concrete with exposed carbon steel used in an environment 
without the presence of chlorides. Development of porosity in both phase boundaries by mercury 
porosimetry shows the phase differences between the two interfaces, these differences are detectable in 
the field does not change even after 28 days of aging concrete. The differences in the segmentation of the 
two phase boundaries obtained by scanning microscopy show the number of surface cracks especially in 
the case of samples from the vicinity of hot-dip galvanized reinforcement, which is not possible to detect 
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mercury porosimetry and objective assessment of the total area of pores is necessary to perform image 
analysis. 
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Abstract  

The objective of the present study was to evaluate microstructure, mechanical and tribological behaviour 
of (Ti, Mo)(C,N)-Ni prepared by HVOF technique. Optical and scanning electron microscopy has been used 
to evaluate the microstructure of the coating. Hardness and microhardness have been measured on coating 
cross-section. The wear behaviour of (Ti,Mo)(C,N)-Ni coating was investigated at room temperature, 400 
and 600°C according to ASTM G-99. The mean value of COF, its evolution in dependence upon the number 
of laps and SEM of the wear track was recorded. 

Keywords: HVOF, ASTM G-99, coating, TiC-based coating, dry sliding, wear, high-temperature 

1. INTRODUCTION  

Thermal spraying is a common family of hardfacing techniques, which compared to other processes (like 
welding techniques), are characterized by flexibility in coating material choice, low substrate thermal input 
and virtually no substrate dissolution [1,2]. Through introduction of high velocity oxy-fuel (HVOF) spraying 
into industrial practice the quality of hardmetal coatings was improved significantly in comparison with the 
level obtained previously with plasma spray processes [3]. Thus, investigation on the wear resistance of 
HVOF-sprayed hardmetal coatings is of technological interest. Hardmetal coatings prepared by high velocity 
oxy-fuel (HVOF) spraying represent an advanced solution for surface protection against wear. 

Wear-protective coatings are based mostly on WC–Co and Cr2C3–NiCr composites, with hard phase 
particles of some micrometers embedded in a metallic matrix [4]. A comparison of the physical properties 
of WC and Cr3C2 with those of TiC [5] shows that TiC is another attractive hard material for use in 
composites with binder metals for the development of thermal spray coatings solution [6]. The TiC–Ni-
based composites can be alloyed with other elements, tailoring the composition for the needs of different 
processes and applications [6]. Alloying Co to the binder phase increases the hardness of the matrix. Adding 
Mo to the hard phases or metallic alloys enhances the adhesion between ceramics and binder and 
positively influences oxidation kinetics. TiC shows significantly higher thermal and thermodynamic 
stabilities and can lead to less undesired reaction with metallic matrixes and less decomposition of 
nanocrystalline carbide phases [7]. The chemical and phase compositions of modern TiC-based hardmetals 
are the result of development over many decades [2,4]. Coatings sprayed from (Ti,Mo)(C,N)-Ni(Co) powders 
with core-rim structured cubic hard phases [4] are designated to complement the commercially available 
materials for thermal spray coating solutions. The main advantages of (Ti,Mo)(C,N)-based hardmetals over 
WC-based hardmetals are lower density [8], higher high-temperature hardness [3], high-temperature 
strength [3], lower plastic deformation [9] and higher oxidation resistance [9,10]. They also excel through 
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their ease of alloying without the basic structure ‘cubic hard phases–cubic binder alloy’ thereby being 
changed [3,8].  

2. EXPERIMENTAL  

2.1. Material 

A (Ti,Mo)(C,N)-29%Ni powder (DTS - T10 - 45/15), Fig. 1, with core-rim 
structured cubic hard phases has been supplied by FUJIMI 
INCORPORATED (Jap). Coatings were deposited on to the steel by HVOF 
spraying technology at Research and Testing Institute Plzen (Pilsen, Czech 
Republic) using a HP/HVOF JP-5000® (TAFA) with optimised spraying 
parameters, see Tab.1. Polished cross-sections (mounted in resin) were 
observed by scanning electron microscope (SEM, FEI Quanta-200), see 
Fig. 2. 

 

 Tab. 1 Spray parameters 

Pressure in 
combustion 

chamber [psi] 

Equivalent 
ratio θ [-] 

Powder 
feeding 
[g/min] 

Spray rate 

[mm/sec] 
Barrel 

Deposition 
distance [mm] 

Offset 

100 1.1 48 150 6” 380 8 

2.2. Pin-disc test 

Rotating unidirectional ball-on-disk dry sliding tribological tests were 
performed on polished samples with a pin-on-disk tribometer (C.S.M. 
Instruments) against 100Cr6 balls and sintered alumina. Sample wear 
rate was calculated by measuring the average cross-sectional area of 
the wear track by profilometry (KLA-Tencor P-6), computing the 
resulting wear volume. The friction coefficient is monitored on-line 
during the test. The wear behaviour was investigated at room 
temperature, 350 and 500 °C against 6mm diameter Al2O3 and 100Cr6 
steel ball. The dry sliding test was done with 10N load at 0.1 m/s 
speed for 30,000 revolutions. 

3. RESULTS AND DISCUSION  

3.1. Coating thickness and microstructure 

The as-sprayed minimum thickness, measured on the cross section by optical microscopy, was 
approximately 410 μm. Before undergoing dry sliding tests the coating surface was polished down to 
Ra=0.2 μm from as-sprayed roughness Ra=4.02 μm. The coating surface hardness measured on the as 
sprayed coatings surface: 87.5 ± 1.1HRC. For illustration of coating microstructures see Fig. 2. The coating is 

Fig. 1 SEM of (Ti,Mo)(C,N)-
29%Ni powder (DTS T-10) 

Fig. 2 SEM of (Ti,Mo)(C,N)-
29%Ni coating (DTS T-10) 
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well adhered to the substrate, no cracks on the surface-coating interface or in the coating were observed. 
The amount of porosity is low, corresponds with the used technology of spraying. 

3.2. Pin on disc test 

The results of the pin on disc tests 
are summarized in Tab. 2 and the 
COF curves in dependence on the 
number of cycles are shown in Fig. 
3. The COF for tested coating 
doesn't change up to 350°C for 
both materials of the 
counterparts, see Fig. 3. At 500°C 
the COF decreases from 0.75 to 
0.6 for test with Al2O3 ball and 
from 0.6 to 0.4 for the steel ball 
due to high oxidation rate of the 
coating at temperature above 
380°C [3]. 

 Tab. 2 COF values 

Counterpart Al2O3 Steel 100Cr6 

Temperature 23°C 350°C 500°C 23°C 350°C 500°C 

Mean value 0.716 0.742 0.571 0.597 0.610 0.460 

Standard deviation 0.046 0.037 0.017 0.046 0.023 0.055 

For the tests with the 100Cr6 steel ball the wear track width and depth increases with the increase in 
temperature, see Tab. 3. During first cycles, system undergoes the abrasion of the soft material (nickel 
binder and steel ball used as a counterpart) by hard particles. After five thousand cycles at room 
temperature, a relatively continuous tribofilm is created by deformation (oxidization and smearing) of 
debris/third body (consists of hard particles from coating and soft mixture of oxidized nickel and steel), see 
Fig. 5d. The debris is squeezed into the surface and smeared on surface and the wear increased with the 
increase in temperature. Wear tracks profiles, for the test at room temperature against steel ball, show at 
some places only increase in surface roughness. The wear track, after the test at the ambient temperature 
with a steel ball, has not the same width along the track. Moreover the wear debris is not uniformly 
distributed within the wear track. The mechanical deformation and fragmentation of the tribofilm is visible 
at higher magnification, Fig. 5d. The oxygen amount in the wear track after the test against steel ball at 
room temperature is five times higher, see Tab. 4. A commonly stated reason for the initial high wear rate 
is the localized high contact pressure at the real contact points. The contact pressure decreases with an 
increase of the sliding distance because of the real contact area between the surfaces increases. Another 
and more likely source of the transition to the wear rate reduction regime is the formation of tribofilm by 
the reattachment of the wear debris. The major wear mechanism of the HVOF hardmetal coating is 

Fig. 3 The dependence of COF on the number of cycles (laps) 
for (Ti,Mo)(C,N)-29%Ni coating 
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connected with the gradual primary loss of the metal matrix from the area between hard particles, 
followed by the weakening of their attachment and pulling them out of the coating surface.  

 

 Tab. 3 Wear track depth, width, wear volume and wear rate KLA-Tencor P-6 Surface Profiler  

 Al2O3 ball 100Cr6 steel ball 

temperature [°C] 23 350 500 23 350 500 

depth [μm] 5.3 0.78 5.69 - 1.32 1.45 

width [μm] 646 278 426 841 1330 1475 

wear volume [mm3] 57.3 4.8 64.1 - 23.1 35.8 

wear rate [10-6 mm3/Nm] 5.069 0.566 5.671 - 4.087 6.334 

When the coating is in contact with Al2O3 ball, with the hard counterpart at the beginning the soft ductile 
nickel matrix undergoes severe deformation. The deformed nickel is extruded by the stress of compression 
of protruding asperities of Al2O3 ball. Then, microcracking and/or pull-out of carbide particles, Fig. 5, occurs 
when the support of the matrix is no longer present, leading to the original formation of wear debris. Some 
of the wear debris is lost from the system, but some is entrapped between the contact surfaces. The 
entrapped debris particles produce further damage on both surfaces as a third-body abrasive and the 
debris itself undergoes fragmentation during the sliding, resulting in the formation of very fine debris 
particles. Since finer particles produce less damage on both surfaces, finer carbide size coatings and their 
counterparts would show a lower wear rate. The reattachment of particles to one another and to the 
surface readily occurs to form a tribofilm. The soft and ductile nickel acts as the binder to form a dense 
tribofilm and contributes to good cohesion among the particles of the film and adhesion to the underlying 
material. The dense soft film protects the surface from further damage, thereby reducing the initial higher 
wear rate to a relatively lower steady wear state. [11,12]. The wear track depth after the test at 350°C 
against Al2O3 is less than 1μm, which is six times less than for test at room temperature even the COF is 
almost the same for both tests.  

  
Fig. 4 Wear track profiles after the test with Al2O3 ball and 3D image for test at 350°C against Al2O3 by KLA-

Tencor P-6 Surface Profiler 

The wear tracks profiles for the tests against Al2O3 ball and the 3D image of the wear track after the test at 
350°C against Al2O3 ball is in Fig. 4. The wear tracks depth and width measured by KLA-Tencor P-6 Surface 
Profiler and calculated wear rates are in Tab. 3. In the wear track, the EDX analyses were done to evaluate 
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the amount of oxygen. For the evaluation, the SEM Quanta 200 from FEI with EDAX EPMA with EDS 
detector was used. The presence of the tribofilm in the wear track was proven by the increased amount of 
oxygen in the wear tracks compared to the free surface.  

 Tab. 4 Oxygen amount on free surface and in the wear track 

 23°C 350°C 500°C 

% wt. 
Free 

surface 
Al2O3 

100Cr6 
steel 

Free 
surface 

Al2O3 
100Cr6 

steel 
Free 

surface 
Al2O3 

100Cr6 
steel 

O2 5.91 25.83 29.05 7.98 22.61 15.1 18.9 19.75 21.09 

 

a)  b) 

 

 

 

 

 

 

 

 

 

Fig. 5 Wear track micrographs a,d)23°C b,e) 350°C c,f)500°C against a,b,c) Al2O3 ball and d,e,f) 100Cr6 steel 
ball , SEM FEI Quanta 200 

4. CONCLUSIONS  

Core-rim structured TiC-based powder has been sprayed to evaluate the microstructure, hardness and 
wear behaviour at elevated temperatures. Based on the obtained results the following conclusions can be 
made: 

� The (Ti,Mo)(C,N)-29%Ni coating creates during sliding the tribofilm, that contains increased amount 
of oxygen. In dependence on the used counterpart, the other elements are presented in the 

c) 

d) e) f) 
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tribofilm. In the case of 100Cr6 steel counterpart, the wear debris is transferred on the coating 
surface. The tribofilm containing Fe from the steel counterpart decrease the value of COF.  

� The major wear mechanism of the HVOF hardmetal coating is connected with the gradual primary 
loss of the metal matrix from the area between hard particles, followed by the weakening of their 
attachment and pulling them out of the coating surface. 

� At 350°C, the COF of (Ti,Mo)(C,N)-29%Ni coating is lower compare to room temperature.  

� In contact with steel counterpart, the material transferred to the coatings surface creates uniform 
tribofilm.  

� At 500°C, the COF is the lowest compare to room and 350°C measurements. Also the wear of the 
coating decrease together with increasing temperature. The oxide film on the coating surface, 
creates at higher temperatures, is beneficial from the tribological point of view.  

� The (Ti,Mo)(C,N)-29%Ni coatings can be successfully used for high temperature sliding application. 
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Abstract 

FeCrAlY based coatings are used for their protective properties against high temperature corrosion in 
engineering industry. Due to its capability of resisting high corrosive medium, up to 1000°C, it offers good 
solutions for many applications from heavy engineering to oil rig structure in sea water. For this anti-
corrosion properties this material was took into account as a protective application in atomic reactors 
against liquid metal corrosion.  

As the most suitable and innovative technology, the thermal spraying followed by laser remelting was 
chosen. While the thermal spraying enables to deposit the FeCrAlY alloy on the parts surface in the desired 
thickness, the laser remelting eliminates the voids and inner oxides, which could later cause the 
degradation of the layer. This paper is focused on optimization of deposition parameters for HVOF method 
in the case of thermal spraying atypically thin coating (50-70 μm) of FeCrAlY. The second part of experiment 
is focused on searching parameters for laser remelting leading to creation of homogenate structure with 
high anticorrosion properties. For the microstructure evaluation, the optical and scanning electron 
microscopy was used, and the EDX analyses were used for elements analysis. 

Due to laser remelting the absence of voids and internal oxides was achieved. The choice of appropriate 
laser treatment parameters can provide the metallurgical bonding between the coating and the surface 
with low dilution.  

Keywords: FeCrAlY, HVOF, laser remelting, SEM, EDX 

1. INTRODUCTION 

FeCrAlY material offers many applications from protective coatings against corrosion in heavy machinery to 
experimental anticorrosion layers on surgical implants [1]. One of the interesting applications of FeCrAlY is 
metal foam based on this material [2]. This foam is investigating for sound absorption properties. Metal 
foams have been proposed for use in jet engines as acoustic treatment over rotors and fan blades. But the 
most wide-spread application is protective coating on feritic/martensitic steel [3]. In Generation IV nuclear 
reactors, heavy liquid metals are considered as a cooling system. Steel T91 was chosen for this application 
for its good tolerance against neutron radiation and high temperatures [4]. However in the environment of 
liquid metal (lead, lead-bismuth) the use of T91 is limited. If the temperature is higher than 500°C or the 
amount of oxygen in the cooling medium is out of a very specific range, the corrosion resistance will 
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descend significantly. For improving the corrosion endurance, the thin layer of FeCrAlY has been chosen 
and investigated. In this paper we report process of searching for parameters of HVOF (High Velocity 
Oxygen Fuel) thermal spray coating process and following laser remelting. Parameters of spraying and laser 
were optimized in order to achieve a thin coating without pores or internal oxides. Moreover, the perfect 
melting of the interface between coating and substrate, gave to the specimens the structure of one, 
homogeneous material. Coatings were then tested in a loop with flowing liquid lead at various 
temperatures and oxygen contents.  

2. METHODOLOGY 

2.1. Materials 

The chemical composition of FeCrAlY sprayed powder is in the Tab. 1. The coatings were sprayed on the 
two types of grid-blasted substrates: i) standard carbon steel ČSN 11 373; ii) ferritic - martenzitic steel 
designated as T91. The carbon steel substrate was used for the optimization procedure of HVOF spraying 
and for the primary laser treatment; for the spraying and laser treatment of the final samples the T91 
substrate were used (composition in Tab. 2).   

 

 Tab. 1: Chemical composition of FeCrAlY powder 

Element Fe Cr Al Y Ni Co 

wt% Bal. 15.5 7.4 0.44 0.037 0.01 

 

 Tab. 2: Chemical composition of steel T91, wt%. 

Element Fe C Cr Ni Mo Mn Si V P N Al Cu Nb 

wt% Bal. 0.1 8.87 0.12 0.87 0.39 0.22 0.2 0.02 0.04 0.01 0.08 0.08 

2.2. HVOF spraying  

The FeCrAlY coatings were sprayed by HVOF TAFA JP 5000 spraying equipment, using procedure standard in 
VZÚ Plzeň. Seven sets of spraying parameters (Tab.3) were used to evaluate the influence of equivalent 
ratio (the ratio between the amount of oxygen and fuel, representing the flame temperature) and 
combustion pressure (representing the flame velocity) on the coatings microstructure with particular 
respect to the amount of oxygen in the coatings. The thickness of coatings for parameters optimization 
procedure was about 400 μm.  

 

 Tab. 3: Deposition parameters used for first part of experiment (P is the combustion pressure, Ø is the 
equivalent ratio)  

P [psi]/ Ø 0.7 0.8 1 1.2 

101 1 2 3 4 

115 - 5 6 - 

122 - - 7 - 
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The second sets of the coating samples were sprayed on the T91 substrate. The thickness of the coating 
was between 70-100 μm. This, for thermally sprayed coatings atypically low thickness, was sprayed due to 
the requirement of customer. The low thickness was achieved by applying only two spraying passes, in 
contrast to usual 6-7. The higher amount of porosity in the low-thickness coatings microstructure compared 
to usual was observed, because of the lower impingement effect connected with lower number of spraying 
passes.   

2.3. Laser remelting  

The laser remelting process was realized on direct CW (continuous wave) diode laser COHERENT ISL4000L 
with maximal output 4.3 kW and 808 mm wavelength. 

The FeCrAlY coating was remelted in a vacuum chamber with argon atmosphere, max. 1.2 bar pressure, 
with continual pumping of the creating vapors.  

The dimension of laser spot was 6 x 1 mm. The tested parameters of laser treatment are summarized in the 
Tab. 4.  

 Tab. 4: Parameters of laser treatment 

Substrate 
material 

Mark 
Power 

[W] 

Speed 
[cm/min] 

Chamber pressure 
[bar] 

Ar pressure 
[bar] 

11 373 T1 1650 290,290 1 1.25 

11 373 T2 1650 255,265 1 1.25 

T91 T91 1 1650 250,260 1 1.25 

T91 T91 2 1650 325,340 1 1.25 

T91 T91 3 1650 400,425 1 1.25 

 

The technology of laser remelting was applied to create a metallurgical bonding between FeCrAlY coating 
and steel substrate due to the requirement of minimal substrate heat affection. Relatively small samples 
volume was the reason for overheating of the samples using constant laser process parameters. On the 
other hand, the lower laser power was not sufficient for melting of the coating material. The remelting of 
the coating was obtained in a narrow range of parameters, combining the laser beam profile, spot energy 
distribution, process speed and overlap of individual tracks.  

The wide of remelted track 1 mm was found optimal, the wider lead to higher roughness of remelted 
surface and increased the non-homogeneity of remelting process. The overlap of the individual tracks was 
60%. The process speed was the only variable that enables to influence the amount of heat, transferred to 
the samples. The process speed corresponding to parameters referred as T91 3 was chosen as the best. The 
highest process speed was used – 400 cm/min for first 20 passes, the 425 cm/min for the rest to decrease 
the amount of heat transfer into already heated samples.  

2.4. SEM and EDX analyses 

The coatings microstructure and their content of elements were evaluated by Scanning electron 
microscopy on FEI Quanta 200 microscope equipped with an energy dispersive X-ray microanalysis (EDX) 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 

 

1075 

system. The beam voltage of microscope was set to 30kV. Diameter of beam focused on sample was few 
tens of nanometres and analysed area at EDX was approximately 1 μm3. Quanta 200 is equipped by EDAX 
NEW XL-30 Silicon doped by Lithium detector.  

3. RESULTS AND DISCUSSION 

3.1. Microstructure of layer and content of oxygen 

In order to find optimal deposition parameters, different combinations of combustion pressure and flame 
temperature were investigated. Modification of those parameters can change the microstructure of coating 
and its mechanical properties. It is made by different temperature and speed of spraying particles which 
affect the coverage of surface and homogeneity of the coating itself.  

The evaluation of mechanical properties and deposition efficiency of the spraying process showed only the 
mild dependency of the evaluated parameters on the spraying parameters. Based on the mechanical 
properties measurements, the coating sprayed by parameters 5 was found to be the best. Nevertheless, 
the amount of oxygen in the coatings was the most important parameter in this case. Simultaneously, it 
was also the most sensitive parameter regarding the change of spraying parameters.  

In the Fig. 1 the microstructures of coatings, sprayed by parameters 1 and 5 (ref. to Tab.3) are shown. 

While the general amount of pores is comparable in both coatings, the amount of oxides in the 
microstructure is significantly lower in the coating 1. The lower oxidation rate is caused by lower flame 
temperature during spraying. On the other hand, low temperature and low combustion pressure is also 
responsible for a low rate of melting and spreading of the splats. In the consequence, the low intersplat 
cohesion can be expected. Such a microstructure can be considered as problematic if the coating should 
serve in as-sprayed condition, but in the case of following laser post-treatment it relevancies less critical.  

a)  b)  
Fig. 1: Cross-section of FeCrAlY coating on steel 11 373. parameters 1(a), parameters 5(b) 

The EDX analyses confirm the significant change in content of oxygen (drop from 0.96% to 0.05%wt.), as it 
can be seen in the Tab. 5.  
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 Tab. 5: EDX analysis of FeCrAlY coating sprayed by parameters 1 and 5  

Element wt.% Parameter 1 Parameter 5 

O 0,05 0,96 

Al 8,48 8,28 

Cr 14,99 14,99 

Fe 76,48 75,77 

Due to the lowest amount of oxygen, the coating sprayed by parameters 7 with was chosen for the laser 
post-treatment.  

3.2. Microstructure and composition of elements after laser remelting 

In the Fig. 2 the cross section of the FeCrAlY coating remelted by parameters referred as T1 (Tab.4) is 
shown. The sprayed coating thickness varied between initial coating thicknesses 50 to 70 μm. In the figures, 
the locations of EDX measurement are marked. In the Fig. 2a the location marked as 3 and 2 are in 
untreated area. One can see splats and un-melted coating. The Fig. 2b picture represents cross-section 
under laser path. It is clearly visible that there are no distinguishable interface between rest of the coating 
and substrate after laser treatment. The results of corresponding EDX analyses are summarized in the Tab. 
6. 

a)  b)  

Fig. 2: Microstructure and points of EDX analysis (numbers) on 11 373 substrate 

 

 Tab. 6: Results of EDX from FeCrAlY on 11 373 substrate 

Element wt.% Fe Cr Al O Element wt.% Fe Cr Al O 

1 99.3 - - - 4 93.0 3.8 1.6 0 

2 89.5 6.5 2.8 0 5 93.0 3.4 1.4 - 

3 80.0 13.1 5.6 0 6 93.5 3.4 1.3 - 
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The SEM and EDX results imply that the thickness of remelted layer is too big. The contents of coating 
elements, presented near the surface, are significantly lower than in the original coating (compared to EDX 
results measured in location 3).  

In the Fig. 3, the results of laser treatment using parameters referred as T91 1 are shown. The 
corresponding EDX measurements are summarized in the Tab. 7.  

On the remelted surface, small areas of oxides were found, probably as a result of oxygen presented in the 
original coating. The EDX analyses of the dendritic oxide structure showed, that oxides consist mainly from 
aluminium and yttrium.  

The depth profile of the element content showed also in this case, that the depth of melting is too big and 
the dilution of coating with substrate material is higher than required.  

 

a)  b)  

Fig. 3: Cross-section of coating remelted by parameters T91 1. Frames are areas of EDX analysis 

 

 Tab. 7: Results of EDX from FeCrAlY on T91 substrate, parameters 1 

Element wt.% Fe Cr Al Y Element wt.% Fe Cr Al Y 

1 0 0 45.8 12.73 13 86.61 11.08 2.31 - 

2 1.97 0.74 55.05 22.8 14 88.18 10.30 1.52 - 

3 78.98 13.78 4.9 0 15 88.53 10.16 1.31 - 

     16 87.71 10.56 1.73 - 

     17 88.37 10.29 1.34 - 

     18 90.68 9.32 0 - 

     19 90.91 9.09 0 - 

     20 90.46 9.54 0 - 

     21 90.46 9.36 0 - 
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The last attempt was done to decrease the amount of heat, affecting the surface. For that purpose, the 
transition speed of the laser spot across the treated surface was increased. The results of the treatment by 
parameters referred as T91 3 are shown in the Fig. 4. and Tab. 8. 

Using the higher transition speed, the dilution of the coating and substrate material is acceptable. The 
amount of chromium and aluminium in the surface layer is sufficient to protect the surface against 
corrosion. 

a)  b)  

Fig. 4: Cross-section of final sample on T91 substrate (parameters T91 3) 

 

 Tab. 8: EDX of deep profile from Fig. 4a and Fig. 4b 

Element wt.% Fe Cr Al O Element wt.% Fe Cr Al O 

1 80.5 12.7 4.4 2.4 1 74.8 15.0 7.3 2.9 

2 80.5 12.8 4.1 2.6 2 82.4 11.7 3.4 2.5 

3 84.5 11.0 1.6 2.5 3 81.0 12.4 3.8 2.7 

4 83.0 11.4 2.9 2.6 4 82.6 11.9 3.1 2.4 

5 91.0 9.0 0 - 

6 91.4 9.6 0 - 

7 91.1 8.9 0 - 

8 91.1 8.8 0 - 

9 90.9 9.1 0 - 

 

3.3. Preliminary results after exposure in Pb 

The coatings tested in flowing Pb at different temperatures, exposure times, and oxygen content [5] 
showed a resistance to damage markedly higher than the base T91 material. The outer areas of Al2O3 did 
not affect the material, although, they are considered detrimental because of their effect on the thermal 
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conductivity of the material surface. Further investigations are on going to assess the properties of the 
specimens to harsher experimental conditions. 

4. CONCLUSIONS 

The optimization procedure of HVOF spraying of FeCrAlY coating enabled to find spraying parameters that 
provide the coating with low amount of pores and oxides in the microstructure. The success of coating laser 
remelting depends on the appropriate choice of power, sufficient for material melting, and transitional 
speed provided the low degree of dilution between substrate and coating materials. In the consequence of 
residual oxygen in the coating, the aluminium oxides areas originated along the laser path on the surface 
sample. The high concentration of Al in the outer oxide decreased its content in the coating and could 
cause the decrease in corrosion resistance. However, the resistance to damage of the coated surface is 
markedly superior to the T91 
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Abstract 

It has been demonstrated in the area of surface treatment that the protective coating systems constitute at 
least 85% of worldwide production for corrosion protection. They are therefore an indispensable part of 
surface finishes and great emphasis is placed on their quality. The choice of the protective coating system 
depends primarily on the expected or planned service life of the corrosion protection provided by the 
barrier method, limiting the access of water and aggressive components from the surrounding environment 
to the substrate material. Development in the area of the quality of coating systems leads to continuous 
improvements. It focuses primarily on improving the corrosion protection efficiency, reducing the 
functional coating thickness, reducing total production costs and on decreasing environmental impact.  

This contribution focuses on the short-term corrosion protection of steel production materials such as 
pipes. As required by the manufacturer, the conservation of steel pipes is to protect the steel surface for a 
period of 3 to 6 months with regard to the corrosive environment and the degree of aggressiveness of the 
corrosive environment C5. 

The experiments were performed using two types of substrate materials – rolled pipe and samples of 
standard metal plate. Standard samples were delivered with a defined surface finish and roughness used 
for laboratory testing in the development of coating systems. Samples of rolled pipes were after rolling, 
without surface finish and were scaled. Two transparent nanocoatings were applied on these substrates by 
pneumatic spraying. 

Keywords: coating system, coating, nanocoatings, corrosion resistance 

1. INTRODUCTION 

Coating systems currently belong to the most widespread surface protections of substrate materials. The 
critical factor for assessing the quality of paint systems is their corrosion resistance. Since the corrosion of 
metals causes significant financial expenses outlaid on repairs in all industries, emphasis should be placed 
on the quality corrosion protection of material. The basic factors affecting the corrosion resistance and 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 

 

1081 

adhesion of the protective coating system include the quality of pre-treatment of surface of substrate 
materials. The study focuses on corrosion protection materials from metallurgical production and, due to a 
request by the manufacturer to reduce the overall financial costs, it is necessary to reduce the quality of 
the surface pre-treatment without compromising the desired service life of the coating system. This 
requirement can be accepted only if it is the short-term corrosion protection of material.  

2. EXPERIMENTAL MATERIALS 

 

Two types of materials were used for experimental purposes. Samples of hot-rolled pipes without surface 
treatment with dimensions of 100 x 150 x 6.3 mm were manufactured from the material S355J2H and 
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ground test metal panels STANDARD - Q-LAB CORPORATION with a defined surface finish and roughness 
measuring 102 x 152 x 0.8 mm from CRS mild steel SAE 1008/1010. 

3. EXPERIMENTAL WORKS 

3.1. Evaluation of surface dusting according to ČSN ISO 8502-3 

 

The results shown in Tab. 1 show that the surface of steel pipe (S355J2H) showed significant particle 
pollution classified at grade 4 with dust particle size between 0.5 to 2.5 mm in diameter. These were mainly 
the scales. The values measured on the standard substrate material show that the substrate material has a 
high cleanness.

3.2. Chemical analysis of sample surface using scanning electron microscope (sem microscopy) 

The chemical analysis was carried out in the centre of nanotechnology based in VŠB-TU of Ostrava. The 
chemical composition of surface samples was examined using the scanning electron microscope, EDAX 
PHILIPS XL 30.  

 

The surface of the pipe showed a representation of a wide range of elements (see Tab. 2). Increased 
percentage of oxide phases occurring at the surface (approx. 23%) may affect the life of the coating due to 
a possible beginning of corrosion attack. The elements Si, Ca, Al and Mg occurred only in small quantities 
up to a maximum of 3%, which indicates only a slight surface contamination. An increased percentage of 
carbon (about 18%) indicates the occurrence of organic materials (oils, lubricants, etc.), which can 
negatively affect adhesion of the coating to the substrate. 

3.3. Surface roughness measurement according to ČSN EN ISO 4287 

The roughness was measured by the Mitutoyo device Surftest - SJ-301, which is able to evaluate the 
material surface via a series of parameters. The average values of individual roughness parameters are 
listed in Tab. 3. 
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3.4. Coating systems and their application 

The applied coating systems are intended to serve as short-term corrosion protection of materials from 
metallurgical and engineering production (approx. 6 months). In order to maintain the readability of 
descriptions on the materials it is necessary that the protective coating is transparent. The experiment was 
therefore conducted using two types of transparent nanocoatings based on nanoinhibitors and 
nanopigments. The application onto the substrate material was performed by air-spraying to a thickness of 
203 micron of wet film. Dry film thickness was around 60 μm. 

� Coating system from the RF (Russian Federation) 

With collaboration by the Russian Federation, the transparent coating material was supplied from NII LKP 
Choťkovo and prepared according to the requirements resulting from the experimental testing. Acrylate-
based paint system (designated NH RF) contains corrosion inhibitors and anti-corrosion pigments, which 
together form a protective thin layer of a thickness of 50 nm on the metal surface. 

� The coating system developed at the Technical University of Ostrava 

In cooperation with Denas Color, a.s. a transparent water-borne paint based on alkyd resin was delivered 
by the company. This coating matter (designated NH DC) was enriched in the laboratory of surface 
treatments at VŠB-TU Ostrava with 6 to 9 % by weight of anticorrosive pigment zinc phosphate (trade 
designation ZP 10). 

3.5. Chipping test and cross-hatch test according to ČSN EN ISO 16276-2 

 
Chart 1 shows that the best results are those of the coating system from RF applied to the Standard 
substrate material, where there was no damage in terms of the performed chipping test and cross-hatch 
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test. The substrate material S355J2H was evaluated in terms of average damage to the coating system 
according to ČSN EN ISO 2409 with the classification degree 3, which can be classified as peeling of the 
paint system along the cut with damage greater than 15% but less than 35% of the grid area. Cross-hatch 
testing did not cause any peeling or dropout of the paint system. The NH DC paint system also showed 
good results, because the average test results showed the average damage in the chipping test only at the 
intersection of cuts and the area of damaged grid was up to 15% (classification degree 1 and 2). The cross-
hatch test resulted in slight peeling along the cuts and in their intersections (classification degree 1).  

3.6. Coating corrosion test according to ČSN EN ISO 9227 

The corrosion test of the coating systems was conducted in the salt corrosion chamber LIEBISCH S400 M-TR 
for 48 h with exposure in a salt fog environment. The value of 48 hours of exposure in the corrosion 
chamber simulates the resistance in a corrosive environment of C5 for a period of 8 months. 
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4. CONCLUSION 

The aim of the experiment was to test the corrosion resistance of two transparent nanocoatings applied to 
two substrates with pneumatic spraying. The samples originated from metallurgical production - rolled 
pipes x and standard plate samples. Standard samples were delivered with a defined surface finish and 
roughness used for laboratory testing and testing of coating systems. Samples of rolled pipes were after 
rolling, without surface finish and were scaled. As required by steel production manufacturers, it is 
necessary to limit surface pre-treatment of rolled pipes to a minimum. 

The results of the experimental tests verified the quality of the paint systems on two different substrates. 
The results imply that the best protection was achieved by the NH RF coating system applied to the 
STANDARD substrate material. This result corresponds with the fact that the surface was pre-treated by 
grinding and did not present any trace of dirt and oxide phases as opposed to the surface of rolled pipes. 
The tests confirmed that the RF NH coating system applied to the rolled pipe is able to provide for a short-
term corrosion protection of material, ie 3 - 6 months in an environment with corrosiveness at a C5 level. 
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Abstract  

Thermal sprayed coatings based on tungsten carbide are the most durable materials in terms of wear 
resistance. Although they are not suitable for high temperature applications, they can be applied in many 
areas of industry due to the combination of very hard carbides and tough matrix. The good wettability of 
carbides WC in Co matrix contributes to the high cohesive strength of WC-Co cermets. The hardness and 
toughness rate of WC-Co coatings is, in the case of thermal sprayed coatings, determined by mutual 
proportion of carbide phase and matrix, and by spraying parameters. Depending on the application, either 
hardness of coating (abrasive wear) or higher level of toughness (erosive wear) can be preferred for 
different types of wear. 

The presented study was conducted to determine the effect of cobalt matrix content on the resulting 
coating mechanical properties. Samples were prepared using the HVOF (high velocity oxy-fuel) spraying 
equipment HV-50. Three powder types with different cobalt matrix content, namely WC-12%Co, WC-
17%Co and WC-25%Co, were used. The basic mechanical properties were evaluated for each of Co content. 
Firstly, special attention was dedicated to the abrasive wear resistance evaluated by Dry Sand Rubber 
Wheel test performed according to ASTM G-65 [1]. Secondly, the paper focuses on the sliding friction 
coating properties using the pin-on-disc test according to ASTM G-99 [2] and, finally, the evaluation of 
coatings potential application with higher matrix proportion was investigated. 

Keywords: coating, wear resistance, HVOF, mechanical properties, cobalt matrix content 

1. INTRODUCTION 

WC-Co cermet surface coatings are used to enhance the wear resistance of many types of engineering 
components. The common practice how to deposit the WC-Co surface coatings is thermal spraying; 
typically high velocity oxy-fuel (HVOF) spraying. HVOF is one of the leading thermal spray techniques [3, 4]. 
It allows the fabrication of variety of coatings characterized by low or intermediate melting point (mainly 
metals and polymers). The main advantage of HVOF, compared to other thermal spray techniques, is the 
ability to accelerate the melted powder particles of the feedstock material at relatively high velocity. High 
velocity obtained using HVOF provides the designed thick-formed components a fairly dense 
microstructure. In addition, the lower temperature regimes in HVOF, compared to plasma spraying 
technique, ensure less decomposition of WC [5]. This statement does not mean that HVOF is the best 
processing solution. Indeed, the disadvantage of HVOF coatings, compared to sintered WC–Co, is 
decarburization and decomposition as shown by several authors. These phenomena support the formation 
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of undesirable phases such as W2C, W and Co–W–C [6]. Based on Pin-On-Disc experimental results, cermet-
based coatings form the smooth and compact tribofilm by local plastic deformation, which gives these 
materials similar performance as Cr2O3 and superior properties than Al2O3–TiO2 coatings. They key 
parameter for the best performance of cermet-based coatings is related to the stability of the tribofilm, 
which is usually brittle. If the coating process conditions are not well optimized, critical contact pressure 
would enhance tribofilm detachment, which in turn provokes severe wear. [6]. 

This article presents research of three WC-Co cermets with different binder phase contents: 12, 17 and 25 
wt.% Co. HVOF deposited coatings of these materials were examined for the effect of binder phase content 
on mechanical and wear properties using Dry sand rubber wheel test and Pin-on-disc test. 

2. EXPERIMENTAL 

The aim of this experiment was to determine the effect of binder content changing (cobalt) on the resulting 
coating properties. Three variants of WC-Co were selected with the binder content of 12%, 17% and 25%. 
They were sprayed by HP/HVOF JP-5000® (TAFA) spraying technology in the VZÚ Plzeň s.r.o., using the 
standard preparation procedure on the grit blasted substrate of carbon steel (ČSN 11 523) and by the 
previously optimized spraying parameters for WC-12%Co, WC-17%Co and WC-25%Co. Grain size of 
powders ranged from 15 to 45 micrometers. Such prepared samples were examined for their mechanical 
properties and ware resistance. Microstructure of the coatings is shown in Fig. 1. There is recognizable the 
low porosity and good bonding between coating and substrate. 

 
a)     b)     c) 

 
a)     b)     c) 

Fig. 1. Microstructure of the coatings: a) WC-12 % Co, b) WC-17 % Co, c) WC-25 % Co 
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Samples were measured in two laboratories; VZÚ Plzen s.r.o and New Technology Research Centre of the 
University of West Bohemia in Pilsen (ZČU NTC). Parameter like deposition efficiency, mechanical 
properties like roughness, micro-hardness HV0,3 (results are from 7 measurements) and hardness HR15N 
(results are from 5 measurements) were measured in VZÚ Plzeň. Finally, the abrasion resistance was 
measured using test Dry sand rubber wheel, which proceeded in accordance with ASTM G-65 [1]. All 
profiles after abrasion tests and also tests of ware resistance using Pin-on-disc testing which took place 
according to ASTM G-99 [2] were performed in laboratories of NTC ZČU. 

3. RESULTS AND DISSCUSION 

The deposition efficiency was one of the first observed values of the WC-Co samples and was determined 
by measurements made on the cross-section of samples. Specific values of these measurements are shown 
in Tab. 1. 

3.1. Mechanical properties 

Basic mechanical properties of WC-Co layers were measured on all samples and their average values are 
given in Tab. 1. The most important values were HV0, 3 and HR15N, which should have the greatest 
influence on the abrasion resistance further investigated. 

 

 Tab. 1. Mechanical properties of WC-Co coatings 

Material 
Deposition rate 
(Thickness per pass 
[μm]) 

Roughness 
[Ra] Thickness [μm] HV0,3 HR15N 

WC-12%Co 56,5 3,79 ± 0,473 509 ± 9,67 1052 ± 148,42 86,2 ± 3,14 

WC-17%Co 44,125 2,88 ± 0,144 353 ± 17,43 1148 ± 61,69 92,2 ± 2,38 

WC-25%Co 52,1 3,08 ± 0,33 521 ± 11,88 1009 ± 74,25 92 ± 1,61 

 

The measurements clearly imply that the content of cobalt binder does not have the significant influence 
on the resulting macro-hardness of the prepared coating and deviations are within the limits of tolerance. 
Hardness increases with the decrease of porosity level, which may be caused by the higher content of 
binder material [6]. Surprisingly, slightly higher micro-hardness was proved in the sample with 17% cobalt 
binder, which has already been observed in a study [7], where the increase of binder to 17% caused also 
the slight increase in micro-hardness values. However, this increase does not exceed values of tolerance 
and stays generally within the range of values commonly reported by other authors [6]. 

3.2. ASTM G-65 Dry Sand Rubber Wheel test 

All samples were tested using the Dry Sand Rubber Wheel test according to the ASTM G-65 [1]. These tests 
were performed in the VZÚ Plzeň s.r.o. Test parameters are listed further. Sand Al2O3 as an abrasive 
material. Contact force was 22N, speed of wheel was 180 rev/min and the total distance of measuring was 
718m. The test was performed on unpolished samples with surface roughness listed in Tab. 2. 
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The Fig. 3 shows the standard profile of the sample surface after the test G-65. Measurements were 
performed on the device HIROX in the New Technology Research Centre of the University of West Bohemia 
in Pilsen (NTC ZČU). The measurement results are shown in Fig. 4, which are plotted on a graph. 

The resulting values clearly show that the increasing binder content progressively reduces abrasive wear 
resistance of this type. The difference between 12% and 17% is negligible but, in the difference between 
17% and 25%, it is possible to see the trend of decreasing abrasion resistance depending on the content of 
cobalt binder, which corresponds to other papers [8, 9]. This phenomenon can be explained as the result of 
increased proportion of hard WC particles within the coating [5, 8, 10]. 

      

Fig. 3. Standard profile of specimens after G-65 testing. (WC-17 % Co) 

4. ASTM G-99 pin-on-disc test 

Pin on disc test was performed in the laboratory NTC ZČU and conducted according to ASTM G-99 [2]. All 
samples were treated under the same conditions and the resulting values are the average of several 
measurements. Measurements were processed under the following conditions. Linear sliding speed was 
10cms-1, normal load was 10N, ball diameter was 6mm and samples were always purified using ethanol. 

The sliding distance was kept constant at 50 000 
cycles for all the tests. The environmental 
conditions of relative humidity and temperature 
Hr= 15-20% and 20°C, respectively, were held 
constant during the test. 

Fig. 5 shows photos of ware track and its profile 
taken by optical microscope HIROX (in this case are 
shown ware tracks on a sample of WC-17% Co). 
The results of the depth measuring of the ware 
track are shown in Tab. 3. Complete results of 
friction tests of pin on disc are recorded in the 
chart and displayed in Fig. 6. 

The values (listed in Tab. 3) using Al2O3 balls exhibit the gradual reduction of wear of the coating (expressed 
as depth of wear track) with the increasing content of cobalt binder. The values measured after using steel 
balls are not relevant; because the method is not able to determine the true depth of the wear track. The 
use of steel ball has following disadvantage: adhesive bonding of the steel ball to the coating creates on the 
sides of ware track deposit that changes the relief of the wear track and thus affects the real depth of the 
track [5]. 

Fig. 4. Results of ASTM G-65 testing shown in graph 
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 Tab. 3. Wear track depth after Pin on disc testing 

Coating Al2O3 ball [μm] Steel ball [μm] 
WC-12%Co 2531 6004 
WC-17%Co 2411 8113 
WC-25%Co 2267 2499 

The graph in Fig. 6 clearly shows that the cobalt binder content does not significantly affect the resulting 
value of friction while using Al2O3 ball or steel ball. All measurements exhibit the same or very similar 
progress of the test procedure with only minor variations. Occasional deviations when using Al2O3 ball can 
be caused by the collapse of tribofilm, which is formed in the contact layer [5, 6]. 

    

a) b)  

Fig. 5. The standard display of ware track after the pin on disc test and its profile: a) WC-17% Co - Al2O3 
ball, WC-17% Co - steel ball 

 

Fig. 6. Summary chart of pin on disc test results 
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5. CONCLUSIONS 

The measured increase in abrasive wear (Sand rubber wheel test) with increasing content of cobalt binder 
is likely to be connected with the differences between macro and micro hardness of WC-Co coatings. While 
the macro hardness remains almost identical, the micro-hardness is gradually reduced. This affects the 
resulting abrasion resistance against Al2O3 grains that can easily tear the individual carbides out of binder 
material. Abrasion resistance increases with decreasing binder content [8, 9]. This phenomenon can be 
explained as the result of an increased proportion of hard WC particles within the coating [5, 8, 10]. 

Pin on disc test for determining the wear resistance showed that the WC-Co coatings are less dependent on 
the cobalt binder content. It was proved that an increase in the binder material can decrease the depth of 
wear tracks, which was the result of using AL2O3 ball. The fact that friction is not affected by the content of 
binder material is an interesting result, which is probably caused mainly by two factors. The micro-
hardness, which progressively decreases with increasing binder content, does not play a major role in this 
test. The macro-hardness, which is for all coatings almost identical, plays the main role in the wear 
resistance of coating. This also corresponds exactly to the graph in Fig. 6. The second factor is the formation 
of tribofilm on the surface between coating and ball, which stabilizes the friction [6, 9, 11]. 
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Abstract 

By using the pigment nanoparticles in transparent water-based coating systems, we achieve an 
improvement in the mechanical and corrosion resistant properties of the coating system. Transparent 
coating systems with the addition of nanopigments are suitable for the short-term corrosion protection of 
metallurgical products. A modified coating system is then able to withstand the corrosive effects of an 
environment with a corrosive degree of C5 for a period of up to 6 months. Current water-borne coating 
systems exhibit low VOC content. Anti-corrosion properties are shown by multiple types of active pigments. 
One of them is zinc phosphate, which now ranks amongst the most widely used non-toxic anticorrosive 
pigments. Due to the application of technology in the course of application of the coatings on substrates 
with an admixture of pigment particles with nano-scale size, we can observe an increased degradation of 
the coating system due to the clustering and sedimentation of nanoparticles towards the substrate.  

This contribution presents the results of the distribution of nanoparticles of zinc phosphate pigment in the 
coating system due to the technology of the coating application onto the underlying substrate. Three types 
of application technologies were compared: brush painting, air spraying and applicator blade. The substrate 
was coated with a coating system based on alkyd resin containing pigment nanoparticles in the range of 6 – 
9%. The results of the laboratory corrosion tests show that the corrosion resistance of the coating system 
containing pigments of nano-scale size depends on the application technology used and appropriate 
treatment of the pigment nanoparticles can increase the corrosion and mechanical properties of the 
coating system. 

Keywords: nanoparticles, pigment, coating system, application technology 

1. INTRODUCTION 

Scientific-research in the area of paint matters currently focuses on the use of nano-sized pigments with 
dimensions ranging from 20 to 200 nm. Anticorrosive pigment nanoparticles are mainly chosen for thin 
coating films intended for the short-term protection of steel. Modified coating matters are intended to 
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ensure the replacement of the existing surface protection of steel products, which is still used in industrial 
companies by means of varnish. Corrosion protection by varnish does not provide sufficient corrosion 
protection of steel products during transport to areas with a high corrosive degree of C5 (areas with high 
salinity of environment).  

Paint matters containing nanopigments increase the corrosion resistance of coatings exposed to highly 
corrosive environments. A good example of the use of nanopigment is zinc phosphate. It ranks among the 
most common non-toxic anticorrosive pigments providing good corrosion protection. The application of 
nanopigments itself does not guarantee, however, an increased corrosion protection. It is necessary to 
ensure proper pre-treatment of the pigment during grinding and then select (adjust) the appropriate 
application technology to prevent the sedimentation of nanoparticles in the course of application to the 
underlying substrate.  

2. EXPERIMENTAL MATERIALS 

The experiments were aimed at testing the corrosion properties of a water-soluble transparent coating 
system based on alkyd resin containing 6 - 9 % by weight of zinc phosphate anticorrosive pigment ZP10. The 
size of the contained pigment particles ranged from 40 to 200 nm. 

Pigment particles were ground to the required size by means of a WATER JET MILL constructed within the 
research department of nanostructures of the Institute of Physics of the Technical University of Ostrava. 
Photographic documentation of distribution of nanoparticles was acquired by means of the electron 
microscope Philips XL30 Series in the laboratory of electron microscopy at the Nanotechnology Centre of 
the Technical University of Ostrava. 

  

Fig. 1 - Photos of the surface acquired by electron microscope, EDAX PHILIPS XL 30, 500x magnification (on 
the left - rolled pipe, on the right – STANDARD sample) 

The coating system containing 6 – 9 % pigment particles was applied onto two types of substrate materials, 
rolled pipe and STANDARD steel sheet. The surface of the STANDARD substrate was pre-treated before 
applying the coating system by grinding and degreasing. STANDARD substrate material showed no 
impurities visible to the human eye on the surface. The surface of the rolled pipes was covered with a layer 
of scales which originated during production.  

The application of the coating system was performed using three different methods: pneumatic spray 
application, applications by brush, and application by applicator blade. The resulting thickness of the wet 
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layer ranged from 30 to 50 μm. After the application, the samples were left to cure in open air for a period 
of 2 hours; then they were inserted into an oven and hardened at a temperature of 80 °C for 6 hours.  

3. EXPERIMENTAL TESTS 

Coating system applied to the substrate material was subsequently subjected to experimental tests: 

� Chipping adhesion test and cross-hatch test according to ČSN EN ISO 16276-2, 

� Corrosion test in artificial atmospheres - salt spray test according to ČSN EN ISO 9227, 

� Nanoindentation test of coating system surface according to ČSN ISO 14577. 

3.1. Chipping adhesion test and cross-hatch test according to ČSN EN ISO 16276-2 

The test describes the procedure for evaluation of adhesion of paint systems, in which a grid is created by a 
sharp cutting tool or cross-cut to the substrate material. 

 

 Tab. 1 - Designation and specification of samples 

Identification 
of samples Specifications of samples 

Sample 1 Rolled pipe with coating system with a content of 6 - 9 % by 
weight of ZP10  

Sample 2 Standard with coating system with a content of 6 - 9 % by 
weight of ZP10  

 

The paint systems containing 6 - 9 % by wt. of ZP 10 applied to both types of substrates using pneumatic 
spraying technology and brushing technology showed good adhesion. The results demonstrate the positive 
impact of nanoparticles of ZP 10 pigments on the adhesion of the coating system. Similar results were 
found in cross hatch test. 

  
Chart 1 - a) Chipping test, b) Cross-hatch section 

3.2. Corrosion test in artificial atmospheres - salt spray test according to ČSN EN ISO 9227  

Samples with the applied coating system containing 6 - 9 % by weight of ZP10 pigment were inserted into 
the corrosion chamber with a maximum exposure time of 96 hours. The samples were exposed without 
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interruption and with a damaged paint system by means of a cut. The evaluation was performed at 
intervals of 0 h, 24 h, 48 h, 72 h and 96h. Evaluation in the individual intervals is shown in Tab. 2. 

 

 Tab. 2 - Evaluation of degradation of coating systems after corrosion test [1] 

Application of coating system – by brush 
Exposure 

in the 
corrosion 
chamber 

Degree of 
blistering 

Degree of 
rusting 

Delamination 
/ corrosion 

along the cut 

Blistering 
around the 

cut 

0 h 0(S0) Ri0 (S0) 0/0 0(S0) 
24 h 3(S2) Ri1 (S2) 1/0 0(S0) 
48 h 5(S2) Ri1 (S2) 1/1 2(S2) 
72 h 5(S2) Ri2 (S3) 1/1 2(S3) 
96 h 5(S3) Ri3 (S4) 2/2 3(S3) 

Application of coating system – by pneumatic spraying 
Exposure 

in the 
corrosion 
chamber 

Degree of 
blistering 

Degree of 
rusting 

Delamination 
/ corrosion 

along the cut 

Blistering 
around the 

cut 

0 h 0(S0) Ri0 (S0) 0/0 0(S0) 
24 h 4(S2) Ri0 (S0) 1/0 0(S0) 
48 h 5(S2) Ri1 (S2) 1/0 4(S2) 
72 h 5(S3) Ri3 (S4) 1/1 4(S3) 
96 h 5(S3) Ri4 (S4) 2/2 5(S3) 

Application of the coating system – by applicator blade 
Exposure 

in the 
corrosion 
chamber 

Degree of 
blistering 

Degree of 
rusting 

Delamination 
/ corrosion 

along the cut 

Blistering 
around the 

cut 

0 h 0(S0) Ri0 (S0) 0/0 0(S0) 
24 h 2(S2) Ri0 (S0) 1/1 0(S0) 
48 h 3(S2) Ri1 (S1) 2/2 2(S2) 
72 h 3(S2) Ri1 (S1) 2/3 2(S2) 
96 h 3(S2) Ri3 (S2) 3/3 2(S3) 

The values reported in Tab. 2 indicate that the coating system containing zinc phosphate nanoparticles 
applied by applicator blade showed the best resistance of all application technologies. After 48 hours of 
exposure, the surface of the coating system showed the first defects in the form of small blisters visible 
only at a magnification of 10x. Samples with a cut in the paint system showed better results with pneumatic 
spray application. The delamination and corrosion attack manifested only after 72 hours exposure in the 
corrosion chamber.  

3.3. Nanoindentation test of coating system surface  

The nanoindentation test was aimed at testing the top layer of the coating system. The nanoindentation 
test was performed on the nanoindentation Triboindenter TI950 system in the laboratory of the Center of 
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Advanced Innovative Technologies of the Technical University of Ostrava. The nanoindentation was carried 
out under the static and dynamic load of the "indenter". The resulting mechanical properties were 
recorded in charts 2 and 3. The distribution of nanoparticles was acquired using a Philips XL30 Series in the 
laboratory of electron microscopy at the Nanotechnology Centre of the Technical University of Ostrava. 
Photographic documentation of the distribution and clusters of nanoparticles is shown in Fig. 7 and 8 
depending on the application technology used.  

 
Chart 2 - Hardness of the surface layer of coating system at static action of the indenter 

 
Chart 3 - Hardness of the surface layer of coating system at dynamic action of the indenter 

  
Fig. 2 – Photographic documentation of section of paint layer (brush on the left, pneumatic spraying on the 

right) A - substrate material, B - coating system 

A A

B
B
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Fig. 3 - Photographic documentation of cross-section of coating layer applied by applicator blade 

A - substrate material, B - coating system 

 
The values of the hardness on the surface of the coating system suggest a different distribution of pigment 
nanoparticles. The technology negatively affected the sedimentation and formation of clusters of 
nanoparticles towards the substrate material, as shown in Fig. 2 and 3. 

4. CONCLUSION 

Water-soluble coating systems with low content of pigment nanoparticles are a good choice for replacing 
short-term protection of steel products, which is carried out in industrial plants by means of varnish. 
Water-based paint systems comply with the 1999/13ES Directive, which regulates the permissible limits of 
volatile organic compounds (VOC) in coating systems. For proper function, it is necessary to take into 
account not just the substrate material to which the coating system is applied, but also the actual 
application technology. The influence of the selected technology and its technical parameters in this case 
are very important.  

In terms of corrosion, the coating system applied by means of applicator blade satisfied the short-term 
protection requirement. The selection of the application technology prolonged the service life of the 
exposed coating system in corrosive environments with C5 corrosiveness to approximately 16 months. The 
coating applied by pneumatic spraying technology and by brush withstood corrosive environments with C5 
corrosive aggressiveness for about 8 months. The selected application technology resulted in a noticeable 
difference in the corrosion resistance of the coating system. The technology of pneumatic spraying and 
brushing caused sedimentation and coagulation of nanoparticles. After applying the coating system by 
applicator ruler we experienced a greater hardness of the top layer of paint due to uniform dispersion of 
pigment nanoparticles in paint matter. The substrate material did not affect the coagulation and 
sedimentation of pigment nanoparticles, however it reduced the adhesion of coating to the non-pre-
treated substrates.  

The above coating systems meet the requirement for short-term corrosion protection, but using the 
appropriate technology of application on substrate material and finish using chemical substances it is 
possible to modify the aggregation of nanoparticles and hence significantly prolong their service live.  

 

 

A

B
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Abstract  

Nickel electroplating has a great commercial and industrial importance emphasized by increasing of annual 
global consumption. In ordinary coatings zinc remains the principal metal for industrial applications, 
especially for coverage of steel products. In the last two decades it was registered an important 
development of application of electrodeposited alloys due to the market demand for products with high 
quality coatings. On the first places there are the machine buildings industry and the aerospace industry, 
also those for electrical components and for fixing devices. Because consumption of heavy metals has to be 
reduced year by year, until the total elimination, there are searching for new technologies and one of the 
most promised of them is that of alloys electrochemically coated, such as Zn-Ni, Zn-Co and Zn-Fe are. 
Layers of nickel and zinc-nickel alloys were electrochemically deposited. The samples were studied by 
scanning electron microscope (SEM), composition was revealed by energy dispersive of X-rays (EDX) and X-
ray diffraction (XRD), reflectance was marked out by reflectance spectroscopy and hardness was measured 
with a Vickers indenter device. The aim of the study was to optimize electroplating process in order to 
obtain layers with better mechanical properties (hardness, adhesion), physical properties (reflectance) and 
chemical stability (non-oxidative surfaces). Also the optical aspect was considered.  

Keywords: Nickel, Zinc-Nickel alloys, SEM, EDX, and XRD techniques, reflectance, Vickers hardness 

1. INTRODUCTION 

Nickel electroplating has a great commercial and industrial importance and offers a very good quality finish 
of surfaces. This importance is emphasized by increasing of annual global consumption of nickel, which 
goes to 100.000 tones. The applications of electroplating could be derived in three categories: decorative, 
functional and electroforming. In ordinary coating the zinc remains the principal metal for industrial 
applications, especially for coverage of steel products. In the last two decades it was registered an 
important increasing of application of electrodeposited alloys due to the market demand for products with 
high quality coatings. On the first place there are the machine buildings industry and the aerospace 
industry, also those for electrical components and for fixing devices. Because of fact that consumption of 
heavy metals has to be reduced year by year, until the total elimination, there are searching for new 
technologies and one of the most promised of them is that of alloys electrochemical coatings with Zn-Ni, 
Zn-Co and Zn-Fe.[1,2,3] 
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The greatest automobile companies are in a continuous course for prolonging the warranty period, so their 
products are better and better year by year. The majority of the European factories have been changed the 
specifications regard the improvement of the performances of the electrodeposited layer. Those new 
economic politics are based just on the using of alloys like Zn-Ni, Zn-Co and Zn-Fe [4,5,6,7]. Out of the 
machine building industry there are interesting in the using of electrodeposited alloys in the field of 
industry for defense. The State Department of USA is asking for eliminate during the follow years of the old 
technologies with new technologies based on the zinc-nickel alloys [11,12,13,16]. 

2. EXPERIMENTAL 

Electrodeposition of nickel was performed at INCDFM Bucharest-Magurele Institute, in the 
Electrochemistry Department. A Watts bath was used, having the composition: NiSO4

.6H2O, 120g.L-1; 
NiCl2.6H2O, 35g.L-1 şi H3BO3, 35g.L-1. We worked at different temperatures (40-60°C). The experimental 
device used to realize nickel deposition is composed by a potentiostat-galvanostat VoltaLab 40 including 
VoltaMaster 4 software, a thermostated electrolyze cell with a thermostate Lauda 003, magnetic shaker 
and thermometer to control temperature. As reference electrode it was used calomel electrode and the 
contra-electrode was made by electrolytic nickel. The work mode respected the next steps in the designing 
of the experiments. Primary the plates of copper were cut and the thickness was measured with 
micrometer. Then it followed a mechanical processing of the surfaces (like polish) with emery paper and 
with felt. The solutions were prepared following the recipe described as above mentioned (Merk reactive 
substances were used). The copper plates were degreased with chloride acid (5%, temperature 65�C), 
washed, dried and weighing. Before proceeds to depose nickel there were drawn the polarization curves to 
establish the range of values for discharging of ions in solution. During the deposition there were recorded 
the values for current density. 

 

The electrochemical reactions on the cathode could be written generally: 

Ni2+ + 2e- → Ni                          (1) 

but the proposed mechanism is by next type: 

Ni2+ + H2O → (NiOH)+ + H+                              (2) 

(NiOH)+ + e- → (NiOH)ads                              (3) 

(NiOH)ads + (NiOH)+ + 3e- → 2Ni + 2OH-                         (4) 

 

This mechanism was proposed after the study of inductive impedance loops with the method of 
electrochemical impedance spectroscopy, but all steps was not identified and elucidate yet. 

The anomalous co-deposition of thin films of zinc-nickel alloys was performed electrochemically. In the way 
to obtain the desired properties it was necessary to search the influence of electrodeposition conditions 
(co-deposition potential, the bath’s composition, the temperature for deposition, mechanical stirring) 
through the structure, morphology, composition and optical properties, transport properties and magnetic 
properties of layers. 

The next recipes were used to prepare the low acid electrolyte for electrodeposition of zinc-nickel alloys: 
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The first solution: zinc chloride 130g.L-1, nickel chloride 130g.L-1, potassium chloride 230g.L-1, pH 5-6, t(°C) 
24-30°C; 

The second solution: zinc chloride 130 g.L-1, nickel chloride 65g.L-1, potassium chloride 230g.L-1, pH 5-6, t(°C) 
24-30°C. 

As working electrode it was used a glass plate with a deposed gold layer, made by sputtering method 
(a Hummer 6 installation was used). The pH was maintained at a level between 5 and 6 naturally without 
adding acids, because the salts used were chlorides which through electrolytic dissociation have acid 
character (excepting KCl, which comes from a strong acid and a strong base). The work temperature was 
between 24°C and 30°C. As reference electrode it was used the calomel electrode directly immersed in the 
electrolyze cell. 

The chemical reactions which occur on the cathode follow two steps, as there were described by Matlosz. 
Zinc ions are deposited on their own substrate, on the gold substrate and on the nickel substrate. Also, 
nickel ions are deposited on their own substrate, on the used gold substrate and on the zinc substrate. In 
addition it has to take account the secondary reactions when ions Zn2+ combine with hydrogen to form 
ZnH+, in the same way ions Ni+ combine with hydrogen to form NiH+. These intermediate species, formed in 
the process of adsorption, will decompose finally to form metallic Zn and metallic Ni respectively. 

 

The electrochemical reactions which occur could be written as follow: 

Ni2+ + e- → Ni+ads                  (5) 

Ni+ads + e- → Ni              (6) 

Ni + H+ + → NiH+
ads                          (7) 

NiH+
ads + H+ + 2e- → Ni + H2                                (8) 

Zn2+ + e- → Zn+
ads                          (9) 

Zn+ + e- → Zn                           (10) 

Zn + H+ → ZnH+
ads                                (11) 

  ZnH+
ads + H+ + 2e- → Zn + H2                        (12) 

 

Ni2+ and Zn2+ are dissolved as metallic ions, hydrolyzed or not. Ni+ads and Zn+
ads which could or not to contain 

hydroxyl group are monovalent adsorbed in intermediate reactions. Ni and Zn are the metallic deposits of 
nickel and zinc respectively. 

3. RESULTS AND DISCUSSIONS 

The nickel layers electrodeposited were analized at INCDFM Bucuresti-Magurele using scanning electron 
mycroscopy type Zeiss EVO 20. Fig. 1 presents a SEM image of a sample of nickel electrodeposited at -700 
mV potential, working temperature 65�C. In the first image which has the resolution 10620X it can be 
observed the steps of electro-crystallization, and also the micro-pores produced by hydrogen evolution. In 
the image having the resolution 58450X, it can be seen a micro-pore in the right-down-corner. Both images 
present a uniform covered surface, a good quality of the deposited layer [14,15].  
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One set of measurements of the obtained samples are reflectance measure-ments. Brightness is 
a characteristic which de-pends by human eyes sensibility, so an objective physics parameter is reflectance. 
In order to measure this we used an Ocean Optics Spectro-meter, doted with Spectra Suite soft, in Stefan 
cel Mare University, Suceava.  

  
Fig. 1. SEM images of the nickel electrodeposited layer from a Watts bath with 

addition of PVP at -700 mV potential, 65�C temperature, deposition time 10 
minutes, with magnetic shaking of the electrolyte (SEM-Zeiss EVO 20 device) 

 

The reflectance is defined as a percent (%Rλ) relatively on the reflectance of a standard reference suface: 

%100
DR
DS

R% ×
x 
x 

=
λλ

λλ
λ          (13)  

where  

Sλ- intensity of sample at light length λ;  

Dλ- darkness intensity at light length λ;  

Rλ- reference intensity at light length λ.  

 

The first necessary step when it has to do reflectance 
measurements (generally for all types of measurements) is 
calibration of devices. In our case we used a mirror from 
spectrometer auxiliaries and we chose the value 100%. For 
the next example we considered two samples of nickel 
electrodeposited on copper substrate, both in the same 
conditions, excepting temperature, one of them performed 
at 45�C and the other at 65�C. As it could see, the 
reflectance for the lowest temperature is higher. 

 

For all samples of nickel electrodeposited on copper 
substrate at -900 mV potential and temperatures from 45�C 
to 65�C, we measured reflectance for all visible domains. 
Corresponding to wave length of 550 nm, we draw the next 
chart for dependence reflectance versus temperature: 

Fig. 2. Graph chart recorded for a sample 
of nickel electrodeposited on copper 

substrate at -900 mV potential, 
temperature 65�C, time 2 minutes 
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Fig. 3. Reflectance vs. Temperature 
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These results are similar those obtained by other researchers and it is easy to see that the best reflectance 
(and brightness, of course) is obtained for the lowest temperature. For higher than 60�C temperatures the 
brightness increases again, but economic efficiency of the process is lowest, because it is necessary to 
spend heat for increasing the temperature of 
the electrochemical cell. Another type of 
investigations we’ve made there were SEM-
EDX analyzes performed on Al.I. Cuza 
University – Iasi.. The investigation was 
performed by means of a SEM VEGA II LSH 
scanning electronic microscope manufactured 
by TESCAN for the Czech Republic, coupled 
with an EDX QUANTAX QX2 detector 
manufactured by ROENTEC Germany. 

Analyzing the X-ray diffraction specter of 
a zinc-nickel alloy electrodeposited on gold substrate, there were found the next elements (Tab. 2)  

The pick corresponding to (111) plane of nickel was found at an angle of 2,=44�36O, and those 
corresponding to (111) plane of zinc at an angle of 2,=38�12O. This analyze confirms too, the formation of 
zinc-nickel alloy. The deposited metals crystallize in cubic with centered faces. So, for nickel, the values for 
axes are (in Ångstrom) a=3,52380, b=3,52380 and c=3,52380 with all angles equals of 90�, and for zinc the 
dimensions are a=b=c=2,4730, with the same angles of 90�. 

 Tab. 1 Composition of a sample of nickel electrodeposited on copper substrate, from a Watts bath at -750 
mV potential, 60�C, temperature, sodium lauryl-sulfate and saccharine agents added 

Element [norm. wt.-%] [norm. at.-%] Error in % 
Nickel 72.98950 70.04394 1.95537 
Copper 24.72697 21.91705 0.687472 
Carbon 7.39E-09 3.47E-08 0.025 
Oxygen 2.283528 8.039002 0.535272 

 100 100  

 Tab. 2 Identified elements after X-ray diffraction analyze for a sample of zinc-nickel alloy electrodeposited 
at -1100 mV potential and 30°C temperature 

Identified element dhkl (Å) Crystalin plane 
Zn CFC-2.4730 -111 

Au CFC-4.07860 -222 

KCl CFC-6.29170 -222 
Zn5(OH)8Cl2

.H2O Rombic-6.3400;6.3400;23.6600 -111 

Ni CFC-3.52380 -111 

Ni CFC-3.52380 -220 

(Ni(OH)2)(NiOOH) Rombic-3.0710;3.0710;23.2000 -222 

 

Fig. 4. EDX pattern for a nickel sample electrodeposited 
on copper substrate at -750 mV and 60°C 
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Another type of measurements was those of micro-hardness. The experiments were performed in Stefan 
cel Mare University – Suceava. For different conditions we found the next results for Vickers micro-
hardness: 

 Tab. 3 Results of micro-hardness measurements for some samples of nickel electrodeposited on copper 
substrate 

Sample 
Deposition 
potential 
(mV) 

Temperature 
(�C) 

Force 
(N) HV 

26 700 60 0.05 62.1 
27 750 60 0.05 71.2 
28 800 60 0.05 76.6 
29 850 60 0.05 78.6 
30 900 60 0.05 68.7 

 

It was observed that micro-harness 
increases directly with deposition 
potential, but when it is surpassing a 
limit, will follow a decrease of the 
micro-hardness. This is again a result 
confirmed by other studies. 

4. CONCLUSIONS 

The deposited Ni and Zn-Ni alloys are 
important in technique. To obtain 
the stoichiometric composition it has 
to follow carefully the values of the 
physical and chemical parameters. 

  

Fig. 7. Photo of hardness indent 
for nickel deposited on copper 

substrate from a Watts bath 
with addition of PVP, at -1000 

mV potential and 65�C 
temperature (Shimadzu HMV) 

Fig. 8. Photo of hardness 
indent for nickel deposited on 
copper substrate from a Watts 
bath with addition of PVP, at -

900 mV potential and 65�C 
temperature (Shimadzu HMV) 
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Fig. 5. X-ray diffractogramme recorded for a 
Zn-Ni alloy co-deposited on gold substrate a) 

from solution I, b) form solution II 

Fig. 6. Micro-hardness vs. deposition potential 
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The quality of the deposed could be controlled through the electrolyte concentration, discharge potential 
and the working temperature. The analyses SEM-EDX and XRD confirm that the zinc-nickel alloys were 
formed. Also it is confirmed that the percents of those two metals in the deposed alloy depend of working 
conditions. Conditions to obtain desired properties like hardness and brightness were established. 
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Abstract 

This article deals with the comparison of two types of joining technology of galvanized sheets for 
automotive industry. CMT is a very perspective technology of joining thin galvanized sheets. Low heat input 
of this technology leads to small damage of the zinc layer. Experimental part of this study includes the 
comparison of joints, produced by CMT soldering and conventional MIG soldering. Samples of joints were 
subjected to destructive testing. Interesting results concerning residual thickness of zinc layer after the 
soldering came out of the GDOES analysis together with optical microscopy analysis. Results of this study 
lead to optimization of the production of automotive parts technology. 

Keywords: Soldering, CMT, MIG, GDOES, Zinc Layer 

1. INTRODUCTION 

Galvanized sheets form more than 70 % of car body [1]. Therefore, this article focuses on the issue 
of galvanized sheet soldering. MIG soldering greatly reduces the burn of zinc coating of galvanized parts 
compared to welding. This method has good results, but in some cases, the burn (i.e., distortion 
of corrosion protection) may occur. Therefore, the production introduces CMT technology, whose one of 
the main advantages is undoubtedly low heat input into the joint. 

MIG soldering can be considered as special and until recently not very well known method that belongs to 
the group of brazing [2]. The main difference compared to MIG welding is the use of hard solder (e.g. 
bronze wire) as a filler material and a significantly lower temperature (up to 1000 °C [2] compared to 
1600 °C for MIG welding). Ideally, the base material is not melted, but only the solder is melted. Used 
solders have a high copper content and, therefore, relatively low melting temperature. During soldering 
zinc coating is partly melted and part of zinc evaporates, but great part of the zinc layer remains intact. 

The CMT („Cold Metal Transfer“) process means a revolution for welding technology [3]. It is possible to 
implement such joints which until recently haven’t been possible. CMT soldering principle is the 
introduction of the backward movement of the wire into the process. The process of moving the wire is 
controlled digitally. At the moment of the short circuit, the wire is pulled back automatically and follows the 
drop release. Thanks to the controlled short circuit and the separation of drops almost the same amount of 
molten metal during each short circuit is ensured. 

2. EXPERIMENTAL METHODS 

2.1. Microstructure of soldered joints 

Microstructural investigations were carried out by vertical cut using optical microscopy of Olympus GX51 
and QuickPHOTO Industrial 2.2 application was employed, (range from 10x to 1000x). Preparation: without 
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watering samples into tablets, grinding, polishing, etching for macroscopic documentation of HAZ areas [4]. 
Evaluated were: melted boundaries, solder, parts of heat affected zone (HAZ) following the appearance of 
the macrostructure (solder, HAZ, basic material) and the distribution of basic structural components. Above 
all, the zinc layer at the joint on the solder side was documented and measured. 

2.2. Glow discharge optical emission spectrometry (GDOES) 

The concentration of zinc on the opposite side of the joint has been studied by glow discharge optical 
emission spectrometer of Spectruma Analytik GMBH (model GDA 750). Following analysis excitation 
conditions were set: 1000 V, 15 mA. This method can operate in two modes: "bulk analysis", which finds 
the average chemical composition of the sample, and the "profiling analysis", which allows accurate 
measurement of the thickness of each layer and its chemical composition. This is the optimal method for 
analyzing the structure of layers of different materials, as by the zinc coating, galvanizing, heat treatment, 
etc. The analysis time is short compared to other methods of profile analysis (from several seconds to 
several minutes) and ultra-thin surfaces can be analyzed (from nanometers to microns). 

Optical emission spectroscopy (OES) is based on registering the photons arising from transitions of valence 
electrons of higher energy states to lower. It measures the radiation emitted by atoms or ions in the 
excited state. As an excitation source, glow discharge is most commonly used for the analysis of metals. 
Glow discharge is created by ionization of argon in an electric field. Argon ions hit the sample and set off 
atoms from the surface of the sample. They also collide with Ar+ ions. Subsequently, they are excited and 
they emit radiation. This process of releasing atoms is called sputtering [5].  

3. EXPERIMENTAL MATERIAL 

To compare CMT and MIG soldering methods, lap joints were made of two sheets with unequal thickness. 
Chemical composition and mechanical properties of both sheets are shown in Tab. 1. The surface of the 
sheet made of HX220BD + Z100MB material was modified by galvanizing. Both solder and the basic 
material were the same for CMT and MIG soldering (see Tab. 1). 

 Tab. 1 Chemical composition and mechanical properties of soldered sheets and solder 

C 0,1 Yield point 220 až 280 MPa C 0,12 Yield point 200 až 380 MPa Si 3,4 Yield point 130 MPa
P 0,08 Strength 320 až 400 MPa P 0,45 Strength 290 až 430 MPa Mn 1,1 Strength 350 MPa
Si 0,5 Ductility A8 32% S 0,45 Ductility A5 20% Cu >94 Ductility A5 40%
Mn 0,7 Mn 0,6 Sn <0,2
S 0,025 Zn <0,2
Al 0,015 Fe <0,3
Ti 0,12
Nb 0,09

Melting 
temperature

900 – 
1080°C

Mechanical 
properties

Solder
Chemical 

composition 
[%]

Chemical 
composition 

[%]
Mechanical properties

HX220BD+Z100MB (1.0919)
Chemical 

composition 
[%]

Mechanical properties

DC01+C290 (1.0330)

 
In this article the results of three samples, 2 samples joined by the MIG soldering and 1 sample joined by 
CMT soldering, are presented. Soldering parameters of compared samples are listed in Tab. 2. MIG 
soldering of first sample has similar parameters as for the sample of CMT soldering, but CMT soldering has 
about 20 to 30 % less heat input, so a second "MIG sample" with lower parameters, but approximately the 
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same heat input was added (photos of this sample is shown in Fig. 1). The front side of the sample (Fig. 1) 
has a continuous bead, on the back side the HAZ and partial evaporation of zinc is visible. Completely 
burned zinc layer has not occurred. Fig. 2 shows the joint created by CMT soldering. Even though this 
soldered joint had the same amount of heat input, it is evident, that the joint is more homogenous and the 
bead has better shape. This finding is also supported by microscopic analysis and optical emission 
spectrometry. 

  
 

  

Fig. 1 Sample of MIG soldering with lower heat input (A - front, B - back, C - side D - detail of the soldered 
joint) 

 
 

 
 

  
Fig. 2 CMT soldering sample (A - front, B - back, C – side, D - detail of the soldered joint) 

 
 

A B 

C D 

A B 

C D 
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Tab. 2 Soldering parameters of analyzed samples 

Sample number Soldering method I [A] U [V] v [mm/s] Gas 
1 MIG 139 9,7 13 Argon 4.8 
2 MIG 92 7,8 10 Argon 4.8 
3 CMT 139 9,4 15 Argon 4.6 

4. RESULTS 

4.1. Metallographic investigation 

A 

 

B 

 
Fig. 3 Microscopic documentation of boundary between the sheet and 

the solder after the MIG soldering (A) and the CMT soldering (B) - 
samples with approximately the same heat input 

 

Firstly, the zinc coating thickness apart from the soldered joint was measured. According to standard 
EN 10292 [6], the thickness of hot-dip zinc is defined as 7 μm on each side of the sheet. The measured 
values are mostly within the range from 6 to 10 μm. In one case the coating thickness reached 15 μm. 

Subsequently, the zinc coating between solder and galvanized sheet (Fig. 3), changing of the look of the 
coating, the possible diffusion caused by the temperature effects of soldering process and solder porosity 
(Fig. 4) of different soldering methods (CMT or MIG) was studied. The results of metallographic 
investigation show that the samples soldered using CMT method (Fig. 3 B) have thicker zinc coating, 5 μm 
in average. The zinc layer thickness of the samples soldered by MIG method (Fig. 3 A) was about 3 μm. 

For all samples soldered by MIG method appeared the porosity of solder, while for the samples soldered 
using CMT method porosity did not occur at all (see Fig. 4). 
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A 

 

B 

 
Fig. 4 Microscopic documentation of porosity of solder after MIG soldering (A) and CMT soldering (B) 

4.2. Glow discharge optical emission spectrometry (GDOES) 
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Fig. 5. Record of GDOES profiling analysis of galvanized layers (A: apart from the joint, B: on the opposite 

side of the MIG joints (sample 1), C: CMT (sample 3), D: MIG (sample 2)) 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 

 

1111 

The main criterion for this analysis was measuring the amount of zinc on the bottom side of the sheet 
under the soldered joint and its concentration (wt. %) depending on the measured depth (Fig. 5 B, C, D). 
For comparison, the zinc concentration was measured apart from the joint and the HAZ (Fig. 5 A). From the 
Fig. it is evident that the concentration of Zn is 100% into the depth of 5 μm. According to standard EN 
10292 [6], hot-dip zinc thickness must be 7 μm on each side of the sheet. By the analyzed samples, the 
concentration of zinc in this depth is about 90 %. 

Comparison of the amount of zinc on the bottom side of the sheet under the soldered joint is reported in 
2 records: one for MIG (Fig. 5 B) and one for CMT (Fig. 5 C) soldering. The same parameters were used for 
both (see Chapter 3). Records show major differences in the criteria. In the case of CMT soldering there is 
95% concentration of zinc in the depth of 6.5 μm, while in the case of MIG soldering the same 
concentration of zinc appears in the depth of 5.5 μm. Another difference is that for MIG soldering zinc 
concentration curve decreases more slowly than in the case of CMT soldering. This is due to the fact that 
the CMT has about 20 to 30 % less heat input than MIG soldering, which is consistent with the results of 
this study [7]. Therefore, for comparison we have included one MIG soldered sample with approximately 
the same heat input (Fig. 5 D). The curves of these samples and thus the concentration of zinc in each 
measured layer are very similar. 

5. CONCLUSION 

This article deals with the comparison of MIG and CMT soldering technologies used for joining galvanized 
sheets in automotive industry. Above all, the soldered joint quality was evaluated, with regard to the 
damage of the zinc layer. 

Optical emission spectroscopy showed that in case of CMT soldering there was 95% zinc concentration on 
the opposite side of the joint in the depth of 6.5 μm under the surface of the sheet, while in the case of 
MIG soldering the 95% zinc concentration appeared only in the depth of 5.5 μm. Results of the test of 
microstructure showed that the thickness of zinc coating in the joint of the samples soldered using CMT 
method was about 5 μm, but only about 3 μm in the case of MIG soldering. 

Test results showed that both compared technologies are applicable for the production when the 
appropriate parameters are used. In the case of MIG soldering, porosity of solder appeared, which could be 
caused by inappropriate selection of soldering parameters. The CMT method had no problems with 
porosity of the solder. On the whole it can be said that from the qualitative point of view the CMT 
technology reached better results in all respects. 

Power source for CMT is about 1/3 higher net buying price than the power source for MIG soldering, but 
this higher investment returns in higher productivity of CMT technology compared to MIG technology. 
Therefore the CMT technology is advantageous also from the economical point of view. 
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Abstract 

In paper a problem concerning inoculation of primary structure of aluminum with purity of 99.5 %, which is 
realized mainly by intensification of liquid metal movement in the mould is presented. In aim of realization 
of forced movement during the crystallization of liquid metal was used rotating electromagnetic field 
produced by the induction coil supplied by current with frequency different from the power network, i.e. 
from 5 to 100 Hz. The degree of structure refinement was represented by equiaxed crystals zone content 
on transverse section of ingot and average area of macro-grain in this zone. Effect of structure refinement 
obtained by influence of electromagnetic field was compared with refinement obtained by use of 
traditional inoculation, which consists in introducing of additives i.e. titanium, boron and carbon to metal 
bath in form of master alloy sort AlTi5, AlB3, AlTi5B1, AlTi5B3 and AlTi3C0.15. The results of studies and 
their analysis show possibility of effective refinement of pure aluminum primary structure, only with use of 
rotating electromagnetic field and without necessity of application of inoculants such a Ti, B and C. This 
method of inoculation is important, because inoculants decrease the degree of purity and electrical 
conductivity of pure aluminum. Moreover, Ti and B are reason of point cracks formation during rolling of 
ingots. 

Keywords: aluminum, inoculation, titanium, boron, carbon 

1. INTRODUCTION 

The phenomenon of crystallization following after pouring molten metal into the mould, determines the 
shape of the primary casting (ingot) structure, which significantly affects on its usable properties. The 
crystallization of metal in the mould may result in three major structural zones (Fig. 1) [1]: 

� zone of chilled crystals (grains) formed by equiaxed grains with random crystallographic orientation, 
which are in the contact area between the metal and the mould, 

� zone of columnar crystals (grains) formed by elongated crystals, which are parallel to heat flow and 
are a result of directional solidification, which proceeds when thermal gradient on solidification front 
has a positive value, 

� zone of equiaxed crystals (grains) formed by equiaxed grains with random crystallographic 
orientation in the central part of the casting. The equiaxed crystals have larger size than chilled 
crystals and are result of volumetric solidification, which proceeds when thermal gradient has a 
negative value in liquid phase. 

Depending on the cooling rate, chemical composition and the intensity of convection of solidifying metal, in 
the casting may be three, two or only one structural zone. 
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The primary structure of pure metals independently from the crystal lattice type creates practically only 
columnar crystals [1]. According to presented data in papers [1-3], this type of structure gives low 
mechanical properties of castings and mainly is unfavourable for the plastic forming of continuous and 
semi-continuous ingots, because causing forces extrusion rate reduction and during the ingot rolling 
delamination of external layers can occur. This structure can be eliminated by controlling the heat removal 
rate from the casting, realizing inoculation, which consists in the introduction of additives to liquid metal 
and/or influence of external factors for example infra- and ultrasonic vibrations or electromagnetic field.  

 

 

Fig. 1. Scheme (on the left) and real (on the right) primary structure of ingot: 1 – chilled crystals zone,  
2 – columnar crystals zone, 3 – equiaxed crystals zone 

The traditional inoculation consists in introducing into metal bath of specified substances, called inoculants 
[1]. Inoculants increase grains density as result of creation of new particles in consequence of braking of 
grains growth velocity, decrease of surface tension on interphase boundary of liquid – nucleus, decrease of 
angle of contact between the nucleus and the base and increase of density of bases to heterogeneous 
nucleation [1, 3÷5]. The effectiveness of this type of inoculation depends significantly on crystallographic 
match between the base and the nucleus of inoculated metal. This crystallographic match is described by 
type of crystal lattice or additionally by index [1]: 
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nb 	%%
&

'
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)

*
�  (1) 

where: 

; - match index, 

xb, xn – parameter of crystal lattice in specified direction, suitable for base and nucleus. 

When the value of index (;) is closer to 100%, it the more effective is the base to heterogeneous nucleation 
of inoculated metal.  

Therefore active bases to heterogeneous nucleation for aluminum are particles which have high melting 
point i.e. TiC, TiN, TiB, TiB2, AlB2 and Al3Ti [1, 3÷5].  

Other inoculation method is use of electromagnetic field, which forced the liquid metal movement in 
mould. The value of the velocity (V) of liquid metal rotating in mould is proportional to the value of force 
(F), which generating movement of metal bath or magnetic induction (B) in inside the induction coil and is 
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inversely proportional to the density of the metal (ρ), because with some approximation we can say that 
(Fig. 2) [6]: 

ρ
Bor

ρ
FV B  (2) 

Forced liquid metal movement influences by 
diversified way on changes in structure of 
casting i.e. by changes of thermal and 
concentration conditions on crystallization 
front, which decrease or completely stops 
the velocity of columnar crystals growth and 
by [1, 3, 5 and 6]: 

� tear off of crystals from mould wall, 
which are transferred into metal bath, 
where they can convert in equiaxed 
crystals, 

� fragmentation of dendrites by 
coagulation and melting as a result of 
influences of temperature fluctuation 
and breaking as a result of energy of liquid metal movement, 

� crystals transport from the free surface to inside the liquid metal, 

� crystals from over-cooled outside layer of the bath are transported into liquid metal. 

2. THE RANGE OF STUDIES 

The aim of studies was comparison the efficiency of structure refinement of aluminum with purity of 99.5 % 
obtained by use of traditional inoculation, which consists in introducing of additives, i.e. titanium, boron 
and carbon to metal bath in form of master alloy sort AlTi5, AlB3, AlTi5B1, AlTi5B3 and AlTi3C0.15 and by 
use of rotating electromagnetic field. 

 During the studies cylindrical EN AW-
Al99,5 ingots with dimensions of 25 mm 
diameter and 220 mm length were 
poured into graphite mould with wall 
thickness 10 mm. Metal was melted in 
inductive furnace and temperature was 
measured with use of NiCr-NiAl 
thermocouple (pouring temperature 
was set to 740 �C). In case of 
inoculation with use of Ti, B and C 
additives, the inoculants were introduced to metal bath with small amount, i.e. inoculant content did not 
exceeded values specified in obligatory European Standards. In studies the author took the assumption, 

Fig. 3. Scheme of stand to cast with influence of 
electromagnetic field: 1 – inverter, 2 – autotransformer, 3 – 

induction coil, 4 – mould containing liquid metal, A – 
ammeter 

Fig. 2. Dependence of peripheral velocity of liquid metal 
(V) in a cylindrical mould of inside diameter 45mm on 

magnetic induction (B) for example metals [6] 
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that amount of all introduced additives M D 30 ppm. Whereas to aluminum cast with influence of rotating 
electromagnetic field was used stand presented on Fig. 3. 

By application of inverter was realized changes of frequency of supply current, because was affirmed that is 
a possibility of increasing the force which creates movement of liquid metal and in result of this the velocity 
of its rotation in mould, not only by increasing the value of magnetic induction according to the 
dependences (2), but also by increasing the frequency of the current supplied to the induction coil (Fig. 4). 

The degree of structure refinement was 
represented by equiaxed crystals zone content 
(SKR) on transverse section of ingot and average 
area of macro-grain in this zone (PKR). In aim of 
realization of refinement measurements in 
aluminum structure were made macroscopic 
metallographic studies on transverse section of 
ingots, which were cut at 100 mm from the 
bottom. Analyzed surface was etched with use of 
solution of: 50 g Cu, 400 ml HCl, 300 ml HNO3 
and 300 ml H2O.  

 

 

 

 

3. THE RESULTS OF STUDIES 

On Fig. 5 are presented results of macroscopic metallographic studies of aluminum with a purity of 99.5 % 
ingots. The initial state structure of aluminum is two-zonal, which contains mainly columnar crystals and 
small amount of equiaxed crystals in central area of ingot. Increase in refinement of structure results from 
increase in equiaxed crystals zone content on transverse section of ingot and decrease in average area of 
equiaxed crystal. This refinement was achieved by use of inoculation, which consists in introducing to metal 
bath of additives in form of titanium and/or boron and/or carbon and by use of rotating electromagnetic 
field. 

On the basis of obtained results concern traditional inoculation was affirmed that the largest degree of 
refinement of pure Al, both in respect of the value of SKR and PKR was achieved in result of use of master 
alloy sort AlTi5B1 (Fig. 5). Therefore was affirmed that application of Ti:B ratio equals 5:1 assures the 
greatest degree of structure refinement in comparison to others Ti:B ratio, for example 5:3. Moreover was 
demonstrated relatively advantageous influence of B which was introduced in form of master alloy sort 
AlB3 on refinement of pure Al structure. This type of inoculation is more effective than inoculation only 
with use of Ti. The presence of C in place of B, for example in master alloy sort AlTi3C0.15 weakens the 
effect of inoculation. This statement is confirmed by the refinement results obtained in ingots inoculated 
with common use of master alloy sort AlTi3C0.15 and AlB3 or AlTi3C0.15 and AlTi5B1. 

Fig. 4. The influence of magnetic induction (B) and 
frequency (f) of the current supplied to the induction 

coil on force value (F), which creates movement of 
liquid metal 
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Inoculation: no 
SKR = 19,94% 

PKR = 0,64mm2 

 
Inoculation: yes by AlTi5 

Ti = 25ppm 
SKR = 21,42% 

PKR = 0,65mm2 

 
Inoculation: yes by AlB3 

B = 25ppm 
SKR = 58,67% 

PKR = 0,40 mm2 

 
Inoculation: yes by 

AlTi3C0.15 
Ti = 25ppm, C ≈ 1ppm 

SKR = 37,05% 
PKR = 0,61 mm2 

 
Inoculation: yes by 

AlTi5B1 
Ti = 25ppm, B = 5ppm 

SKR = 85,92% 
PKR = 0,28 mm2 

 
Inoculation: yes by 

AlTi5B3 
Ti = 25ppm, B = 5ppm 

SKR = 74,06% 
PKR = 0,37 mm2 

 
Inoculation: yes by 
AlTi3C0.15 + AlB3 

Ti = 25ppm, B = 4ppm, C 
≈ 1ppm 

SKR = 73,22 
PKR = 0,30 mm2 

 
Inoculation: yes by 

AlTi3C0.15 + AlTi5B1 
Ti = 25ppm, B = 3ppm, C 

≈ 0.5ppm 
SKR = 70,12% 

PKR = 0,38 mm2 

 
Inoculation: yes by 

electromagnetic field 
B = 60mT, f = 25Hz 

SKR = 18,90% 
PKR = 0,33 mm2 

 
Inoculation: yes by 

electromagnetic field 
B = 60mT, f = 50Hz 

SKR = 21,46% 
PKR = 0,13 mm2 

 
Inoculation: yes by 

electromagnetic field 
B = 60mT, f = 75Hz 

SKR = 54,63% 
PKR = 0,04 mm2 

 
Inoculation: yes by 

electromagnetic field 
B = 60mT, f = 100Hz 

SKR = 83,36% 
PKR = 0,01 mm2 

Fig. 5. Macrostructure of aluminum with a purity of 99,5% ingots in initial state, after inoculation with use 
of additives Ti, B or C and after inocualtion with use of rotating electromagnetic field 
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Whereas on the basis of obtained results concern inoculation by use of rotating electromagnetic field was 
affirmed that application of frequency of supply current f D 50Hz does not guarantee favourable 
transformation of pure aluminum structure (Fig. 5 and 6). Whereas induction coil supplied with frequency 
of current larger than power network, mainly 100 Hz generates rotating electromagnetic field which 
guarantees favourable refinement of structure, also in comparison to this obtained after inoculation with 
small, acceptable by European Standards amount of Ti and B i.e. 25 and 5 ppm. 
 
a)                              b) 
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Fig. 6. The influence of current frequency (f) supplied to the induction coil on: a - equiaxed crystals zone content 
(SKR) on transverse section of pure Al ingot, b - average area of equiaxed crystal (PKR) of pure Al ingot 

4. CONCLUSIONS 

Based on conducted studies following conclusions have been formulated: 

� Even a very small amount of inoculating additives introduced to metal bath in the form of Ti, B and C 
guarantee a significant increase in structure refinement of pure Al ingots. 

� The largest degree of refinement of pure Al was achieved in result of use of master alloy sort AlTi5B1. 

� The master alloys contain Ti and C assure worse effect of refinement of pure Al structure than master 
alloys contain Ti and B. 

� The rotating electromagnetic field generated by induction coil supplied by current with frequency 
larger than power network, for example 100 Hz influences liquid metal in time of its solidification in 
mould, guarantees effective refinement of primary structure of pure Al without necessity of 
application of inoculants such a Ti, B and C. This method of inoculation is important, because 
inoculants decrease the degree of purity and electrical conductivity of pure aluminum. Moreover Ti 
and B are reason of point cracks formation during rolling of ingots.  
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Abstract  

Present paper deals with fatigue, structural and mechanical properties of aluminium alloys AlSi1MgMn 
(AA6082), AlMg1SiPb (AA6262) and AlMgSiSnBi (AA6023). Fatigue test rods were removed from the 
pressed and drawn rods of the nominal diameter 18 mm in temper T9. Rods were manufactured in the 
company Alcan Děčín by a usual production method. The fatigue to failure tests were carried out under the 
following conditions: cylindrical testing rods 7 mm in diameter, with notch (Kt = 2), frequency: 85-90 Hz with 
load R = 0. The part of the testing rods was exposed to 240 hours in the fog of the neutral sodium chloride 
solution (NSS) before the fatigue tests. Wöhler curves obtained on the samples without corrosion attack 
and with corrosion attack in NSS were mutually compared. Furthermore, there was made a detailed 
analysis of structural characteristics of fracture surfaces, focusing on the description of the mechanisms of 
fatigue of the aluminium alloys.  

Keywords: Aluminium alloys AA6082, AA6262 and AA6023, fatigue tests, Wöhler curves 

1. INTRODUCTION 

Alloys of the type Al-Mg-Si are very commonly used in automotive industry – e.g. AA6082 (AlSi1MgMn). 
Lead and bismuth are usually added to the aluminium alloys that are used to manufacture components by 
splinter machining. One of the most common alloys of this type is AA6262 (AlSi1PbMgMn). New aluminium 
alloys which do not contain toxic lead but contain non-toxic tin and bismuth (AA6023 - AlMgSiSnBi) were 
developed few years ago [1-3]. The most important characteristics of these alloys due to their applications 
are their corrosion and fatigue properties. The objective of this work is to study influence of the corrosion 
attack caused by the fog of neutral solution of sodium chloride (NSS) on fatigue properties of the alloys 
AA6082, AA6262 and AA6023 in the T9 condition. 

2. EXPERIMENTAL MATERIAL AND PROCEDURES 

2.1. Experimental material 

Experiments were done on hot-pressed and drawn rods of the diameter 18 mm made of constructional 
alloy AlSi1MgMn (AA6082) and machinable alloys AlMg1SiPb (AA6262) and AlMgSiSnBi (AA6023) in the T9 
condition. The rods were produced in standard operating conditions in the company ALCAN Děčín, s.r.o. 
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The rods were hot-pressed and quenched in water, aged to highest strength and drawn with the reduction 
of 11 %. Chemical composition of the alloys is shown in Tab. 1. 

 Tab. 1 Chemical composition [in wt.%] 

Alloy designation Si Fe Cu Mn Mg Cr Pb Bi Sn 

AA6082-T9 1.08 0.370 0.023 0.444 0.794 0.006 0.003 - - 

AA6262-T9 0.71 0.450 0.347 0.126 0.971 0.118 0.639 0.590 - 

AA6023-T9 1.08 0.210 0.400 0.338 0.780 0.006 0.034 0.913 0.522 

2.2  Experimental procedures 

Metallographic analysis was performed on longitudinal cuts of the samples. Two experimental methods 
were used in the investigation: light microscopy (LM) - microscope NIKON EPIPHOT 200, camera HITACHI, 
software LUCIA and scanning electron microscopy (SEM) - microscope FEI Quanta 200F with EDAX Trident. 
Grain boundaries were etched electrolytically (Barker method). Phase compositions were analyzed using 
EDAX in SEM. 

Mechanical properties were measured using strain machine INSTRON on the cylindrical smooth samples of 
the diameter 7 mm. 

Fatigue properties were studied using high frequency pulsator RUMUL Testronic 8601, 100 kN (R = 0, 
frequency 85-100 Hz). The specimens were cylindrical of the body diameter 9.3 mm, with threading heads 
M16x1 and notch Kt = 2.0. Tests were measured at 6 strain levels (σmax from 130 to 280 MPa). Measured 
data were processed to form Wöhler curves [4].  

Corrosion tests NSS. Samples for the corrosion tests were exposed 240 hours in neutral salt spray (NSS). 
Thread heads of the samples were protected by wax during NSS and the sample rods were prepared with 
accordance with standard ČSN ISO 9227. The sodium chloride solution was mixed from distilled water. 
Value pH of the solution in corrosion chamber at the temperature of 25 °C was in the range of 6.5 to 7.2 
pH.  

3. RESULTS AND DISCUSSION 

3.1  Microstructure 

Microstructure of the alloys was observed and analyzed in longitudinal cuts of the samples. Qualitative 
phase composition analysis proved only two types of particles in the alloys AA6023 and AA6262 – hard 
intermetallic phases containing Fe, Si, Cu, and Mn or Cr and soft dispersive phases containing low-
temperature melting metals. The alloy AA6023 contains hard intermetallic phases of the type 
Alx(Fe,Si,Mn,Cu)y and soft dispersion phases with Sn and Bi (see Fig. 1c) [5]. The alloy AA6262 contains hard 
phases of the type Alx(Fe,Si,Cr,Cu)y and dispersion phases with Pb and Bi (see Fig. 1b) [6]. Distribution of 
these two types of particles is similar in the alloys AA6023 and AA6262 in T9 condition. Hard particles of 
intermetallic phases have small size with sharp-edged and irregular shape. Particles of low-temperature 
melting phases are coarser with rounded shape. Almost all particles are elongated in pressing direction.  

Alloy AA6082 with no low-temperature melting elements contains only hard particles of constitutional 
phases of the type Alx(Fe,Si,Mn)y (see Fig. 1a). Their distribution and shapes are very similar to the hard 
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particles in other investigated alloys in T9 condition. The observations in light microscopy proved the 
fibrous microstructure of all studied alloys in T9 condition. 

 
 Phases Pb+Bi       Phases Sn+Bi 

   
a) AA6082-T9 b) AA6262-T9 c) AA6023-T9 

Fig. 1 Particle distribution in the structure of a) AA6082, b) AA6262 c) AA6023, all T9 temper 

3.2 Corrosion attack  

Sample surface visual changes after 240 hours of NSS exposition are shown in Fig. 2. Light microscopy 
observations demonstrate the corrosion character [7] – predominantly corrosion pits, some of them are 
very deep (see Fig. 2b). 

 

3.3  Mechanical properties 

Mechanical properties (results from tensile tests) of the investigated materials in T9 condition before and 
after exposition in NSS are shown in Tab. 2. We can say that there are no noticeable differences of the 
measured mechanical properties between the samples before and after exposition in NSS. When we 
compare the results of all investigated alloys we can claim that the alloys have very similar static 
mechanical properties and ductility. 

 

 

  
a) b) 

Fig. 2 Corrosion attack of the alloy AA6082-T9 after exposition in NSS a) in the cylindrical part of the 
sample with a depth of ca. 25 �m b) in the notch area with a depth of 80 �m 
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 Tab. 2 Mechanical properties of alloys 

Alloy designation AA6082 AA6262 AA6023 

Parameters of 
mechanical properties 

Rm Rp0.2 A Rm Rp0.2 A Rm Rp0.2 A 

[MPa] [%] [MPa] [%] [MPa] [%] 

Temper T9 409 405 9.9 415 414 8.7 408 405 10.8 

T9 after 240 hours of 
exposition in NSS 

405 402 10.2 412 410 8.0 402 400 7.5 

 

3.4 Wöhler curves 

  

 
Fig. 3 Wöhler curves in Smax – log N coordinates for the alloys (N – cycles to failure). 

a) AA6082, b) AA6262, c) AA6023, all temper T9 
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a) 

 
 
 
 
 
 
 
 

b) 
 
 
 
 

Fig. 4 Calculated Wöhler curves in Smax – log N coordinates for all testing alloys, (N – cycles to failure). 

a) original surface without corrosion attack, b) after corrosion in the NSS 

 

Results from fatigue measurements of all investigated alloys in T9 temper before and after exposition in 
NSS are shown graphically in Smax – log N coordinates (see Fig. 3-4).  

We can sum up the results of fatigue measurements: 

� Wöhler curves of the alloy AA6082 is similar to the Wöhler curves of AA6262 alloy in the case of 
initial non-corroded materials. Wöhler curve of the alloy AA6023 is shifted in the whole range to the 
lower values. The shift is equal to 20 MPa when the number of cycles is higher than 8.105. 

� The alloy AA6082 shows the best fatigue properties in corrosive state; on the contrary the alloy 
AA6023 shows the worst fatigue properties. The alloys AA6023 and AA6262 have similar fatigue 
properties and Smax is about 40 MPa lower than of the alloy AA6082 if the number of cycles is higher 
than 106.  

� The influence of the exposition in NSS characterized by the shift of Wöhler curves to the lower 
stresses is constant when the number of cycles exceeds 106. The shift is noticeable in the alloy 
AA6262, smaller in the alloy AA6023 and very small in the alloy AA6262. 

� The influence of the corrosion was observed first in the alloy AA6023 (N = 8.104, Smax = 160 MPa), 
then in the alloy AA6262 (N = 3.105, Smax = 130 MPa) and in the alloy AA6082 (N = 2.105, Smax = 135 
MPa). The properties of the alloys AA6262 and AA6082 are very similar from this point of view. 

3.5 Fatigue damage observations  

Metallographic analysis of the longitudinal cuts of all fatigue samples made of all investigated alloys (non-
corroded and corroded as well) proved the same qualitative character of fatigue damage. Striation is a 
dominant mechanism of the fatigue damage. 

� Fracture surface consists of two different areas. The first area is relatively smooth - it is the area of 
initiation and crystallographic propagation of fatigue cracks and striation. The second one is the area 
of static fracture with rough surface which resemble tensile test fracture (see Fig. 5a). The area of the 
smooth surface of initiation and propagation increases with decreasing maximal strain. 
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a) 

� The multiple initiations of fatigue cracks were observed in the bottom of the notch. Notch surface 
corrosion made initiation processes much easier – initiation takes place preferentially in corrosion 
pits and in small cracks caused by the exposition of the samples in NSS (Fig. 5b). The influence of the 
fatigue cracks initiations is stronger in the case of high-cycle fatigue. 

� We can claim from the metallographic observations that the fracture behaviour of all investigated 
samples is qualitatively similar. Process of the fatigue damage is qualitatively similar for non-
corroded and corroded specimens and consists of three stages: 1) initiation and follow-up 
crystallographic propagation of fatigue cracks, 2) propagation of fatigue cracks by striation 
mechanism and 3) final fracture of the remaining area by ductile transcrystalline fracture. 

 

Final ductile fracture         Initiation and follow-up stage of crystallographic propagation   

 

   
Fig. 5 a) Longitudinal cut of the fracture of the sample AA6023-T9 after exposition in NSS (N = 37000 

cycles), b) multiple crack initiation in corrosion pits 

4. SUMMARY 

� Wöhler curves of the corroded and non-corroded samples AA6082, AA6262 and AA6023 in temper 
T9 consist of two parts. The first part could be described by the equation log N = log k + n log Smax 
with goodness-of-fit r2 higher than 0.9. The second part with the number of cycles 5.105 and higher 
contains breaking point. The dependence is linear and the slope of the line is very small beyond this 
point. 

� Corrosion in NSS has very strong influence on fatigue behaviour of the alloys AA6262 and AA6023, 
mainly in high-cycle part of fatigue behaviour. On the contrary shift of the Wöhler curves is much 
smaller in low-cycle part of fatigue behaviour. The influence of corrosion on fatigue properties is very 
small for the alloy AA6082. 

� The process of fatigue damage investigated using light and scanning electron microscopy is 
qualitatively similar for non-corroded and corroded specimens for all three tested aluminium alloys. 
The process of fatigue damage consists of three stages: initiation and propagation of fatigue cracks 
and final fracture of the remaining area by ductile transcrystalline fracture. 

� The process of fatigue crack initiations observed in the bottom of the notch was much easier in the 
corroded samples after exposition in NSS. Initiation took place preferentially in corrosion pits and in 
small cracks. The influence of the fatigue cracks initiations is stronger in the case of high-cycle 
fatigue. 

b) 
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Abstract  

Aluminium alloys of the 6XXX series are often used in the form of extrusions or die forging materials. The 
processing of the final product consists of several steps that may significantly influence the ultimate 
properties. The first important treating step is the homogenization annealing of the as-cast alloy which 
should assure a dissolution of coarse eutectic phases and homogeneous distribution of solutes inside the 
whole casting. As this annealing requests high temperatures not very far from the melting point, the 
optimalization of the homogenization process is a crucial task which may significantly affect both the final 
products quality and their price. One of the methods which enables direct observation of the 
microstructure changes during homogenization is the in-situ electron microscopy in the heating stage. As-
cast secimens from the AA6082 type alloy were annealed in the model homogenization regime and in-situ 
monitored by the SEM. The kinetics of the coarse eutectic phases dissolution was studied in situ and 
compared with the results received from the in-situ rezistivity measurements. 

Keywords: AA6082, homogenization annealing, in-situ SEM 

1. INTRODUCTION 

The large-scale ingots from the extrudable 6XXX aluminium alloys are generally produced by the direct-chill 
casting method. These multiphase alloys belongs to the commercial ones based on the Al-Mg-Si alloy 
system where the main strengthening effect arises from the homogeneous distribution of fine metastable 
Mg2Si phase [1]. In the technical aluminium alloys besides the intentional additions, other elements, such 
as Mn and Fe or Cu may be present. During casting a wide variety of ternary and more complex phases are 
formed [2-4]. Type of these phases and their distribution depends mainly on the cooling rate.  

As-cast materials require a homogenization treatment to make the material suitable for hot extrusion. 
During this homogenization treatment several processes take place resulting in more homogeneous 
distribution of main strengthening elements, partial dissolution of dendrite structures and phase 
transformations accompanied often by the spheroidization of undissolved sharp particles [5]. Generally, the 
industrial homogenization consists of three main steps: heating with a chosen rate, holding at high 
temperature and final cooling. A high temperature close to the melting point of the alloy is selected for 
homogenization in order to reduce the processing time. As the segregated regions can melt at lower 
temperatures causing severe damage, a correct choice of the homogenization temperature and dwelling 
time is a crucial task, which has a significant influence on the material final properties. Several indirect 
methods such as DSC, DTA or resistivity measurements combined with direct light or scanning electron 
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microscopies are often used for optimization of the homogenization conditions. Nevertheless, as the 
thermal analysis methods are integral, they are not able to distinguish directly between several different 
processes and even if the data are combined with post-mortem SEM or TEM observations they often give 
ambiguous interpretation. Therefore heating stages for TEM and SEM enabling the direct observations of 
the processes are the powerful tools in the study of the phase transformations and structural changes of 
technical materials.  

In the present work the processes occurring on the surface of the specimen prepared from the technical 
AA6082 type alloy were studied by the in-situ heating SEM. The main interest was focused on the evolution 
of inter-dendrite spaces containing microsegregated particles of second phases.  

2. EXPERIMENTAL 

A commercial AA6082 alloy with a standard composition (the concentration of the main constituents in wt. 
%: Si -1 .2, Mg – 0.8, Mn – 0.5, Fe – 0.3) was used in the study. 1 mm thick strips for SEM observation were 
cut from the as-cast ingot, mechanically grind by the SiC papers to the thickness of 0.2 mm and polished by 
the alumina suspension. 3 mm in diameter discs were punched from the strip and finally electropolished in 
the 30 % nitric acid solution in methanol and clumped in the low-noise resistance heating stage. The SEM 
observations were performed in the electron microscope JEOL JEM 2000FX equipped with the EM-ASID 
10/20 scanning image device and EDS Bruker AXS UHV Si(Li) detector with the QUANTAX controller system. 
For the determination of the alloy integral behaviour, the resistivity measurements were performed on 1 
mm thick strips using the DC 4 point method in a linear heating regime using a home-made system 
equipped with the Keithley computer controlled devices. A heating rate of 5°C/min was used in the 
isochronal regime till one of the selected temperature of 540, 560 and 580 °C was reached and the 
evolution of resistivity during isothermal annealing at the above mentioned temperatures was recorded. 

3. RESULTS AND DISCUSSION 

The low solid solubility of alloying elements leads to the formation of secondary phases in the as-cast 
microstructure. The size and morphology of these phases depends on the chemical composition, the 
dendrite arm spacing, the grain size and the local solidification time. The typical initial microstructure 
observed in our alloy is given in Fig. 1. Characteristic structures at the cell boundaries of α-solid solution 
contain a mixture of second phase particles rich in Fe and Mn (generally β- AlFeSi and α-AlFeMnSi phases 
are reported [1, 4, 6]), pure Si and Mg2Si phase. The resistivity measurements (see Fig. 2) reveal significant 
changes occurring in the material at temperatures near 250 °C and 450 °C. Nevertheless, these changes are 
known to be associated with the phase transformations inside the dendrites (transformation and 
dissolution of the Mg2Si phase and α-AlFeMnSi phase) [1] which is not a subject of the present study. As 
seen on the Fig. 2 and on the detail in the inset, above 540 °C a local minimum on the derivative of the 
resistivity curve was observed, followed by a deep drop of this value above 565 °C. The evolutions of 
resistivity during isothermal annealing (Fig. 3) evidence (after a short incubation period) a clear presence of 
two-stage process in the specimen annealed at 540 °C. At 560 °C a gradual acceleration of resistivity drop is 
observed, while at 580 °C only continuous one-stage decrease occurred.  

The SEM observations during in-situ heating were performed on specimen annealed in the step-by-step 
heating regime with the step of 20 K/4 min which corresponds to the continuous regime of 5 K/min used 
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during resistivity measurements. The modification of the continuous regime was required due to the longer 
time which is necessary for SEM image stabilization and acquisition. Nevertheless, the effective heating 
rate remained identical in both, SEM and resistivity measurements. The Fig. 4 shows a sequence of images 
received during isochronal step-by-step annealing at several temperatures located above 500 °C. First 
significant changes in the microstructure of cell boundaries were observed at 540 °C. At 560 °C all the 
boundaries are fuzzy and smeared on a distance of about 50 micrometers. At temperatures above 570 °C 
the material is molten and after solidification at lower temperatures forms distinct dendrites. 

  

  
 

 

Fig. 1: The microstructure of the as-cast material. 
BSE image of cell boundaries and distribution of 

main alloying elements – Fe, Mn, Si and Mg 
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Fig. 2: Derivative of the resistivity annealing curve. 

Processes occurring on cell boundaries are 
responsible for the changes shown in the inset. ρ0 is 

the value of resistivity ρ in the as-cast state 

 

Fig. 3: Evolution of resistivity during isothermal 
annealing at 540, 560 and 580 °C. ρi is the value of ρ 

at the beginning of the isothermal measurement 

  

  
Fig. 4: Evolution of microstructure during isochronal annealing. As-cast state (a), 540 (b), 560 (c) and 575°C 

after re-solidification and cooling down to 500 °C (d). The same area is imaged in BSE in all pictures 
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The sequence of images taken during isothermal annealing at 540 °C is given in Fig. 5. The first minutes of 
the exposure at this temperature result in the partial dissolution of cell boundary particles and long 
distance diffusion of alloying elements into the dendrite cell interiors. Partial boundary melting could not 
be excluded. Finally, at longest annealing times, the grain boundaries contain only debris of original or 
transformed phases rich in Fe, Mn and Si that were not dissolved during the treatment. The same 
processing at 560 °C causes immediate local melting of the dendrite boundaries, diffusion of Mn and Si into 
the cell volume (Fig. 6b, c) and finally the partial re-solidification of cell boundaries with a coarse Fe and Mn 
rich particles containing traces of Si (Fig. 6d). 

The SEM experiments clearly show that the processes responsible for the resistivity changes at 
temperatures around 540 °C are mainly the ones observed at the boundaries of the dendrite cells. The 
undulation which is present on the resistivity derivative curve in this temperature range is most probably 
associated with two competing processes - the local cell boundary melting and solid solution enrichment 
due to the cell boundary particles dissolution. The first one causes surface morphology changes, significant 
decrease of resistivity observed on the isothermal curves and also a drop on the resistivity derivative 
curves. 

  

  
Fig. 5: Evolution of the microstructure during isothermal annealing at 540°C. Initial as-cast state (a) and 

specimens annealed for 120 s (b), 960 s (c) and 10000 s (d). SE images 
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Fig. 6: Evolution of the microstructure at 560 °C. SE images in the as-cast specimen (a) and specimens 

isothermally annealed for 120 s, 360 s and 960 s 

This drop is, however, strongly retarded by the rising resistivity of the matrix caused by diffusing Mn, Mg 
and Si atoms. When all the dissoluble cell boundary particles are diluted and there is no more driving force 
for the matrix enrichment, the curves of resistivity and the derivative drop again. 

4. SUMMARY 

Homogenization conditions of the 6082-type aluminium alloy were tested by means of the electrical 
resistivity measurements and in-situ heating SEM experiments. It was shown that close to 540 °C a partial 
local melting of dendrite cell boundaries occurs accompanied by a significant Mn, Mg and Si solid solution 
enrichment. The process is significantly accelerated and the surface damage due to the local melting is 
more pronounced when the temperature is risen to 560 °C. At higher temperatures a full surface melting 
and alloy degradation occurs.  
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Abstract  

Presented studies were conducted for AlSi cast composite reinforced with intermetallic phases. The 
reinforcement was prepared with use of cobalt based alloy containing carbides and other intermetallic 
phases. For the composites manufacturing the vortex method was used. During the studies, the 
crystallization process of the matrix was observed for composites with different reinforcement content (in 
range of 0 – 10 wt.%). To describe the crystallization process, the thermal derivative analysis method was 
applied with a specially designed casting mould, additionally enabling the thermal gradient analysis. For 
each experiment the cast specimen was divided and its parts were next subject to solutioning and aging. 
The studies enclosed analysis of structure and properties description for composite in as-cast state and also 
after the heat treatment operation (after solutioning and after solutioning + aging). The microstructure 
studies consisted of light microscopy analysis, scanning electron microscopy and the EDX analysis of the 
components, as well as the transition zone description. During mechanical testing the impact resistance 
was studied together with hardness and microhardness analysis for different regions of the composite 
structure. Results of the studies enabled observation of how the transition zone between the matrix and 
the reinforcing phases influence the operating properties of the composite and how it can be controlled to 
provide assumed characteristics of the composite. 

Keywords: cast composites, AlSi alloys, crystallization, intermetallic phases, properties 

1. INTRODUCTION 

Studies on the manufacturing and the utilization of the cast composites consisting of light alloy matrix 
reinforced with intermetallic phases, including carbides are in the state of development [1–12]. This 
situation is caused by a fact, that comparing to metal matrix composites with ceramic reinforcement, it is 
easier to prepare a stable liquid composite dispersion and manufacture the casting with more uniform 
distribution of reinforcing particles [6, 7, 10, 12]. Introduction of intermetallic phases as the composite 
reinforcing particles enables obtaining the gradient transition zone between the matrix and the 
reinforcement, ensuring the proper connection between the components [2, 10, 12]. Additional possibility 
of composite structure control occurs with use of the heat treatment operations. Adequate selection of 
heat treatment parameters would enable the optimisation of the composite matrix structure, the transition 
zone and the reinforcing particles dispersion. Due to large number of possible phase transformations in 
considered multi-component system it is often difficult to precisely select the parameters of heat 
treatment operations. One of the possible method is the numerical modelling of the crystallization for 
considered system with intermetallic phases [2, 10, 12]. Obtained results, enclosing the phase 
transformations occurring in such system for equilibrium state, can be used for heat treatment parameters 
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selection. In presented studies such approach was applied for cast eutectic AlSi alloy used as the composite 
matrix and a multi-component Co-based alloy containing different intermetallic phases used as the 
reinforcement. 

2. STUDIES METHODOLOGY 

During the studies two series of 
experiments were conducted. The first 
one enclosed the structure analysis of the 
composite consisting of AlSi11 eutectic 
alloy matrix and intermetallic phases 
reinforcement prepared on base of 
CoCrMoCNi alloy containing chromium 
and molybdenum carbides. Chromium 
and the molybdenum contents in the alloy 
were 27 wt.% and 6 wt.%, respectively. 
The carbon content was set to a value 
ensuring maximum carbides content in 
the alloy (4 wt.%). The alloy structure can 

be seen in Fig. 1. 

The structure consists of three basic 
phases: the Co-based solution matrix, the 
chromium carbides (M7C3 and M3C2) and 
the eutectic MoC carbides. Before the application, the alloy was mechanically milled down to a fraction of 
71 – 160 �m. The liquid dispersion was prepared in a electrical induction furnace with use of vortex method 
[1, 2], consisting of introduction of reinforcing particles into the liquid matrix alloy and mechanical stirring 
to ensure the uniform distribution of the reinforcement. The quantity of the reinforcement was equal to 3, 
4 and 5 wt.% in following experiments. The matrix alloy used in the experiment was in the non-modified 
state. Prepared liquid composite dispersion was poured into self-supporting cylinder ceramic and metal 
moulds. The obtained sample castings were next cut into small samples and examined using light 
microscopy, scanning microscopy and EDS analysis. Additionally, the microhardness and HV hardness tests 
were carried out.  

The second series of experiments enclosed the studies of the same composite manufactured with the same 
technique, but with different content of reinforcing particles (0, 5 and 10 wt.%). The granularity of the 
particles introduced into the liquid alloy was < 71 �m. The liquid dispersion was poured into a specially 
designed mould, prepared with use of thermo-insulating material (average thermal conductivity of 0.1 
W/m.K). The sample casting was in shape of a 115 G 115 G 5 mm plate with centrally placed cylinder gate. In 
the mould four thermocouples were placed in order to observe the crystallization process and the thermal 
gradient occurring during solidification and cooling of the casting. Obtained sample castings were divided 
into smaller samples subjected in the next step to heat treatment operations including solutioning and 

Fig. 1. Microstructure of the CoCrMoCNi alloy; Co-based 
solution matrix background (1), chromium carbides (2), 

eutectic MoC carbides, mag. x400 

(2) 

(3) 

(1) 
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aging. Analysis of the composites enclosed the crystallization process studies using TDA method, 
microstructure observation and impact resistance tests.  

3. RESULTS AND ANALYSIS 
a 

 

b 

 
c 

 

d 

 
e 

 

f 

 
Fig. 2. Microstructure of the AlSi11 + (CoCrMoCNi)p composite with different reinforcement content in as-
cast state; a) and b) 3%wt. of reinforcement, mag. x200, c) 5%wt. mag. x200, d) 5%wt. mag. x400, e) 5%wt. 

mag. x600, f) 5%wt. mag. x1000 
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In Fig. 2 the microstructure of obtained composites was shown. As can be seen the structure consists of Al 
solution matrix, Si eutectic crystals and different intermetallic phases. At lower addition of reinforcing 
particles (3%wt.), modification of the matrix alloy eutectic was observed (Fig. 2 a and b).  

The quantity of intermetallic phases increased together with growing addition of the reinforcement, but 
the type of occurring phases stayed the same. Three types of phases can be distinguished, when concerning 
their morphology: the equiaxed form, the ramified form and the tri-arm form (Fig. 2). Different morphology 
suggests different chemical composition and properties. To investigate the chemical composition of 
mentioned phases the EDS analysis was conducted, enclosing point analysis of mentioned phases and 
chemical elements distribution. The analysis was conducted with use of electron scanning microscope 
Inspect F equipped with EDS detector. In Fig. 3 the distribution of Co, Cr and Mo can be seen. 

 
 

 

Co distribution 

 
Cr distribution 

 

Mo distribution 

 
Fig. 3. The distribution of selected chemical elements in the structure of AlSi11 + (CoCrMoCNi)p at 5%wt. 

reinforcement content 

Co, Mo and Cr are the major elements observed in occurring intermetallic phases. Additionally, Al and small 
amounts of Fe and Mn were detected. Carbon content was also indicated, but it could not be measured 
with use of EDS method. As can be seen from the Fig. 3, cobalt can be additionally found in eutectic-like 
structure. None of the elements introduced in form of CoCrMoCNi alloy was found in the matrix. The 3 
phase consisted of aluminium (99.4 wt.%) and silicon (0.6 wt.%) and the 1 phase was pure silicon. 

For observed components the microhardness tests were conducted with use of Future-Tech FM-700 
apparatus. Maximum hardness was observed for the ramified phases (as in Fig. 2e) ranging up to 2900 �HV. 
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For the equiaxed and tri-arm phases indicated hardness was up to 900 �HV. The 3 phase hardness was up 
to 70 �HV. 

In the second part of the experiment the thermal and derivative analysis (TDA) was employed to observe 
the crystallization process of the composite. The experimental stand consisted of a sampler described in 
paragraph 2, the A/C converter and computer equipped with TDA software. During the analysis the 
temperature was registered in function of time (cooling curve) for solidifying composite. On base of these 
measurements the first derivative of temperature after time was calculated and presented in function of 
time (crystallization curve). In Fig. 4 and Fig. 5 the TDA curves are shown for AlSi11+ (CoCrMoCNi)p 
composite with reinforcement addition of 5 wt.% and 10 wt.%, respectively.  

 

 

 

 

 

 

 

 

Fig. 4. Cooling and crystallization curves for AlSi11 + 5%wt. (CoCrMoCNi)p 

 

 

 

 

 

 

 

 

Fig. 5. Cooling and crystallization curves for AlSi11 + 10%wt. (CoCrMoCNi)p at 
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The crystallization pattern is similar in both cases; it starts with the thermal effect of 3 phase crystallization. 
In case of 5 wt.% reinforcement the effect is preceded by a small thermal effect, possibly the effect of 
leading phase crystallization (Fig. 4). This phase has not been yet identified. Next thermal effect is 
connected with 3+1 eutectic crystallization. In case of 10 wt.% reinforcement it is preceded by distinct 
thermal effect and the process of eutectic crystallization progress with the clear decrease in temperature. 
This observation may be explained by modifying effect of introduced intermetallic phases on eutectic 
crystals. After the solidification no thermal effect were observed in the solid state.  

In the last stage of the experiments the samples were subjected to solutioning and aging. Parameters of 
heat treatment were as follows: solutioning 520 oC/2 h and cooling in cold water (16 oC); aging 200 oC/8 h. 
After the heat treatment samples were prepared to impact resistance testing. Tests were carried out on 
Charpy impact machine for as-cast state, after the solutioning and solutioning and aging. For each case 
results were calculated as an average of five tests. Tab. 1 shows the results of impact resistance testing. 

 

 Tab. 1. Results of impact resistance testing for studied materials, in J/m2 

state 5% of reinforcement 10% of reinforcement AlSi11 in as-cast state 

as-cast 18934 17066 

16057 solutioning 19633 18673 

solutioning and aging 16894 14155 

 

As can be seen the introduction caused in most cases an increase of impact resistance for studied materials 
in as-cast state and after the heat treatment comparing to matrix alloy. The quality of changes in impact 
resistance of studied materials confirms the assumed possibility of controlling the transition zone 
properties.  

4. CONCLUSIONS 

Conducted studies showed, that introduction of intermetallic phases as the reinforcement of AlSi matrix 
composite gives positive changes in operating properties. Particles containing the reinforcement (carbides) 
and chemical elements modifying the structure and properties of metal matrix extend the possible 
application of such composites. Applied heat treatment enables the control of transition zone between the 
reinforcing phases and the matrix, allowing the optimisation of composite properties. 
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Abstract 

The paper reports results of a study aimed at understanding the precipitation processes of quaternary cold-
rolled AlMnScZr alloys during isothermal annealing at 300 °C and 400 °C and during annealing with constant 
heating rate from room temperature up to 570 °C. The resistivity, conductivity and microhardness 
behaviour was compared to microstructure development. The changes in resistivity and conductivity of the 
alloys at temperature above U 360 °C are mainly caused by precipitation of the Al6Mn particles. This 
precipitation is dependent on deformation degree. The deformation of the alloys shifts the Al6Mn-phase 
precipitation to lower temperatures compared to the mould-cast AlMnScZr alloy. The activation energy for 
Al3Sc- and Al6Mn-phase precipitation was also determined. The obtained results agree with conclusions on 
the cold-deformed AlMnScZr alloys studied in our previous works. 

Keywords: phase transformations; Al6Mn phase; resistivity; isochronal annealing 

1. INTRODUCTION 

The effect of a small addition of manganese (U 1.5 wt.%), scandium (U 0.2 wt.%) and zirconium (U 0.1 wt.%) 
in the mould-cast Al-based alloys on mechanical and thermal properties is pronounced [1–13]. Mn is the 
most widely used transition metal in commercial aluminium alloys [1]. Precipitation of Mn-containing 
particles in Al influences resistivity behaviour significantly [12, 14] although it has a poor effect on 
microhardness [1, 13]. Calculations show that Mn-containing dispersoids do not form during the heat 
treatment at temperatures lower than U 330 °C [15]. Changes in conductivity (measured at 20 °C) in the 
isochronally annealed binary Al-1.5 wt.% Mn alloy at temperatures above U 540 °C were observed on 
account of precipitation of Mn-containing particles [13, 16]. However, it was observed that the fine-grained 
structure of Al-based alloys helps to accelerate precipitation of Mn-containing particles at temperature 
about U 350 °C [17]. Scandium (U 0.2 wt.%) and zirconium (U 0.1 wt.%) additions in Al-based alloys lead to a 
formation of coherent spherical nano-sized Al3(Sc,Zr) particles with the cubic L12 structure [5–9]. 

The decomposition sequence of Al–Mn–Sc–Zr alloy with/without deformation was recently published as a 
combination of the decomposition sequence of the Al–Sc–Zr system and the formation of Mn-containing 
particles [17, 18]. It implies a high probability that the Mn-addition does not influence the solid solution 
decomposition of ternary Al–Sc–Zr system during heat treatment in the studied alloys [17, 18]. 
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In the present study a comparison of the Al–Mn–Sc–Zr alloys with/without cold rolling during isothermal 
annealing at 300 and 400 °C and during isochronal annealing from room temperature (RT) up to U 570 °C 
was done. The results of measurements of electrical resistivity, microhardness, differential scanning 
calorimetry measurements and microstructure development were combined.  

2. EXPERIMENTAL DETAILS 

The mould-cast AlMnScZr alloy (MC alloy) and the same alloy in the cold-rolled state with 60 % reduction 
(CR60 alloy) and 80 % reduction (CR80 alloy) were studied. Cold rolling was done at room temperature (RT). 
Two ingots were cast. The average of chemical analyses was determined as: Mn – 1.31 wt.%, Sc – 0.25 
wt.%, Zr – 0.17 wt.%, Fe – 0.07 wt.%, Si – 0.05 wt.% and Al – balance. 

The electrical resistivity measurements (RESI) were done at 78 K in liquid nitrogen bath by means of the DC 
four-point method within an accuracy of U 10-4 with a dummy specimen in series. The effect of a parasitic 
thermo-electromotive force was suppressed by a change in polarity. The electrical conductivity (eddy 
current method) measurements were done at RT.  

The annealing of the alloys was performed in a stirred silicone oil bath up to 240 °C followed by quenching 
into liquid N2. The annealing at temperatures above 240 °C was performed in an air furnace (samples were 
wrapped in a steel foil) followed by quenching into water at RT. 

The microhardness HV0.3 and HV1 measurements of the alloys were measured at RT. The measurements 
of microhardness values started no longer than 0.1 h after the quenching. 

Differential scanning calorimetry (DSC) of the CR80 alloy was performed at heating rates of 1, 2, 5, 10 and 
20 K/min in the Netzsch DSC 200 F3 apparatus. The specimen and pure Al reference sample, both of mass 
between 10–15 mg, were placed in two separate Al2O3 crucibles in a N2 flux (40 ml/min). 

The structure of the alloys was studied by scanning electron microscope (SEM) Hitachi TM-1000 Tabletop 
after selected treatments. Samples were prepared by polishing in “Flick Etch Solution” (1.3 vol.% HCl and 
0.87 vol.% HF solution in distilled water). 

Transmission electron microscopy (TEM) and electron diffraction (ED) were carried out in JEOL JEM 2000FX 
electron microscope to determine the microstructure of the MC and CR80 alloy. The analysis of 
precipitated phases was supported by energy-dispersive spectroscopy performed by X-ray BRUKER 
microanalyser. Microstructure observation of the CR60 alloy was not done. 

3. RESULS AND DISCUSSION 

3.1. Annealing with constant heating rate from room temperature up to 570 °C 

Fig. 1 shows annealing curves of absolute resistivity (measured at 78 K) together with microhardness HV0.3 
development (measured at RT). Electrical resistivity of the alloys decreases from 210 °C to a minimum at 
510 °C in MC alloy and to a minimum at 480 °C in the CR60 and CR80 alloys. Changes in microhardness 
HV0.3 of the MC and CR80 alloys during annealing are practically identical – after a slight increase up to 240 
°C microhardness HV0.3 increases significantly to a maximum at 360 °C. Microhardness of materials after 
this annealing up to 570 °C attains approximately the value of the as-prepared state of materials. 
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The different values of microhardness HV0.3 
and difference in resistivity values of the CR 
alloys compared to the MC alloy reflect an effect 
of cold-rolling.  

The grain size of the mould-cast alloy was about 
800 μm. Microstructure observation of the 
rolled material reveals a typical rolled structure 
in the initial state. Only irregular sharp-edged 
polygonal particles of AlMnFeSi system were 
found in the as-prepared state of the studied 
alloys.  

The microstructural observation of the MC alloy 
isochronally annealed up to 330 °C showed a 
very fine dispersion of the L12-structured Al3Sc 
particles in a very weak contrast [8]. The 
microstructure of the MC alloy was almost the 

same as that of the mould-cast Al0.2Sc0.1Zr and Al1.41Mn0.27Sc0.06Zr alloys which were isochronally 
annealed up to 300 °C [8] and up to 330 °C [13], respectively. The microstructure observation in the cold-
rolled AlMnScZr alloy annealed up to 330 °C proved also a weak evidence of the Al3Sc phase. The decrease 
in the electrical resistivity accompanied by the simultaneous microhardness increase can be attributed to 
precipitation processes – thus it is very probable that the pronounced resistivity drop and corresponding 
hardening, which are situated at annealing temperatures between 210 °C 

and 360 °C for all alloys, are 
caused by precipitation of the 
Al3Sc particles in all the studied 
alloys. It seems very probable 
that the cold rolling has no 
substantial effect on temperature 
position of the Al3Sc-phase 
precipitation in the cold-rolled 
alloys. Similar conclusion was 
done in our previous studies of 
the Al–Sc–Zr and Al–Mn–Sc–Zr 
alloys [8, 13, 14, 17, 18]. 

The microhardness development above U 360 °C as well as the 
decrease of the electrical resistivity in the MC alloy is connected 
with coarsening of the particles with L12 structure as identified 

by ED (see Fig. 2) and TEM after annealing up to 450 °C [13, 18]. The experiments in the binary as-cast Al-
1.5wt.%Mn alloys [16] as well as in the quaternary mould-cast Al–Mn–Sc–Zr alloys [13] show that Mn-
containing particles precipitate only at annealing temperatures above U 480 °C. Moreover, the dissolution 
of the Al3(Sc,Zr) particles in the Al–Mn–Sc–Zr-based alloys during annealing at temperatures higher than 
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Fig. 1: Absolute resistivity values of the MC, CR60 and 
CR80 alloy and microhardness HV0.3 values of the MC 

and CR80 alloy during isochronal annealing 

 

Fig. 3: Mn-containing particles in the 
CR80 alloy annealed up to 480 °C 

 
Fig. 2: ED of the MC alloy 

annealed up to 450 °C. 
Notice weak reflection of 
the L12 structure (arrow) 
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480 °C was observed simultaneously to the Al6Mn-
phase precipitation [13]. Precipitation of Mn-
containing particles was not observed by TEM in 
the MC alloy. 

The resistivity annealing curves of the cold-rolled 
alloys at temperatures above ~ 360 °C exhibit a 
more distinct decrease of the resistivity comparing 
to the MC alloy (see Fig. 1). Unlike the resistivity 
development, microhardness �HV0.3 of the cold-
rolled alloy is similar to the studied MC alloy. With 
respect to the solubility limits of Sc and Zr at 
comparable temperatures [15, 19] and to the 
insignificant effect of the cold rolling on 
precipitation in the Al–Sc–Zr alloys [9], it is obvious 
that the resistivity development in the cold-rolled alloys at temperatures above ~ 360 °C is mainly 
associated with the precipitation of Mn-containing particles. Indeed, the SEM observation confirms the 
precipitation of the particles with a size up to ~ 7 �m predominantly at grain boundaries (Fig. 3). These 
results are consistent with results in the deformed Al–Mn-based and Al–Mn–Sc–Zr alloys where the 
resistivity decrease was more intensive in the deformed specimens due to the Al6(Mn,Fe)-phase 
precipitation (e.g. Refs. [12, 13, 17, 18]). 

The subsequent annealing up to 570 °C leads to a partial dissolution of the particles which increases the 
concentration of solutes in the Al matrix – the resistivity increase confirms this conclusion. It is also worth 
to notice that the MC as well as the CR80 alloy soften by annealing up to 570 °C to the microhardness 
values approximately equal to the initial ones. 

The DSC measurements were done in the CR80 alloy in addition to resistometry and microhardness 
measurements. Two observed processes (effect 1 and 2) with characteristic temperature Tf of maxima heat 
flow at 295 °C and 429 °C for heating rate of 1 K/min are exothermic. They correspond to the precipitation 
of the Al3Sc particles and precipitation of the Al6Mn and/or Al6(Mn,Fe) particles. The characteristic 
temperatures Tf of the maximum heat flow from DSC measurements are summarised in Tab. 1. It can be 
seen that the temperature position Tf of the effects is very similar to temperature range of the Al3Sc- and 
Al6Mn-phase precipitation observed in our previous studies in the Al–Mn–Sc–Zr alloys after cold-rolling 
with 50% a 75% reduction [18]. Fig. 4 shows the Kissinger plot in coordinate system of [ln(1/Tf

2); 1/Tf], 
where 1 is the heating rate and Tf is the characteristic temperature of transformation. The apparent 
activation energies Q of the obtained effects can be calculated [18]: Q1 = (125 ± 11) kJ.mol−1 for 
precipitation of the Al3Sc particles and Q2 = (174 ± 28) kJ.mol−1 for precipitation of the Al6Mn and/or 
Al6(Mn,Fe) particles. These values agree within accuracy with the apparent activation energy Q for 
precipitation of the Al3Sc- and Al6Mn-phase determined in the mould-cast as well as the deformed Al–Sc-
based alloys [8, 18, 20, 21] and Al–Mn-based alloys [22, 23]. 
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 Tab. 1: Characteristic temperatures Tf from spectrum curves and from DSC measurements. 

Effect 
Characteristic temperature Tf [°C] 

for different DSC heating rates. 

1 K/min 2 K/min 5 K/min 10 K/min 20 K/min 

1 295 320 337 351 361 
2 429 438 448 479 495 

3.2. Isothermal annealing at 300 °C and 400 °C 
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Fig. 5: Conductivity and microhardness HV1 response to isothermal annealing: a) MC alloy, b) CR60 alloy 

The MC and CR60 alloys were isothermally annealed at 300 °C and 400 °C up to 960 minutes. The results of 
microhardness and conductivity measurements are plotted in Fig. 5. The different initial values of 
microhardness HV1 of the MC and CR60 alloy reflect an effect of cold-rolling, again. However, the 
microhardness HV1 values of the CR60 alloy at the end of annealing at 400 °C attains the value of the MC 
alloy. The observed conductivity-time dependences imply the significant effect of cold rolling on 
conductivity changes in the AlMnScZr alloy. Whereas the conductivity changes of the MC alloy are 
negligible during isothermal annealing at 300 °C and 400 °C, the CR60 alloy exhibits substantial conductivity 
changes on annealing at 400 °C. 

The conductivity and microhardness annealing curves of the MC alloy within accuracy are similar to each 
other. Maximum hardening of the MC alloy is achieved presumably due to precipitation of the Al3Sc and/or 
Al3(Sc,Zr) particles at 240 minutes for both annealing temperatures. A slight difference in conductivity 
curves obtained at annealing time longer than 240 minutes is probably caused by precipitation of the Mn-
containing particles at 400 °C after long-time annealing. With respect to insignificant effect of the Al6Mn-
phase on microhardness, it can be supposed that the development of the Sc,Zr-containing particles is 
almost temperature-independent for long times in the alloys studied. The grain size of the mould-cast alloy 
at the end of isothermal annealing at 300 °C and 400 °C was comparable to the initial state. 

The conductivity annealing curve as well as microhardness annealing curve of the CR60 alloy at 300 °C 
implies that conductivity as well as hardness alloy at 300 °C the Mn-particles precipitation does not proceed 
during isothermal annealing at 300 °C – there are no changes in conductivity; microhardness development 
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in the CR60 alloy is also comparable to the MC alloy at this temperature. Maximum hardening of the CR60 
alloy is achieved due to precipitation of the Al3Sc and/or Al3(Sc,Zr) particles, again. The conductivity 
annealing curve at 400 °C of the CR60 alloy exhibits a more distinct increase at annealing times above 16 
minutes comparing to the MC alloy and CR60 alloy isothermally annealed at 300 °C. With respect to the 
results discussed above, it is obvious that the conductivity development in the CR60 alloy at 400 °C is 
mainly associated with the precipitation of Mn-containing particles. Unlike the conductivity behaviour, 
microhardness HV1 changes of the CR60 alloy up to 60 minutes are similar to the studied MC alloy (at 300 
°C as well as at 400 °C) and the CR60 alloy at 300 °C. There is a noticeable HV1 decrease during annealing 
longer than 60 minutes at 400 °C. The microhardness at the end of annealing at 400 °C is equalled to the 
initial value of the MC alloy. It implies that substructure recovery and/or faster coarsening of the L12-
structured particles in the CR60 alloy after long-time annealing at 400 °C can not be ruled out. However, 
additional experiments are necessary to support this explanation. 

4. CONCLUSIONS 

The results of the electrical resistometry, conductivity, microhardness, calorimetric measurements and 
microstructure investigation of the MC and CR alloys can be summarized as follows: 

� The cold rolling of the AlMnScZr alloy has no observable bearing on precipitation of the Al3Sc phase. 

� The peak hardening effect in the studied alloys is due to fine coherent Al3Sc particles. 

� The Al6Mn-phase precipitation was observed in the cold-rolled alloys during annealing above 360 °C. 
This precipitation is dependent on deformation degree. Nevertheless it has a negligible effect on 
microhardness. 

� The apparent activation energy value for precipitation of the Al3Sc and Al6Mn particles was 
determined as (125 ± 11) kJ.mol−1 and (174 ± 28) kJ.mol−1, respectively. 
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Abstract  

Zirconium added to aluminium alloys may under suitable conditions form metastable Al3Zr precipitates, 
which pin moving grain boundaries and thus shift recrystallization to higher temperatures. Alloys with and 
without addition of Zr based on EN-AW 3003 series were studied. They were twin-roll cast in industry 
conditions and cold-rolled to 1 mm. Mechanical properties were monitored by microhardness 
measurement and microstructure was observed by light microscopy and transmission electron microscopy. 
Annealing to 450 °C with slow heating rate was used to produce Al3Zr precipitates in the material with Zr. 
They were formed in the as-cast strip after short holding at 450 °C but no Zr precipitates were detected by 
TEM in the cold-rolled material. However, cold-rolled alloy with Zr exhibit higher recrystallization resistance 
than the material without Zr. Heat treatment also influenced presence of other phases such as cubic α-
Al15(Mn,Fe)3Si2. The main mechanisms influencing microhardness in the alloys were hardening by Al3Zr 
precipitates, softening by recovery and recrystallization and depletion of the solid solution from the major 
alloying elements. 

Keywords: Aluminium alloys, Al3Zr, precipitation, TEM, cold-rolling 

1. INTRODUCTION  

Aluminium alloys are widely used in a variety of applications such as automobile, aircraft or food industry. 
The final mechanical properties of a product are influenced by all thermo-mechanical steps during 
manufacturing such as casting, homogenization, annealing, rolling and shaping. To meet all requirements 
placed on the product, all manufacturing steps have to be carefully studied and understood.  

It has been shown that addition of small amount of zirconium to Al-Mn based alloys can improve their 
mechanical properties by impeding recrystallization and refining grain size [1]. During annealing at 
temperature around 400 °C [2, 3], metastable coherent precipitates of Al3Zr phase may precipitate. They 
have cubic L12 lattice with cell parameter a = 0.408 nm [4]. According to Nes and Slevolden [5], heating rate 
is crucial for their formation; maximal value has been reported as 5 K·min-1. As their diameter is in 
magnitude of 10 nm [2, 6], they can retard recrystallization or increase recrystallization temperature by 
exerting Zener drag on moving grain boundaries and thus lower the driving force for recrystallization [7]. 
Clusters of Fe and Si atoms can serve as nucleation sites for Zr particles and accelerate their precipitation 
kinetics [6, 8, 9]. However, due to microsegregation on the scale of dendrite arms spacing and low diffusion 
rate of Zr in aluminium, the Al3Zr precipitates can be inhomogeneously distributed [2, 6, 10] and locations 
with low density of Al3Zr are more prone to recrystallization. 
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Besides Al3Zr, the main second phase particles occurring in Al-Mn-Fe-Si alloys are cubic or hexagonal α-
Al15(Mn,Fe)3Si2 and tetragonal Al6(Mn,Fe) [11, 12, 13], which precipitate in temperature range 300 - 500 °C 
[14, 15]. Which one is predominant depends mainly on the silicon content. Their precipitation may occur in 
two steps: first at grain boundaries and afterwards also in the volume of the grains [16]. Particles larger 
than 2 μm can have opposite effect to small Al3Zr and they can facilitate nucleation of recrystallization 
nuclei by particle simulated nucleation [6, 17].  

2. EXPERIMENTAL 

Two materials with and without addition of 0.16 wt.% Zr based on commercial aluminium alloy EN-AW 
3003 were studied. The nominal composition of the 3003 series is 1.0 – 1.5 wt.% Mn, ≤ 0.7 wt.% Fe, 
≤ 0.6 wt.% Si, 0.05 – 0.2 wt.% Cu and ≤ 0.2 wt.% Zn. Sheets with thickness less than 10 mm were prepared 
by twin-roll casting. Afterward they were cold-rolled in several steps to the thickness of 1 mm.  

In order to produce metastable Al3Zr precipitates in the Zr-containing alloy, materials were annealed in air 
furnace from room temperature (RT) up to 450 °C with heating rate 0.5 K·min-1. They were held at this 
temperature for 0, 2, 4, 8 and 16 hours and subsequently quenched into cold water. The Zr-free alloy was 
subjected to the same treatment for comparison.  

The evolution of mechanical properties of the materials during heat treatment was monitored by Vickers 
microhardness measurement and it was correlated with microstructure evolution observed by means of 
light and transmission electron microscopy.  

3. RESULTS 

3.1  Microhardness  

 The evolution of Vickers microhardness (HV) during 
isothermal annealing at 450 °C is displayed in Fig. 1. 
Moreover, the values of microhardness of the as-cast 
state and cold-rolled state before annealing are 
plotted. As for the initial states, the values of HV are 
similar for the material with and without Zr around 
50 MPa. Thanks to cold-rolling the HV reached 80 
MPa. After heating to 450 °C, microhardness of the 
as-cast materials increased; this rise was more 
pronounced in the material containing zirconium - 
approximately 30 %. During holding at 450 °C the 
microhardness decreased only moderately, 
maintaining higher values for the Zr material. 
Concerning cold-rolled sheets, the HV values decreased during annealing and this trend continued also 
during holding at 450 °C. Most of this drop was completed after 2 hours of holding at 450 °C in the Zr-free 
material and 8 hours for the Zr-containing one. The final values of microhardness for both alloys are 
comparable with the HV of the as-cast Zr-free alloy after 16 hours at 450 °C.  

Fig. 1: Evolution of Vickers microhardness during 
isothermal annealing at 450 °C for alloys with 
and without Zr addition (labeled Al+Zr and Al, 
respectively), as-cast and cold-rolled states; 

compared with the value before annealing (RT) 
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3.2  Light microscopy  

The evolution of grain structure was monitored by light microscopy in polarized light, after electrochemical 
etching with Barker's solution. In all materials the influence of twin-roll casting is visible on the grain 
arrangement. The grains are equiaxed near the center of the sheet; however, they are aligned to the 
casting direction beyond the central part, as illustrated in Fig. 2a. Holding at 450 °C for 16 hours did not 
impact the grain size substantially.  

Owing to cold-rolling, 1 mm thick sheets contain narrow grains elongated in the rolling direction. Thickness 
of the grains is higher in the center of the sheets. After heating to 450 °C, first recrystallized grains are 
observed in the Zr-free material. After 2 hours of holding at the temperature this material is fully 
recrystallized. Though, the rolling direction is still apparent. The structure is very inhomogeneous, ranging 
from several tiny equiaxed grains with the size of 10 μm in the bulk to the grains at the surface with 
a length of several mm (Fig. 2b). The situation is different in the alloy with zirconium addition. If just heated 
up to 450 °C, the structure remains deformed; partial recrystallization is apparent after holding for 2 hours 
at 450 °C. The recrystallization started probably near the surface, as the deformed structure can be 
observed only in the center part of the sheet (Fig. 2c). The recrystallization was completed after 8 hours of 
annealing. The grain-shape distribution is similar to the Zr-free alloy, but the average grain size is lower in 
the Zr material. 

 

Fig. 2: a) Grain structure of Zr-free material after twin-roll casting and annealing for 16 hours at 450 °C: 
position near the surface of the strip (top), where the grains are partially aligned to the casting direction, 

and equiaxed grains in the center (bottom). b) Cold-rolled Zr-free material after 2 hours at 450 °C. Material 
is fully recrystallized with inhomogeneous grain structure: small and medium sized grains in the bulk, grains 
long several mm near the surface. Moreover, the rolling direction is apparent even after recrystallization. c) 
Alloy with addition of zirconium annealed for 2 hours at 450 °C: the material is partially recrystallized with 

smaller grains near the center (bottom part of the image), huge grain near the surface (top) and some 
unrecrystallized regions in between. Rolling/casting direction (RD) and normal direction (ND) are same for 

all images 

3.3  Transmission electron microscopy 

After casting materials contain primary particles of α-Al15(Mn,Fe)3Si2 in eutectic colonies and some 
dislocations within the grains (Fig. 3a). Huge number of α-phase precipitates formed during heating up to 
450 °C, some of them decorate grain boundaries, were observed in the bulk. They are much smaller in size 
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than the primary particles (Fig. 3b). During holding at 450 °C their average diameter slightly increased, 
volume fraction decreased and primary particles spheroidized (Figs. 3c, 4a). 

The initial microstructure of cold-rolled materials is characterized by high density of dislocations and small 
subgrains (Fig. 4b). Heating up to 450 °C lead to formation of new α-phase precipitates. During further 
annealing average grain size increased significantly; the precipitates are homogeneously distributed inside 
the material (Fig. 4c).  

Regarding precipitation of Al3Zr particles in Zr containing alloy, first precipitates can be observed in the 
alloy just after heating up to 450 °C. However, their number density is very low. It increases significantly 
during holding for 2 hours at 450 °C (Fig. 5a). They were identified as metastable coherent phase with cubic 
L12 structure (Fig. 5c) and diameter around of 5 nm. Their distribution is not uniform within the material 
(Fig. 5b) and their size only slightly rises during further annealing.  

No Al3Zr precipitates were detected by TEM in the material which had been cold-rolled and subsequently 
annealed to 450 °C (Fig. 5c) 

 

   
Fig. 3: a) Initial state of alloy with Zr after twin-roll casting with primary particles of α-Al15(Mn,Fe)3Si2 phase 
and dislocations within grains. b) Alloy without Zr after heating up to 450 °C: new precipitates of α-phase 
formed at the grain boundaries and in the interior of the grains. Precipitation free zones are visible in the 

vicinity of primary particles. c) Zr- free alloy after holding for 16 h at 450 °C: the subgrain boundaries can be 
distinguished by the chains of precipitates which decorate them; the diameter of precipitates increased 

4. DISCUSSION  

The addition of zirconium to the EN-AW 3003 alloy positively influences mechanical properties of the 
studied material. This can be monitored with the evolution of the values of Vickers microhardness, which 
are higher for the material with Zr as compared to the standard material. In the as-cast state the zirconium 
atoms are dissolved in the solid solution of aluminium and HV is nearly the same for both alloys. After heat 
treatment HV moderately rises in both alloys due to the precipitation hardening from α-phase precipitates. 
However, thanks to the nucleation of Al3Zr particles, which strengthen the matrix, the increase is much 
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higher in the Zr-containing alloy. During holding at 450 °C the slight decrease of HV is caused by depletion 
of the solid solution from Mn and Si atoms. For alloy with Zr this decrease is compensated by further 
formation of Al3Zr precipitates at short annealing times - up to 4 hours at 450 °C. Owing to the high number 
of Al3Zr, the final value of HV after long-time exposure to 450 °C remained higher than in the Zr-free alloy.  

 

 

Cold-rolling resulted in the formation of elongated grains in both materials and to deformation hardening 
with significant increase of HV. The deformed substructure recovers and new grains form during 

   
Fig. 4: a) Alloy with addition of zirconium after 4 h at 450 °C: huge primary particles and high number of 

small precipitates at grain boundaries and in the bulk. b) Dislocation substructure in Zr-containing material 
after cold-rolling to 1 mm. c) Cold-rolled alloy with Zr after annealing for 8 h at 450 °C: recrystallized 

structure with high density of α-phase precipitates and several dislocations trapped on them. 

   
Fig. 5: TEM micrograph of Al3Zr precipitates with cubic L12 structure in dark field in reflection [100]L12 in Zr-

containing material after annealing for 2 hours at 450 °C (a) and 4 hours at 450 °C (b). There are no 
precipitates visible near the grain boundaries. c) SAED in [001]Al pole after 16 hours at 450 °C from cold-

rolled material with reflections only from Al matrix (top) and non-deformed Zr-alloy with additional 
reflections from Al3Zr precipitates with L12 structure(bottom). 
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recrystallization, which is considerably affected by the presence of Zr. While the first recrystallization nuclei 
appear in the Zr-free alloy even during heating up to 450 °C and nearly full recrystallization occurs after 2 
hours at 450 °C, the material with Zr fully recrystallizes after long holding at 450 °C - 8 hours. Such shift in 
recrystallization resistance could be attributed to Zener pinning on Al3Zr precipitates. However, no such 
particles were detected by TEM in the cold-rolled sheet. This is in contradiction with Nes and Slevolden [5] 
who claims that deformation should facilitate nucleation of Al3Zr as dislocations can serve as nucleation 
sites and, in addition, accelerate diffusion. It is therefore probable that the Al3Zr precipitates in the cold-
rolled material were too small to be detected by transmission electron microscopy.  
The impact of other phases on HV in the cold-rolled materials is compensated by recrystallization.  

5. CONCLUSION 

The Al3Zr precipitates increased the microhardness of the non-deformed material after annealing. The Al3Zr 
were present just after heating up to 450 °C with slow heating rate and their volume fraction and size 
increased with holding time at temperature. In the cold-rolled sheet the precipitation of Al3Zr was 
apparently suppressed. Nevertheless, as recrystallization resistance in Zr containing material was improved, 
the size of Al3Zr was probably under the detection limit of TEM. The evolution of microhardness was 
influenced by the combination of recrystallization, precipitation hardening and depletion of aluminium 
matrix from Mn and Si atoms.  
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Abstract 

The equal-channel angular pressing (ECAP) is one of the most efficient methods of grain refinement. The 
fine grain size can enhance the plasticity of materials at high temperatures and many ECAP alloys exhibit 
even superplastic behaviour in the case that the fine-grained structure remains stable at high 
temperatures.  

An Al-Mn-based alloy modified by the addition of Sc and Zr was produced using ECAP. The microstructure 
investigation using TEM and EBSD methods revealed a mixture of well defined grains with the 
submicrometer size, and severely deformed regions in the as-prepared state. Annealing at elevated 
temperatures resulted in a recovery of the severely deformed microstructure. The submicrocrystalline 
microstructure is retained after annealing up to 400 °C, a slight grain growth is observed at higher 
temperatures. A relatively large fraction of low-angle boundaries is typical for the investigated material 
even after annealing at the highest temperatures. 

Special tensile tests performed at temperatures above 400 °C revealed the maximum values of the strain 
rate sensitivity parameter m > 0.3 at strain rates of the order of 10-2 s-1. The elongation to fracture of 350 % 
was found at 500 °C. This behaviour can be interpreted as the high strain rate superplasticity.  

Keywords: Al-Mn-based alloy, ECAP, microstructure, strength, superplasticity 

1. INTRODUCTION 

The foils from Al-Mn alloys are used in automotive heat exchangers. These alloys are exposed to 
temperatures very close to the melting point where recrystallization and significant grain coarsening can 
result in deterioration of strength. In order to suppress these processes, the composition is modified by the 
addition of Zr or Sc. Both elements form very fine particles of the Al3Zr and Al3Sc phases. The main 
drawbacks of the Al3Zr phase are its inhomogeneous distribution and the transition from the metastable 
L12 modification to the stable DO23 modification at temperatures close to 400 °C resulting in a drastic 
decrease in the stabilizing effect [1]. The Al3Sc phase forms directly in the stable L12 modification with 
excellent stabilizing effect [2], however, Sc is extremely expensive and, therefore, the combination of Zr 
and Sc is considered as a compromise. Homogeneously distributed particles of the Al3(ScxZr1-x) phase with a 
core-shell structure are formed (Sc in the core, Zr in the shell) [3].   

The fine-grained structure frequently improves plasticity of metallic materials and especially Al-based alloys 
exhibit even superplastic behaviour if strained at elevated temperatures, e.g. [4, 5]. The very fine grain size 
of about 250 nm was observed in the Al-Mn alloy processed by accumulative roll bonding [6]. The method 
of equal-channel angular pressing represents an alternative route to the processing of very fine-grained 
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materials. The present paper shows the structure development and superplastic like deformation 
behaviour of the ECAP Al-Mn alloy stabilized by Sc+Zr at high temperatures. The EBSD and atomic force 
microscopy (AFM) investigations are used for the determination of the deformation mechanism operating 
under these conditions. 

2. EXPERIMENTAL MATERIAL AND PROCEDURE 

The chemical composition of the studied alloy is given in Tab. 1. The casting was annealed at 300 °C for 2 
hours in order to support the precipitation of the Al3(ScxZr1-x) particles and then pressed (at room 
temperature and pressing speed of 10 mm/min) through a die consisting of 2 channels (cross section 8 x 8 
mm) intersecting at an angle of 90o. Samples with 1 to 8 passes were produced using the Bc rotation 
between subsequent passes. 

The microstructure was studied using transmission electron microscopy both in the as-pressed state (after 
ECAP) and after annealing at elevated temperatures. Additionally, the EBSD experiments were performed 
in order to obtain data on the crystallographic orientation of individual grains and on the type of interfaces. 
The deformation behaviour was investigated using tensile tests at temperatures above 400 °C. The tensile 
samples with the cross section of 1 x 5 mm and gauge length of 17 mm were cut parallel to the ECAP 
direction. To verify the potential for superplastic behaviour at elevated temperatures, special tensile tests 
were performed – the samples were pre-strained to 10 % of elongation at the strain rate of 10-3 s-1, 
afterwards the strain rate was reduced to 10-5 s-1 and gradually increased in small steps up to 10-2 s-1. The 
strain rate sensitivity parameter m (defined as ∂log �/ ∂log��  where � represents the true stress and ��  the 
true strain rate), was evaluated from the individual strain rate jumps. The ductility was determined from a 
classical tensile test performed at a constant crosshead velocity. The surface relief of the sample strained to 
the elongation of 20 % at straining conditions corresponding to the highest values of the parameter m and 
ductility was studied using atomic force microscopy.  

 

 Tab. 1 Chemical composition of the investigated material in wt.%. 
Element Mn Sc Zr Fe Si Al 
Composition in wt.% 1.35 0.27 0.23 0.072 0.034 balance 

3. EXPERIMENTAL RESULTS AND DISCUSSION  

The ECAP processing introduces a large deformation into the material. The fragmentation of original grains 
starts already during the 1st pass. Fig. 1 documents that the microstructure after 8 passes contains grains 
with the sub-micrometer size frequently arranged into bands. Simultaneously, strongly deformed regions 
without any visible grain boundaries are still present. The EBSD experiments prove that, due to a strong 
deformation, the crystallographic orientation cannot be determined at some places (white places in Fig. 2). 
Fig. 3 shows no boundaries in these regions so that the misorientation of neighbouring “grains” is lower 
than 2° adopted as a threshold value for the identification of low-angle boundaries. The microstructure also 
contains numerous low-angle boundaries with misorientation between 2 and 15° (black in Fig. 3). This 
result is contradictory to the microstructure development in the AA7075 alloy where a high fraction of 
high-angle boundaries was observed already after 6 ECAP passes [5]. 
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Fig. 4 documents well developed grain boundaries after annealing at 400 °C, however, some grains are still 
strongly deformed. The majority of grains retain the grain size below 1 �m. The EBSD experiments 
performed on the sample annealed at 500 °C show a slight grain growth (Fig. 5). The fraction of low-angle 
boundaries remains high (Fig. 6).  

 

 

 

Fig. 1 The microstructure of the material after   8 
passes of ECAP 

 Fig. 2 The EBSD orientation map of the material 
after 8 passes 

 

 

 

Fig. 3 The distribution of grain boundaries in the 
material after 8 passes, low-angle boundaries (2 – 
15°) in black, high-angle boundaries (> 15°) in red 

 Fig. 4 The microstructure of the material after 8 
passes of ECAP and following annealing 400 °C / 

30 min 

The surviving fine-grained microstructure should be a good prerequisite for superplastic behaviour at high 
deformation temperatures. The measurement of the parameter m as a function of the number of ECAP 
passes and deformation temperature revealed the values slightly exceeding the value of 0.3 (which is 
frequently considered as a bottom limit of superplastic behaviour [7]) in samples with at least 4 passes of 
ECAP if strained at temperatures above 450 oC. Fig. 7 shows the strain rate dependences of the parameter 
m for selected deformation temperatures. All curves exhibit the maxima at the strain rate of the order of 
10-2 s-1. The maximum values of the parameter m exceeding slightly the bottom limit of superplasticity 
suggest the potential of the Al-Mn-Sc-Zr alloy to exhibit high strain rate superplasticity. To verify it, one 
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sample after 8 ECAP passes was strained up to the rupture and the obtained ductility exceeds 300 % (Fig. 
8). 

 

 

 

Fig. 5 The EBSD orientation map of the material 
after 8 passes and following annealing 500 °C / 1 

hour 

 Fig. 6 The distribution of grain boundaries in the 
material after 8 passes and following annealing 

500 °C / 1 hour 

 

 

 

Fig. 7 The influence of straining temperature on the 
strain rate sensitivity parameter m (4 to 8 passes) 

 Fig. 8 True stress vs. elongation curve (8 passes) 

 

The values of the parameter m above 0.3 and ductility values above 300 % can result either from the 
operation of grain boundary sliding [7] or from the mechanism of viscous glide of dislocations [8]. In order 
to distinguish between these two completely different mechanisms the material from the sample strained 
to more than 300 % was tested using EBSD. Fig. 9 shows very small elongation of individual grains along the 
tensile axis. A reasonably homogeneous grain growth occurred during straining and the fraction of low-
angle boundaries in the strained material was much lower than in the grip region (compare Figs. 10 and 6). 
The texture measurements revealed that straining resulted into a weaker texture as compared to the only 
annealed grip region. All these observations prove that grain boundary sliding accompanied by grain 
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rotations play an important role during high temperature deformation of the studied alloy. A direct 
evidence for the operation of grain boundary sliding was obtained from the AFM measurements. Fig. 11 
shows the surface of the initially polished sample after straining to 20 %. The image was obtained in the 
mode where different colours are attributed to places with different slopes of the surface. The places with 
the highest slope are represented by the extreme black or white colours. In order to quantify the surface 
relief, a horizontal line was selected within the scanned area and the corresponding height profile along 
this line is visualized in Fig. 12. The profile shows the mutual displacements of neighbouring grains up to 
100 nm. The operation of grain boundary sliding results into the conclusion that the deformation of the 
ECAP Al-Mn-based alloy can be interpreted as the high strain rate superplasticity. 

 

 

 

Fig. 9 The EBSD orientation map of the material 
after 8 passes and following straining to about 

300 % of elongation, tensile axis horizontal 

 Fig. 10 The distribution of grain boundaries in 
the material after 8 passes and following 

straining to about 300 % of elongation, tensile 
axis horizontal 

 

 

 

 

 

Fig. 11 The surface of the sample strained to 20 % 
at 500 °C, ��  = 2.10-2 s-1 

 Fig. 12 The surface profile of the sample 
strained to 20 % at 500 °C, ��  = 2.10-2 s-1 
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4. CONCLUSIONS 

� An ultrafine-grained structure can be prepared in the Al-Mn-Sc-Zr alloy using ECAP. The 
microstructure after 8 passes contains both individual grains with the submicrometer size and 
severely deformed regions where grain boundaries are not well developed.  

� The microstructure is very stable up to the temperature of 500 °C. A high fraction of low-angle 
boundaries was observed even in annealed samples.  

� The ECAP Al-Mn-Sc-Zr alloy exhibits deformation behaviour at the bottom limit of superplasticity 
(parameter m > 0.3, ductility > 300 %) at 500 oC and strain rates of the order of 10-2 s-1.  

� The EBSD and AFM measurements proved the operation of grain boundary sliding which is known as 
the principal deformation mechanism during superplastic deformation. The deformation behaviour 
of the Al-Mn-Sc-Zr alloy can be interpreted as the high strain rate superplasticity. 
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Abstract  

Experiments were conducted to determine an effect of creep temperature on creep behaviour of pure Cu. 
The ECAP pressing was performed at room temperature by route Bc. Constant load creep tests in tension 
were conducted at 373-573 K under different stresses. The values of the stress exponent n of the minimum 
creep rate for ultrafine-grained (UFG) and coarse-grained material were determined.  

Microstructure of samples was characterized by transmission electron microscope (TEM) and scanning 
electron microscope (SEM) equipped with the electron backscatter unit (EBSD). The microstructure 
analyses showed that microstructure of pure Cu processed by 8 ECAP passes and subsequent creep 
exposure contained large fraction of boundaries with coincidence sites lattice (CSL). The results showed 
that creep in UFG materials is influenced by additional creep mechanisms up to 0.5 Tm when the UFG 
microstructure in more or less stable. 

Keywords: Ultrafine-grained microstructure, EBSD, creep behaviour 

1. INTRODUCTION 

Methods of severe plastic deformation [1, 2] enable to reduce grain size to the submicrometer or even 
nanometer level. The most attractive technique is equal-channel angular pressing (ECAP). The materials 
with ultrafine-grained structure have different mechanical properties in comparison with coarse-grained 
materials. The ultrafine-grained structure is not always stable in particular in the microstructure of pure 
metals. The grain growth and recrystalization can occur at about 0.3 Tm [3]. From this reason the UFG 
materials are usually tested at temperatures about 0.2 - 0.5 Tm [4-9]. 

Sklenicka et al. [8, 9] found that the creep resistance of pure Al and Cu increase considerably after the first 
ECAP pass, but the creep resistance of these materials decreases with the subsequent increasing of ECAP 
passes. The decrease of creep resistance with increasing ECAP passes can be explained by microstructure 
changes and by increasing contribution of grain boundary sliding to the total creep deformation. Some 
creep results of UFG pure metals indicate different creep behavior because the minimum creep rates in 
UFG materials were found slower than in the same material in a coarse-grained material. By contrast, some 
alloys [10, 11] showed the detrimental effect of ECAP on the creep resistance. The investigation of the 
creep behavior in precipitate strengthened aluminum alloys (Al-0.2 wt.% Sc, Al-3 wt.% Mg-0.2 wt.% Sc) 
showed the deterioration of the creep properties at 473 K even after one ECAP pass. 

The relationship between steady state (or minimum) creep rate and time to fracture is given by the 
empirical Monkman-Grant relation (MGR) [12]. 
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Cconsttr
m
s ��	 .��                                         (1) 

where m and C are the Monkman-Grant constants. The constants m and C enable to estimate the time to 
fracture. Monkman-Grant relationship is beneficial for verification of models of intercrystalline creep 
fracture. In the case that creep strain is primarily result of dislocation glide into grains the intercrystalline 
creep fracture is controlled by dislocation glide [13] otherwise the validity of MGR can be hardly expected.  

The aim of this work is to describe effect of microstructure stability on creep behaviour when the UFG is 
more or less stabile and simultaneously the microstructure changes occurred.  

2. EXPERIMENTAL MATERIALS AND PROCEDURES 

The experimental material in a received state used in this investigation was a coarse-grained copper. The 
billets were processed by ECAP at room temperature using a die that had an internal angle of 90° between 
the two parts of the channel and an outer arc of curvature of ~ 20°, where these two parts intersect. It can 
be shown from first principles that these angles lead to an imposed strain of ~ 1 in each passage of the 
sample [1]. The pressing speed was 10 mm/min. The billets were subsequently pressed by route Bc by 8 
ECAP passes to give mean grain size ~ 0.4 μm. The constant load creep tests in tension were performed at 
373, 473 and 573 K and under different applied stresses. The tensile samples, having gauge lengths of 
10 mm and cross-sectional areas of 8 x 3.2 mm, were machined from billets parallel to the section XZ. 
Before creep exposure the marker lines transversal to the stress axis on the polished tensile samples were 
made. The creep testing was conducted in an environment of purified argon with the testing temperatures 
maintained to within � 0.5 K of the desired value. All of the tests were run up to fracture. The 
microstructure was examined by SEM and scanning electron microscope equipped by electron back scatter 
diffraction (EBSD). Inhomogeneity of microstructure can be qualified by the coefficient of profile area 
variation CVa [14]: the higher are their values the more pronounced is the inhomogeneity. In homogeneous 
systems 0.55 ≤ CVa < 1, in mildly inhomogeneous systems is CVa lower then 2 and higher values are typical 
for systems with multimodal grain size distributions.  

3. RESULTS AND DISCUSSION  

   
Fig. 1 Microstructure of UFG Cu after creep at 

373 K and 160 MPa 
Fig. 2 Microstructure of UFG Cu after creep at 

473 K and 60 MPa 
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3.1.  Microstructural investigations 
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Fig. 3 The dependence of mean grain size of UFG 

copper after creep exposure on applied stress 
Fig. 4 The dependence of mean grain size of UFG 

copper after creep exposure on creep strain 

The microstructure after 8 ECAP passes and creep exposure at 373 K and 160 MPa (Fig. 1) contained 
mixture of small more or less equiaxed and larger elongated grains. The mean grain size was about 2.9 �m 
and coefficient of profile area variation CVa was determined about 2.08 which represents inhomogeneous 
systems with bimodal character. The microstructure after 8 ECAP passes and creep exposure at 473 K and 
60 MPa (Fig. 2) contained grains with mean size about 7.4 μm. The coefficient of profile area variation CVa 
was determined about 2.94 which represents systems with multimodal grain size distributions. 
Inhomogeneity created during creep exposure can caused non-uniformity of creep strain. Inhomogeneous 
structures with bimodal character can be used for optimization of strength and ductility in nanocrystaline 
and UFG materials at room temperature [15]. 

The dependence of the mean grain size of UFG copper after 
creep exposure on applied stress is shown in Fig. 3. It can be 
seen that mean grain size increases significantly with 
increasing creep temperature and slightly with decreasing 
applied stress. The samples tested at 573 K contained the 
grains with mean size above 10 �m. The mean grain size is 
significantly higher in comparison with samples tested at 
473 and 373 K. The copper, with mean grain size significantly 
higher than 10 �m, can be considered as fully recrystalized 
coarse-grained material. Such mean grain size may be certain 
limit which markedly changes the value of the contribution of 
additional creep mechanisms to the total creep deformation. 
The instability of UFG microstructure influences the total 
creep strain (Fig. 4). The specimens with mean grain size lower than 10 �m exhibited the increase of the 
strain with increasing value of applied stress. However the opposite result was observed at 573 K when the 
grain size was larger than 10 �m. The increase of grain size with increasing value of applied stress (time to 
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fracture) can be influenced not only by grain growth but also increasing volume of recrystalized grains with 
increasing time to fracture.  

UFG microstructures contained relatively large fraction of CSL boundaries (Fig. 5) and some of them can be 
so-called as ‘special’ boundaries [16]. The inspection of Fig. 5 showed that the samples tested at 473 and 
573 K contain high fraction of special boundaries than UFG copper tested at 373 K. The largest amount of 
‘special’ boundaries was formed by boundaries with ∑3 CSL. These boundaries have twin character [16]. 
The fraction of CSL and ∑3 CSL boundaries increases with increasing time to fracture in the samples tested 
at 373 and 473 K. However, opposite tendency was observed in the microstructure of samples tested at 
573 K. It is known that deformed fcc metals with low stacking fault energies containing after 
recrystalization higher fractions of twin boundaries than those annealed without an imposed shear stress 
[17]. The number of ∑3 CSL boundaries can influence creep behaviour of UFG Cu because they are resistant 
to crack initiation [18] and less susceptible to corrosion than high ∑CSL and ‘general’ grain boundaries [19]. 

3.2. Creep behaviour 

The stress dependences of the minimum creep rate measured at 373 K for ECAP and CG copper are 
illustrated in Fig. 6. The results demonstrate that creep resistances of CG and ECAP copper are too different 
to perform the creep tests at the same stress interval. Nevertheless, the stress exponents determined at 
the similar creep rate interval decrease from the value of n ~ 15 for CG material to the value of n ~ 5 for 
copper processed by 8 ECAP passes. The transition from power law creep to the power law breakdown 
(PLB) is shifted to the higher applied stresses and higher minimum creep rate in the specimens processed 
by ECAP. The material after 8 ECAP passes is more resistant against the transition from power law creep to 
the PLB in comparison with CG and copper processed by 1 ECAP pass. The higher resistance of UFG copper 
is influenced by grain size and its sufficient thermal stability at 373 K. 

The links between deformation and fracture in Cu tested at 573 K are in good agreement with well known 
Monkman-Grant relationship (MGR). Nevertheless copper processed by ECAP is shifted to slower values of 
minimum creep rate and longer time to fracture in comparison with CG state. Fig. 7 shows that MGR is 
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Fig. 6 Stress dependences of creep rate at 373, 473 
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valued with the same value of m for copper processed by 1-12 ECAP passes (Tab. 1) and it is independent 
on number of ECAP passes.  

The validity of MGR for coarse-grained material with the very similar value of m (Tab. 1) is weakened 
neither by difference in examined materials nor in their homological temperatures. In the Fig. 8 and 9 is 
shown that MGR is shifted for copper processed by low number of ECAP passes. The values of m for Cu 
processed by low number of ECAP passes are similar to the values for CG state. However the values of m 
for copper processed by higher number of ECAP passes (UFG material) decreased with decreasing 
temperature of creep tests. The shift and changes in values of m occur probably as a consequence of 
different final creep ductility. 

 

 

 Tab. 1 The values of m for coarse-grained and ECAP material 

 

 

 

 

 

4. CONCLUSIONS 

The copper processed by 8 ECAP passes tested in region of sufficient microstructure stability is more 
resistant against the transition from power law creep to the PLB in comparison with CG and copper 
processed by 1 ECAP pass. Instability of UFG microstructure influences creep ductility and time to fracture. 
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Fig. 8 Monkman-Grant relation for CG and Cu 

after ECAP and creep exposure at 473 K 
Fig. 9 Monkman-Grant relation for CG and Cu 

after ECAP and creep exposure at 373 K 

Creep temperature 
[K] 

CG ECAP 
1-2 passes 4-12 passes 

373 -1.119 -1.132 -0.843 
473 -1.061 -0.987 -0.937 
573 -1.285 -1.082 
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Abstract 

Coarse-grained binary Cu and Al alloys were processed by equal-channel angular pressing (ECAP) in order to 
evaluate the effect of severe plastic deformation on the thermal stability of resulting ultrafine-grained 
microstructure after ECAP followed by creep loading of the pressed alloys. ECAP was conducted at room 
temperature with a die that had an internal angle of 90° between the two parts of the channel. The 
subsequent extrusion passes were performed by route Bc. Microstructure of samples up to 12 ECAP passes 
was characterized by transmission electron microscope (TEM) and scanning electron microscope (SEM) 
equipped with the electron backscatter diffraction (EBSD) unit. Constant load creep tests in tension were 
performed at 0.3 - 0.5 Tm and at different applied stresses. It was found that the creep behaviour is 
influenced by high-angle grain boundaries created by ECAP and creep fracture occurred along the shear 
bands which are situated near shear plane of the last ECAP pass. 

Keywords: Equal-channel angular pressing (ECAP), creep, precipitate strengthened alloy 

1. INTRODUCTION 

Severe plastic deformation (SPD) techniques are now widely accepted procedures for grain refinement by 
introducing large plastic strain in coarse-grained (CG) metals and alloys [1]. Among the various SPD 
processing techniques, equal-channel angular pressing (ECAP) is the most promising one and therefore it 
has attracted increasing research attention in the last decade due to the possibility to attain ultrafine-
grained microstructure in bulk materials [1,2]. Previous works studied differences between properties of 
coarse-grained materials and their ultrafine–grained counterparts. It was found that creep behaviour is 
strongly affected by the number of ECAP passes and a processing route [3] used. Our early works [3, 4] 
carried out on pure Al and Cu proved enhanced of creep properties already after only one ECAP pass. 
However, the creep resistance of these materials decreases with the subsequent increasing of ECAP passes. 
By contrast, some precipitate strengthened aluminium alloys showed the deterioration of creep resistance 
in comparison with their as-received states [5, 6]. Scandium additions to pure aluminium and zirconium 
additions to pure copper are sufficient to more or less retain a small grain size at selected creep testing 
temperatures [7]. The results from an investigation of Al alloys containing Al3Sc precipitates [6, 8] revealed 
serious degradation of creep properties of materials processed by ECAP technique. By contrast, a very 
recent report on the creep behaviour of a dispersion-strengthened Cu-0.2 wt.% Zr alloy has shown [9] that 
the alloy after up to 4 ECAP passes exhibited a considerable improvement in the creep properties in 
comparison with the behaviour of the unprocessed alloy. In addition, current results indicate influencing of 
creep behaviour by change of temperature. Accordingly, the present analysis was undertaken to examine 
the reason for such different behaviour of precipitation-strengthened alloys. 
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2. EXPERIMENTAL MATERIALS AND PROCEDURES 

The experimental materials used in this investigation were coarse-grained Al-0.2 wt.% Sc and Cu-0.2 wt.% 
Zr alloys. These alloys were processed by ECAP at the IPM ASCR Brno. Full details on the preparation and 
pressing of alloys under investigation are given elsewhere [3,6,9]. All of the ECAP processing was conducted 
using billets with cross-section of 100 mm2 and lengths of 70 mm. The ECAP pressing was conducted at 
room temperature using a die that had a 90° angle between the channels with speed of 10 mm/min. The 
subsequent extrusion passes were performed by route Bc (a billet rotates by 90° in the same sense 
between subsequent passes) up to 12 passes. All billets were coated in MoS2 lubricant prior to pressing. 
The Al-0.2Sc alloy with an initial coarse grain size of about 5-10 mm was processed by ECAP for 8 passes at 
room temperature to give a mean grain size of 0.55 μm. The Cu-0.2Zr alloy was homogenized for 24 h at 
1073 K and hot-rolled. Before ECAP process billets were solution treated at 1233 K for 1h to give an initial 
grain size of 350 μm. After ECAP Cu alloy billets were annealed at 473 K for 100 h to eliminate the possible 
influence of non-equilibrium grain boundaries on the creep behaviour and to further intensify precipitation-
strengthening of the alloy. The time of annealing was selected on the reported results of the hardness 
measurement of the same ECAPed alloy after 8 passes [5]. It was found that the highest value of hardness 
was achieved after about 100h of annealing. After annealing of this material the equiaxed microstructure 
was achieved with casual presence of larger grains. Nevertheless, the grain size of annealed microstructure 
stayed practically unchanged.  

Creep specimens were cut from the as-pressed billets with the gauge lengths parallel to the longitudinal 
axis. Flat tensile specimens had the gauge lengths of 10 mm and the cross-section of 12.8 mm2. Constant 
tensile load creep tests were conducted at temperature of 473 K (Al-0.2Sc) and 473 - 673 K (Cu-0.2Zr) under 
different values of the uniaxial stress. All creep tests were run up to the final fracture of the creep 
specimens. For each level of the applied stress the pressed specimens with 2, 4, 8 and 12 ECAP passes and 
CG as-received state specimen were tested. 

Microstructural investigations were performed using transmission electron microscope Philips CM 12 and 
scanning electron microscope equipped with EBSD unit. TEM foils were prepared by ion polishing using 
microscope Tescan Lyra 3 XMU FEG/SEM-FIB. The surface of samples was analyzed by laser confocal 
microscope Olympus LEXT OLS3100 and Tescan Lyra 3 XMU FEG/SEM-FIB.  

3. RESULTS AND DISCUSION 

3.1  Creep behaviour  

The dependences of the time to fracture and the fracture strain on the number of ECAP passes are shown 
in Fig. 1a, b. These plots were obtained at the same homological temperature (U0.5 Tm; Tm is melting 
temperature); at 473 K for an Al-0.2Sc alloy and at 673 K for a Cu-0.2Zr alloy. The results demonstrate that 
the creep resistance of the Al-0.2Sc alloy falls down dramatically after applying of ECAP and further 
decreases together with increasing of number of ECAP passes. This decline of the creep lifetime was 
evident obviously at first 4 ECAP passes. It is important to note that test of CG state at stress of 20 MPa was 
interrupt due to long time of creep exposure. However data for CG and ECAP states are available for stress 
of 30MPa as well.  
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Some different trend could be seen in the case Cu-0.2Zr alloy where creep life increases during the first 
ECAP passes and than subsequently decreases with further increasing number of ECAP passes. Finally, 
material processed by 8 and 12 ECAP passes exhibits even shorter creep lives than those for coarse-grained 
material. 

Strain dependence of alloys on the number of ECAP passes is clearly seen in Fig. 1b which shows that ECAP 
pressing leads to an increase in the creep plasticity. These differences consistently increase with growing of 
ECAP passes except for 1 and 2 ECAP passes where plasticity stays on the same level for both materials. 

Further we will limit our investigation only on a Cu-0.2Zr alloy and its creep behaviour at lower 
temperatures. The stress dependences of the minimum creep rate for CG state and ECAP materials are 
illustrated by Fig. 2. This figure demonstrates the change of the stress exponent n with different creep 
testing temperatures for Cu-0.2Zr alloy.  

The values of stress exponent of the creep rate n determined at 673 K (Fig. 2a) are approximately the same 
for both states of material and moving from n = 9 for CG state to n = 6 for UFG state. It is consistent with an 
intragranular dislocation process involving the glide and climb of dislocations. 

After decreasing temperature up to 573 K (Fig. 2b) we will achieve practically the same value of n for 
material processed by 8 ECAP passes. However, the stress exponent n for CG state and pressed material by 
2 ECAP passes will change dramatically towards high values. The growth of the value n could be related to 
some synergetic effect of additional operating creep mechanism(s). Such additional mechanisms may be 
restricted by a decrease in temperature for material with low number of ECAP passes. Nevertheless, in the 
UFG material after 8 ECAP passes such mechanisms could be active. 

Finally, Fig. 2c shows the same characteristics for temperature of 473 K. The results demonstrate that 
materials after low number of ECAP passes and in CG state are very sensitive to a change of the applied 
stress. Only negligible increasing of applied stress leads sharply to an increase of the minimum creep rate. 
This creep behaviour causes that unpressed CG state and material with low number of ECAP passes can 
exhibit longer creep live at lower applied stresses. However, opposite results can be expected for the same 

       
Fig. 1 Dependence of a) time to fracture and b) strain on number of ECAP passes for Al-0.2Sc and 

Cu-0.2Zr alloys 
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material at higher applied stresses. Furthemore, similar trend is possible to observe for material after 12 
ECAP passes where the value of n is increasing as well. 

3.2  Microstructural investigations 

It is well known that the precipitates exhibit an effective pinning effect on the grain boundaries which 
inhibits and/or restricts grain growth during creep exposures. The influence of precipitates on the 
recrystallization of an ultrafine-grained microstructure was discussed elsewhere [10]. The thermal stability 
of ultrafine-grained microstructure was investigated after annealing at temperature ranging from 473 K to 
773 K for up to 8 hours. It was found that no substantial coarsening of grain size occurred at these selected 
creep temperature. 

  
Fig. 3 Microstructure of the CG state of 

Al-0.2Sc alloy 
Fig. 4 Influence of large of 

precipitation on time of thermal 
exposure and selected  working 

conditions 

  

Fig. 2 Stress dependence of the creep rate for Cu-0.2Zr alloy and temperature a) 673 K, b) 573 K and  c) 473 
K 
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Microstructural investigations of the Al-0.2Sc alloy revealed very fine spherical and homogeneously 
distributed coherent Al3Sc precipitates having sizes in the range ~ 6 nm (Fig. 3, 4). These precipitates are 
further affected by ECAP process where are breaking to size of 4nm after 8 ECAP passes. However, creep 
exposition at 473 K leads to their coarsening up to level similar to coarse-grained state (Fig. 4).  

The grain growth in the Cu-0.2Zr alloy is effectively restricted by very tiny precipitates Cu9Zr2 having a size 
of ~ 4 nm which were also homogeneously distributed in the interiors of grains and at grain boundaries. 
These precipitates are probably semicoherent. Interaction between 
dislocation and precipitates are visible in Fig. 5 illustrated 
microstructure after 4 ECAP passes and creep. As mentioned earlier, 
Cu-0.2Zr alloy was annealed at temperature 473 K/100 h before 
creep exposure. After that we observed occurrence particles having 
size ~ 3.5 nm. Fig. 6 shows that time of creep exposure has no 
marked effect on growing precipitates independently on the number 
of ECAP passes. 

The boundary misorientation distribution results obtained from EBSD 
analysis for both alloys are summarized in Fig. 7. These results 
indicate a significant role of the microstructure in creep in the 
pressed alloys. The progressive increase in the boundary distribution 
during repetitive ECAP passes and population of HAGBs (HAGBs, 
misorientation > 15°) is responsible for deterioration of creep resistance. Detailed investigations of the 
fraction of high-angle grain boundaries after ECAP and creep showed that after the first (Al-0.2Sc) or two 
(Cu-0.2Zr) passes, the boundaries were predominantly low-angle boundaries in character. By contrast, the 
population of high-angle grain boundaries was considerably increased in material during further repetitive 
pressings. This corresponds with our previous works performed on pure Al and Cu [8]. The rearrangement 
of the dislocation substructure during first two ECAP passes increases the creep resistance due to decrease 
in the minimum creep rate. Increasing fracture elongation together with increasing number of ECAP passes 
indicate that high-angle grain boundaries have a lower strengthening effect under creep than low-angle 
ones. 

   
Fig. 5 Microstructure of Cu-0.2Zr alloy after  4 
ECAP passes and creep at 673 K and stress of 

150 MPa 

Fig. 6 Influence of large of 
precipitation on time of thermal 
exposition and selected working 

conditions 

 
Fig. 7 Dependence of HAGBs on the 

number of ECAP passes 
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Surface examination of crept samples for both alloys revealed mesoscopic shear bands which are created 
by HAGBs. These bands nucleate and propagate primarily in the plane corresponding to the shear plane of 
the last ECAP pass. Contrary to the Al-0.2Sc alloy, where the mesoscopic shear bands are observable 
already after the first two ECAP passes, the nucleation of the mesoscopic shear bands in the Cu-0.2Zr alloy 
was postponed and the first bands were clearly observed after 4 ECAP passes (Fig. 8b). It is reasonable to 
assume that such mesoscale-banded structure may have important consequences for the fracture process 
in creep. Indeed, cavities and microcracks nucleate along shear bands due to the development of the 
necessary high local stress concentrations after considerable amounts of mesoscopic sliding as a 
consequence of insufficient activity of accommodation processes which can be different for both alloys. 

4. CONCLUSIONS 

The Cu-0.2Zr alloy processed by ECAP can exhibit considerably improved creep resistance in comparison 
with its as-received CG state. By contrast, an Al-0.2Sc alloy shows a detrimental effect of processing by 
ECAP technique on its creep resistance. The creep behaviour of alloys is influenced by number of ECAP 
passes and by loading conditions under creep testing. The determined value of stress exponent n ~ 6 for 
both alloys at the same homological temperature suggests an intragranular deformation mechanism as the 
rate-controlling process. However, creep behaviour of UFG material is influenced by grain boundary sliding 
accommodated probably by intragranular dislocation climb and glide. The microstructural investigations of 
pressed and crept materials showed that more homogeneous microstructure together with higher fraction 
of high angle grain boundaries lead to an increase in the creep ductility. Creep fracture occurred along the 
shear bands which are situated near shear plane of the last ECAP pass. 

 

  
a)                   b) 

Fig. 8 Fracture surface of the Cu-0.2Zr alloy after creep exposure at 673 K and applied stress of 150 MPa: a) 
CG state and b) 4ECAP passes 
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Abstract 

The AJ62 alloy contains approximately 6 % Al and 2 % Sr. Due to this combination of additives, the alloy 
shows an increased creep resistance at elevated temperatures and a good diecastability. The alloy has been 
developed recently for thermally loaded components, such as engine blocks. The paper is devoted to a 
detailed characterization of the structure, phase composition and mechanical properties as functions of 
cooling rate during casting and temperature. Results enable to assess properties of the alloy at various 
locations in castings. 

Keywords: Magnesium, AJ62 alloy, mechanical properties, structure, casting 

1. INTRODUCTION 

Magnesium based alloys show a good strength to weight ratio making them of interest for production of 
light weight components in automotive and aerospace industry. Mg-Al-Zn alloys which also exhibit 
excellent diecastability are mostly used in these applications. However AZ type alloys have an insufficient 
combination of elevated temperature strength and creep resistance at temperatures of approximately 150 
°C. For this reason new alloying systems have been developed.  

It has been reported that rare-earth metals and alkaline-earth metals positively influence the elevated 
temperature strength and creep resistance of Mg-based alloys. Among the developed alloys, Mg-Al-Sr (AJ 
type) alloys have been shown recently to possess an acceptable combination of elevated temperature 
strength, ductility, castability and cost. An important representative is the AJ62 alloy containing 
approximately 6.0 wt.% Al and 2.5 wt.% Sr [1-3]. This alloy was introduced industrially in 2004 and is used in 
mass production of an automotive engine block, for example, by BMW company. 

Due to a relatively short period of industrial use of the AJ62 alloy, there is still a lack of experimental data 
on its structure and mechanical properties. For this reason the present study is devoted to both structural 
and mechanical characterization of the as-cast AJ62 alloy. The relationships between cooling rate during 
casting, structural parameters and mechanical properties are studied. 

2. EXPERIMENT 

The investigated AJ62 (Mg-6.4Al-2.7Sr) alloy was provided by an industrial supplier in the form of gravity 
cast ingots. The alloy was then remelted under argon and cast into brass metal molds of different 
diameters to achieve various cooling rates between 10 and 150 K/s during solidification of the alloy. 
Structure of the alloy was examined by light (LM) and scanning electron (SEM) microscopy and by x-ray 
dispersive spectrometry (EDS). Mechanical properties were characterized by Vickers hardness (HV5) 
measurements and compressive tests at both room and elevated temperatures. Mechanical properties of 
the AJ62 alloy were compared to the commonly used die casting AZ91 alloy. 
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3. RESULTS AND DISCUSSION 

3.1. Structure 

Light micrographs in Fig. 1a, b show that the structure of the as-cast AJ62 alloy is composed of 3-Mg 
dendrites (light) and an interdendritic network of intermetallic phases (dark). By comparing Fig. 1a and 1b 
one can see that an increase of the cooling rate significantly refines both dendrites and interdendritic 
network. The nature of interdendritic intermetallic phases was analyzed by EDS and results are presented 
in Fig. 1c. It is observed that there are three types of intermetallic phases in the structure of the as-cast 
AJ62 alloy: binary Al4Sr, ternary Mg-Al-Sr and binary Al-Mn. The binary Al-Mn phase (probably Al6Mn) 
results from the presence of approximately 0.3 wt.% Mn in the alloy. The presence of both the binary Al4Sr 
and ternary Mg-Al-Sr phases and the absence of binary Mg-Sr phases in the structure is attributable to a 
higher chemical affinity of Al to Sr as compared to the Mg-Sr couple.  

a) 

 

b) 

 
c) 

 

 

 

 

 

 

Fig. 1. Light (a, b) and scanning electron (c) 
micrographs of the investigated AJ62 alloy solidified 

at cooling rates of 10 K/s (a, c) and 150 K/s (b) 

 

 Tab. 1 summarizes the dendrite arm spacing and volume fraction of intermetallic phases as functions of 
the cooling rate during solidification. It is evident that the dendrites become refined with increasing cooling 
rate. At a cooling rate of 150 K/s the dendrite arm spacing is only a few �m. The volume fraction of 
interdendritic intermetallic phases shows a trend opposite to the previous structural parameter, i.e., it 
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slightly grows with increasing cooling rate. The reason for this behavior is in microsegregation phenomena 
occurring in the alloy during solidification. As the cooling rate and solidification rate increase, 
microsegregation of Al and Sr, i.e., their amounts in the interdendritic region also increase. 

 Tab. 1. The influence of the cooling rate on the 3-Mg dendrite arm spacing and volume fraction of 
intermetallic phases (measured by LM and image analysis) 

cooling rate (K/s) dendrite arm spacing (��m) volume fraction of intermetallic phases (%) 

10 18 20 

40 15 22 

70 10 24 

150 5 30 

3.2. Mechanical properties 

The influence of the cooling rate on Vickers hardness and compressive strength is summarized in Tab. 2. 
Due to the observed structural refinement at high cooling rates, one would expect an increase of both 
parameters with increasing cooling rate. However, this is only true for Vickers hardness which slightly 
increases from 50 to 56 HV5 as the cooling rate increases from 10 to 150 K/s. The measured hardness of 
the alloy is related to three hardening contributions: 1. Hall-Petch hardening influenced by the dendrite 
size, 2. Orowan hardening influenced by the size of intermetallic phases and 3. solid solution hardening 
influenced by the concentration of solutes (mainly Al and Sr) in the 3-Mg phase. The first contribution 
evidently increases with increasing cooling rate (Fig. 1., Tab. 1). The second contribution is probably small, 
because Orowan hardening plays a role for particles significantly smaller than 1 �m. The last contribution 
probably reduces with increasing cooling rate, because of the observed increase of the volume fraction of 
intermetallic phases (Tab. 1). Therefore, as the cooling rate grows, Hall-Petch hardening increases but this 
effect is partially balanced by reducing solid solution hardening. As a result, the total increase of Vickers 
hardness with increasing cooling rate is very small (Tab. 2). Moreover, the compressive strength shows no 
systematic growth with increasing cooling rate (Tab. 2). One reason is in a large scatter of measured values.  

 Tab. 2. The influence of the cooling rate on Vickers hardness (HV5) and compressive strength 

cooling rate (K/s) Vickers hardness compressive strength (MPa) 

10 50�3 316�6 

40 53�4 330�10 

70 53�3 304�15 

150 56�2 332�10 

 Tab. 3 summarizes the influence of temperature on the compressive strength of AJ62 and AZ91 alloys. The 
latter was selected for comparison, because this alloys shows an excellent diecastability and is, therefore, 
very popular in diecasting technology in automotive industry. The first finding deduced from this Table is 
that the AZ91 alloy has a higher room temperature compressive strength than the AJ62 alloy. The 
difference of approximately 30 MPa is mainly caused by a higher concentration of aluminum, as the main 
strengthener, in the AZ91 alloy. As the testing temperature increases the strength of both alloys reduces. At 
250 °C the AJ62 and AZ91 alloys show strength of 260 and 240 MPa, respectively. In other words, as the 
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testing temperature grows from 20 to 250 °C, the strength of the AJ62 alloy decreases by 70 MPa, while 
that of the AZ91 by 120 MPa. It suggests a significantly better thermal stability of the AJ62 alloy.  

 Tab. 3. The influence of temperature on the compressive strength of the AJ62 and AZ91 alloys 

testing temperature (°C) compressive strength (MPa) 

AJ62 AZ91 

20 330�10 360�2 

150 290�8 355�17 

200 270�3 310�6 

250 260�3 240�3 

The observed difference between the AZ91 and AJ62 alloys in terms of thermal stability can be explained by 
differences in phase compositions of both alloys. It is known that the as-cast AZ91 alloy contains 3-Mg 
dendrites and an interdendritic network of Al12Mg17 phase. According to the Mg-Al phase diagram [4], the 
congruent melting point of this phase is slightly above 450°C, suggesting a relatively low thermal stability. 
For this reason the Al12Mg17 phase is prone to coarsening during exposition to elevated temperatures which 
directly brings about a low thermal stability of the AZ91 alloy. In contrast, the AJ62 alloy contains a large 
fraction of the Al4Sr phase with a congruent melting point of 1040 °C indicating a high thermal and 
morphological stability of this phase. As a result, structural coarsening of the AJ62 alloy is hindered and 
thermal stability improved. 

4. CONCLUSIONS 

The structure of the as-cast AJ62 alloy and particularly the influence of the cooling rate during solidification 
are described in this study. It is shown that the structural parameters strongly depend on the cooling rate 
during solidification. However, the influence of the cooling rate on mechanical properties was shown to be 
small in the examined cooling rate interval (10 ÷ 150 K/s). In our experiments, relatively high cooling rates 
were used and structures were relatively fine. In real castings, significantly lower cooling rates can be 
expected with a direct impact on variations in mechanical characteristics. Thermal stability of the AJ62 alloy 
was also investigated and compared to the diecasting AZ91alloy. Results confirm much better thermal 
stability of the former, because its compressive strength reduced more slowly with increasing temperature. 
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Abstract 

Magnesium and its alloys are main candidates for temporary implant applications in ostheosyntesis. 
Magnesium itself is degradable and physiologically compatible element that has important role in many 
biological processes and even may stimulate bone growth. Biodegradable materials have to be 
characterized by slow, uniform corrosion and good mechanical properties such as high strength and 
ductility. Pure magnesium does not fulfil these requirements. To improve these properties magnesium is 
alloyed by suitable elements such as rare earth elements (RE), zinc, calcium, manganese etc. In this case 
non-toxicity of alloys has to be maintained. In present work different magnesium binary and ternary alloys 
with comparable amount of Gd, Y, Nd and Zn were prepared by induction melting under protective argon 
atmosphere. Corrosion behaviour in NaCl physiological solution and mechanical properties of these alloys 
are compared. The influence of microstructure on these properties is discussed. Prepared binary alloys 
were characterized by lower corrosion rate in comparison with pure magnesium. Addition of third element 
both improved and worsened measured properties depending on the composition of ternary system. 

Keywords: magnesium, rare earth elements, phase composition, corrosion 

1. INTRODUCTION 

Stainless steel, titanium and cobalt-based alloys or various ceramic materials are used in medicine for 
example as body implants for fixation of fractured bones [1]. However in present, biodegradable materials 
play increasingly important role. These materials may be gradually dissolved, absorbed and excreted 
without a production of toxic compounds. Such behaviour is very useful because no second surgery for 
taking out the implant is needed [2]. Biodegradable materials based on polymers are characterized by low 
mechanical properties, especially low mechanical strength, while ceramic materials have very low fracture 
toughness. On the contrary, metallic biomaterials offer better mechanical properties in comparison with 
both above mentioned types of materials and they are more suitable for load-bearing applications [3]. 
Suitable candidate for biodegradable metallic materials is especially magnesium because it is non-toxic and 
excessive amounts of magnesium may be excreted by the kidneys. Magnesium is essential element and 
play important role in some biological processes. His recommended dietary allowance (RDA) for adults is 
300-400 mg which is significantly higher amount compared to the other chemical elements [4]. Possibility 
of using an alloy as biodegradable material depends in addition on the corrosion behaviour of alloy. 
Corrosion of magnesium alloys is accompanied by hydrogen release and pH increase. 
Excessive corrosion rate can lead to formation of hydrogen and local alkalization which may affect the pH 
dependant physiological reaction balances [2]. Therefore, it is necessary to find suitable magnesium alloy 
with acceptable corrosion rate and non-toxic alloying elements. Aluminium, zinc, rare earths elements (RE), 
manganese, calcium and some other elements such as zirconium or silicon belongs to the alloying elements 
that were often tested in combination with magnesium. However, aluminium is sometime considered to 
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cause Alzheimer´s disease [5]. Rare earths elements generally slow down the corrosion rate, but some of 
them are toxic (Pr, Ce, Lu) and there is still a lack of information about other members of this group [2]. 
Zinc can efficiently strengthen magnesium through a solid solution hardening mechanism [5]. Moreover, it 
is essential element such as in the case of magnesium. It has an important role in some biological functions 
such as immune function. Zirconium has softening effect on the structure. It consequently improves the 
mechanical properties and slightly enhances the corrosion resistance of magnesium alloys but cancer is 
sometime associated with its presence in organism. From this point of view there is low number of alloying 
elements with no or very low negative effect on the organism. These may include primarily calcium, zinc, 
manganese, and in some cases low toxicity rare earths elements [2]. In this work, structure states and 
corrosion behaviour of pure Mg and Mg-3Gd, Mg-3Gd-1Y, Mg-3Nd and Mg-3Zn alloys in the cast state were 
investigated. 

2. EXPERIMENTAL 

Cylindrical ingots of pure magnesium, Mg-3Gd, Mg-3Zn, Mg-3Nd and Mg-3Gd-1Y were prepared by melting 
pure metals (99.9 %) in induction furnace under argon atmosphere and casting melts into cast-iron metal 
mould with 20 mm in diameter. Cooling rate was 70 K/s. Chemical composition of these ingots was studied 
by X-ray fluorescence spectrometry (Tab. 1). Vickers hardness HV5 (loading 5 kg) was measured on 
prepared samples. At least ten measurements were performed for each sample for statistic evaluation. The 
structures of alloys were observed by light microscopy and scanning electron microscopy (Tescan Vega 3 
LMU). Phase, chemical composition and surface morphology were studied by energy dispersion 
spectrometry (Oxford Instruments Inca 350) and X-ray diffraction (X’Pert Philips, 30 mA, 40 kV, X-ray 
radiation Cu Kα). Corrosion behaviour was studied on immersion tests that were performed in physiological 
solution (PS) containing 9 g/l NaCl at pH 6.5 for 168 hours at 25 °C. Prior to all test specimens were grinded 
to a P4000 SiC papers followed by rinsing in ethanol and drying in warm air. The ratio between sample 
surface area and volume of physiological solution was set on 36 ml/cm2. After immersion test, morphology 
and composition of corrosion products were analyzed on SEM equipped by EDS analyzer and X-ray 
diffraction. Finally corrosion products were removed in a solution containing 200 g/l CrO3, 10 g/l AgNO3 and 
20 g/l Ba(NO3)2. Corrosion rates were calculated using the weight loses measurements with an accuracy of 
0.1 mg. Moreover potentiodynamic curves were measured in physiological solution at 25 °C with SCCE 
(Ag/AgCl/KCl – 3mol/l) as a reference electrode and platinum wire as counter electrode. The scanning rate 
was 2mV/s from -0.2 V/Eocp to +0.8 V/Eocp. 

 

 Tab. 4 Chemical composition of the investigated materials (wt. %) 

Alloy Mg Gd Y Zn Al Si Fe Ni Cu 
Mg 99,9   0,01 0,04 0,03 <0,004 <0,004 <0,004 

Mg-3Gd 96.99 2.80 <0.01 <0.01 <0.01 <0.01 <0.004 <0.004 <0.01 

Mg-3Gd-1Y 96.08 3.03 0.89 <0.01 <0.01 <0.01 <0.004 <0.004 <0.01 

Mg-3Zn 97.09 <0.01 <0.01 2.90 <0.01 <0.01 <0.004 <0.004 0.01 

Mg-3Nd 96.84   3,16 <0.01 <0.01 <0.004 <0.004 <0.01 
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3. RESULT AND DISCUSSION 

3.1. Structures 

Detailed views of 
structures of investigated 
alloys are shown in Fig. 1. 
Pure magnesium (not 
shown) was consisted of 
elongated grains with 
about 300 – 500 μm in 
thickness and 1 – 1.5 mm 
in length. Structure of 
studied Mg-3Gd and Mg-
3Gd-1Y alloys is 
composed of solid 
solution of α-Mg and 
Mg5Gd phase. Dendrites 
are relatively fine with an 
average dendrite arm 
thickness of 20 μm. EDS 
analyses confirmed that Y 
in Mg-3Gd-1Y alloy is 
preferentially 
concentrated in α-Mg 
dendrites. Both alloys are 
characterized by dendritic 
microsegregations. For 
both kinds of alloy, the 
concentration of Gd is 
about 2.5 wt.% and 20 
wt.% in the dendrite cores and dendrite edges respectively. Some cuboid-shaped particles in the dendrite 
edges correspond to the Mg5Gd phase. The amount of Mg5Gd phases increases for Mg-3Gd-1Y alloy 
because Y is known to reduce solid solubility of Gd in the α-Mg phase [6]. Structure of Mg-3Nd alloy 
contains primary α-Mg dendrites and interdendritic eutectic Mg12Nd phase. Differences in concentration of 
Nd are less pronounced in comparison with Mg-Gd and Mg-Gd-Y alloys due to the lower maximum solid 
solubility of Nd (3.6 wt.%) than of Gd (23.5 wt.%). Concentrations of Nd in dendrite cores and edges are 1 
wt.% and 4 wt.%, respectively. Structure of Mg-3Zn alloy contains primary α-Mg dendrites and light 
particles randomly distributed at dendrite edges that correspond to MgZn eutectic phase [7]. Dendrite 
cores and edges contain 2.5 wt.% and 7.5 wt.% of Zn respectively. The average dendrite arm thickness was 
about 15-20 μm. Observation of structures is completed by Brinell hardness measurements (Fig. 2). All 
investigated alloys are characterized by higher hardness in comparison with pure Mg due to the 
intermetallic phases in their structures. For Mg-3Gd-1Y hardness is increased in comparison with binary 

  

  
 
 

Fig. 1 Structure of studied materials (SEM): a) Mg-3Gd, b) Mg-3Gd-1Y, c) 
Mg-3Zn, d) Mg-3Nd 
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Mg-3Gd as a consequence of higher content of Mg5Gd phase. The highest hardness was observed for Mg-
3Nd alloy that contain large amount of Mg12Nd eutectic phase. 

3.2. Corrosion behaviour 

 Fig. 3 shows corrosion rate of studied alloys in 
physiological solution. The additions of 3 wt.% of Gd, 
Nd and Zn improve the corrosion resistance of studied 
alloys in comparison with pure magnesium. However 
addition of Y to Mg-3Gd alloy has detrimental effect 
on corrosion resistance. In this case corrosion rate is 
increased to nearly 1.8 mg/cm2/day which is about 
tenfold in comparison with 0.2 mg/cm2/day for Mg-
3Gd alloy. Compared to Gd, the effect of Nd and Zn on 
corrosion resistance is slightly lower. Acquired 
corrosion rates are 1.3 and 0.5 mg/cm2/day 
respectively. Due to the high cooling rates, structures 
of all alloys contain dendritic microsegregation and 
some intermetallic phases especially at dendrite 
edges. Such structure states can strongly influence 
corrosion behaviour. All alloying elements are more 
noble metals compared to pure Mg. As a consequence, 
corrosion potentials of studied alloys are shifted to 
more noble values (Fig. 3). However existence of intermetallic phases with high concentration of Gd, Nd or 
Zn in the structure of alloys can lead to formation of galvanic cell between these phases and solid solution 
of α-Mg. In this case more noble intermetallic phases work as cathodic side and magnesium matrix is 
preferentially dissolved by anodic process. 

 

Uniform corrosion and low corrosion rate of Mg-3Gd alloy is attributed to the fact that volume fraction of 
the more noble Mg5Gd eutectic phase is very low and moreover, this phase is surrounded by Gd-enriched 
3-Mg phase. As a result influence of galvanic cell is suppressed. It addition it has been proved by GDS 
analyses that Gd is incorporated in magnesium hydroxide layer where it probably supports its protective 
effect. 

Zn and Nd have lower solid solubility in magnesium than Gd, therefore Mg-3Zn and Mg-3Nd alloys contains 
higher volume fraction of intermetallic phases. These phases are surrounded by Zn or Nd enriched 3-Mg 
phase but concentrations of these elements in these areas are still much lower in comparison with Gd 
segregation in Mg-3Gd alloy. As a consequence the galvanic cell influences more significantly corrosion 
process of Mg-3Nd and Mg-3Zn alloys. As in the case of Mg-3Gd, Nd is incorporated in magnesium 
hydroxide layer and probably supports its protective effect. However due to the stronger galvanic process, 
positive effect of Nd on corrosion resistance is lower in comparison with effect of Gd. Zinc improves the 
corrosion resistance of magnesium alloys due to its much higher nobility than Mg and relatively high 
hydrogen over-potential [8]. Hydrogen gas is the main product of magnesium corrosion in physiological 
solution and it is formed by following cathodic reaction. 

Fig. 2 Brinell hardness of studied materials 
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2 H2O + 2e- # H2 + 2 OH-          (1) 

 

It can be assumed that hydrogen evolution is reduced by the presence of zinc in the 3-Mg solid solution.  
With addition of 1 wt.% of Y to Mg-3Gd alloy, the number of intermetallic phases is increased. As a result 
corrosion rate is strongly increased due to galvanic cell. Influence of galvanic corrosion on different alloys 
was confirmed by studies of surface of samples after immersion tests. While the surfaces of Mg-3Gd and 
Mg-3Zn alloys were covered by quite compact layers of magnesium hydroxide, pits were located in some 
areas of Mg-3Nd alloy. Surface of Mg-3Gd-1Y alloy was covered by the largest amount of quite deep pits 
due to strong galvanic corrosion. 

 

  
Fig. 3 Corrosion rate (a) and potentiodynamic curves (b) of studied materials 

4. CONCLUSION 

Corrosion behaviour of studied materials is closely associated with their structure. 1. The presence of 
intermetallic phases stimulates the galvanic corrosion. 2. Alloying elements such as Gd, Nd increase 
protective character of magnesium hydroxide layer. 3. High hydrogen over-potential slows down the 
corrosion process. From studied binary magnesium alloys only Mg-3Gd were characterized by excellent 
corrosion resistance. Still both neodymium and zinc decrease the corrosion rate of magnesium alloys. 
Contrary, addition of Y to Mg-3Gd alloy has detrimental effect on corrosion resistance. 
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Abstract 

In the interest of research workers for many years are magnesium-based alloys due to their high specific 
strength. From this point of view these materials are interesting for using at automotive and aerospace 
industry. Low resistance to high temperatures and low corrosion resistance is the main reason of their no-
wide utilization at these industry branches. In the high temperature regions alloys based on Mg-Al-Sr and 
Mg-Al-RE account very perfect results. These alloys could be suitable to manufacture of engine blocks, 
where the working temperatures over 250°C occurred. Recently they are intensively studied as materials 
suitable for biodegradable implants manufacturing too. This work is focused on study of thermo mechanical 
properties of magnesium-based alloy AJ 62. This material is arranged into new and not frequently used 
magnesium alloy, which combine good “creep” properties and excellent pourability. Influence of 
inoculation on micro structure and mechanical properties at room and/or elevated temperatures was 
observed in this work. Primarily mechanical properties (tensile strength) were determined. These 
parameters were evaluated for the testing samples poured into reusable (iron) mould. Temperatures of the 
pouring material and also mould were measured during a pouring process. This study also includes 
structures of fracture area obtained after tensile strength measurements at laboratory and elevated 
temperatures. 

Keywords: magnesium alloys; thermomechanical properties; microstructure 

1. DIVISION OF MAGNESIUM ALLOYS ACCORDING THEIR USE 

Magnesium alloys are most often marked according to the American system ASTM. Every alloying element 
corresponds here to a relevant letter (e.g. A – aluminium, M – manganese, Z – zinc, S – silicon, Z – zinc, J – 
strontium, RE – rare earth metals, etc.) and further on its average percentage content. A condition of an 
economically available material is met by magnesium alloys of the Mg-Al system. Mg-Al, Mg-Al-Zn, Mg-Al-
Mn alloys belong to the most frequently used materials.  

Then the AZ91 (9 wt.% Al, 1 wt.% Zn) alloy is perhaps the most frequently used one from this group [3]. A 
rather fast decrease of strength with growing temperature of stressing them is a disadvantage of these 
alloys. The alloys of the Mg-Al-Sr and Mg-Al-RE types could solve the low resistance to high temperatures 
because under these conditions they achieve a better microstructural stability and also fairly good strength 
properties. These parameters are decisive for using these materials for thermally considerably stressed 
parts, e.g. engine blocks. In addition to it an another important demand is the corrosion resistance (internal 
and external ones) because a majority of drive units is cooled with a liquid and the used materials have to 
be able to resist the corrosive effects of the cooling medium for a long time. The alloys with sufficient 
strength up to temperatures of 250 °C are of the Mg-Y-RE, Mg-Sc, and Mg-Gd types without the aluminium 
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addition. These materials meet all the 
above mentioned conditions for 
industrial use but a problematic 
question is their economical 
availability. A condition of high 
resistance to creep is met by 
magnesium alloys with thorium (up to 
temperatures of 370 °C) that is, 
however, slightly radioactive and the 
technology of preparing and using 
them is controlled with special 
processes. Then among the lightest 
structural materials at all belong the 
alloys of the Mg-Li type [4] that are, 
however, also characterized by 
difficult way of their manufacture and 
treatment. Development in the field 
of magnesium alloys (Fig. 1) is aimed 
at obtaining the materials with high 
strength under normal and elevated temperatures, good ductility, and acceptable price in particular. These 
characteristics are decisive ones for meeting a condition of their more extensive use. 

2. PREPARATION OF TEST SAMPLES 

For the experimental part the AJ62 alloy was chosen. Chemical composition is given in Tab. 1. This alloy 
should combine good creep properties and excellent castability. The main alloying component is 
aluminium; substantial representation belongs to strontium (2.92 %) and manganese (0.35 %) too. 

 

 Tab. 1 Chemical composition of used magnesium alloy 

al
lo

y 
AJ

 
62

 

element[%] 

Zn Al Si Cu Mn Fe Ni Ca Be Sr 

0,01 5,78 0,04 0,001 0,35 0,003 0,001 0,008 0,0006 2,92 

Castings were gravity cast in a cast iron mould that was preheated before casting for the reason of 
achieving a sufficient running property of metal. Samples for the tensile test (Fig. 2.), metallographic 
analysis, and measurements of other mechanical properties were subsequently made from these castings. 
The material was melted in a steel crucible in an electric resistance furnace. For ensuring the metal 
protection during melting a covering preparation of a commercial name EMGESAL was used that served 
against excessive oxidation or burning on the melt surface. During the pouring itself the ground sulphur 
was dusted in the metal stream for limiting the development of the alloy oxides on the flowing metal 
surface. During the own measurement the temperatures of the metal mould and the cast alloy were 
observed for process checking and description. For ensuring the improved mechanical properties of more 
large-sized castings poured in sand moulds the melt is treated in foundries with a preparation based on 

Fig. 1. Magnesium alloys development trends [1], [2] 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1187 

hexachloroethane supplied under the commercial name of MIKROSAL MG T 200. In consequence of 
introducing the nuclei the casting structure becomes to be finer and a fine-grain structure of improved 
mechanical properties is formed. This preparation was used in the melt in our case too. 

 

Fig. 2 Scheme of the test bar destined for the general tensile test, dimensions are in mm 

3. MEASUREMENT OF MECHANICAL PROPERTIES AT ELEVATED TEMPERATURES  

The tensile test was carried out on the TSM 20 tension testing machine made by INOVA Praha company. 
The device enables to carry out the tensile test according to ČSN 42 0310 and a so-called general test which 
allows setting of test conditions in wide limits in six separate steps. The elevated temperature test is 
performed as a general one. When measuring mechanical properties, we carried out the above mentioned 
general test at room temperature and at elevated temperatures with beginning at 100 ºC and a gradient by 
50 °C up to 300 ºC temperatures. The final temperature for the observed alloys varied and it was selected 
according to possibilities by reason of a limited amount of specimens. When testing at elevated 
temperatures, holding time at the temperature for each specimen was applied for 5-minute period for 
temperature equalization on the surface and inside the specimen. During the test, the specimens were 
protected against oxidation in argon protective atmosphere to avoid oxidation of fracture areas. Analysis of 
mechanical properties was extended by a tensile test with work-of-fracture determination. 

4. ACHIEVED RESULTS 

With regard to microstructure the prepared samples were examined on a scanning electron microscope 
(REM) with X-ray energy-dispersion superficial and spot microanalysis (EDAX - Fig. 5). Fig. 3 shows a 
structure of non-inoculated alloy and alloy microstructure with addition of an inoculator is on Fig. 4. 
Structure is formed by a solid solution α (marked with number 4), then there are visible precipitates of 
other alloy components and various intermetallic phases along the grain boundaries. Ratio of the Sr/Al 
content for this alloy is 0.51 [1]. With ratio higher than 0.3 the ternary Mg-Al-Sr (Al3Mg13Sr) complexes are 
formed in this alloy represented with particles designated 2, 3 (Figs. 3 and 4). Further on the phases rich 
with Mg and Al (number 5) are identified in structure; an intermetallic phase of Mg17Al12 can be a question 
here. In case of the inoculated alloy the clearly visible particles (designated 1) were identified in structure 
that contained, besides an important Al and Mg content, great amount of manganese too. 
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Fig. 3 AJ 62 non-inoculated alloy Fig. 4 AJ 62 inoculated alloy 
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Fig. 5 Results of EDAX analysis 

 

Tensile test ran from room temperature up to temperature of 300 °C. Results are given in Fig. 6. The 
difference between tensile strength of the alloy without the inoculator addition and with it can be read 
from the graph. Thus its favourable influence on studied mechanical properties can be expected in the 
whole temperature range of the test. Under room temperature the difference between these alloys is 12 % 
and under temperature of 300 °C it is even 17 % of tensile strength. From this point of view the influence of 
the inoculator was unambiguously a positive one. A fact that the strength course in the whole temperature 
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interval of stressing is very similar without a conspicuous maximum under low temperatures is interesting 
too. 

Thermal dependence of tensile strength of AJ 62 alloy
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Fig. 6 Tensile strength of AJ 62 alloy 

 

Fracture surfaces of samples after the tensile test were observed with the REM technique. Samples after 
the test under room temperature (Figs. 7 and 8) and under temperature of 250 °C (Figs. 9 and 10) were 
chosen for comparing. At first sight the questions are similar fracture characteristics. A principal difference 
between the inoculated and non-inoculated material cannot be defined from the figures. There is not also a 
considerable difference between test temperatures of 20 °C and 250 °C too from the character of fracture 
surfaces. 

5. CONCLUSION 

The work was devoted to a magnesium alloy with strontium addition (AJ62). Influence of inoculation on its 
thermomechanical properties and structure was observed. It is evident from the experimental part that a 
positive effect of the inoculating addition on studied mechanical properties (tensile strength) was proved. 
The achieved increase was even 17 % under temperature of 300 °C. Further on there is an interesting fact 
that in the whole temperature interval of testing temperatures the achieved tensile strengths are changed 
to a minimum. From this point of view this alloy can be consider a very stable one, i.e. for the use under 
elevated temperatures too. This conclusion is also confirmed by structure of fracture surfaces of studied 
materials where is no conspicuously visible difference between individual samples. This experiment has 
proved the literature data about properties of magnesium alloys with strontium addition under elevated 
temperatures. Works in this field will be continuing and they will be aimed in particular at magnesium 
alloys in combination with rare earth metals. 
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Fig. 7 AJ 62 – non-inoculated alloy - 16°C Fig. 8 AJ 62 – inoculated alloy – 18°C 

  
Fig. 9 AJ 62 – non-inoculated alloy - 250°C Fig. 10 AJ 62 –inoculated alloy – 250°C 
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Abstract 

Structure and properties of magnesium can be modified by addition of solutes as well as by the metal 
working operations. To elucidate the alloying effect on both the deformation and the recrystallization 
mechanism, the present work compares the development of the microstructures of Mg–4Zn and Mg–4Zn–
0.4Ca alloys (in wt.%) processed via two different deformation processes: the uniaxial compression (UC) 
and the equal channel angular pressing (ECAP). The stress-strain curves exhibited the classic evolution with 
the strain rate sensitivity slightly higher for Mg–4Zn than for Mg–4Zn–0.4Ca whereas the absolute value of 
the stress was higher in case of the ternary alloy during two deformation processes. Microstructure analysis 
showed that the hot deformation resulted generally in formation of the bimodal structure composed of 
fine grains of several micrometers and coarse unrecrystallized grains. Moreover, lower strain rates 
condition led to deformation-induced precipitation. The aim of the current work is therefore to better 
describe the effect of the Ca addition into Mg–4Zn alloy on its deformation as well as to reveal the 
mechanism(s) of the recrystallization phenomenon observed in such alloys.  

Keywords: Magnesium alloys, deformation, recrystallization, microstructure 

1. INTRODUCTION 

Advantageous mechanical, physical and chemical properties predetermine magnesium alloys to be 
promising engineering materials [1–4]. These properties can be modified by both the alloying effect and the 
metal working operations. For example, zinc is a common alloying element for magnesium exerting solution 
hardening effect [5]. Moreover, it is supposed that zinc can increase stacking fault energy (SFE) of 
magnesium and thus affects the mechanism of plastic flow [6]. On the other hand, additions of calcium 
induce the grain refinement and usually result in precipitation during solidification and hot processing [7]. It 
is also worth noting that zinc and calcium can be well metabolized since these elements are supplements 
for human body. This fact also makes the system Mg-Zn-Ca very attractive to biomedical applications [2, 8–
10].  

Additional improvement of the properties of magnesium alloys can be attributed to refined grain size as 
well as to the existence of fine precipitates formed by hot deformation and heat treatment [11]. The grain 
refinement in various magnesium alloys can be achieved by dynamic recrystallization (DRX) activated at 
various deformation conditions during torsion, uniaxial compression, tension test or equal channel angular 
pressing [3, 12, 13]. According to the nature of the process, two modes of dynamic recrystallization can be 
generally distinguished, continuous DRX and discontinuous DRX. The continuous DRX represents 
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continuous absorption of dislocations in subgrain (low-angle) boundaries which eventually reset in 
formation of new grains separated by the high-angle boundaries. In discontinuous DRX new grains are 
formed usually by boundary bulging, for example, via strain induced boundary migration [13, 15]. In spite of 
that dynamic recrystallization represents complex processes arising during higher temperature 
deformation. Thus many different effects or mechanisms occurring during DRX are frequently studied such 
as, for example, twinning [3, 6, 14], activation of slip systems [6] or particle-stimulated nucleation (PSN) 
[17]. PSN has been studied in more detail in case of aluminium alloys [18]. Its mechanism consists in the 
rapid sub-boundary migration in the deformation zone characterized by consecutive lattice rotation. Thus 
misorientation gradient is formed around large hard particles during deformation. This results in creation of 
new high-angle grain boundaries (HAGBs). The newly formed grain nucleus may grow to produce a 
recrystallized grain. An important feature of grains nucleated by PSN is that they generally adopt 
orientations which are different from those produced by other recrystallization mechanisms [17]. Moreover 
PSN mechanisms can lead to weaken the deformation texture that is also attractive feature in magnesium 
alloys [17, 19]. An interesting research has been performed by Robson [17] on the influence of precipitates 
on the recrystallization in Mg–Mn alloy. It was based on idea that precipitates either promote or suppress 
the recrystallization depending on their size, spacing and fraction as found in aluminum alloys. In case of 
the Mg–Mn alloy, Robson concluded that precipitates do not represent principal sites for nucleation of the 
new grains during hot deformation. However, this kind of nucleation can be more probable in the Mg-Zn-Ca 
system. 

The present paper is focused on refinement of the microstructure of magnesium alloys by plastic 
deformation, uniaxial compression and equal channel angular pressing. The investigation was focused on 
the relationship between the deformation parameters and the microstructure resulting from dynamic 
recrystallization with respect to the effect of Ca addition into Mg–4Zn alloy.  

2. EXPERIMENTAL DETAILS 

The alloys were prepared from pure Mg (~ 99.99 %), pure Zn (~ 99,96 %) and a Mg10Ca (wt.%) master alloy 
by induction melting (Balzers VSG-02 vacuum furnace) in a carbon crucible under argon atmosphere and 
followed by casting into a steel mould. The composition of the Mg–4Zn and Mg–4Zn–0.4Ca alloys (in wt.%) 
was verified by XRF analysis. 

The ingots were annealed 24 h at 340 °C, quenched into water and machined into billets 
(10 mm ×10 mm × 60 mm) for ECAP (INSTRON 5882) and into cube (10 mm ×10 mm × 10 mm) for 
compression tests (SCHENCK servohydraulic compression machine). The characteristic angles of ECAP die 
were Φ = 90° and Ψ = 45°. The two processes were realized at 240 °C with the final equivalent Von Mises 
strain close to 1 and the process rate of 5 mm/min in case of ECAP, and at three different constant strain 
rates 0.001, 0.03 and 1 s-1 in case of the UC tests. Before experiments, the samples were held at the 
processes temperature for 10 min. After these processes they were quenched into water to freeze 
microstructure for subsequent observation.  

The microstructure was observed by light microscope (Olympus GX51) and scanning electron microscope 
(Jeol JSM-6500F). The samples were mechanically ground, polished and finally etched. The linear intercept 
method was used for measuring of the grain size. 
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3. RESULTS  

3.1. Deformation 

Fig. 1 shows the stress–strain curves of the alloys Mg–4Zn (a) and Mg–4Zn–0.4Ca (b) for uniaxial 
compression deformation at three different strain rates and the temperature equal to 240 °C. The typical 
behaviour of a material undergoing DRX can be seen there: after initial work hardening a peak stress is 
attained and followed by work softening. Moreover, the strain rate dependence of the stress-strain curve 
can be distinguished similarly to other Mg alloys such as AZ31 [20].  

 

a) b) 

 

Fig. 1 Measured stress–strain curves of Mg–4Zn (a) and Mg–4Zn–0.4Ca alloys (b) at 240°C for various strain 
rates 

 

The work softening is more obvious in case of the binary alloy deformed at the higher strain rate. On the 
other hand almost no stress peak is observed for low strain rate.  

Calculated strain rate sensitivity � � � ��� �ln/ln $$�m  is slightly higher for the Mg–4Zn (m = 0.11) than for 

Mg–4Zn–0.4Ca (m = 0.08) whereas the absolute value of the stress was higher in case of ternary alloy 
during both deformation processes.  

3.2. Microstructure 

Before processes of deformation, the as-cast alloys were annealed 24 h at 340 °C to homogenize their 
structures. Besides, large precipitates (with the size of units to tens μm and various shape) with almost 
uniform dispersion were present in case of the ternary alloy. The grain size of these annealed alloys was at 
the level of hundreds μm.  

After the deformation processes both alloys showed similar, highly heterogeneous structures (Fig. 2). A mix 
of fine and coarse grains forms a “necklace structure” where the recrystallized grains are concentrated 
along the original boundaries. Furthermore the deformation led to the extensive twinning and new fine 
grains were created also within the twins (Fig. 2c) as well as within the shear bands which were formed 
more obviously in case of as-ECAP samples (Fig. 2d). Let us mention that the phenomenon of doubled 
twinning [3, 14] was also observed. In some cases voids occurred at edges of the mentioned shear bands or 
the grain triple junctions, and were more significantly induced by the deformation of the binary alloy. 
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Fig. 2 Microstructure evolution of magnesium alloys after hot deformation: (a) Mg–4Zn after UC at the 
strain rate of 10-3 s-1 and its new fine precipitates (b) ; (c) extensive twining after UC of Mg–4Zn–0.4Ca at 

the strain rate of 1s-1; (d) shear bands formed during ECAP of Mg–4Zn–0.4Ca 

 

Moreover, the hot deformation of both alloys led to formation of fine precipitates in course of the DRX. 
These precipitates were present at the grain boundaries and also inside the new grains (Fig. 2b). On the 
other hand, no precipitation was observed inside the remaining initial grains.  

The size of the new grains as well as the volume fraction of DRX was influenced (i) by the type of the 
deformation, (ii) by the change of the strain rate and (iii) by presence of big precipitates before the 
deformation. Average grain size decreased with increasing strain rate and was slightly lower (1–2 μm) in 
case of the ternary alloy. On the other hand, the volume fraction of fine grains was lower in case of the 
binary alloy and of the samples deformed by CT as compared to ECAP. 

The distribution of the precipitates in case of the ternary alloy was more obviously influenced by formation 
of the shear bands during deformation by ECAP in comparison to UC (Fig. 2d). 

4. DISCUSSION 

Microstructure analysis shows that the new grains were formed in the vicinity of the original boundaries. It 
indicates that the imposed strain caused gradual accumulation of dislocations in these regions. As a result, 
continuous bulging of the initial grain boundaries (Fig. 2b) and rearrangement of dislocations accumulated 
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near the grain boundaries by dislocation climb could cause nucleation of the recrystallized grains. Since the 
processing at an intermediate temperature used in this work allows the deformation twinning to occur 
easily, it competes to the non-basal slip [11]. Twin domains possess much higher stored deformation 
energy compared to the matrix and are therefore favourable nucleation sites for DRX [21] (Fig. c). Extensive 
twinning can be also expected as a result of the very large initial grain size (hundreds of μm) [23]. 
Formation of twins was more obvious in samples deformed at higher strain rates than in case of lower ones 
like in the work of Xu on AZ91 [3]. 

As expected, addition of calcium into Mg–4Zn alloy usually results in precipitation. Thus in case of the Mg–
4Zn–0.4Ca alloy, big precipitates are present in the structure. These precipitates can act as obstacles for 
dislocation motion, accumulate the dislocations and create new nucleation sites for DRX. Moreover, growth 
of the twins is limited by presence of big precipitates. Consequently the grains are subjected to high stress 
because the imposed strain cannot be accommodated by them. This high stress state also enables 
nucleation of the new twins within the grains to accommodate applied strain similarly as was mentioned 
above. As a result the absolute value of the stress can be increased in case of the ternary alloy during the 
deformation processes. On the other hand higher amount of sites with high stress state can increase the 
volume fraction of DRX. Other consequence of these obstacles can be found in more acceptable 
distribution of the imposed stress within the sample. Finally, considerably fewer voids can be observed in 
comparison with binary alloy as well as the work softening accompanied by dynamic recovery and dynamic 
recrystallization is more gradual (Fig. 1b). 

Nevertheless, in both binary and ternary Mg alloys the applied deformation processes caused formation of 
fine precipitates (Fig. 2b). The precipitation as the aging process can start within 100 s even at 
temperatures above 200°C in Mg–Ca–Zn alloys [7]. It was supposed in another study on microstructure 
evolution of a Mg–2.4 at.% Zn alloy during extrusion at 210 °C [22] that fine precipitates form before the 
deformation due to preheating of the samples for 30 min. Contrary, fine precipitates were observed 
predominantly in the vicinity of the original grain boundaries, the twin boundaries and within the DRX 
grains. The corresponding BSE images in Fig. 2b reveal clearly the distribution of fine precipitates. The 
mentioned sites possess higher concentration of strain probably due to higher dislocation densities which 
can provide nucleation sites for precipitation. These precipitates act as obstacles for motion of dislocations 
and grain boundaries produced during subsequent deformation and as a result the growth of the new DRX 
grains is limited during hot deformation. The average DRX grain size in case of both alloys is comparable. 
On the other hand the precipitation on the twin boundaries diminishes initially the driving force for 
recrystallization at the same site. Further precipitation induces the pinning forces retarding the twin 
boundary mobility [24]. 

5. CONCLUSION 

The microstructural changes taking place during the hot deformation of Mg–4Zn and Mg–4Zn–0.4Ca 
magnesium alloys were investigated. It was found that the coarse primary grains are gradually replaced by 
the new fine recrystallized grains arranged into the heterogeneous “necklace” structure. The two applied 
processes – UC and ECAP – were accompanied by the extensive twining, formation of shear bands and fine 
precipitation. 

The UC tests were carried out at three different strain rates level which influenced the average DRX grain 
size and the volume fraction of DRX. The high strain rate led to extensive formation of twins, finer 
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recrystallized grains and presence of voids. On the other hand the average size of the recrystallized grains 
in the samples processed by UC at low strain rate was comparable to that found in the samples after 
application of the ECAP. 

The addition of Ca into the binary Mg–4Zn alloy results in formation of big precipitates with various shapes. 
They act as obstacles for dislocation motion, growth of twins and the imposed stress can be accumulated in 
their vicinity. Thus new grains were rarely formed in vicinity of big precipitates. In spite of that, potential 
PSN mechanisms in case of ternary alloy should be more investigated. Based on that, it could be possible to 
find deformation conditions leading to more homogenize the deformation structure of Mg-Zn-Ca. 
Moreover, better identification of the nature of the recrystallization phenomena observed in such alloys 
should be obtained by EBSD analysis which is in progress.  
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Abstract  

The grain boundary misorientation distribution and distribution of coincident site lattice boundaries are 
reported for the case of magnesium-based AZ31 alloy processed by equal-channel angular pressing. The 
experimental data were collected by electron backscatter diffraction. It is shown that the most frequent 
Σ15b and Σ17a coincident site lattice boundaries correspond to twin boundaries. Other frequent coincident 
site lattice boundaries are Σ15a and Σ13a and correspond to the local maximum around 30° on grain 
misorientation distribution.  

Keywords: Equal-channel angular pressing, electron back scattered diffraction, coincident site lattice 

1. INTRODUCTION 

Concept of coincidence site lattice (CSL) is often used for classification of grain boundaries because it allows 
prediction of boundaries, which potentially have special properties. The CSL model is geometrical 
construction consisted of coincidence sites of two superimposed lattices [1]. A grain boundary can be 
characterized by CSL generated from lattices on both sides of boundary. The CSL misorientations are 
characterized by the parameter Σ, which is equal to the ratio of CSL and crystal unit cell volumes. In 
comparison with cubic materials, hexagonal ones have some specifics, e.g. the smallest value of Σ is 7 in 
contrast to 3 in cubic materials, and even Σ values are also possible. The CSL boundaries often have low 
energy [1]. It is also usually accepted that CSL boundaries can improve properties of materials because they 
have better cracking and corrosion resistance [2-4] than random boundaries. In the case of materials with 
hexagonal structure ideal coincidence can only exist for rational values of squared axial ratio (c/a)2, except 
for several misorientations obtained by rotation about < 0001>  axis. The sets of CSL (Σ) are different for 
different axial ratios c/a. In practice, near-CSL configurations are considered for the case of hexagonal 
materials i.e. experimental axis ratio is approximated by close rational value [5]. There is no CSL with low Σ 
and misorientation axis different from < 0001>  for magnesium and its alloys with c/a=1.624. Hence the 
near-CSL boundaries are considered which are generated by lattices with close values of c/a. 

Previously authors reported distribution of CSL boundaries in pure magnesium single crystals processed by 
equal-channel angular pressing (ECAP) [6]. It was suggested that frequent Σ13a and Σ15a boundaries can 
correspond to the typically maximum observed around 30° on grain misorientation distribution. The 
evolution of grain boundary misorientation distribution and CSL boundary distribution during ECAP was 
modeled in paper [7]. The misorientation scheme was proposed which is based on possible interaction of 
dislocations belonging to different slip systems. It produces specific grain misorientations depending on 
relative activity of slip systems. In general the including of misorientation scheme in the visco-plastic self-
consistent model improve the model prediction. However the 30° misorientation maximum containing 
large number of CSL boundaries was not reproduced precisely in [7]. This can be connected with properties 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1199 

of CSL boundaries which were not included in the model. Hence the further study of CSL boundaries and 
their properties can give new information about material behaviour.  

The aim of the present work is to report grain boundary misorientation distribution and distribution of CSL 
boundaries in Mg-based AZ31 alloy processed by ECAP. The frequency of CSL boundaries is discussed. 
Deviations from CSL are analyzed for the most frequent CSL boundaries which allows to elucidate their 
prospective special properties. 

2. METHODS AND MATERIALS 

2.1. Experimental 

AZ31 alloy with nominal composition Mg-3wt%Al-1wt%Zn was used for our research. Billets with 
dimensions 10 x 10 x 70 mm were machined from as-rolled plate. The ECAP die with inner angle of Φ=90° 
and outer anle Ψ=45° was used. The billets were processed by two ECAP passes at 200°C using route A. The 
route A does not include rotations about longitudinal axis of the sample. The billets were inserted into pre-
heated die and exposed during 3 min in the die before extrusion. The electron backscatter diffraction 
(EBSD) data was collected by Dual-Beam microscope FEI Quanta 3D FEG. The TSL 5.3 OIM analysis software 
was used in order to extract data about grain boundary misorientations. Additional analyses were 
performed in order to obtain CSL boundary frequency and distribution of boundaries near to CSL 
configurations.  

2.2. Methods of analysis  

 Tab. 1. CSL and near-CSL misorientations for AZ31 (c/a=1.624) 
� axis angle c/a 
1 any 0 any 
7 21.79 any 
9 56.25 1.620 
10 78.46 1.633 
11 62.96 1.633 
13a 27.8 any 
13b 85.59 1.620 
14 44.42 1.633 
15a 29.93 1.620 
15b 86.18 1.620 
17a 86.63 1.633 
17b 49.68 1.620 
17c 49.68 1.604 
18a 63.62 1.613 
18b 70.53 1.633 
19 13.70 any 
21 73.40 1.620 
23a 55.80 1.643 
23b 34.30 1.604 
23c 77.44 1.620 
23d 34.30 1.620 
25a 63.90 1.620 
25b 23.07 1.633 
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The list of CSL and near-CSL boundaries for AZ31 alloy is presented in Tab. 1. Procedure described in [4] is 
used to obtain frequency of CSL boundaries from experimental data. Due to symmetry each grain boundary 
misorientation can be described by a set of different axis/angle pairs. In order to avoid ambiguity the only 
pair of the smallest possible misorientation angle and corresponding axis lying in the main crystallographic 
triangle is considered. Brandon criterion is used to define possible deviation Δθ from CSL configuration [8]: 

oΔθ <15 Σ                                                (1) 

For each Σ there is distribution of grain boundaries, which satisfy Brandon criterion (1). These boundaries 
are slightly inclined from CSL or near-CSL configuration listed in Tab. 1. It is interesting to study distribution 
of Δθ for each Σ. One can expect that this distribution is not uniform if considered CSL boundary has special 
properties. The maximum has to be observed for small Δθ angles if trend exists to set boundary in the exact 
CSL configuration, for instance due to its low energy. It is necessary to know the random distribution in 
order to compare it with experimental data. The random distribution around CSL configuration can be 
found in a similar way as it was done for random misorientation angle distributions [9]. The brief 
description of the approach is following. It is convenient to perform the analysis in Rodrigues space. In this 
space rotations are presented by Rodrigues vectors r: 

= tan( / 2)r n ω                                                (2) 

where n is rotation axis and ω is rotation angle. The important properties of Rodrigues space is that all 
points that are at the same angular distance from r as from identity rotation 0 lie on two planes 
perpendicular to r at the distances from 0 equal to tg(ω/4) and cotg(ω/4). For objects with symmetry each 
orientation is represented by a set of symmetrically equivalent points. A polyhedron filled with points that 
are closer to 0 than to any other point symmetrically equivalent to 0 is called the fundamental zone. If 
misorientation distribution is uniform, the number of misorientations with angle ω is proportional to the 
area part of sphere with radius tan(ω /2) inside fundamental zone.  

In the case if the CSL structure is taken as reference misorientation, the fundamental zone can be 
constructed by consideration of rotations rΣ, which correspond to rotation matrix (SiMΣSj

-1)MΣ
1, where Si is 

matrix of symmetry operation, MΣ is rotation matrix for CSL configuration. In this stage it is better to use 
matrix representation for calculation of rΣ in order to avoid uncertainty. It is due to the fact that some of Si 
represent 180 degrees rotations and it is presented in Rodrigues space by vector of infinite length.  

3. RESULTS AND DISCUSSION 

The diagram on Fig. 1 shows misorientation angle distribution for AZ31 alloy after two ECAP passes at 200°. 
The distribution has three maxima. The first one corresponds to low angle grain boundaries with 
misorientations up to 5°, the second maximum is observed at misorientations about 30° and the third 

maximum occurs at misorientations about 85°. The main contribution to the last maximum is from {1012}  
twin boundaries with misorientation 86˚ about <1210 >  axis (see Tab. 1). 

CSL boundary distribution is shown in Fig2(a). The most frequent Σ15b and Σ17a correspond to {1012}twin 

boundaries. These CSL are close to the twinning configuration and are misoriented ~0.45˚ relative to each 
other. Both are produced by lattices with different c/a ratio, close to that c/a=1.624 of magnesium. The 
next frequent CSL boundaries are Σ15a, Σ13a, Σ13b, Σ7 and Σ18b. In contrast to the previously reported 
case of Mg single crystals [6,7] the portion of Σ15a boundaries are larger than Σ13a boundaries. Both Σ15a 
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and Σ13a correspond to the 30˚ maximum in the misorientation angle distribution and they remarkably 
contribute to this maximum. The Σ13b boundaries lie inside 85˚ maximum together with twin boundaries. 
Relatively high frequency of Σ18b boundaries can be explained if one supposes that they occur from 
deformed twin boundaries. The twin boundaries always contain large number of defects after course of 
intensive deformation through ECAP. It can be concluded from EBSD, which show that twin boundaries are 
not straight-line. Therefore they are often inclined from their ideal orientation. Consequently some of twin 
boundaries can have relatively large inclination and reach the Σ18b configuration. The frequency of Σ7 
boundary is noticeably smaller in polycrystalline AZ31 than in magnesium single crystals.  
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Fig. 1 Misorientation angle distribution in AZ31 alloy after 2 ECAP passes at 200˚C 

 
Fig. 2 (a) Number fraction of CSL bounaries in AZ31 alloy after 2 ECAP passes at 200˚C. The distribution of 

boundaries inclined from CSL by angle Δθ, which satisfied Brandon criterion. The red and black lines 
represent uniform random distribution and experimental distribution, respectively for (b) Σ13a (b), (c) Σ15 

and (d) Σ17a. The curves are normalized in a way that area under curve is equal to 1 

The CSL boundaries often have special properties (e.g. low energy) in comparison with random boundaries. 
In this case it can be expected that smaller deviation from exact CSL configuration are more probable than 
higher ones. The Figs. 2(b-d) shows normalized frequency of grain boundary occurrence versus inclination 
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angle Δθ from CSL configuration for several CSL boundaries. The value of Δθ = 0 corresponds to the exact 
CSL configuration. Red curves show the random distribution of inclinations and the black curves correspond 
to the experimental data. The data are normalized in such a way that area under curves is equal to 1. The 
trend to reorient boundaries to the CSL position is observed for Σ15a and Σ17a boundaries because 
experimental curves lie higher than theoretical random curves at small Δθ for these CSL. However the 
experimental curve practically coincides with curve for random distribution at small Δθ angles in the case of 
Σ13a boundary. The maximum of black curve is observed at Δθ = 2.2° in Fig. 2b. It means that preferable 
misorientation angle of Σ13a boundaries is different from 27.8°. This is unexpected result because Σ13a has 
< 0001>misorientation axis and hence belong to the true CSL boundary with coincidence independent on 
c/a ratio of lattice.  

4. CONCLUSIONS 

The analysis of CSL boundary frequency was performed for AZ31 magnesium alloy processed by ECAP at 
200°C by two passes. It was found that the most frequent CSL are Σ15b and Σ17a twin boundaries followed 
by Σ15a, Σ13a, Σ13b, Σ7 and Σ18b boundaries. The frequency of Σ7 and Σ13a boundaries is lower in 
comparison with the previously reported case of magnesium single crystals. Frequencies of the Σ17a and 
Σ15a boundaries are increased with decreasing deviation angle Δθ from exact CSL configuration. However 
Σ13a has distribution close to the random one without preference of small Δθ angles. 
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Abstract 

In this work, several as-cast Mg-based alloys were hydrided by the direct electrochemical method. 
Hydrogen charging was performed in 6 M KOH solution at 80 °C for 480 min. The structures and phase 
compositions of both as cast and hydrided alloys were investigated by optical and scanning electron 
microscopy and by X-ray diffraction. Maximum hydrogen concentration and total mass of absorbed 
hydrogen in the alloy were measured by glow discharge spectrometry. The influence of microstructure and 
alloying metals on ability of magnesium alloys to absorb hydrogen were evaluated. It was determined that 
the maximum hydrogen concentration (1.6 wt. %) was achieved by the Mg-26Ni alloy and the highest total 
amount of hydrogen was absorbed by the Mg-24Ni-5Mm. The only hydriding product was the binary MgH2 
hydride for all hydrided alloys. 

Keywords: hydrogen storage, magnesium, nickel, electrochemical hydriding 

1. INTRODUCTION  

Hydrogen is considered to be a promising energy carrier especially for mobile applications. Simultaneously, 
hydrogen can serve as an agent for storage the energy, which comes from renewable sources. The main 
limitation for hydrogen exploitation as a common energy carrier represents its safe, simply and cost-
effective method of its storage. 

Storing hydrogen in the form of metallic hydrides seems to be promising due to the advantageous 
properties such as stability, safeness and easy handling. Magnesium-based hydrides have been taken great 
efforts in last two decades because magnesium is light, relatively inexpensive and capable to absorb up to 
7.6 wt.% of hydrogen in the form of MgH2. However, pure magnesium suffers from poor thermodynamics 
and slow kinetics of both hydrogenation and dehydrogenation. MgH2 desorbs hydrogen very slowly if the 
temperature is below 573 K [1]. After the hydride layer is formed, MgH2 prevents further diffusion of 
hydrogen into the material. Therefore the formation of MgH2 is practically impossible in the bulk of pure 
magnesium [2]. Many efforts have been made to improve the hydrogenation characteristics of magnesium, 
including alloying with appropriate elements (Ni, Co, Al, Cu, La, Ce, Nd) [3-6], addition of transition metals 
oxides [7], mechanical alloying (MA) [8], preparing fine nanocrystalline or amorphous structure [9] and 
others. 

Preparing hydrides by reaction of Mg-based alloy with gaseous hydrogen is the most common method [10]. 
However this method often requires elevated temperatures and high pressures of pure hydrogen. In 
addition the ball milling of Mg-based alloys is widely employed process to obtain better hydriding 
characteristics [11] Therefore the synthesis of hydrides from metallic powder is expensive and dangerous. 

In this work we present alternative method of synthesis of hydrides - electrochemical hydriding. This 
method does not need any gaseous hydrogen and does not require high temperatures. The principle of 
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electrochemical hydriding is electrolysis of a water solution, where the magnesium alloy serves as a 
cathode. In this case the atomic hydrogen directly enters the structure and could generate hydrides. Our 
study focuses on the influence of doping Mg by Ni and rare-earth metals (RE) on ability to absorb hydrogen. 

2. EXPERIMENT 

In this work, several binary and ternary Mg-Ni-Mm-based alloys (Mm = mishmetal containing 45 % Ce, 38 % 
La, 12 % Nd and 4 % Pr), see Tab. 1, were investigated. The alloys were prepared by melting in a vacuum 
induction furnace under argon protective atmosphere. Cylindrical ingots of alloys of 100 mm in length and 
30 mm in diameter were prepared by pouring the melt into a brass mould. The ingots were cut to thin 
samples of 0.5 mm in thickness. Surface of samples was treated by grinding on P180-P2500 abrasive papers 
before electrochemical hydriding tests. Pre-treated samples were immediately put in electrochemically 
hydrididing cell. 

 Tab. 1 Chemical composition of hydrided magnesium alloys 

Alloy 
Element 

Alloy 
Element 

Ni Ni Mm 
wt. % at. % wt. % at. % wt. % at. % 

Mg-15Ni 14.8 6.7 Mg-11Ni-6Mm 10.9 5.1 6.4 1.3 
Mg-26Ni 26.4 12.9 Mg-24Ni-5Mm 24.0 12.2 5.4 1.2 
Mg-34Ni 34.2 17.7 Mg-31Ni-5Mm 31.4 16.8 5.0 1.1 

Samples of alloys for electrochemical hydriding were connected to a DC source as a cathode. The platinum 
electrod was placed opposite to the hydriding side of sample and used as anode. Electrochemical hydriding 
was carried out in 6 mol/l KOH solution at 80 °C. The current density was maintained at 100 A/m2. 
Hydriding time was 480 min. 

Hydrogen concentration profile in hydrided alloys was determined by glow discharge spectrometer (GD 
Profiler 2). Due to the fact that hydriding was performed in a strongly alkaline bath, formation of 
magnesium hydroxide and/or complex hydroxide surface layers could be expected. In order to minimize the 
influence of such layers on results of hydrogen profile analysis, oxygen was also analyzed to determine the 
exact position of hydroxide/metal interface. The GDS analyzer was calibrated with respect to MgH2. 
Sputtering rate was determined by measurement of surface profile after analysis. 

Structure and phase composition of the as-cast and hydrided alloys were studied by the light microscope 
(Olympus PME-3), the scanning electron microscope (Tescan Vega 3) equipped by EDS analyzer (Oxford 
Instruments) and X-ray diffraction analyzer (XRD, X´Pert Pro). 

3. RESULTS AND DISCUSSION 

3.1. Structures of alloys 

Light micrographs of investigated alloys are illustrated in Fig. 1. The Mg-15Ni alloy (Fig. 1a) has a 
hypoeutectic composition and its microstructure is thus dominated by 3-Mg dendrites (light) and 3-
Mg+Mg2Ni eutectic (dark). Since the eutectic point of Mg-Ni alloys corresponds to the presence of 23.5 
wt.% Ni, the structure of Mg-26Ni alloy (Fig. 1b) approaches the eutectic point, therefore, its structure is 
dominated by very fine 3-Mg + Mg2Ni eutectic mixture. In contrast, the structure of the hypereutectic Mg-
34Ni alloy (Fig. 1c) contains the 3-Mg+Mg2Ni eutectic mixture (dark) and sharp-edged Mg2Ni crystals (light). 
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The Mg-11Ni-6Mm alloy (Fig. 1d) consists of the primary 3-Mg dendrites (light) and a ternary 3-Mg + Mg2Ni 
+ Mg12Mm eutectic mixture. The Mg12Mm phase means a solid solution of isostructural Mg12La and Mg12Ce 
phases. The Mg-24Ni-5Mm alloy (Fig. 1e) is dominated by the 3-Mg + Mg2Ni + Mg12Mm eutectic mixture. 
The Mg-31Ni-5Mm alloy (Fig. 1f) has a hypereutectic structure, similar to Mg-34Ni alloy and is dominated 
by 3-Mg + Mg2Ni + Mg12Mm eutectic mixture and also the primary Mg2Ni phase. 

 

  

  

  

Fig. 1 Microstructure of investigated alloys (light microscope) a) Mg-15Ni, b) Mg-26Ni, c) Mg-34Ni, d) Mg-
11Ni-Mm6, e) Mg-24Ni-Mm5, f) Mg-31Ni-Mm5 
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It is observed that in all investigated binary and ternary alloys, there are relatively significant volume 
fractions of eutectic structures. These structures are very fine. It means there is a high area of phase 
boundaries which represent efficient paths for hydrogen diffusion in materials. 

3.2. Hydrogen concentration 

 After GDS hydrogen analysis 
we obtain hydrogen profile for 
each alloy. In each profile, it 
can be determined the 
maximum hydrogen surface 
concentrations and the 
hydrogen penetration depths. 
From the profiles, it can be 
calculated the total mass of 
absorbed hydrogen, which is 
dependent on a course of 
hydrogen profile. Fig. 2 shows 
two hydriding parameters 
(maximum hydrogen surface 
concentrations; total mass of 
absorbed hydrogen) for each 
alloy. Values of the total mass 
of absorbed hydrogen are seemingly small, but it should be taken into account that hydrided volumes are 
very small. 

The chain lines in Fig. 2 separate couple of alloys containing nearly the same amount of Mg in at.%. In other 
words the sum of Ni and Mm content (at.%) is very similar (see Tab. 1). Also each couple shows similar 
structure within the meaning of eutectic mixture content (Fig. 1). The maximum values of the hydriding 
parameters are obtained for the Mg-26Ni and Mg-24Ni-5Mm alloys in the case of the maximum hydrogen 
surface concentration (1.6 wt.%) and the total mass of absorbed hydrogen (155 �g) respectively. This 
couple of alloys shows fine eutectic structure (Fig. 1b, e). When either primary 3-Mg or primary Mg2Ni form 
in the structure (Fig. 1), all the hydriding parameters decrease. 

When we compare each couple of the alloys (Fig. 2), the influence of Ni and Mm on hydriding parameters 
could be easily obtained. The maximum hydrogen surface concentration is higher or the same for binary 
Mg-Ni alloy than for ternary Mg-Ni-Mm alloy in the case of each couple. So the presence of Ni maximizes 
the hydrogen surface concentration while the adding of Mm decreases this hydriding parameter evidently. 
The presence of Mm positively influences the shape of hydrogen profile which results in the total mass of 
absorbed hydrogen. It means that the hydrogen concentration gradient for Mm containing alloys is smaller 
inward the hydrided bulk material than for binary Mg-Ni alloys. Mm probably support inward hydrogen 
diffusion, however doesn’t participate in formation of hydrides (lower maximum surface concentration). 

3.3. Phase composition after hydriding 

After electrochemical hydriding of investigated alloys the XRD analyses were carried out. In Fig. 3, there is 
XRD patterns of the Mg-26Ni alloy after electrochemical hydriding. Fig. 3 shows that the main hydriding 

Fig. 2 Parameters of hydriding efficiency for investigated alloys - 
maximum hydrogen concentration and total mass of absorbed 

hydrogen 
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product of this alloy is the MgH2 binary hydride. The MgH2 hydride is also detected in all other investigated 
alloys. It is surprising that no ternary or more complex hydrides, such as MmH3, Mg2MmNiH7, Mg2NiH4 and 
other which are often detected after hydriding in gaseous hydrogen at high temperatures and pressures, 
were found. This phenomenon could be explained by following hydriding mechanism: When atomic 
hydrogen is produced by electrochemical decomposition of water, it enters the cathode. Then hydrogen 
reacts with Mg phase to produce a layer of MgH2. Such a layer would prevent hydrogen from further 
diffusion into cathode material. For this reason, it is likely that hydrogen also diffuses along interphase 
boundaries in the eutectic. Since Mg2Ni phase works as a catalyst and as a medium for fast exchange of 
hydrogen and dominates in the eutectic, presence of eutectic playing key role in to achieving deep 
penetration of hydrogen into the material and high hydrogen gravimetric densities. Since both Mg2Ni and 
Mg2NiHx have hexagonal crystal lattice, these phases are not distinguishable in the XRD patterns in Fig. 3. 
Reaction of diffused hydrogen in the eutectic with surrounding Mg to form MgH2 represents the final step 
of proposed hydriding mechanism. 

 

Fig. 3 XRD patterns for the Mg-26Ni alloy after electrochemical hydriding 

CONCLUSIONS 

The results of this work show that electrochemical hydriding of Mg-based alloys is a promising approach to 
simply hydrogen storage. Hydriding is supported by the presence of both a fine eutectic structure 
composed of 3-Mg and an intermetallic phase rich in elements having a catalytic effect on hydriding (Ni, 
RE). The highest hydrogen surface concentration was observed for the binary Mg-26Ni alloy with a purely 
eutectic structure. However the highest total mass of absorbed hydrogen was achieved by the ternary Mg-
24Ni-5Mm. The presence of Mm probably accelerates the inward diffusion of hydrogen. In contrast to high-
temperature and high-pressure hydriding processes, the only hydride formed during electrochemical 
hydriding was MgH2. The maximum hydrogen concentration of 1.6 wt.% reached in this study is lower than 
is common in literature, but it should be taken into account that the studied alloys were in the as-cast 
state. Therefore further studies will be devoted to increase the electrochemical hydriding performance. 
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Abstract  

Porous metals and metallic foams are metallic materials containing pores in their structure that are 
intentionally created. Their specific structure then gives them a very advantageous combination of physical 
and mechanical properties, such as low density and high rigidity along with high capability of absorption of 
impact energy. The research work carried out at the Department of Foundry Engineering of the VSB –
Technical University aims to study a technique of producing porous metals by simple and cost effective 
methods for achieving porous structures using conventional principles of gravity casting in sand moulds. 
Given the specific character of the cast product, the production process, while derived from conventional 
founding presupposed mastery of certain specific conditions to guarantee reproducible results. We 
mention in particular: the precursor composition, temperature of the alloy, thermal properties of the 
mould, thermal properties of the precursors, filling mode, simulation of filling and solidification of cellular 
part. First results summarizes casting technology verification and mechanical properties obtained. 
Mastering of production of metallic foams with defined structure and properties using gravity casting into 
sand or metallic foundry moulds will contribute to an expansion of the assortment produced in foundries 
by completely new type of material, which has unique service properties thanks to its structure, and which 
fulfils the current ecological requirements.  

Keywords: Porous metals, cellular metals, metal foams, manufacture, casting methods 

1. INTRODUCTION 

The appropriate way to reduce the weight of manufactured parts without adversely affecting their strength 
is the use of porous metallic materials with different internal arrangement of intentionally created cavities. 
Inspiration could be natural materials that are already well proven for thousands of years - organic porous 
building materials (wood, bone, coral, etc.) capable of transmitting high mechanical stresses at a low 
weight. 

The term cellular metal is a general term describing a material in which any kind of gaseous voids are 
dispersed, in the porous metal pores are usually round, while the terms of foam metal or metal foam are 
used for porous metal produced by foaming of the melt, in which the pores are not interconnected 
("structure with closed pores"). In addition, we have the term metal sponge, which is used for highly porous 
materials, in which pores are connected in a complicated manner and the structure can not be divided into 
individual cavities ("structure with open pores") [1]. The term metallic foam is, however, very often used as 
a general designation of porous material even in professional literature. 
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2. MANUFACTURING METHODS OF CELLULAR METALS 

Since the discovery of porous metallic materials numerous methods of production have been developed. 
Some technologies are similar to those for polymer foaming, others are developed with regard to the 
characteristic properties of metallic materials, such as their ability to sintering or the fact that they can be 
deposited electrolytically. 

According to the state, in which the metal is processed, the manufacturing processes can be divided into 
four groups. Porous metallic materials can be made from [2]: 

• liquid metal (eg. direct foaming with gas, blowing agents, powder compact melting, casting, spray 
forming) 

• powdered metal (eg. sintering of powders, fibres or hollow spheres, extrusion of polymer/metal 
mixtures, reaction sintering )  

• metal vapours (vapour deposition) 

• metal ions (electrochemical deposition) 

Porosity may achieve 30 % to 93 % depending on the method of production and material used. By changing 
the process parameters it is possible to obtain porous structure with various sizes and shapes of pores and 
with different types of arrangement (regular or stochastic). 

2.1. Properties and applications of cellular metals 

Specific structure of the cellular metals gives them a very advantageous combination of physical and 
mechanical properties, and possibilities of application: 

• reduction of weight: porous metals themselves are lightweight and when connected with thin ribs, 
they can achieve the same values of mechanical strength as it is required for conventional heavy 
structures 

• absorption of energy, the most promising feature: it uses the ability of this type of material to 
deform under a constant and relatively low stress, and thus to absorb in the relatively small volume 
large amounts of energy. This property can be used in transport, especially in personal vehicles for 
protection of the interior in the case of car crash [3]). 

• absorption of sound and vibrations: - substitute of organic foam materials in an environment with 
extreme thermal and mechanical stress; 

• thermal insulation: metallic porous materials retain high mechanical properties even at high 
temperatures and even when exposed to flames they do not release any organic vapours; 

• protection against explosions and impacts: both for non-military and military purposes:  

• exchange of heat or electricity: metallic porous materials with open structure have very large specific 
surface area, which gives them better exchange capabilities.  

• medicine, which uses porous metals for bone and dental implants - (titanium metallic foams), the 
structure of which is closer to the structure of human bone, and titanium is well tolerated by the 
organism. 

Despite the uniqueness of properties and wide range of possibilities of use, the examples of practical 
permanent applications are not large. Nickel foam materials are serially manufactured and used as 
electrodes in rechargeable batteries for portable devices (mobile phones, laptops), titanium foams are used 
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as implants. At present, the most explored porous metal materials are aluminum foams, which can be 
documented by the development of prototypes as well as practical applications (small series for AUDI, 
LAMBORGHINI crash zones).The reasons of a still limited use of cellular metals are primarily economic. 
That’s why the current interest (as reflected by a growing number of new published studies and possibilities 
of industrial applications [4,5,6,7] is focused mainly on the development of technologies enabling 
production of foam materials at the costs, which would allow their widespread use.  

3. EXPERIMENTAL APPROACH 

The research work carried out at the Department of Foundry Engineering of the VSB –Technical University 
aims to study a technique of porous metals manufacturing by simple and cost effective methods for 
achieving porous metallic structures using conventional principles of gravity casting in sand moulds. 
Production of metallic foams using conventional gravity casting into foundry moulds presupposes cost-
efficient process than other still known technologies such as powder metallurgy, metal evaporation and 
ionization. In the Czech Republic cast metallic foams are not yet produced. 

The subject of the performed research was testing infiltration techniques to manufacture metal foams with 
different cellular structure. Infiltration techniques are based on infiltration of liquid metal between various 
filler materials (called preform or precursor) placed in the mold. The preform must satisfy a certain number 
of criteria. In particular it must not contain disconnected island of material so that could be completely 
eliminated from solidified metal. It must be made of a material that retains its shape during liquid metal 
infiltration (sufficient strength, low abrasion) and could be destroyed after casting to leave the porosities. 

Preform/core manufacturing 

Regular cellular structure can be achieved using different types of preforms which fill the mold cavity. Using 
preform like a core not filling the whole mould cavity can enable to manufacture a casting with solid 
surface layer and internal porous structure. 

Core box manufacturing  

For the manufacturing of sand preform/core it was necessary to prepare a core box. Due to the complex 
lattice shape of the core, a sectional core box was designed consisting of five-part, which allowed an easy 
removal of the core. 

  

Fig. 1 3-D model of the core box designed with 
use of the program ProEngineer [8] 

Fig. 2 Core box made of ABS [8] 

The core box (Fig. 1) was designed with use of the program ProEngineer. Fused Deposition Modelling 
technology, (which is one of technologies of Rapid Prototyping and 3D printing, enabling very rapid 
manufacture of physical model or of final product on the basis of computer data) was used for core box 
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manufacturing. The model is constructed by adding layer after layer of thermoplastic acrylonitrile-
butadiene-styrene (ABS). This material - thanks to its properties makes possible to use the models as 
functional prototypes, mould making patterns and direct production (the so-called Direct Digital 
Manufacturing). 

The core box prepared in this manner (Fig. 2) can be used for manufacturing of preforms/cores from 
appropriately selected sand mixtures. 

Material used for preform/core manufacturing was CO2 hardened alkaline phenolic process. The resin is an 
alkaline phenolic one, containing a linking substance stabilised at a high pH, approximately 14. Curing 
occurs by gassing with carbon dioxide, which dissolves in the water solvent of the resin, so lowering its pH 
and activating the linking substance. 

Moulding mixture composition 

100 w.p. silica sand GRUDZEN LAS 22, 2-3 % alkaline phenolic resin Novanol 145 (ASHLAND SÜDCHEMIE-
CZ), Curing time 60, 90 s. 

Sand testing included: shear strength [MPa], friability [%] – mesured immediately after carbon dioxide 
curing and then in the time interval 120 hours for the storage ability assessments. Determining of shear 
strength values after heating in the temperature interval 300-600 °C express the collapsibility of the given 
moulding mixture. Tests were carried out to asses its optimal composition. The data collected for each test 
are based on an average of three samples.  

4. RESULTS AND THEIR DISCUSSION  

Primary shear strength of the moulding mixture containing 2 % of resin Novanol 145, was overmuch low to 
enabling essential handling operation, that is why subsequent tests were interrupted and measurements 
were carried out only on the mixture containing 3 % of Novanol resin and different curing time (Tab. 1). 

Tab.1 Mechanical properties of the mixture containing 3% of Novanol resin, curing time 60s,90s 

hour 

mixture 1 - 60s mixture 2 - 90s 

shear strenght 
[MPa] 

friability [%] 
shear strenght 

[MPa] 
friability [%] 

1 0,48 21,43 0,58 19,10 
8 0,78 13,22 0,51 13,94 

72 0,76 18,22 1,03 11,59 
96 0,71 18,30 1,00 11,68 

120 0,62 20,86 0,77 12,95 

 

As it shown on the Fig. 3 and Fig. 4 below mixture carbon dioxide cured for 90s has better strength 
properties and lower tendency to erosion expressed by friability. Preform can be stored for 5 days without 
deterioration in quality. The collapsibility of both mixtures is comparable. 

Preform/core was then manufactured from assessed moulding mixture (3% Novanol resin, curing time 90s) 
using conventional core making techniques (i.e. moulding mixture compaction in the prepared core box 
and CO2 curing). The special attachment to the supply of CO2 (made by using the Fused Deposition 
Modelling technology) allowed the more uniform curing of the whole preform/core volume and thus also 
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better mechanical properties of the preform/core. The preform so produced was completed and placed in a 
mould cavity. Mould was made from commonly used green sand (i.e. bentonite bonded moulding mixture).  
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Fig. 3 Shear strength profile for curing time 60 and 90s 
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Fig. 4 Friability profile for curing time 60 and 90s 

Materials used for casting was AlSi10MgMn alloy (pouring temperature 710 °C) and cast iron with lamellar 
graphite according to EN GJL-200 (pouring temperature 1320 °C). 

After casting the heat from the metal gradually destroys the resin of the sand, making destruction of the 
preform easy in case of cast iron. Al alloys with a lower pouring temperature require once a short annealing 
for easier elimination of preform from porosities. 

5. CONCLUSION 

Performed experiments have demonstrated the possibility of manufacturing casting with both regular 
cellular structure and solid skin in a single casting operation using infiltraton techniqe. The optimal 
composition of the sand mixture for preform/core manufacturing was determined on the basis of 
attempted tests. The selected mixture has a sufficient strength and abrasion resistance enabling handling 
operation. Ralatively good collapsibility allow to destroy it after casting (or additional annealing).  
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Mastering of production of metallic foams with defined structure and properties using gravity casting into 
sand foundry moulds will contribute to an expansion of the assortment produced in foundries by 
completely new type of material, which has unique service properties thanks to its structure, and which 
fulfils the current demanding ecological requirements. Manufacture of foams with the aid of gravity casting 
in conventional foundry moulds is a cost advantage process which can be industrially used in foundries 
without high investment demands. Metal foams are progressive materials with continuously expanding 
use. In the Czech Republic cast metallic foams are not yet produced. 

 

 
 

Fig. 5 Casting with regular cellular structure and 
solid casting skin 

Fig. 6 Cut casting prepared to pressure tests 
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Abstract 

Castings of heat-resistant nickel alloys are almost exclusively cast into ceramic shell moulds in vacuum 
furnaces. Individual castings are arranged into casting clusters on a common sprue, which usually has the 
function of a riser. Solidification must proceed as directional solidification from the end of castings towards 
the sprue. Directional solidification is achieved by appropriate cluster design or by locally influencing the 
intensity of cooling, most frequently by heat insulation. The design of the cluster and insulation is made 
empirically and adapted on the basis of the results obtained for test castings. 

Keywords: Nickel alloys, numerical simulation, temperature field, casting structure 

1. INTRODUCTION 

 The heat conditions while pouring/casting 
into shell moulds are very specific and they 
differ fundamentally from casting into 
bulky moulds. Since the metal is poured 
almost exclusively into moulds with a 
temperature of 1050-1150 °C, then at a 
pouring temperature of 1450-1500 °C of 
the metal the heat capacity of the mould is 
a less significant component of the 
crystallization heat being removed, and the 
effect of heat removal from the shell via 
radiation is more prominent.  

In thin-walled castings a major part of crystallization heat is absorbed by accumulation in the shell walls, 
and the solidification process depends, in particular, on the heat capacity of and temperature distribution 
in the shell during pouring. The effect of radiation on the crystallization process shows, above all, in thick-
walled castings after the shell becomes heated throughout the whole thickness. During the stay of the shell 
in the vacuum furnace, heat is being removed into the surrounding environment practically only by 
radiation. In thick-walled castings at the time air is being admitted into the chamber a major part of the 
metal is still in liquid state. After air admission, cooling via conduction into ambient atmosphere and via 
natural, sometimes also forced, air circulation takes place. In any case, the intensity of cooling subsequent 
to air admission increases considerably [1]. Overall or local insulation, for which Sibral wool is usually used, 
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Fig. 1: Heat transfer from the shell mould: a) without 
insulation, b) with insulation 
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reduces the heat losses in the insulated parts of the shell compared to the non-insulated parts, in that it 
reduces the radiation intensity during the transport of the shell in conditions of contact with the 
atmosphere, as well as losses due to conduction and convection. Due to the reduction in cooling intensity 
the solidification time gets longer and the directionality of solidification can be markedly affected.  

The time of local solidification is closely connected with the dispersivity of metal structure. In places with 
longer solidification times a coarser grain structure usually appears. Controlling the intensity of 
solidification in the course of crystallization manifests itself, in addition to solidification directionality, also 
by changes in alloy dispersivity. In addition to the purity and homogeneity of castings the customer in many 
cases strictly requires also a definite structure morphology. Overall or local control of the speed of 
solidification is in practice chosen almost always empirically. 

From the above it is obvious how significant it is in the course of pouring/casting alloys into shell moulds to 
predict the solidification process via exact procedures. Practically the only applicable method is in this case 
numerical simulation. The application of simulation calculations concerns two relatively independent areas, 
namely: 

• numerical simulation of temperature fields, 

• numerical simulation of structure. 

To simulate temperature fields it is necessary to know the thermal-physical properties of the metal, the 
shell, possibly also the insulation, as well as the boundary conditions. The boundary conditions include, in 
particular, the initial temperature parameters of the system, the coefficients of the heat transfer between 
individual layers, and the heat transfer from the shell into the surrounding environment. A database of 
thermo-physical properties and software programs for the solution of heat transfer can be used in the 
calculation. There is still only insufficient experience of solving the two processes and any basic data for 
numerical solution are lacking. Existing data from databases are unreliable. Heat transfer parameters have 
in part been solved exactly as well as empirically by the present authors for engine cylinder castings [2-4]. 
The results have been made use of when solving the crystallization of combustion turbine blades in the PBS 
foundry in Velka Bites.  

2. CRYSTALLIZATION OF TURBINE BLADE CASTINGS 

Ni-alloy castings of combustion turbine blades of different sizes are 
manufactured in the PBS foundry in Velká Bíteš in large series. The 
customers strictly require high internal homogeneity and prescribed 
structure dispersivity. There are always several castings on a cluster, 
placed centrally on the sprue system. Self-supporting shells are 
made of molochite ceramic. Prior to pouring, they are annealed to 
temperatures of 1050 - 1150 ºC, transported to a two-chamber 
vacuum furnace, and filled usually within 2 – 3 minutes. To control 
the temperature field, either overall or local heat insulation in the 
form of fibrous fabric is used. Immediately after pouring, the shell is 
moved to the lower chamber, where air is then admitted, and the 
solidification is terminated in atmospheric conditions. The shell inlet 
is covered with exothermic mixture. Fig. 2 shows a typical solution of 
a cluster with 4 blade positions, as usually used  

Fig. 2: Schematic diagram of 
cluster with blade castings 
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 The alloy that is cast is Inconel 713LC, the shell 
is of molochite, formed by 8 investments (wall 
thickness ca 10 mm). The pouring temperature 
of the metal is 1460 ºC, the annealing 
temperature of the shell is 1100 ºC. The time 
of air admission is 10 - 20 s after pouring. The 
clusters were made in two variants of 
insulation (see Fig. 3): 

• insulation of distribution ring, Sibral 
insulation fabric, thickness 13 mm  

• insulation of upper half of the blade, 
Sibral fabric, thickness 6.5 mm plus Sibral insulation of distribution ring, thickness 13 mm 

 

The temperature waveforms were obtained experimentally and 
then via numerical simulation. Experimental measurement of 
temperatures and structure serve as a standard for the 
verification of numerical solution.  

The goal of the solution was 

• to establish the effect of additional insulation of the 
upper blade part on solidification speed and solidification 
directionality 

• to establish the structure in blade castings and the effect 
of solidification speed on the structure. 

 The metal cooling process was established via measuring with 
PtRh-Pt thermocouples at the point of the largest cross-section 
of the blade as indicated in Fig. 4 at 3 levels, namely ¼, ½ and ¾ 
of the blade height (marked U – upper, M – middle, L – lower). 

The transmission of signals from the 
thermocouples was solved in a technically 
complicated way, shown schematically in 
Fig. 5.  

Fig. 6 gives the waveforms of 
temperatures in the shell mould with 
additional insulation of the upper part of 
the blade. Solidification times at the 
points where the thermocouples are 
placed are marked on the curves. It is 
obvious that the effect of additional 
insulation is very significant and leads to a 
solidification time more than twice as 
long as that of the non-insulated part. 
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Fig. 5: Schema of measurement and transmission of temperature values from the vacuum furnace 

 

Fig. 7 shows the 
difference in the 
temperatures at the 
upper and the lower 
measuring points which 
gives the temperature 
gradient in the 
longitudinal axis of the 
casting. It is evident that 
in the casting with 
additional insulation the 
temperature gradient is 

substantially larger than 
in the case without 
insulation.  

3. NUMERICAL SIMULATION OF SOLIDIFICATION PROCESS IN BLADE CASTINGS 

The simulation of the solidification process was performed using the ProCAST program. In the calculation 
the thermal-physical parameters from the database of this program and data established with the aid of 
the CalcoSOFT software were used. The boundary conditions were in part taken over from measurements 
carried out earlier when casting in atmosphere. The “Radiation” calculation module was used for the 
simulation of heat transfer by radiation/convection. To evaluate the simulation, the VisualCast5.0 program 
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was used. A comparison of simulated and experimentally established temperature waveforms revealed 
considerable differences in the solidification curves and times. To obtain agreement the parameters of the 
boundary conditions of the calculation were changed such that, in particular, good agreement of 
temperature curves in the phase of casting solidification was obtained. The changes in the parameters 
concerned especially  

• the coefficient of heat transfer from the metal into the shell αmetal-mould 

• the coefficient of heat transfer from the shell into the insulation αshell-insul and from the insulation into 
the surrounding environment αinsul-surr., in non-insulated parts of the shell also from the shell into the 
surrounding environment αshell-surr. 

To have good agreement between 
simulation and measurement, it is 
necessary for some of these 
parameters to be temperature-
dependent in the calculation. The 
value of the coefficient of shell 
mould emissivity, which must also 
be chosen in dependence on the 
shell temperature, also has a 
considerable effect. Fig. 8 gives a 
comparison of the measured and 
the simulated temperature curves 
after an adjustment of the 
calculation data. Obtaining a 
trustworthy numerical development of temperatures is necessary for further application in the simulation 
of structure.  

4. SIMULATION OF BLADE STRUCTURE 

The simulation of the structure of blades was performed using the CAFE 3D module, which was 
implemented in the ProCAST environment. The structure simulation follows up on a verified calculation of 
the thermal processes. For the calculation it is necessary to set the conditions of crystal nucleation and 
growth on the surface and in the volume of the casting. All the parameters are tied to the amount of 
undercooling to below the equilibrium solidification temperature. A special calculator which forms part of 
the ProCAST program can be used to a certain extent but, generally, there are no relevant data available for 
establishing the required parameters. The process of crystallization is determined by the Gauss distribution 
curves for volume and surface nucleation, see Fig. 9. Their position with respect to equilibrium solidification 
temperature and their steepness are of decisive effect on the resultant calculated dispersivity of the 
structure and on the proportion of equiaxed and dendritic grains. Their probable values need to be sought 
via empirical verification according to the actual structure. Fig. 9 shows the results of two calculation 
variants, which exhibit much difference in the results. It is obvious that much effort will still have to be 
devoted to the verification of input data. The application of the primary nucleation layer will in some types 
of shell mould be of fundamental influence.  
 

Fig. 8: Comparison of actual and simulated cooling curves after 
optimization of calculation data 
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Fig. 9: Effect of calculation parameters on simulated structure 

5. CONCLUSION 

The problematic of numerical simulation of the temperatures in blade castings in the course of 
pouring/casting into shell moulds and of the simulation of the structure of castings is demonstrated on the 
example of currently manufactured blades of gas turbine stators. It turns out that the conditions of heat 
transfer from castings into shell moulds and surrounding environment are considerably more complex than 
is the case when pouring/casting into bulky moulds, and that the calculation parameters need to be 
modified on the basis of verified calculation and experimental measurements. It can be expected that 
parameters established in this way will be used also in other cases where the design and temperature 
parameters are similar. Simulating the casting/pouring structure of castings involves the application of 
optimized temperature calculation. As yet, there are no relevant data available for setting the parameters 
of calculating the crystallization of nickel alloys. It has been shown that changes in these parameters lead to 
fundamentally different results in the structure. Using actual structures to verify the calculations provides 
for further systematization of the choice of optimum initial data for the calculation. 
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Abstract 

The microstructure and fatigue properties of Ti–44Al–7.8Nb – 0.2Ni (at.%) alloy after graded cooling heat 
treatment were investigated. Different techniques as SEM, TEM and FIB were used for characterization of 
microstructure. Quantification of phase volume fraction was measured by neutron diffraction method. 
After graded cooling heat treatment the structure consists of fully lamellar uniform grains which contain 
lamellar phases �/32 and cubic 1 phases (ordered B2 and disordered 1 phases) at grain boundary and 
interlamellar spaces. The foils for TEM were prepared using FIB technique and observed in TEM in order to 
identify B2 phase by selected electron diffraction. Low cycle fatigue behaviour at 750 °C shows stable 
fatigue crack propagation due the presence of plastic beta and B2 phases.  

Keywords: graded cooling heat treatment, cast �-TiAl alloy, microstructure, neutron diffraction, fatigue 

1. INTRODUCTION 

TiAl alloys represent a serious candidate material for applications demanding low density, good corrosion 
resistance and high strength at elevated temperatures. Recently, applications using TiAl alloys appeared 
e.g. as parts of vehicle's engines or in aeronautics [1]. However, their applications are hindered by relatively 
low room temperature ductility, poor fracture toughness and bad hot workability. One of the best means to 
improve the ductility of TiAl alloys is to confery the coarse grained, textured and segregated microstructure 
into a more homogenous and fine grained microstructure through alloying, heat treatment, thermo-
mechanical treatment (TMT). Recently, 1 phase containing TiAl alloys have been developed widely, due to 
their excellent hot deformability and refined microstructure by 1 solidification. Because of the small 
‘‘deformation window’’ in thermomechanical parameter space hot-working of ��TiAl alloys is a complex 
and difficult task and, therefore, isothermal forming processes are favored. In order to increase the 
deformation window novel Nb and Mo containing �-TiAl based alloys, so-called TNM alloys, were 
developed, which solidify via the atomic-species-disordered 1-phase space and also exhibit an adjustable 1-
phase volume fraction. The disordered 1-phase which exhibits a b.c.c. lattice provides a sufficient number 
of independent slip systems. It therefore improves the deformability at elevated temperatures. Due to high 
volume fractions of disordered 1-phase at temperatures above the 3-transus temperature TNM alloys can 
be hot-die forged under near conventional conditions, which means that conventional forging equipment 
with minor and inexpensive modifications can be used. At service temperature (T<750 °C), however, the 1-
phase shows an ordered B2-structure. At room temperature, three major phases are present in the 
investigated TNM alloy: ��TiAl revealing an ordered tetragonal L10-structure, 32-Ti3Al forming an ordered 
hexagonal DO19-structure, 1�phase with an ordered cubic B2-structure and disordered cubic structure [2]. 
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The improved fracture toughness and tensile properties due to the presence of beta phases was recently 
studied [3,4] but the effect on the fatigue properties were not yet investigated. 

In this study, the microstructure after graded cooling heat treatment [5] of Ti–44Al–7.8Nb – 0.2Ni (at.%) 
alloy was characterized comprehensively by means of SEM, TEM, FIB and neutron diffraction techniques. 
The effect of the modification of the structure on the low cycle fatigue properties at 750 °C was studied. 

2. EXPERIMENTAL DETAILS 

 The chemical composition of the alloy is: 47.8 Ti - 44.2 Al - 7.8 Nb - 0.7 Cr - 0.2 Ni - 0.1 Si [at.%]. The material 
was supplied in the form of a cylindrical ingot of 1070 mm in length and 70 mm in diameter. It was 
prepared by casting in the Flowserve Company. The cylindrical specimens were prepared only from the 
outer regions of the ingot that were subjected to hot isostatic pressing (HIP) at 1280 °C and 140 MPa for 4 
hours. In order to homogenize the material and improve its ductility due to the increase of b.c.c. phases the 
heat treatment with pointed cooling was used. It consisted from heating to the temperature 1350 °C 
(during 25 minutes) that was followed by furnace cooling to temperature 1200 °C (during 25 minute) and 
then air cooling [5].  

The study of the microstructure was performed on 
the metallographic cross-section taken from the head 
of the cylindrical specimen. For detail structure 
observation scanning electron microscope TESCAN 
LYRA 3 equipped with backscattered electron 
detector (BSE) was used. Since the identification of 
B2 structure in a thin lamella morphology by 
Electron Backscatter Diffraction (EBSD) was not 
possible, we used focused ion beam technique (FIB) 
for preparation of the foil for TEM from the metallographic surface. It was observed in Philips CM12 TEM 
and the individual microstructures were identified by selected area electron diffraction (SAED). Their 
volume fraction was derived from the neutron diffraction analysis.  

Cylindrical specimen used for low cycle fatigue tests are shown in Fig. 1. It was possible to prepare the 
specimens by standard machining operation as turning, grinding and drilling. The gauge length was 
carefully mechanically and then electrolytically polished. Fatigue tests were performed under strain control 
using MTS servo-hydraulic machines in symmetric tension-compression cycle (Rε = -1). The total strain 
amplitude (�a) and strain rate of 2.10-3 s-1 were kept constant in all tests. Strain was measured using 
extensometer attached directly to the gauge part of the specimen at both temperatures. The tests were 
performed at 750 °C in air. During cyclic loading, hysteresis loops of selected cycles were recorded for 
further analysis. The stress amplitude, mean stress, total strain amplitude, maximum and minimum stress 
and strain were recorded for every cycle.  

3. RESULTS AND DISCUSION 

3.1. Microstructure observations 

Fig. 2 shows typical structure after heat treatment with a pointed cooling. The structure consists of fully 
lamellar uniform grains which contain lamellar phases �/32 and cubic B2 and 1 phases at grain boundaries 

Fig. 1. Shape and dimensions of specimen in mm 
for low-cycle fatigue tests at high temperature 
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a) b) 

and in interlamellar spaces (see Fig. 2b). The average thickness of � laths are 1.97 �m and α2 laths 0.09 �m. 
Average grains size is about 329 �m and some smaller areas of single ��phase on the grain boundaries 
together with B2 and 1 phases are present (see Fig. 2a). The principal distinction from the structure in the 
cast state [6] consist of the presence of higher fraction of b.c.c. phases in grains with lamellar like 
morphology (see Fig. 2b and Fig. 3). The average volume fractions of individual phases in heat treated 
TiAl7Nb alloy as measured by neutron diffraction is shown in Tab. 1. The fraction of cubic phases (ordered B 
and disordered 12) is about 6.7 %. 

 
Fig. 2. Microstructure of TiAl7Nb alloy after heat treatment with a pointed cooling; (a) overview picture and 

(b) detail of lamellae morphology (SEM, BSE detector) 

For identification which type of beta phases is present 
inside the grain (in the interlamellar spaces) we have 
prepared thin foil for TEM by FIB technique from the 
metallographic surface (Fig. 3). Fig. 4 shows the TEM 
bright field image of the material. Using SAED patterns 
from individual areas three types of phases corresponding 
to �`�32 and ordered B2 were identified. Example of SAED 
pattern of B2 phase is in Fig. 5. This result indicates that 
ordered B2 is mainly inside lamellar grains whereas 
disordered 1 appears in grain boundary. 

 

 

 

 

 Tab. 1. Average volume phase fraction of heat treatment TiAl7Nb alloy from neutron diffraction 

Phases ���� 332 Ordered B2 Disordered 11 

Phase volume fraction (%) 88.9 4.4 4.1 2.5 

Fig. 3. Foil for TEM prepared by FIB from 
metallographic surface 
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3.2. Low cycle fatigue behavior  

Cyclic softening curves for two constant total strain amplitudes at temperature 750 °C are presented in Fig. 
7. These curves shows stress amplitude �a vs. life fraction (number of cycles N divided by the number of 
cycles to fracture Nf). Stable cyclic response is observed for the heat treated TiAl7Nb alloy. Usually, slight 
cyclic softening is observed during the first 10 cycles; the stress amplitude changes no more than 20 MPa; 
the cyclic response is thus stable within 1 % of �a. Similar stabilized response is observed in as cast material 
[6] but the level of the stress amplitude is lower due the different lamellae thickness. At the termination of 
the fatigue life the decrease of �a is connected with growing principal fatigue crack in the gage length. This 
decrease is visible on both hysteresis loops in Fig. 6. Cycling with higher strain amplitude �a = 0.32 % (see 
Fig. 6a) shows the decreasing upper part of hysteresis loop, which is connected with growing fatigue crack. 
The test was interrupted at N = 514 cycles and length of the surface crack was 3.131 mm. The detail of the 
principal fatigue crack is shown in Fig. 8. Tiny secondary cracks are stopped in regions containing the beta 
phases. 
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Fig. 6. Hysteresis loops in the domain of saturation and in the end of cycling  
 with (a) �a=0.32 % and (b) �a=0.25 % both at 750°C 

Fig. 4. TEM bright field image of surface foil prepared by FIB 
technique (the same places as Fig. 3) 

Fig. 5. SAED pattern of ordered 
B2 phase from TEM-lamella (see 

Fig. 4); B=[011] 
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In experiment with lower strain amplitude �a = 0.32 % 
(see Fig. 6b) the cycling continued to the very end of the 
fatigue life (at Nf = 89 810 cycles the specimen was 
separated in two parts). The maximum stress in a cycle 
drops to zero as a result of the propagation of fatigue 
crack through the specimen. It is completely different 
from behavior of as cast TiAl7Nb alloy in which the crack 
propagated subcritically only shortly and finished by 
brittle fracture [6]. It is concluded that the increased 
plasticity of the material in the tip of fatigue crack 
(higher cyclic plastic zone) is due to the presence of 
plastic beta and B2 phases. The crack can be deflected 
and the ligament bridges support subcritical crack 
growth. This toughening mechanism has been observed 
in study of fracture toughness of beta containing TiAl 
alloys [3, 4]. 

 

 
Fig. 8. SEM images of surface with principal fatigue crack and two tiny secondary cracks after cyclic 

straining with �  = 0.32 % at 750°C to fracture. The narrows designate the position of secondary cracks 

4. CONCLUSIONS 

The main conclusions arising from this study of microstructure and fatigue properties of the Ti-44.2Al-
7.8Nb-0.7Cr-0.2Ni-0.1Si alloy heat treated with a pointed cooling are as follows. 

• The dominant microstructure is nearly fully lamellar with phases 1 and � existing along colony 
boundaries. Lots of fine beta B2 phases are in grains as lamellar-like morphology.  

• Two types of cubic beta phases as ordered B2 and disordered 1 were identified by neutron 
diffraction and their volume fraction was established.�

• Precipitation of fine beta phases results mainly in grains with lamellar-like morphology, in a large 
number of beta/32 and beta/� interfaces, which improve toughness of the material at the tip of the 
growing crack. It results in a stable fatigue crack propagation through the whole specimen at 750 °C. 
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Abstract 

Relationship between microstructure and cooling rate in air-hardenable Ti-46Al-8Ta (at.%) alloy using 
Jominy end quench test was studied. The Jominy samples were solution annealed at 1360 °C for 1 h in 
argon atmosphere and quenched by spraying a controlled flow of water. Cooling rates within the samples 
were calculated by finite element method (FEM) using commercial software ANSYS. Optical microscopy 
(OM) and quantitative image analysis are supported by transmission electron microscopy (TEM) and Vickers 
microhardness measurements. After quenching the microstructure of the samples depends on the local 
cooling rates. Microstructure in the vicinity of the water cooled surface, at which numerically calculated 
cooling rate is 71 K/s, consists mainly of the 32(Ti3Al) phase and equiaxed �(TiAl) grains with few coarse 
32(Ti3Al) laths, which are surrounded by the massive �M(TiAl). Maximum volume fraction of the massive �M 
is achieved at cooling rates ranging from 11 to 25 K/s. Volume fraction of the massive �M decreases at a 
cooling rates lower than 11 K/s and reaches a minimum value at 5 K/s at the distance of l = 50 mm. 
Microstructure at this distance consists of �M, equiaxed grains with convoluted � + 32 type of microstructure 
and lamellar � + 32 regions.  

Keywords: titanium aluminides, TiAl, microstructure, phase transformations, heat treatment 

1. INTRODUCTION 

Cast TiAl-based alloys represent an important class of high-temperature structural materials providing a 
unique set of physical and mechanical properties for the automotive engines, stationary gas turbines and 
aircraft engines. Among their advantages mainly belong low density, high specific yield strength, high 
specific stiffness, good oxidation resistance and good creep properties up to high temperatures [1-3]. Since 
their properties are strongly microstructure dependent, it is important to understand microstructure 
formation during various processing routes and to define optimal processing window for industrial 
applications [4, 5]. Continuous cooling of TiAl-based alloys after thermomechanical processing or after 
subsequent heat treatment leads to very specific microstructures which are dependent on chemical 
composition and cooling rate [6]. Different microstructures in these alloys can be obtained through solid 
phase transformations during continuous cooling [7-9]. Those microstructures can be the final 
microstructures in components, such as the lamellar microstructure, or a precursor to the final 
microstructures such as the massive gamma microstructure. In many TiAl-based alloys, critical cooling rates 
to achieve grain refinement through formation of massive �M(TiAl) are relatively high which may result in 
shape distortion, cracking or even fracture of complex shaped castings during cooling [10]. Low cooling 
rates for formation of �M can be achieved by alloying with elements, which have low diffusion coefficient in 
both 3(Ti based solid solution with hexagonal crystal structure) and �(TiAl) [11-13].  
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The aim of this paper is to study relationship between microstructure and cooling rate in air-hardenable  Ti-
46Al-8Ta (at.%) alloy using Jominy end quench test. On the contrary to the previous work performed on 
solid phase transformations in this alloy [11], before solution annealing and quenching the studied alloy 
was subjected to thermomechanical heat treatment leading to formation of relatively high volume fraction 
of � grains. 

2. EXPERIMENT  

The studied alloy with nominal composition    Ti-
46Al-8Ta (at.%) and oxygen content of 860 wt. 
ppm was prepared by cold hearth plasma 
melting in the form of cylindrical ingot with a 
diameter of 90 mm. The ingot was subjected to 
HIP-ing at a temperature of 1280 °C and 
pressure of 190 MPa for 4 h to remove cast 
porosity. According to quasi-binary Ti-Al-Ta 
phase diagram calculated for 8 at.% Ta by Lapin 
et al. [13], the selected temperature of HIP-ing 
corresponds to two phase � + 3 region, as shown 
by blue dotted line in Fig. 1. After HIP-ing the 
ingot was cut to smaller pieces with dimensions 
of 34 x 34 x 110 mm3 using wire electrical 
discharge machining. Cylindrical samples with a 
diameter of 25 mm, flange diameter of 32 mm 
and length of 107 mm for Jominy end quench 
test were prepared by lathe machining. Before 
quenching the Jominy sample was solution 
annealed at a temperature of 1360 °C for 1 h in a dynamic argon atmosphere. The selected solution 
annealing temperature corresponds to a single 3-phase (Ti-based solid solution with hexagonal crystal 
structure) field, as indicated by red dashed line in Fig. 1. After solution annealing the sample was removed 
from the furnace and quickly transferred to the fixture of apparatus which quenched the alloy by spraying a 
controlled flow of water onto one end of the sample. The time spent for transferring the sample from the 
resistance furnace to the fixture was 3 s. The sample was held for 600 s in the fixture of apparatus under 
controlled cooling conditions. The quenched Jominy sample was cut longitudinally using wire electrical 
discharge machining and subjected to microstructural analysis. Microstructure evaluation was performed 
by optical microscopy (OM) and transmission electron microscopy (TEM) at selected distances l measured 
from the water cooled surface of the sample. The samples for OM observations were prepared by using 
abrasive papers, polishing on diamond pastes with various grain sizes up to 1 �m and etching in a solution 
of 100 ml H2O, 6 ml HNO3 and 3 ml HF. TEM samples were mechanically thinned to a thickness of about 50 
�m. The thinning continued in a solution of 300 ml CH3OH, 175 ml 2-butanol and 30 ml HClO4 at a 
temperature of -10 °C and voltage of 40 V until the sample perforation using TenuPol-5 apparatus. TEM 
observations were performed on JEOL 500 microscope operating at 200 kV. Volume fractions of coexisting 
microstructural regions were measured on digitalized optical micrographs using a computerized image 
analyser. Numerical simulations of time dependence of temperature during quenching were carried out by 

Fig. 1 Calculated isopleth for 8 at.% Ta of Ti-Al-Ta 
systems covering the composition in the range of 

20-70 at.% Al. The black dashed line shows nominal 
composition of the studied alloy [13] 
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Fig. 2. Typical microstructure of Jominy 
sample before solution annealing 

finite element method (FEM) using a commercial software ANSYS. Vickers microhardness measurements 
were performed at an applied load of 0.49 N at selected distances l.  

3. RESULTS AND DISCUSSION 

3.1. Initial microstructure 

 Fig. 2 shows the typical microstructure of the studied alloy 
before solution annealing and quenching. Besides lamellar 
� + 32 grains (83.2 vol.%), the Jominy sample contains 
relatively high volume fraction of single � grains (16.8 
vol.%), as shown in Fig. 2. The equiaxed � grains were 
formed during HIP-ing at 1280 °C for 4 h in two phase � + 3 
region marked by the blue line in Fig. 1. The applied HIP-ing 
corresponds to a standard thermomechanical heat 
treatment usually used for cast TiAl-based components to 
remove cast porosity and solidification shrinkage. The 
� grains are relatively stable and can be only partially 
dissolved during solution annealing at 1360 °C for 1 h. It is 
necessary to emphasise that the initial microstructure of 
the Jominy samples studied in the present work is different from that described by Saage et al. [11]. Since 
their samples were not subjected to HIP-ing before solution annealing, no equiaxed � grains were reported 
in the microstructure. 

3.2. Effect of continuous cooling on microstructure of Jominy sample 

Fig. 3 shows cooling curves calculated for several 
different distances from the water cooled surface l. 
Average cooling rates at these distances were 
calculated to decrease from 71 to 5 °Cs-1 with 
increasing distance l from 1 to 50 mm.  

Continuous cooling of the Jominy sample from the 
temperature of 1360 °C causes decomposition of the 
3 phase and formation of specific microstructures 
depending on local cooling rates. Fig. 4 shows 
macrostructure along of the Jominy sample. As seen 
from this figure, after quenching the microstructure 
of the sample varies with the distance from the 
water cooled surface S.  

Microstructure in the vicinity of the water cooled 
surface, at which numerically calculated nominal cooling rate is 71 K/s, consists mainly of the 32 phase and 
equiaxed � grains with few coarse 32 laths, as seen in Fig. 5a. 

Fig. 3. Cooling curves calculated for various 
distances l from water cooled surface [15] 
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The � grains are usually surrounded by the massive �M. The microstructure at the distance of l = 20 mm 
consists of the massive �M (Fig. 5b) and low volume fraction of equiaxed � + 32 grains with convoluted type 
of microstructure. The nominal cooling rate calculated at this distance corresponds to 25 °Cs1. Decrease of 
nominal cooling to 6 °Cs-1 at the distance of l = 40 mm has no significant effect on the equiaxed � + 32 grains 
with convoluted microstructure but leads to formation of lamellar � + 32 microstructure at the expense of 
the �M`�as seen in Fig. 5c. 

 

Since the quantitative metallographic analysis was 
performed on OM micrographs, it was difficult 
distinguished between the 3A�phase and fine lamellar 
� + 32 microstructure. Therefore, the quantitative analysis 
was supported by TEM and Vickers microhardness 
measurements. 

Fig. 6 shows dependence of Vickers microhardness HVm 
of various microstructural regions on distance l. From this 
figure, it is clear that the HVm of the 3A phase is 
significantly higher than that of the lamellar � + 32 
regions. In addition, the microhardness values for the �a 
are clustered well between those measured for the 
lamellar � + 32 regions and equiaxed � + 32 grains with 
convoluted type of microstructure. The distribution of the 
HVm values indicates that these measurements can be used as useful supplementary technique for 
quantitative metallographic analysis when low magnification and resolution of OM prevent to identify 
specific type of microstructure.  

Fig. 4. Macrostructure of Jominy sample on longitudinal section after quenching. S - water cooled 
surfacemyse 

Fig. 6. Dependence of Vickers microhardness 
on distance l. 

Fig. 5. Optical micrographs of Jominy sample at various distances from water cooled surfaces:  (a) l = 
1 mm; (b) l = 20 mm; (c) l = 40 mm. 
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Coexisting phases were identified by TEM analysis using selected diffraction patterns taken in selected 
positions as shown in Fig. 7. Fig. 7a shows the detail of grain boundary with nucleated �a`� which was 
identified by selected area diffraction (SAD) pattern (see insert in Fig. 7a). Lamellar area with particle of � is 
documented in Fig. 7b. Fig. 7c shows polyedric � particle and lamellar � + 32 area.  

On the basis of Vickers hardness measurements and TEM analysis, volume fractions of coexisting 
microstructural regions with distance l and cooling rate were evaluated, as summarised in Tab. 1. Volume 
fraction of massive �M increases with increasing distance l and achieves maximum values of about 90 vol.% 
at the distance ranging from 6 to 20 mm, which corresponds to the range of nominal cooling rates from 9 
to 25 °Cs-1. At these cooling rates, convoluted � + 32 microstructure is formed by precipitation of coarse 32 
laths within the single equiaxed � grains. Volume fraction of the massive �M decreases at a distance higher 
than l = 20 mm and reaches a minimum value at a distance of about l = 50 mm, which corresponds to a 
cooling rate of about 5 °Cs-1. The microstructure in this region consists of massive �M, equiaxed grains with 
convoluted � + 32 type of microstructure and lamellar � + 32 regions. At a distance larger than about 
l = 60 mm, the heat transfer through the flange of the Jominy sample to the fixture of the quenching 
apparatus leads to an increase of volume fraction of massive �M at the expense of lamellar � + 32 regions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Tab. 1. Volume fraction of coexisting microstructural regions at selected distances l 

Coexisting 
microstructural 

regions 

Volume fraction [%] 

71 °Cs-1 25 °Cs-1 9 °Cs-1 6 °Cs-1 5 °Cs-1 

l = 1 mm l = 6 mm l = 20 mm l = 40 mm l = 50 mm 

332 64.2 ± 2.9 – – – – 

massive ��M 26.9 ± 1.3 91.4 ± 4.6 87.2 ± 4.4 38.1 ± 1.9 30.1 ± 1.5 

convoluted ���
�32 8.9 ± 0.5 8.6 ± 0.4 8.7 ± 1.0 8.6 ± 0.4 8.5 ± 0.4 

lamellar ���
�32 – – 4.1 ± 0.6 53.3 ± 2.7 61.4 ± 3.1 

Fig. 7. TEM micrographs showing the microstructure of Jominy sample at selected distances l: 
(a) l = 1 mm; (b) l = 20 mm; (c) l = 40 mm. 
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4. CONCLUSIONS 

Before solution annealing and quenching the microstructure of the Ti-46Al-8Ta (at.%) alloy consisted of 
single � and lamellar � + 32 grains. The � grains are relatively stable and can be only partially dissolved 
during solution annealing in a single 3A phase field. After quenching the microstructure of the Jominy 
sample depends on the distance from the water cooled surface. Microstructure in the vicinity of the water 
cooled surface, at which average cooling rates exceed 71 °Cs-1, consists mainly of 3A phase and equiaxed � + 
32 grains with convoluted type of microstructure, which are surrounded by massive �M. Maximum volume 
fraction of the massive �M of about 90 vol.% is achieved at a distance ranging from 6 to 20 mm, which 
corresponds to a range of average cooling rates from 9 to 25 °Cs-1. At these cooling rates, the equiaxed � 
grains transform to � + 32 grains with convoluted type of microstructure. Volume fraction of the massive �M 
decreases at a distance higher than 20 mm and reaches a minimum at a distance of about 50 mm, which 
corresponds to an average cooling rate of about 5 °Cs-1. The microstructure at this distance consists of the 
massive �M, equiaxed grains with convoluted � + 32 type of microstructure and lamellar � + 32 regions. For 
the practical purposes, cooling rates ranging from 9 to 25 °Cs-1 are found to be optimal for the grain 
refinement of the studied intermetallic alloy. 
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State University of Campinas, Campinas, Brazil. 

Abstract 

Direct metal laser sintering or selective laser sintering is a rapid prototyping technique that consolidates, 
layer by layer, parts with complex shape from powders of a wide range of metallic materials. It has been 
used for fabrication of patient specific net-shaped parts of dense and porous titanium and its alloys for use 
as implants. But depending on the laser parameters, the powder can be fully melted during its 
consolidation. In this case, selective laser melting seems to be a more appropriate process denomination 
than selective laser sintering. In this work we use selective laser sintering/melting to consolidate Ti6Al4V 
porous parts from prealloyed powders in order to investigate the laser process parameters on the 
microstructure and mechanical properties of the parts. The consolidated samples were characterized by 
optical and scanning electron microscopy and compressive tests. The results showed a straight relationship 
between laser energy and mechanical properties. 

Keywords: Rapid prototyping, titanium alloys, porous materials, mechanical properties 

1. INTRODUCTION 

Rapid prototyping is a fabrication process based on the successive addition of flat layers of material. From a 
three-dimensional geometric model produced by a CAD (Computer Aided Design), rapid prototyping allows 
to obtain both fully-densified materials and materials with controlled porosity. The model is virtually cut, 
generating a sequence of layers, which defines where the material will be added. The piece is then 
generated by processing a sequential stacking of layers [2, 3]. 

Direct Metal Laser Sintering (DMLS), one of the rapid prototyping techniques, produces parts form metal 
powders, using the energy of a laser beam to promote sintering, in an inert and thermally controlled 
environment within a chamber [1].The incidence of the laser can promote the sintering of powder particles 
or its complete fusion, bonding them to the previous layer. After obtaining each layer, an additional layer of 
powder is superimposed on the part, and the laser beam once again scans the desired areas, according to 
the virtual model, thereby obtaining a new layer, and subsequently, to complete construction of the part.  

Custom orthopedic implants with controlled porosity can be fabricated by sintering DMLS, due the 
geometric freedom inherent to this technique. Such porous parts have attract interest due to their inherent 
lower modulus of elasticity, which is closer to the tissue stiffness, and the osseointegration possibility. 

In this work, we obtained Ti-6Al-4V porous parts with cubic geometry by DMLS, using models with two 
different porosity levels. Two different energies input were tested, by varying the DMLS process 
parameters. The parts presented the designed porosity, according to the model. Depending on the energy 
input, inherent porosity was also obtained with different intensities. Their influence on the mechanical 
properties was determined. 
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2. EXPERIMENTAL PROCEDURE 

Cubic models with 15 mm diameter were designed using a CAD program. The first model has 49 internal 
connected porous with 1.23 mm per 1.23 mm and struts of 0.80 mm. This configuration produces 61 % of 
porosity. The second model has 36 internal connected porous with 1.57 mm per 1.57 mm and struts of 0.80 
mm, producing 69 % of porosity. Fig. 1 shows these models, which was taken from the work reported by 
Parthasarathy et al. [3]. Our intent was to compare the results of the mechanical properties of Ti-6Al-4V 
porous parts obtained by DMLS with the mechanical properties of the same alloy with the same geometry 
obtained by electron beam melting, reported by Parthasarathy et al. [3]. 

 
Fig. 1. Cubic models used to produce the DMLS parts 

The Ti-6Al-4V porous parts were obtained by DMLS, using EOSINT M 270, a device specially developed to 
sinter metal powders. To sets of parameters of process were chosen, as displayed in Tab. 1.  

 

 Tab. 1. Process parameters used to obtain the porous parts 

Set 1 2 

Laser powder (W) 170 117 

Scanning speed (mm/s) 1250 225 

Distance between laser scanning lines (um) 100 180 

Thickness of layer (um) 30 30 

Energy density (J/mm2) 1.36 2.89 

 

The energy density E [J/mm2] was calculated from the laser power P [W], distance between laser scanning 
lines or laser hatching HS [mm] scanning speed v [mm/s], using Equation (1) [4]. Hereafter the set 1 will be 
referred as low energy input and the set 2 as high energy input. 

vHS
PE �             (1) 

During laser sintering, argon was used as protective atmosphere, to avoid metal oxidation. The parts were 
oriented at 45o respect to the base. The direction of scanning was always altered in 45o after completing a 
whole layer. After sintering, the parts were photographed using a Canon Power Shot S31S digital camera. 
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The sintered parts was characterized by optical microscopy (OM), using Olympus BX60M. Kroll reagent was 
used to screen the microstructure. The Young modulus, the yield strength and the ultimate compressive 
strength were determined using a universal machine testing EMIC DL 2000, 30 kN maximum, equipped with 
extensometer. 

3. RESULTS AND DISCUSSION 

 Fig. 2 shows the parts obtained by DMLS. Parts 
almost free of defects with interconnected porous 
could be obtained for both 61 and 69 % of 
designed porosity.  

However, OM analysis (see Fig. 3) exposed a 
substantial porosity inside the struts when using 
high energy input parameters, here denominated 
as no-controlled porosity, to differentiate it from 
the designed one. Struts with very low porosity 
were obtained when using low energy input 
parameters. The no-controlled porosity may be 
due to the excessive energy input, which could 
promote boiling of metal. The spherical feature of 
the porous is an indication of boiling of metal.  

Regardless of the process parameters and the 
designed porosity, the sintered parts presented 
martensitic structure, as shown in the Fig. 4. The 

small thickness of the layers in the 
DMLS causes a high cooling rate, 
which results in the martensitic 
transformation. 

The mechanical properties of the 
sintered parts were determined and 
the results are shown in the Fig. 5. 
For comparison, the results of 
Young modulus and ultimate 
compressive strength, published by 
Parthasarathy et. al. [3], using 
electron beam melting to obtain 
parts with the same geometry and 
alloy, are plotted together.  

 As expected, the porosity decreases 

the mechanical properties of the 
parts, including the Young modulus, 
the yield strength and the ultimate 
compressive strength, and the 

Fig. 2. Porous parts obtained by DMLS with 61 
(upper) and 69 (bottom) % of porosity 

Fig. 3.Struts of the porous parts with 61 (a and b) and 69 (c and d) 
% of designed porosity, obtained using low (a and c) and high (b 

and d) energy input, observed by OM 
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decrease is directly proportional to the 
fraction of porosity. Comparing parts 
with the same designed porosity, 
obtained by DMLS, one can find that 
the use of high energy input produced 
parts with lower mechanical 
properties. This result is due to the 
additional porous introduced inside 
the struts.  

 Comparing the mechanical properties 
obtained by DMLS with those obtained 
by EBM and reported by Parthasarathy 
et al. [3], on can find that the ultimate 
compressive strength of the EBM parts 
was higher than those of the parts 
obtained by DMLS using high energy 
input and lower than those of the 
parts obtained by DMLS using low 
energy input. However, the Yong 
modulus of the EBM parts was 
significantly lower than those of the 
DMLS parts. Although the work of Parthasarathy et al. [3] did not show the microstructure of the EBM parts 
and consequently we cannot presume their internal, no-controlled porous, we believe that the differences 
are more related with the internal porosity than the structure formed, as both process should produce 
martensitic transformations. 

 

Fig. 5. Mechanical properties of the sintered parts, compared with the results of the same-geometry parts 
obtained by electron beam melting and published by Parthasarathy et. al. [3] 

4. CONCLUSIONS 

Ti-6Al-4V porous parts were consolidated from Ti-6Al-4V powder alloy by DMLS. The structure of the parts 
after sintering was martensitic.  

As expected, the mechanical properties are strongly related with the porous volume fraction. 

Fig. 4. Microstructure of the sintered parts with 61 (a and b) 
and 69 (c and d) % of designed porosity, obtained using low (a 

and c) and high (b and d) energy input, observed by OM 
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The use of high energy density parameters produced a non-controlled porosity inside the struts, which 
resulted in decrease of the mechanical properties. 
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Abstract 

The purpose of this study is to find out the characteristics of hot forming of Ti-6Al-4V titanium alloy in order 
to determine the conditions of its superplastic behavior. The experiments were performed in two stages: 
the stepped tensile-tests series (temperature range 700 – 925 °С) and the constant strain rate tensile-test 
series (temperature range 775 – 925 °С). By the results of stepped tensile tests the constitutive equations 
which describe relationship between stress and strain rate for each temperature were constructed. On the 
base of obtained data, the temperature and strain rate ranges which ensure the realization of 
superplasticity at forming of Ti-6Al-4V alloy as well as optimal strain rates which corresponds to the 
maximum value of strain rate sensitivity exponent m were determined. It was shown that at low 
temperatures (700 – 775�C) the Ti-6Al-4V alloy shows all signs of superplasticity, however at these 
temperatures the optimal strain rates are too slow for industrial technological procedures. The dependence 
between optimum strain rate and reciprocal temperature appears to be well fitted by exponential low. At 
the second stage of the experimental research, the tensile-tests with a constant, optimum for each 
temperature strain rate were carried in order, to estimate the real initial flow stress and the character of 
strain hardening of the material during the deformation with optimum strain rate. In was found that flow 
stress values obtained by stepped tensile tests matches the values form constant-strain-rate tests with 
effective strain value equal to 0.2 and the strain hardening during the deformation with optimal strain rates 
is significant.  

Keywords: Superplasticity, titanium alloy, tensile-tests, constitutive model 

1. INTRODUCTION 

As a titanium alloys have remarkable properties in terms of mechanical characteristics, low density and 
elevated corrosion resistance, it is widely used in many fields including aerospace, automotive, electronics 
and even bio-medical industry. At the same time the semifinished parts of titanium alloys are rather 
expensive in particular because of the number and complexity of technological operations. The superplastic 
forming (SPF) is an effective way to manufacture very complex thin-shape components, which allows at the 
same time to decrease its cost [1, 2]. It is well known that superplasticity of a material depends strongly on 
the strain rate and appears only in a narrow strain rate range which in its turn depends on temperature of 
deformation and is unique to each material. Therefore, when developing SPF technology it is necessary to 
know the material properties in conditions of hot deformation including superplasticity strain rate ranges. 

The most common approach to description of rheological behavior of superplastic materials is based on 
Backofen equation [3]: 

mK �� ��             (1) 
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where  

σ is the flow stress,  

��  – strain -rate,  

K – material constant,  

m – strain rate sensitivity exponent. 

The strain rate sensitivity exponent is a most important characteristic of superplastic material. It represents 
the resistance to necking during tensile-tests. The greater m value leads to the better superplasticity of an 
alloy. Since m is dependent on temperature and strain rate, the maximum m has a corresponding strain 
rate and temperature regions which are the optimal for superplastic forming. 

The Ti-6Al-4V alloy is the most popular titanium alloy which covered more than 50% of titanium alloy 
production [2], so the investigations of its mechanical properties are in the focus of researches [3-6]. 
G. Giuliano [3] provides a method of material constants determination based on free bulging test and 
applied it to Ti-6Al-4V alloy at the temperature of 1200 K for obtaining of constitutive equations in form of 
equation (1). Jun Cai [4] was provided constitutive equations of this alloy by performing hot compression 
tests in a temperature range of 800 – 1050 °C. T. Seshacharyulu [5] characterized hot deformation behavior 
of a commercial grade Ti-6V-4Al with an equiaxed 33 – 1 starting microstructure with the help of isothermal 
compression tests in the temperature range of 750 – 1100°C. Jeoung Han Kim [6] established a constitutive 
model for the high-temperature deformation of Ti-6V-4Al with a transformed (colony-alpha) microstructure 
with various alpha-platelet thicknesses in the context of inelastic-deformation theory.  

The application of equation (1) for the constitutive analysis of superplastic materials is complicated by the 
nonlinear character of the strain rate sensitivity exponent m which varies greatly with strain rate value. 
O. M. Smirnov [7] proposed the rheological model of elasto-visco-plastic (EVP) medium which describes the 
behavior of superplastic materials in a wide range of strain rates. The constitutive equation corresponding 
to this model takes the following form [1]: 

v

v

m
vS

m
v

S k
k

��
����
�

�






� 0            (2) 

where  

σ0 is the threshold stress which corresponds to the small strain rates,  

σs is the yield stress at large strain rates,  

kv and mv are the parameters of nonlinear viscous element of EVP medium.  

The main advantage of this model is its invariance in a wide range of strain rates. 

The objective of this work was to establish the constitutive model of Ti-6Al-4V in a base of equation (2) and 
obtain the optimum strain rates and strain rate ranges for the superplastic deformation of this alloy in the 
temperature range 700 – 925 °С. 

2. EXPERIMENT 

Industrial Ti-6Al-4V alloy was used in the experiments. Each specimen was set in clamps of the test 
machine, placed in the furnace and heated up to the preset temperature. Then isothermal tensile-tests 
were carried out in the temperature range 700 – 925 °С. The samples dimensions are shown in Fig. 1. 
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The experiments were performed in two stages: 

• The stepped tensile-tests series (temperature range 700 – 925 °С), 

• The constant strain rate tensile-tests series (temperature range 775 – 925 °С). 

The first stage consists in tensile-testing of a series of samples at various temperatures with stepped 
change of deformation speed. Based on the obtained results a calculation of real flow stress σ and strain 
rate sensitivity exponent m dependences on strain rate was carried out. The temperature and strain rate 
ranges which ensure the realization of superplasticity at forming of Ti-6Al-4V alloy were determined by 
these dependences as a ranges where the strain rate sensitivity exponent  m is more than 0.5.  

The second stage was performed in order, to estimate the real initial flow stress and the character of strain 
hardening of the material during the deformation with optimum strain rate. In this stage of the 
experimental research, the tensile-tests with a constant, optimum for each temperature strain rate were 
carried out. The photographs of specimens befor and after deformation are presented in Fig. 2. 

  

Fig. 1 The dimensions of a specimen Fig. 2 The specimens befor and after deformation 
with constatn optimum strain rate 

3. RESULTS AND DISCUSSION 

 Tab. 1 The calculated values of eq.(2) parameters for each temperature 
T(°C) 

    
AARE 

700 22.06 128.42 9.936E+10 2.072 1.65% 
725 19.67 118.98 4.016E+09 1.866 0.10% 
750 12.61 153.95 3.828E+06 1.262 0.60% 
775 11.11 132.74 1.477E+06 1.199 0.81% 
800 8.61 142.80 2.702E+05 1.081 1.02% 
825 9.57 95.44 1.881E+06 1.360 0.75% 
850 10.43 119.07 4.961E+05 1.304 0.88% 
875 10.38 92.10 2.677E+05 1.330 0.23% 
900 7.50 78.48 2.051E+05 1.321 1.06% 
925 3.76 77.00 1.182E+05 1.312 0.56% 
950 10.92 60.14 5.120E+05 1.613 0.50% 

The results obtained from the stepped tensile-tests were averaged by three or more experiments per 
temperature. The standard deviation of the averaged values from the positions of experimental points does 
not exceed 0.05. The obtained experimental points were fitted by equation (2) with different values of σ0, 
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σs, kv and mv for each temperature. These values are given in Tab. 1. Fig. 3 and 4 represents the 
experimental data in comparison with predicted values of flow stress. It can be seen that the 
correspondence between experimental and predicted data is very good the maximum average absolute 
error (AARE) refers to 700 °C and equals to 1.65 % (viz. Tab. 1).  

The strain-rate sensitivity exponent  can be obtained from equation (2) as follows: 

        (3) 

This function has a peak at the strain rate 

           (4) 

Minimum and maximum strain rates of  range are: 

          (5) 

          (6) 

where 

         (7) 

  
Fig. 3 The experimental (markers) and predicted 

(solid lines) stress-strain curves obtained by stepped 
tensile-tests 

Fig. 4 The experimental (markers) and predicted 
(solid lines) stress-strain curvesobtained by stepped 

tensile-tests 

 

Using the determined constants presented in the Tab. 1, the dependence of strain rate exponent m on 
strain rate was calculated by eq. (3). Afterwards, the optimal strain rates and superplasticity strain rate 
ranges was calculated for each temperature according eq. (4)-(6). The results of calculation are presented 
in Fig. 5 and 6. As it can be seen at Fig. 6, the dependence between optimum strain rate and reciprocal 
temperature appears to be well fitted by exponential low. 
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Fig. 5 Relationship between the strain rate 

sensitivity exponent , strain rate and temperature 

Fig. 6 Dependence of the optimum, minimum and 
maximum strain rate on temperature 

  
Fig. 7 Relationship between the strain rate 

sensitivity exponent , strain rate and temperature 

Fig. 8 Dependence of the optimum, minimum and 
maximum strain rate on temperature 

It should be noted that at the temperatures 700 – 775 �C the Ti-6Al-4V alloy shows all signs of 
superplasticity, however at these temperatures the strain rates correspondent to the maximum value m, 
are lower than 10-5 s-1. At temperatures higher than 775 �C the optimum strain rates are higher than 10-4 s-

1. Low values of strain rate makes the temperatures lower than 750 �C unadoptable for industrial 
superplastic forming of Ti-6Al-4V alloy manufactured according to the standard technology without any 
pre-refinement processing of the microstructure. The forming in such temperatures would lead to 
significant increasing of forming time and decreasing of forming productivity. With test temperature rising 
up to 925 �C, the parameters of superplasticity become more favorable: the optimum strain rate grows, the 
flow stress decrease, the strain rate range extends. At the temperature of 950 �C which is closer to the 
1-transformation, the parameters of superplasticity begin to degrade. According to these reasons, within 
the temperature interval of 750 – 925 �C the alloy was studied in more details. 

The tensile curves received by tensile-tests with constant (optimal for each temperature) strain rate are 
presented in Fig. 7. Each curve was obtained by averaging of the results of multiple (from 3 to 6 per curve) 
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tests. It can be observed from Fig. 7, that tensile strain hardening is significant for investigated alloy. The 
flow stress at large strains is significantly (2 - 3 times) higher than in the beginning of deformation.  

Fig. 8 represents the dependences between flow stress under optimal strain rate and temperature at 
different values of accumulated strain which was obtained from constant strain rate tests (dashed lines). 
Solid line in Fig. 4 represents the data obtained by stepped test. In can by seen that flow stress values 
obtained by stepped tensile tests matches the values form constant-strain-rate tests with effective strain 
value equal to 0.2. 

At the temperature of 925 �C the stress-temperature curves have a minimum and start to rise up. The flow 
stress at the temperature of 950 �C is higher than at 925 �C and even than at 900 �C which is apparently 
caused by the closeness to the 11 phase region. 

When testing with constant optimum strain rates, one more important fact was found out. Uniform strains 
at all temperatures above 775 �C were appeared to be observed up to B 300 % only. After further 
elongation (>300 %) the fuzzy necks become more noticeable which evidences a non-uniform flow. At the 
temperature of 775 �C such fuzzy necks occur after B 250 % elongation, though destruction of a sample can 
take place after 500 % elongation. 

4. CONCLUSIONS 

The strain rate ranges which ensure the realization of superplasticity at forming of Ti-6Al-4V alloy were 
determined in the range of temperatures 700 – 925 °C. At the relatively low temperatures 700 – 775�C the 
Ti-6Al-4V alloy shows all signs of superplasticity if strain-rates do not exceed 10-5 s-1. 

At the temperature of 950 �C which is closed to the 1-transformation, the parameters of superplasticity of 
investigated alloy begin to degrade. 

Although the Ti-6Al-4V alloy sheet manufactured by a serial technology has a high enough strain ability, the 
further forming technologies should not include operations which can lead to 300 % elongation of a 
specimens. 
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Abstract 

Creep damage of cast and heat treated intermetallic Ti-46Al-8Ta (at. %) alloy with convoluted 
α2 (Ti3Al) + γ (TiAl) microstructure was analysed. Creep test was performed at a temperature of 800 °C and 
an applied stress of 200 MPa. The initial α2 + γ microstructure of the studied alloy is unstable and 
transforms to the α2 + γ +τ type during creep. Besides microstructure instabilities, the creep is accompanied 
by nucleation and growth of cavities and cracks along the lamellar colony and grain boundaries. The 
distribution, size and volume of these cavities and cracks that lead to fracture of the specimen are assessed 
by high-resolution X-ray 3D computed tomography (CT) and 2D image analysis. The 3D CT analysis clearly 
indicates that the distribution of cavities and cracks is inhomogenous within the gauge region. Number 
of cavities and cracks significantly increase in the necked region of the creep specimen. The measurements 
performed by the 3D CT can be extended by 2D image analysis data for cavities and cracks with a size below 
the resolution of the 3D CT. The combined statistical experimental data from the 3D CT and 2D image 
analysis can be well fitted by log-normal distribution function with a mean equivalent diameter of cavities 
and cracks of d = (17.2 ± 0.3) μm. 

Keywords: titanium aluminides, TiAl, microstructure, creep, non-destructive testing 

1. INTRODUCTION 

Cast TiAl-alloys are attractive for high-temperature structural applications due to their high specific 
strength at elevated temperatures and competitive price when compared to counterparts from Ni-based 
superalloys [1]. Among various processing techniques, precise casting represents very promising technology 
for production of complex shaped components such as turbine blades and turbocharger wheels [2]. 
However, the formation of coarse-grained structure of the cast components during solidification [3] leads 
to low room temperature ductility and fracture toughness as well as to a large scatter of mechanical 
properties. These mechanical properties result mainly from the fact that the as-cast microstructures consist 
of α2 (Ti3Al) and γ (TiAl) lamellae with a length defined by the size of as-cast α (Ti-based solid solution with 
hexagonal crystal structure) grains. Reducing the grain size in cast components has been shown to improve 
significantly room-temperature ductility without degradation of the creep resistance [4]. There are two 
main approaches how to refine coarse-grained structure of cast TiAl-based alloys: (i) affecting solidification 
path by alloying with effective minor additions, mainly with boron, which usually leads to the formation of 
long boride particles that can act as failure initiation sites and (ii) formation of highly faulted massive 
γM(TiAl) through a diffusionless transformation initiated by cooling at a required rate from single α phase 
field [3,5]. In many TiAl-based alloys, the critical cooling rates to achieve the formation of massive γM are 
relatively high which may result in shape distortion, cracking or even fracture of complex shaped castings 
[6]. Therefore, development of new TiAl-based alloys requiring slow cooling rates for the formation of 
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massive γM is of a great industrial and scientific interest. However, potential industrial applications are 
conditioned by more complex understanding of its behaviour and properties at room and high 
temperatures including analysis of creep damage at designed temperatures. 

The aim of the present work is to asses creep damage such as cavities and cracks of cast intermetallic 
Ti-46Al-8Ta (at.%) alloy by high-resolution X-ray 3D computed tomography (CT). In addition, 2D image 
analysis is used as a complementary technique to asses small cavities in the studied creep specimen. CT is a 
non-destructive technique that allows many possibilities for analysis, e.g. visualization of slices, arbitrary 
sectional views or automatic pore analysis. Since the whole geometry of the complex object is scanned, 
precise 3D measurements or even the automatic generation of first article inspection reports are possible 
[7]. 

2. EXPERIMENTAL PROCEDURE 

Creep experiment was conducted on alloy with a nominal composition Ti-46Al-8Ta (at.%.). The alloy was 
provided in the form of centrifugally cast and heat treated cylindrical bar with a diameter of 13 mm and 
length of 120 mm. Heat treatments consisted of hot isostatic pressing (HIP) at an applied pressure of 
200 MPa, temperature of 1260 °C for 4 h, which was followed by solution annealing at 1360 °C for 1 h and 
air cooling to form massive γM. The heat treatment was finalized by HIP ageing at applied pressure of 
150 MPa, temperature of 1260 °C for 2 h followed by cooling at a rate of 0.083 K/s. Cylindrical creep 
specimen with a gauge diameter of 6 mm, gauge length of 30 mm and two ledges for attachment of high 
temperature extensometer was lathe machined from the as-received bar. The surface of the gauge section 
was polished to a roughness of about 0.3 μm. 

Creep test was performed at a temperature of 800 °C under initial applied stress of 200 MPa in air. The 
specimen displacement was measured using a high-temperature extensometer attached to the ledges of 
the specimen. Continuous data acquisition and processing of time-elongation data was accomplished by 
a computer. 

Microstructure evaluation of the creep specimen was performed by optical microscopy (OM), back-
scattered scanning electron microscopy (BSEM), high-resolution X-ray 3D computed tomography and 
computerised 2D image analysis. Metallographic preparation of samples consisted of standard grinding 
using abrasive papers, polishing on diamond pastes with various grain sizes up to 1 μm. 

CT measurements were performed with Nanotom 180 equipped with a 180 kV/15 W ultra high-
performance nanofocus X-ray tube, rotation-unit with air bearing and scintillation type of X-ray detector. 
For the analysed part of the creep specimen with a width of 5.3 mm, maximum thickness of 1.3 mm and 
length of 8 mm, the resolution was around 10 μm. The CT measurements started with acquiring series of 
two-dimensional X-ray images, while the specimen was progressively rotated 360° at increments of less 
than 1° per step in X-ray beam. These projections contained information about the position and the density 
of all specimen features which absorbed radiation and were used to reconstruct 3D tomographic image of 
the creep specimen [7, 8]. The CT measurements were used to measure equivalent diameter. The 
equivalent diameter means the diameter of a sphere having the identical volume as the respective cavity or 
crack. 

The 2D image analysis was performed by computer image analyzer and was used to measure equivalent 
diameter. The equivalent diameter means the diameter of a circle having the identical area as the 
respective cavity or crack. Micrographs used for image analysis were acquired by optical microscopy at 
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500x magnification. Each image was recorded with a resolution of 2048 x 1536 pixels, resulting in 1 pixel 
per 0.26 μm. The 2D data obtained by image analysis were unfolded to three-dimensional data using 
stereology assuming a spherical shape for the cavities. 

3. RESULTS AND DISCUSSION 

3.1. Microstructure before and after creep 

Fig. 1 shows the typical convoluted microstructure of Ti-46Al-8Ta alloy before creep. The convoluted 
α2(Ti3Al) + γ(TiAl) type of microstructure of the as-received alloy consists mostly of plate-like α2 phase which 
forms small colonies within the γ phase. A mean length and average volume fraction of the α2 laths were 
measured to be (8.5 ± 0.3) μm and (29.8 ± 1.3) vol.%, respectively [9]. As shown by Saage et al. [10], the 
convoluted microstructure is formed by precipitation of α and/or α2 phases on four equivalent {111} planes 
of massively transformed γM during the second HIP-ing at 1260 °C and cooling from two-phase α + γ field. 

  

Fig. 3. BSEM micrograph showing crack along lamellar 
colony and grain boundaries. 

Fig. 4. BSEM micrograph showing crack in the vicinity 
of the fracture surface. 

Microstructure analysis of the crept specimen showed two types of damage: (i) microstructure 
transformations and (ii) formation and growth of cavities and cracks. As shown by Lapin et al. [11], the 
initial α2 + γ microstructure of the studied alloy is thermodynamically unstable and transforms to the 

  

Fig. 1. BSEM micrograph showing convoluted α2 + γ 
microstructure of the Ti-46Al-8Ta before creep 

Fig. 2. BSEM micrograph showing the microstructure 
of the Ti-46Al-8Ta after creep for 417 h 
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α2 + γ +τ type during creep. The particles of the τ phase with slightly variable chemical composition of 
Ti-(36-40)Al-(12-15)Ta [at.%], B82 type of structure (space group P63/mmc, Pearson symbol hP6) and Ni2In 
symmetry are preferentially formed along the grain and lamellar colony boundaries at the expense of the 
α2 laths, which partially transform to the γ matrix and τ particles during creep, as seen in Fig. 2. 
Precipitation of the τ particles leads to a depletion of the grain boundaries of Ti and Ta and formation of Al 
rich γ phase along the grain boundaries. Besides microstructure instabilities, the creep is accompanied by 
nucleation and growth of cavities along the lamellar colony and grain boundaries (Fig. 2) and formation of 
numerous cracks in the macroscopically necked region of the specimen (Fig. 3 and Fig. 4). Growth of 
cavities and cracks lead to a fracture of the specimen after creep for 417 h. The distribution, size and 
volume of these cavities and cracks leading to specimen failure are assessed by CT and 2D image analysis in 
following chapters. 

3.2. Computed tomography 

Fig. 5 shows part of longitudinal section of the creep 
specimen tested at 800 °C/200 MPa for 417 h to 
fracture. In this figure, the red rectangle indicates the 
analysed volume by CT. Fig. 6 shows high-resolution X-
ray 3D computed tomography picture of distribution of 
cavities and cracks in the analysed volume of the creep 
specimen. The CT analysis clearly indicates that the 
distribution of cavities and cracks is not homogenous 
within the gauge region. Numerous cavities and large 
cracks are formed preferentially in the vicinity of the 
fracture surface. For the purpose of simplicity of the 3D quantitative analysis, all cavities and cracks are 
considered to have a spherical shape. Hence, equivalent diameter dm is calculated according to relationship 

 

(1) 
 

where Vm is the volume of the cavity or crack measured by CT. 

The measured statistical data (6200 cavities and cracks) of equivalent diameter dm were fitted by a log-
normal distribution function φ(dm) in the form 

 

(2) 
 

where  

d is the mean equivalent diameter  

σs is the variance of log-normal distribution function. 

 

Fig. 7 shows log-normal distribution curve resulting from the statistical evaluation of the equivalent 
diameter of cavities and cracks using 3D CT analysis. The correlation coefficient of this fit is r2 = 0.93. In this 
analysis, the frequency FN is calculated as a ratio of number of cavities and cracks within the analysed class 
to the total number of cavities and cracks in the analysed part of the creep specimen. As can be seen from 

 

Fig. 5. Part of fractured creep specimen with 
a rectangle showing analysed volume by CT 
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this distribution curve, mean equivalent diameter is 
d = (13.16 ± 0.22) μm and a minimum analysed equivalent 
diameter is 9.93 μm. However, the minimum equivalent 
diameter resulting from the 3D CT analysis is significantly 
higher than the size of cavities observed by BSEM, as 
illustrated in Fig. 2. The resolution of the 3D CT analysis of 
about 10 μm is close the mean length of the α2 laths (8.5 
μm) within the lamellar colonies and is insufficient for the 
observed creep damage. Therefore, additional technique is 
necessary to extend the quantitative 3D CT data. 

3.3. 2D image analysis 

Fig. 8 showing the distribution of cavities and cracks in the 
macroscopically necked region of the specimen. From 
various evaluated magnifications, optimal conditions for 2D 
image analysis of small cavities were achieved at a 
magnification 500x which corresponds to the resolution of 
0.26 μm. For the purpose of simplicity of the 2D 
quantitative analysis, all cavities and cracks are considered 
to have a circle shape. 

  

Fig. 7. Log-normal distribution curves of statistical 
data measured by 3D CT and 2D image analysis 

Fig. 8. OM micrograph showing distribution and size 
of cavities and cracks in the necked region of the 

creep specimen 

Hence, equivalent diameter dm is calculated according to relationship 
 

(3) 
 

where Am is the area of the cavity or crack measured by 2D image analysis. 

 

Fig. 6. High-resolution X-ray 3D computed 
tomography showing distribution of cavities 

and cracks in the analysed volume of the 
creep specimen 
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The measured statistical data (6200 cavities and cracks) of equivalent diameter dm were fitted by a log-
normal distribution function φ(dm). Fig. 7 shows log-normal distribution curve resulting from the statistical 
evaluation of the equivalent diameter of cavities and cracks using 2D image analysis. The correlation 
coefficient of this fit is r2 = 0.99. As can be seen from this distribution curve, mean equivalent diameter is 
d = (1.33 ± 0.03) μm and a minimum analysed equivalent diameter is 0.26 μm. In addition, the frequency of 
FN = 0.03 of occurrence of cavities and cracks with the equivalent diameter of dm = 9.93 μm in the analysed 
specimen is the same for 2D image and 3D CT analysis. 
Since the analysed number of cavities and cracks was 
the same for 2D image and 3D CT analysis, 3D CT data 
were extended by 2D data for cavities and cracks with 
equivalent diameter under 9.93 μm. Such new group of 
data was statistically evaluated using log-normal 
distribution function assuming frequency FV calculated 
as a ratio of volume of cavities and cracks within the 
analysed class to the total volume of cavities and cracks 
in the analysed part of the creep specimen. Fig. 9 shows 
contribution of cavities and cracks to overall volume of 
cavities and cracks. Fitting the experimental statistical 
data by log-normal distribution function lead to a mean 
equivalent diameter of d = (17.2 ± 0.3) μm. The 
correlation coefficient of this fit is r2 = 0.95. From the 
point of view of lifetime of the analysed material, the propose analysis assuming frequency FV is more 
representative than that assuming frequency FN. 

4. CONCLUSIONS 

The assessment of creep damage of intermetallic Ti-46Al-8Ta [at.%] alloy suggests the following 
conclusions: 

• Besides microstructure instabilities, the creep is accompanied by nucleation and growth of cavities 
and cracks along the lamellar colony and grain boundaries. Growth of cavities and cracks lead to the 
fracture of the specimen. 

• The 3D CT analysis clearly indicates that the distribution of cavities and cracks is not homogenous 
within the gauge region. Numerous cavities and large cracks are formed preferentially in the vicinity 
of the fracture surface. The mean equivalent diameter resulting from the 3D CT analysis assuming 
frequency FN is d = (13.16 ± 0.22) μm and the resolution of this analysis is 9.93 μm. The mean 
equivalent diameter resulting from the 2D image analysis assuming frequency FN is d = (1.33 ± 0.03) 
μm and the resolution of this analysis is 0.26 μm.  

• The measurements performed by the 3D CT can be extended by 2D image analysis data for cavities 
and cracks with a size below the resolution of the 3D CT. Fitting combined the 3D and 2D 
experimental statistical data by log-normal distribution function assuming frequency FV lead to a 
mean equivalent diameter of d = (17.2 ± 0.3) μm. 

 

 

Fig. 9. Contribution of cavities and cracks with a 
certain size to the overall volume of cavities and 

cracks 
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Abstract 

Beta-titanium alloys are very promising materials for bioapplications due to their properties (low Young's 
modulus, biocompatibility...). Boron addition causes grain refinement and influences mechanical 
properties. The influence of boron amount on microstructure and mechanical properties was studied in this 
paper. The alloys were arc melted, homogenized, hot forged, solution treated and cold swaged. By using 
light microscopy, back scattered electron diffraction (EBSD) the changes in their microstructure were 
studied. Also mechanical properties after cold swaging were evaluated. 

Keywords: beta-titanium alloys, boron, microstructure  

1. INTRODUCTION 

Beta-titanium alloys are very promising materials for bioapplications. It is due to their excellent 
biocompatibility, good corrosion resistance, high strength and low Young’s modulus [1,2]. Their 
biocompatibility is ensured thanks to the absence of toxic elements. For these purposes only alloys 
containing fully biocompatible elements are used (e.g. Nb, Ta, Zr). Low Young’s modulus improves 
biomechanical compatibility of these alloys. This means that the Young’s modulus of implant material is 
similar to that of bone (~30 GPa). When the modulus is higher the surrounding bone is protected from 
necessary loading and that may cause bone resorption. This phenomenon is usually called “stress shielding 
effect” [3, 4]. Therefore the actual task is to obtain material with high strength and low Young’s modulus. 
Tensile strength can be increased significantly by phase precipitation. On the other hand this usually also 
leads to increase in Young’s modulus. Adding interstitial elements (O, B...) may increase tensile strength 
and not increase Young’s modulus significantly and do not deteriorate the biocompatibility. They are also 
quite cheap alloying elements [5]. Because of above mentioned reasons beta-titanium alloy (Ti35Nb6Ta) 
was modified with addition of various boron amounts. The influence of boron addition on microstructure 
was studied in this paper.  

2. EXPERIMENTAL 

Alloys with nominal chemical composition Ti-35.5Nb-5.7Ta with various B content (0; 0.05; 0.1; 0.3 and 0.5 
wt.%) were prepared via arc melting process. They are market as 0B; 005B; 01B; 03B and 05B in following 
text. Chemical compositions in this work are in wt.% unless it is said different. Alloys were melted from 
pure metals in electric arc melting furnace LAYBOLD HERAEUS L200h with water-cooled copper crucible 
under protective atmosphere of pure He. Specimens were remelted with non-consumable tungsten 
electrode eight times in order to ensure chemical homogeneity. As-cast specimens were homogenized at 
1200 °C for 4h and furnace cooled in vacuum furnace. Homogenized specimens were hot forged into 
cylindrical shape of about 14 mm in diameter (with section reduction of about 40%). Hot forged rods were 
solution treated (850 °C / 0.5 h / water quenching). Solution treated specimens were machined in order to 
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remove surface layer and cold swaged into wires with diameter of 5 mm (section reduction about 87 %). 
Specimens for light microscopy (LM) were prepared by standard metallographic techniques. The specimens 
were grinded up to #4000 with SiC papers and polished with Struers OP-S emulsion with addition of 0.6 ml 
OP-S, 2 ml H2O and 2 ml NH3. For etching 3 ml HF + 8 ml HNO3 + 100 ml H2O etchant was used. Nikon 
EPIPHOT 300 was used for light microscopy observation. Polished specimens were used for electron back 
scattered (EBSD) analysis. For this purpose these specimens were electropolished by using 1000 ml C2H5OH 
+ 50 ml HClO4 + 15 ml HNO3 electrolyte at 50 V. Analysis was performed on JEOL JSM 7600F with EBSD 
detector (Nordly’s – Oxford instruments). Analysis was carried out at 20 kV and 65° tilt. Results were 
evaluated with HKL Chanel 5 software equipment. Images presented in this work were obtained from 
approximately the same area of specimens. Grain size was evaluated by linear analysis when the lines were 
preferentially perpendicular to columnar grains. Identical system of lines was used for all specimens. 
Tensile tests were performed on standard round tensile specimens with round shoulders on INSTRON 1185 
testing machine equipped with video-extensometer. The diameter of tested specimens was 4 mm. The 
tests were made along ISO 6892-1:2009 standard. At least three specimens were tested for each value. 

3. RESULTS AND DISCUSSION: 

 

The microstructure of as-cast and homogenized alloys consists of very coarse dendritic grains. It should be 
pointed out that as-cast samples are relatively heterogeneous not only in chemical composition but also in 
grain morphology due to various cooling rates along specimens. In homogenized Ti35Nb6Ta (0B) alloy very 
fine precipitates which are supposed to be α-phase can be seen. They are meanly on grain boundaries and 
some of them are located inside grains. The grain dimensions are about 1.5 mm (from 1 up to 3 mm) that 
can be seen in Fig. 1. Grain size decreases significantly with boron addition. Grains have dimensions about 
300 μm in 01B alloy (Fig. 2). Further decrease in grains size with boron addition can be also observed, but is 
not so significant. In 01B alloy small needle like particles, which are supposed to be TiB particles, can be 
observed. Small fraction of the same particles can be also observed in 005B (Fig. 3). This confirms very 
limited solubility of boron in β-Ti matrix as was reported by Zhu et al. [6]. There is relatively high fraction of 
these particles in alloys with higher boron content (03B and 05B) – see Fig. 4.  

 

  

Fig. 1: EBSD image of Ti35Nb6Ta alloy after 
homogenization 

Fig. 2: EBSD image of 01B specimen after 
homogenization TiB particles 
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Fig. 3: Light micrograph of 005B alloy with 
Fig. 4: EBSD image of 05B specimen after 

homogenization 

The grain refinement is well evident in Fig. 5 where quantitative results obtained from image analysis are 
presented. It is clear that the most significant decrease is for small boron addition and then the decrease is 
less distinct. The grain refinement is in accordance with Tamirisakandala et al. [7]. These authors studied 
grain refinement caused by boron addition in Ti-6Al-4V and Ti-6Al-2Sn-4Yr-2Mo-0.1Si alloys.  

 
 

Fig. 5: Dependence grain size – boron content Fig. 6: Binary phase diagram Ti-B [9] 

Grain refinement can be explained by using Ti-B binary phase diagram (Fig. 6).These alloys can be 
considered as hypoeutectic due to relatively small boron addition. As Tamirisakandala et al. [7] reported TiB 
particles are formed via the eutectic reaction after the primary β-Ti grains and therefore they cannot act as 
nucleation sites for these grains and cause grain refinement. On the other hand due to local changes in 
chemical compositions during cooling higher undercooling takes place. As the boron solid solubility in β-Ti is 
very low and its solubility in melt is very high, the boron is rejected from primary β-grains into the melt. So 
the melt near the interface melt/primary β-grain is enriched in boron. This causes changes in liquidus 
temperature and results in higher constitutional supercooling. These processes provide higher driving force 
for nucleation and this causes observed grain refinement. 

After hot forging and solution treatment relatively fine grains can be observed in 0B specimen. These grains 
are equiaxed and there can be seen no α-phase particles inside the specimen. 005B alloy exhibits 
microstructure with slightly coarser grains. Alloy 01B has microstructure consisting of grains that have 
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substructure of low angle boundaries with certain amount of TiB particles. Grains in 03B and 05B specimens 
are elongated in one direction and substructure can be also observed. This implies that boron addition 
influences recrystallization processes in comparison with 0B alloy. Different recrystallization processes 
result in different microstructures. Also TiB particles are present in 03 and 05B alloys.  

Cold swaging causes grain deformation in one direction. This can be seen in Fig. 7 where the microstructure 
of 05B cold swaged alloy is presented. Grains are elongated into a shape of fibers (in longitudinal direction). 
In transverse direction the microstructure has wave-like morphology (see Fig. 8). It is also evident that TiB 
particles are placed preferentially in rows oriented in the same direction. 

  

Fig. 7: Light micrograph of 05B alloy after cold 
swaging (longitudinal direction) 

Fig. 8: Light micrograph of 05B alloy after cold 
swaging (transverse direction) 

The cold swaged microstructure is similar for all studied alloys. The only difference is in fraction of TiB 
particles. Mechanical properties are different for alloys with various B content. Tensile strength is 820 ± 10 
MPa for 0B alloy and 800 ± 15 MPa for 005B alloy. This difference is small and within experimental scatter. 

  
Fig. 9: Tensile strength values of studied alloys after 

cold swaging 
Fig. 10: Elongation values of studied alloys after cold 

swaging 

With further increase in B content the tensile strength increases up to 920 MPa for 05B (see Fig. 9).There 
can be seen continuous decrease in elongation with increasing B content from ~12% (0B) to ~7% (05B) 
which can be observed in Fig. 10. Young’s modulus continuously increases from 50 GPa to about 70 GPa 
with increasing B content (Fig. 11). These changes in mechanical properties can be ascribed meanly to 
increasing fraction of TiB particles in microstructure. This is in accordance with Young Koo et al. [8] and 
Gorsse et al. [9] where strengthening effect of TiB particles was studied. These particles have relatively high 
Young’s modulus and therefore the modulus increases with increasing fraction of these particles. This is 
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because the modulus depending meanly on phase 
composition as was reported in [10]. On the other 
hand elongation deteriorates strongly with increasing 
boron content in alloy. 

4. CONCLUSIONS 

Microstructure was studied during thermo-mechanical 
treatment on alloys with various boron addition. On 
the basis of above mentioned results it can be 
concluded that: 

� Boron very effectively causes grain refinement 
of as-cast microstructure, but this effect not 
strongly depends on its amount in alloy for contents higher than 0,05%. 

� Boron also influences recrystallization processes during hot forging and subsequent solution 
treatment 

� The tensile strength increases with increasing boron addition to alloy. 
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Fig. 11: Young’s modulus values of studied alloys 

after cold swaging 
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Abstract 

The effect of uniaxial and multiaxial stress conditions on microstructure degradation of single crystal nickel 
based superalloy CMSX-4 was studied during creep. Cylindrical specimens with multi gauge sections for 
tensile creep at uniaxial stress conditions and “U type” of notch for creep at multiaxial stress conditions 
were designed by elastic finite element method (FEM) calculations. The width of the γ’ (Ni3(Al,Ti)) rafts 
decreases and length of the γ’ rafts and width of the γ channels increase with increasing applied stress and 
creep time. The multiaxial stress conditions affect the degradation process of the γ/γ’ microstructure when 
compared to that observed at uniaxial stress conditions. The observed degraded microstructure of creep 
specimens tested at laboratory conditions is related to that of ex-service turbine blades. External stress of 
about 50 MPa resulting from centrifugal forces during blade service is determined to be critical, beyond 
which the role of the internal stresses in formation of the rafted microstructure can be neglected. This 
stress is in an agreement with the creep experiments at a constant nominal stress of 60 MPa which showed 
classically rafted microstructure with minor fraction of spontaneous rafts. The width of the γ’ and γ phases 
increases with increasing temperature and decreasing stress. Increased width of the γ’ phase in regions 
with lower stresses is in agreement with the previous laboratory experiments, wherein the widest γ’ rafts 
were measured in specimens exposed to the lowest experimental stresses in later stages of creep. 

Keywords: Nickel based superalloy; Creep; Notch effect; Microstructure degradation; Turbine blade 

1. INTRODUCTION 

Single crystal nickel based superalloys have been developed for processing of turbine blades operating at 
high temperatures and complex stresses in stationary gas turbines and aircraft engines. The main 
requirements on these materials are: (i) resistance against complex damage mechanisms during mechanical 
loading at high temperatures, (ii) resistance against corrosive effects of hot gases and (iii) optimized 
balance of mechanical and technological properties. Due to strategic importance of nickel based 
superalloys, particularly in the aircraft industry, superalloys have become one of the most studied groups of 
metallic materials [1-6]. A typical microstructure of these alloys usually consists of L12-ordered γ’ (Ni3(Al,Ti)) 
precipitates coherently embedded in γ (Ni based solid solution with face-centered cubic crystal structure) 
matrix. The mechanical properties of nickel based superalloys depend on the volume fraction, distribution, 
size and morphology of γ’ precipitates. At high temperatures, initial cuboidal γ/γ’ microstructure undergoes 
first the process of Ostwald ripening [7] and consequently the process of formation of spontaneous rafts 
[8]. When external tensile stress is applied in a direction parallel to [001] crystallographic direction, the 
cuboidal γ’ precipitates undergo directional coarsening (rafting) with the rafts oriented in a direction 
perpendicular to the loading axis. Formation of creep rafts has been intensively studied and relatively well 
described by many authors, e.g. [9-10]. The first stage blades for industrial gas turbines or aircraft engines 
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are often cooled with internal channels that act as notches during their service. However, there is a lack of 
available data about the effect of multiaxial stress conditions caused by such notches on microstructure 
degradation of single crystal nickel based superalloys [11].  

The aim of the present work is to study the effect of uniaxial and multiaxial stress conditions caused by 
notches on microstructure degradation changes of single crystal nickel based superalloy CMSX-4 during 
creep. In addition, microstructure degradation of ex-service single crystal turbine blades is presented. 

2. EXPERIMENTAL PROCEDURE 

As-cast ingot of nickel base superalloy CMSX-4 with diameter of 80 mm, length of 250 mm and chemical 
composition Ni-6.5Cr-9.0Co-0.6Mo-6.0W-6.5Ta-3.0Re-5.6Al-1.0Ti-0.1Hf (wt.%) was supplied by Canon-
Muskegon (USA). The ingot was cut to smaller rectangular rods by electro-spark machining and lathe-
machined to cylindrical rods with a diameter of 12 mm and length of 120 mm. Single crystals with [001] 
crystallographic orientation were prepared by directional solidification at a temperature gradient in liquid 
at the solid-liquid interface of 1x104 °C/m and growth rate of 2.78x10-5 ms-1 in a modified Bridgman type 
apparatus. Crystallographic orientation of directionally solidified bars was controlled by Laue X–ray 
diffraction technique. Maximum deviation from <001> crystallographic direction was measured to be 
7 degrees. The single crystal bars were subjected to solution annealing at 1315 °C for 6 h in high purity 
argon atmosphere which was followed by a rapid cooling to room temperature in flowing argon. The heat 
treatment was finalised by two steps precipitation hardening at 1140 °C for 2 h and 870 °C for 20 h in air 
followed by gas fan cooling to room temperature.  

The specimens for creep at uniaxial and multiaxial stress conditions were prepared by lathe machining. The 
microstructure degradation during uniaxial creep was studied at a temperature of 950 °C, applied stresses 
of 60, 90, 120 and 150 MPa for various time up to 2000 h using cylindrical creep specimens with multiple 
gauge sections. Creep specimens for the study of the effect of multiaxial stress conditions on 
microstructure degradation were designed with "U-type" of notch using finite element method (FEM) 
calculations.  

Ex-service single crystal turbine blades from CMSX-4 superalloy after 12,500 h service were provided by 
Siemens. These blades were cut to smaller pieces by electro-spark machining and subjected to 
microstructure evaluation. The observed microstructures were related to local stresses and temperatures 
within the turbine blade. 

Microstructural analysis was performed by optical microscopy (OM) and scanning electron microscopy 
(SEM). OM and SEM samples were prepared by grinding on abrasive papers, polished on diamond pastes up 
to a grain size of 0.25 �m and etched in a reagent of 12.5 ml alcohol, 12.5 ml HNO3 and 13.5 ml HCl. 
Quantitative metallography was performed on digitalized micrographs using a computerized image 
analyser. Five basic microstructural parameters were evaluated in the specimens: (i) size of cuboidal γ’ 
precipitates, (ii) volume fraction of γ’ precipitates, (iii) width of γ channels, (iv) width of γ’ rafts and (v) 
length of γ’ rafts on longitudinal sections of creep specimens. All measured values were evaluated 
statistically using appropriate distribution functions. 
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Fig. 1. SEM micrograph showing the initial γ’/γ 
microstructure of CMSX-4 superalloy before 

creep testing. 

3. RESULTS AND DISCUSSION 

3.1 Microstructure degradation during uniaxial stress conditions 

Fig. 1 shows the initial microstructure of the creep 
specimens prepared from single crystal bars of CMSX-4 
superalloy. The microstructure consists of cuboidal shaped 
γ’ precipitates embedded in the γ matrix. Mean size and 
average volume fraction of the γ’ precipitates is measured 
to be (310 ± 6) nm and (69.5 ± 1) vol.%, respectively.  

During creep at 950 °C and applied stresses ranging from 
60 to 150 MPa coarsening and rafting of the cuboidal γ’ 
precipitates is observed, as seen in Fig. 2. The well 
developed γ’ rafts separated by the γ channels are oriented 
nearly perpendicularly to the loading direction which is 
parallel to the [001] crystallographic direction of the creep 
specimen. Nabarro et al. [9] showed that the driving force 
for development and orientation of the γ’ rafts is: (i) the 

lattice misfit between γ’ precipitates and γ matrix, (ii) elastic mismatch between the γ’ precipitates and the 
γ matrix and (iii) level of applied external stresses. Three basic microstructural parameters were measured 
for the rafted microstructure: (i) width of the γ channels in a direction perpendicular to the γ’ rafts, (ii) 
width of the γ’ rafts and (iii) length of the γ’ rafts on longitudinal sections of the creep specimens. All 
measured values are evaluated statistically using appropriate distribution functions. 

 

Fig. 2. Evolution of the γ’/γ microstructure within the creep specimen tested at uniaxial stress conditions, 
temperature of 950 °C, creep time of 500 h and applied stresses of 60, 90, 120 and 150 MPa 
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Fig. 3 shows variation of the microstructural parameters of degraded γ/γ’ microstructure with the applied 
stress after creep testing for various time. The values of the width of the γ’ rafts in specimens tested at 60 
and 90 MPa for 100 h are affected by a transient type of microstructure between cuboidal and rafted one. 
For the degraded microstructure with well developed rafts, the width of the γ’ rafts decreases (Fig. 3a) and 
their length increases (Fig. 3b) with increasing applied stress and creep time. The width of the γ channels 
increases with increasing applied stress and creep time, as seen in Fig. 3c. 

3.2 Microstructure degradation during multiaxial stress conditions 

Fig. 4 shows the notched tensile creep specimen with "U" type of notch tested at 950°C and nominal stress 
in the notched region of 90 MPa for 1000 h. After 1000 h of creep, there is no significant degradation of the 
cuboidal γ/γ’ microstructure in the regions which are not affected by the notch effect. The coarsening 
known also as Ostwald ripening of the cuboidal γ’ precipitates takes place predominantly in the regions 
subjected to uniaxial stress conditions. This is in agreement with the quantitative measurements performed 
on the cylindrical creep specimens with multiple gauge sections at four constant applied stresses. On the 
other hand, the microstructure in the region affected by the "U" notch is well rafted. The rafts are well 
oriented at the angle of 90° to the tensile axis in the central region of the specimen. The microstructure in 
the vicinity of the notch is not regular. The γ’ rafts are oriented in two main directions: (i) nearly 
perpendicularly to the tensile axis and (ii) nearly parallel to the tensile axis. As shown by Gebura and Lapin 

Fig. 3. Variation of measured microstructural 
parameters of the γ’/γ microstructure with the 

applied stress after uniaxial creep at 950 °C: 
(a) width of the γ’ rafts, (b) length of the γ’ rafts, 

(c) width of the γ channels. The creep time is 
indicated in the figures 
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Fig. 4. SEM micrographs showing the γ’/γ microstructure of the 
notched creep specimen after creep at 950 °C/90 MPa for 1000 h. 

The insert represents calculated distribution of Von Mises stresses in 
the notch affected region of the creep specimen 

[11] and Serin et al. [1], rafting of the γ’ precipitates during high temperature low stress creep of single 
crystal superalloys depends on the stress state and stress level. 

The FEM calculations of stress distribution in the notch affected region performed by Gebura and Lapin [11] 
showed that there is no evidence of directional coarsening of the cuboidal γ/γ’ microstructure within the 
region affected by maximal principal stresses up to 60 MPa, even if there is a high magnitude of angle φ 

between direction of calculated 
maximal principal stress and main x-
axis clockwise in xy-plane. Fully 
rafted γ/γ’ microstructure with the 
rafts oriented perpendicularly to the 
[001] crystallographic direction are 
observed within the region affected 
primarily by maximal principal 
stress, where the stress intensity 
and compressive stresses have 
negligible magnitudes. Non-uniform 
directional coarsening of the γ’ 
phase is observed within the region, 
where beside the effect of maximal 
principal stress, the compressive 
stresses contribute to the 
microstructure degradation. This 
stress distribution enhanced by high 
values of φ lead to a directional 
coarsening of the γ’ phase with 
several protrusions in directions 
parallel and perpendicular to the 
[001] crystallographic direction. 
Moreover, in contrast to the region 
where only maximal principal 
stresses affect the degradation of 
microstructure, high values of φ 
affects orientation of the γ’ rafts. 

 

 

3.3 Microstructure degradation of turbine blades 

The examined single crystal turbine blades without internal cooling channels were manufactured by 
directional solidification (Fig. 5). The initial microstructure of the blades consisted of the cuboidal γ’ 
precipitates with a mean size of about 350 nm embedded in the γ matrix. Fig. 6 shows different types of 
microstructure observed within the analysed blades. Figs. 6a and 6b show spontaneously rafted γ/γ’ 
microstructure in the vicinity of the airfoil tip operating at a temperature of about 980 °C and stress of 
about 30 MPa. The spontaneously rafted microstructure consists of the γ’ rafts oriented perpendicularly as 
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Fig. 5. Ex-service single crystal turbine blade 
from CMSX-4 alloy after service for 12,500 h 

Fig. 6. SEM micrographs showing different microstructures 
observed within the turbine blades after 12,500 h of service: 
(a) and (b) spontaneously rafted γ/γ’ microstructure; (c) and 
(d) well developed creep rafts; (e) well developed creep rafts 
in coexistence with semi-rafted microstructure; (f) cuboidal 

microstructure in coexistence with semi-rafted one 

 well as parallel to the loading axis. The formation of spontaneous rafts in the CMSX-4 superalloy results 
from internal dendritic stresses [8]. Figs. 6c and 6d show well rafted microstructure formed in the middle 

part of the airfoil part operating at a 
temperature of about 915 °C and 
centrifugal stresses of about 110 MPa. 
Figs. 6e and 6f shows degraded 
microstructure of the turbine blade in the 
vicinity of root part operating at a 
temperature of about 810 °C and stresses 
of about 190 MPa. In this region, the 
microstructure consists mainly of 
coarsened cuboidal γ’ precipitates and 
some isolated regions with γ’ rafts in the γ 
matrix. 

4. CONCLUSIONS 

The study of the effect of uniaxial and 
multiaxial stress conditions on 
microstructure degradation of single crystal 
nickel based superalloy CMSX-4 during 
creep suggests the following conclusions: 

� The initial cuboidal γ/γ’ microstructure of single crystal CMSX-4 superalloy is unstable during 950 °C 
creep at uniaxial stress conditions. The width of the γ’(Ni3(Al,Ti)) rafts decreases and length of the γ’ 
rafts and width of the γ channels increase with increasing applied stress and creep time during 
tensile creep testing.  

� There is no evidence of directional coarsening of the cuboidal γ/γ’ microstructure within the region 
affected by maximal principal stress values up to 60 MPa, even if there is a high magnitude of φ 
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during creep at multiaxial stress conditions. Fully rafted microstructure with the rafts oriented 
perpendicularly to the [001] crystallographic direction is observed within the region affected 
primarily by maximal principal stresses, where the stress intensity and compressive stresses have 
negligible magnitudes. Non-uniform directional coarsening of the γ’ phase is observed within the 
region, where beside the effect of maximal principal stresses, the non-negligible compressive 
stresses takes place. 

� The external stress of about 50 MPa resulting from centrifugal forces during blade service is 
determined to be critical for formation of spontaneously rafted microstructure. Higher stresses leads 
to fully rafted or partially rafted microstructure depending on local temperature within the turbine 
blade. 
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Abstract  

The creep degraded nickel base single crystal superalloy CMSX-4 of two axial orientations [001] and [111] 
was investigated with aim to assess the structure degradation. Constant load creep tests were conducted in 
the stress/temperature ranges of 250 – 780 MPa / 750 – 950°C resulting in rupture time variation from 50 
to 4000 hours. A combination of scanning electron microscopy (SEM) and non-destructive small-angle 
neutron scattering method (SANS) was used to investigate the directional coarsening (rafting) of the 
gamma prime (γ') precipitates in relation to the stress and temperature applied as well as to the initial 
crystallographic orientation of the specimens. The SANS results are discussed in terms of the correlation 
with the raft development, the axial orientation of specimen, the creep parameters and the mechanical 
properties.  

Keywords: Ni base superalloy, single crystal, creep, structure, small angle neutron scattering. 

1. INTRODUCTION  

Nickel base superalloys are widely used for heavy duty gas turbine buckets, where stability of 
microstructure is an important factor determining mechanical properties under service conditions. The 
basic microstructure of single crystal (SX) nickel base superalloys contains two phases – the γ matrix which 
is hardened by precipitates of γ' phase. The drawback of SX superalloys is their metallurgical instability at 
high temperatures. The changes in their morphological characteristics are most sensitively reflected in their 
deformation behaviour and result usually in an acceleration of structure degradation process [1, 2]. In these 
alloys, the morphological evolution of the γ’ precipitates at high temperatures may be considerably altered 
by the application of a (uniaxial) external stress [3]. Under high temperature creep conditions, the γ/γ’ 
microstructure first becomes rafted, then slowly coarsens and becomes irregular [4, 5]. This phenomenon, 
known as directional coarsening or “rafting”, corresponds to a breaking of the overall cubic symmetry of 
the precipitate shape and results in the formation of large plates, or long rods or platelets, perpendicular to 
the stress direction. The extent of degradation in the microstructure reduces then the mechanical 
properties of SC superalloys.  

To check the response of the structural parameters especially to the applied load at elevated temperatures, 
both destructive and non-destructive testing can be used. Small-angle neutron scattering (SANS) [6, 7] 
proved to be an effective non-destructive tool for the assessment of the microstructure of alloys. To assess 
the morphological changes responsible for or connected with the orientation dependence of mechanical 
parameters, SANS can be used together with the local information obtained by SEM. 

The aim of this study was to assess the morphological changes of gamma prime precipitates matching to 
the observed dependence of mechanical properties on mutual crystallographic and load direction 
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orientation in crept single crystal superalloy CMSX-4. The investigation was conducted employing SEM and 
SANS techniques. 

2. EXPERIMENTAL 

2.1. Microstructure 

The CMSX-4 SX was experimental material, which has outstanding combination of the high temperature 
strength and corrosion resistance. The composition of the alloy in mass % is as follows: 9.7Co, 6.5Cr, 0.6Mo, 
6.4W, 5.7Al, 1Ti, 0.1Hf, 6.5Ta, 3Re, the balance is being nickel. The alloy was provided in the form of 
cylindrical bars with growth direction of [001] and [111]. All bars, for both growth directions, had the 
abovementioned crystallographic direction oriented within 10° around the longitudinal axis. The standard, 
three step heat treatment was applied to optimize structural 
parameters of γ’ including the size, morphology and volume 
fraction.  

The microstructure of the heat treated SX specimens and 
creep exposed specimens was then examined by the 
scanning electron microscopy (SEM). Samples for observation 
were metallographically prepared and etched. SEM 
observations of the creep exposed specimens were 
performed on section cut parallel to the crystallographic 
direction (specimen axis) of  [001] or [111]. The 
representative  microstructure of cuboidal γ’phase deposited 
in gama matrix is presented in Fig. 1. 

2.2. Creep testing condition.   

The specimens for the creep rupture tests (gauge length of 60 mm, diameter of 6 mm) for both orientations 
were machined from the heat treated SC bars. The constant load creep tests were performed until rupture. 
The creep test conditions are stated in Table 1. One sample for each particular creep condition was tested. 

2.3. SANS measurement.  

Tab. 1. Experimental creep conditions and results. 

Sample Load 
axis 

Temp. 
(°C) 

Nomina
l stress 
(MPa) 

Time to 
rupture 
(h) 

Creep 
strain to 
rupture 

Morphology  by 
SANS and SEM 

C397h [001] --- --- --- --- --- 

C397 [001] 750 780 1000 15 no rafting 

D431 [001] 900 500 100 21 partial rafting 

E430 [001] 900 300 2000 27 rafted 

E415 [001] 950 250 500 30 rafted 

B398h [111] --- --- --- --- --- 

B398 [111] 750 780 500 22 no rafting 

C404 [111] 900 500 50 22 partial rafting 

E451 [111] 900 300 4000 20 rafted 

A396 [111] 950 250 2000 20 rafted 

Fig. 1. SEM micrograph of γ’ in CMSX4 
alloy structure after standard heat 

treatment 
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CMSX-4 was investigated by SANS after various 
loadings (temperature, stress) and at two 
orientations of the load axis mentioned above. 
An Euler cradle (for adjustment of ω, χ and ψ 
angles) was used to set the samples to several 
special orientations. The measu- rements of 
neutron scattering were carried out on the V4 
instrument of BENSC at Berlin (HMI) [8].  

The scattering data were collected at several 
geometries. However, the one used for 
anisotropic data evaluation was: sample – to 16 
m and the neutron the neutron wavelength λ�= 
7.5 Å (in order to avoid a multiple Bragg 
scattering at certain sample orientations). The covered range of the sca.ttering vector magnitude Q = bQb 
was approximately 3G10-3 Å-1 to 

0.02 Å-1, where the magnitude Q = bQb = bk-k0b (k0 and k being the wave vectors of the incident and scattered 
neutrons, respectively, and bkb = bk0b = 2π/λ). The measured raw data were corrected for background 
scattering and calibrated to absolute scale by the measurement of the attenuated primary beam [9].  

3. RESULTS 

3.1. Mechanical test.  

The specimens of the single-crystal superalloy CMSX-4 were subjected to various  tensile  creep  stresses  at 
different  temperatures  and  they showed a different  deformation behaviour with regard to the strain to 
rupture and the lifetime for two load-axis orientations of [001] and [111]. The creep data for different 
strain and testing temperature are presented in Table 1. As shown in Fig. 2, the time to rupture is 
significantly larger for [100] load axis for the low temperatures and high stresses. On the other hand, the 
time to rupture is much larger for the [111] exposure when the sample undergoes deformation at a 
relatively high temperature and low stress. 

3.2. Creep microstructure characteristics.  

The microstructure of SC superalloy after standard heat treatment, which is composed of γ matrix and 
γ’ phase, is documented in Fig. 1. The cuboidal precipitates are arranged uniformly through the γ matrix. 
The average edge length of the cuboidal γ’ precipitate is about 0.5 μm. The volume fraction of γ’ is over 
65%. 

The SEM micrographs of the crept specimens for the various creep conditions (stated in Tab. 1) are 
presented in Fig. 3a for the [001] axis orientation and Fig. 3b for the [111] axis orientation. 

Generally, for both load-axis orientations, the crept specimens exposed at the lower temperature of 750°C 
and at higher stress showed no rafting. The specimens exposed at the higher temperature of 900°C and 
medium stress of 500 MPa showed partial rafting. The other specimens exposed at 900°C/300 MPa as well 
as at 950°C/250 MPa are fully rafted. A quantitative comparison of [111] and [001] creep exposed 

Fig. 2.  The time to rupture dependencies for the 
different stresses and temperature 
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specimens, considering the start of raft formation, shows no striking differences, although variations in γ’ 
morphology were observed, as shown in Fig. 3. 

 

 

 

3.3. SANS results. 

The measured and fitted 2D data are displayed in Figs. 4 and 5 for the selected specimens and orientations. 
Each specimen was then measured in 9 orientations, including those with low-index crystallographic 
directions parallel to the incoming beam as well as those without this special relation. The 2D anisotropic 
data were fitted at once in order to take into account the strong anisotropy of a 3D cross section in the 
reciprocal space, corresponding to the cuboidal and/or rafted shape of the precipitates. The precise 
orientation of the crystal lattice with respect to the sample axis and edges (ω0, χ0 and ψ0 angles) was also 
determined by the fit. Two selected (out of nine) orientations are plotted in Figs. 4 and 5 for the selected 
samples. 

4. EVALUATION 

4.1. Modeling 

The measurements were evaluated by the NOC program for anisotropic SANS data treatment [10]. The 
analysis procedure is based on the numerical simulation of a scattering profile generated from a three-
dimensional (3D) microstructural model of a particle system. The calculated profile is matched with the 
experimental curve by a weighted least square method in order to find the microstructural parameters 
which can be in principle extracted from the measured data. In agreement with the direct- imaging tech- 
nique (SEM) and with the symmetry of the SANS data at various sample orientations, ordered cuboidal or 
rafted particles were used as a model for the non-exposed and all the various-sly exposed samples. The 
shape of one individual particle can be varied in simple way using only one shape parameter β [10 ], which 
is 0 for a cubical particle. In the case when β =1, the particle has a spherical or elipsoidal shape. These 

Fig. 3. The SEM micrographs demonstrating  the change of  the γ’ morphology during  the creep 
Exposure for SC specimens with axis orientation of: a) [001] and b) [111] 
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particles compose an array resembling γ' precipitates in a superalloy using the mean distance and its 
variance as well as the mean size and its variance. 

Additionally, an orientational distribution of the 3D modelled cross section is included, which infact 
represents an orientational distribution of normals to the γ-γ' interface. This distribution is characterized by 
its full width in half maximum (FWHM). 

 

  
 
 
 
 
 

Fig. 4. The selected 2D SANS patterns and the optimum model for the load axis [111] Exposure  
(a) none, (b)  T=900°C,  σ =500 MPa,  (c)  T=900°C,    σ =300 MPa 
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4.2. Fitting 

 
 

 

 

 

Fig. 5. The selected 2D SANS patterns and the optimum model for load axis [111]. Exposure (a) 
none, (b)T=900°C, σ =500 MPa, (c) T=900°C,        σ =300 MPa 
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In the present case, where the precipitates in CMSX-4 after standard heat treatment are large, the 
measured scattering curves do not contain information on the size and distance. Therefore, the mean 
distance was fixed at a reasonable value. The precipitate sizes in [100] and in [001] directions could be fixed 
in a similar way. However, as they indirectly determine the amount of interface perpendicular to [100] and 
the amount of interface perpendicular to [001] (see the models in Fig. 4) and thus also the degree of the 
rafting, it was left free. A certain variation of the size and distance of the modelled particles, which can be 
observed in Figs. 4 and 5, was allowed using non-zero variances of the size and distance distributions in the 
prelimi- nary fit. The size and distan- ce variation was performed basically only in order to correspond 
better with va- riations visible in the SEM 

micrographs. Because the measurement was perfor- med at nine various orien- tations, the representation 
of the 3D cross section is sufficient to refine the orientation angles ω0, χ0 and ψ0 together with fitting of the 
microstructural parameters. The parameters, which can be determined, are: morphology (cuboids or rafted 
precipitates; their particular shape defined by β), interface orientation distribution FWHM and specific 
interface between γ and γ'. 

The sections through 3D real-space models representing the precipitates, which match best the measured 
data for the selected samples, are depicted in Figs. 4 and 5. It should be pointed out that three equivalent 
subsets of rafts, perpendicular to the crystallographic directions [100], [010] and [001] are in fact modeled 
in the case of the [111] deformed samples (Fig. 5).  

5. DISCUSSION 

5.1. Microstructure evaluation with creep exposure 

Among the samples with the load axis [001], the sample exposed at 750°C with 780MPa (time to rupture 
1000h) showed practically no rafting indication (as the scattering pattern has nearly fourfold symmetry 
when both [100] and [001] are perpendicular to the beam),  except  the small  elongation  mentioned  
above. The sample exposed at 900°C with 500MPa (100h) clearly showed partial rafting. It can be deduced 
that the diffusion effects do not last long enough to form rafts for the samples exposed at lower 
temperatures and higher stresses. The other two samples exposed at 900°C with 300MPa (2000h) and at 
950°C (250MPa, 500h) exhibited a full rafting (practically no dependence of the SANS pattern on the 
rotation around the load axis). The rafting thus occurs only above a temperature threshold which is 
between 750 and 900°C. 

The estimation of the morphology of the precipitates for samples with load axis [111] is more difficult as 
the raft microstructure is more complex. It can be deduced that there is no raft formation with interfaces 
perpendicular  to the stress axis (i.e. to [111]). The coarsening occurs uniformly in all three planes (100), 
(010) and (001). Due to this equivalence (unlike the samples stressed along [001]), there is no change in the 
general  character of  the  SANS pattern: streaks do  not  disappear fully in certain crystallographic 
directions during the rafting process, they are only more smeared for the more exposed samples. By 
combining SANS and SEM, similar morphology to the [001] exposed samples can be deduced (except that 
the morphology  to [ 001] exposed samples can be deduced (except that the morphology is equivalent for 
all three directions [100], [010] and [001] in the case of [111] deformation whereas it was uniaxial in the 
case of the samples exposed along [001]). 
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5.2. Specific surface.  

This parameter can be obtained by fit of the specific 
area of the interface between γ and γ'. In order to 
obtain its evolution in an absolute scale, a qualified 
estimation of the scattering contrast has to be carried 
out. It can be obtained by using an estimation of the 
average precipitate size in a non-exposed condition 
(0.5μm) and γ' volume-fraction estimation (65%) from 
SEM. Using this scattering contrast estimation, the 
evolution of the specific interfacial area in absolute 
magnitude is plotted as showed in Fig. 6.  

It can be seen when comparing the non-exposed 
sample with the one loaded at 750°C/780 MPa that 
even without rafting occurrence there is a change of 
the interfacial area. As no rafting occurred here, the specific interface decrease is here caused by 
disappearance of small precipitates from the distribution. Further decrease of the specific surface 
(temperatures 900 and 950°C) is caused by coarsening of the precipitates due to rafting, which removes 
some interfaces and thus lowers the specific area. The growth of the precipitates is the second cause of the 
strong decrease of the interfacial area. 

6. CONCLUSIONS 

There is no significant observable morphological difference at low temperatures and high stresses between 
samples loaded along [001] and [111] axes (initial and 750°C/780MPa as well as 900°C/500MPa loaded 
samples). There is either no or only partial rafting in these samples. Nevertheless, among these samples, 
the [001] exposed ones exhibit higher time to rupture than [111] ones. It is likely that the dislocations pass 
through the samples loaded along [111] more easily. This is understandable as three equivalent slip plane 
systems are favorably oriented in this case. SANS showed that there is no or only a very small impact of this 
fact on the γ' morphology. 

On the other hand, as soon as full rafting occurs (900°C/300MPa and 950°C/250MPa loaded samples), the 
more favorable (from the point of view of the time to rupture) are, in turn, the [111] samples. Here, the 
microstructural difference between [001] and [111] samples are evident: 

�� The rafts are formed equivalently perpendicular to crystallographic directions [100], [010] and [001] 
in the case of [111] deformed samples (a "zigzag" form) whereas the rafts are exclusively 
perpendicular to [001] in the case of [001] deformed samples;  

� Orientation distribution of the interfaces between γ and γ' is much larger for [111] samples. 

Most probably, both effects help to hinder the movement of dislocations and/or crack propagation and are 
thus responsible for the more stable microstructure of the [111] loaded samples in the cases where rafting 
occurs. However, it is difficult to assess which of these two features is dominant. 

 

 

Fig. 6.  The dependence of the interfacial area 
btw γ and γ’on exposure 
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Abstract 

The relationships between heat treatment parameters and microstructure, and between microstructure 
and mechanical properties were investigated in the SMO43 disc P/M superalloy. Various heat treatments 
were applied to this superalloy to determine the effect of the solution temperature on the grain size, and of 
the cooling path and aging temperature on the �’ precipitates distribution. Microstructural features were 
characterised through the careful study of �’ precipitation. Fatigue crack growth tests with dwell time were 
performed at high temperature for comparison of the mechanical properties of some selected 
microstructures. 

Keywords: Superalloy, heat treatment, microstructure, mechanical properties, fatigue crack growth 

1. INTRODUCTION 

High-performance nickel-base superalloys, which can sustain high temperatures and high loadings, are 
required for turbine disc applications in aeronautical gas turbine engines. The nickel-base superalloy, 
SMO43, processed by powder metallurgy, was designed for this purpose [1, 2]. This alloy contains a lower �’ 
volume fraction and has a lower �’ solvus temperature than other superalloys such as N18. Therefore, this 
alloy can be either subsolvus or supersolvus heat-treated, with less risk of reaching the incipient melting 
temperature [3]. 

In order to increase its potential for turbine disc application, the effect of changes of microstructural 
features of this alloy on its mechanical properties is investigated. Actually, numerous studies – see for 
instance references [4-7] – have been dedicated to examine the effect of grain size, �’ size and �’ 
distribution on the mechanical properties at elevated temperatures of powder metallurgy superalloys. 

The present work deals with the relationship between heat treatment parameters and microstructural 
characteristics, and with the effect of changes of these microstructural characteristics on crack growth rate 
evaluated for fatigue crack growth tests with dwell time at high temperature.  

The optimisation of the alloy will ultimately be reached by the identification of the set of heat treatment 
parameters that generates the microstructure resulting in the best compromise of mechanical properties, 
crack growth rate being an important one. 
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2. MATERIAL AND PROCEDURE 

Alloy powder was produced by Aubert & Duval using VIM, VAR and argon atomisation. The chemical 
composition of the P/M SMO43 under study is given in Tab. 1 in weight percent. After compaction by HIP 
and extrusion, SMO43 pancakes were isothermal forged at SNECMA. 

 

 Tab. 1: Chemical composition of SMO43 
Ni Cr Co Mo W Al Ti Nb Hf B C Zr 

Bal. 13.3 12.2 4.6 3.0 2.9 3.6 1.5 0.25 0.01 0.015 0.05 

2.1. Heat treatments investigation 

Cylinders (12 mm diameter and 20 mm long) were machined from parts of the pancake forgings. Heat 
treatments were performed on these specimens using a halogen lamps furnace having a low thermal 
inertia and an integrated forced-air cooling system. This furnace was specially developed at the Centre des 
Matériaux, Mines Paristech, to allow control of the cooling path from the solution temperature with a wide 
range of cooling rates, from 10 °C/min to 400 °C/min. Cooling paths with two or more cooling rates can be 
achieved using this furnace with control of the transition temperature between the two cooling rates. The 
temperature was controlled using thermocouples embedded in the specimen and in its clamping rods in 
the furnace. 

Each specimen was heated either below (subsolvus solution treatment) or above (supersolvus solution 
treatment) the solution temperature of primary �’ precipitates. Then, the specimens were cooled from the 
solution temperature with either a fast (100°C/min) or a slow cooling rate (25°C/min). Some specimens 
were cooled using a cooling path with two cooling rates (two-step cooling path). Finally, specimens were 
aged for 8 hours at four different temperatures. Tab. 2 summarizes the parameters of those of the heat 
treatments that were thoroughly investigated (temperatures are not mentioned to preserve data 
confidentiality). 

 

 Tab. 2: Heat treatment parameters 

Heat Treatment 
Solution 

temperature 
Cooling path Aging temperature 

A Supersolvus 100°C/min High temperature 

B Supersolvus 100°C/min 
Medium 

temperature 
C Supersolvus 100°C/min Low temperature 

D Supersolvus 
25°C/min to a temperature below the 

solvus temperature followed by 100°C/min 
Medium 

temperature 

E Subsolvus 100°C/min 
Medium 

temperature 

 

Characterisation of primary and secondary �’ precipitates was conducted by scanning electron microscopy 
(SEM), after etching in Glyceregia. Characterisation of tertiary �’ precipitates was completed using 
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transmission electron microscopy, TEM. Grain sizes were measured by the intercept length method 
performed on crystallographic orientation maps obtained by Electron Back Scatter Diffraction (EBDS). 

Sizes of �’ precipitates were measured using image analysis, the mean size corresponding to the average 
Feret’s diameter. 

2.2 Fatigue crack growth study 

Cylindrical mechanical testing specimen blanks (13 mm diameter by 60 mm long), were machined from the 
pancake forgings. 

SENT (single edge notched tension) specimens were electrical discharge machined (EDM) from the 
specimens blanks after heat treatment according to the five sequences given in Tab. 2. Fatigue crack 
growth tests at 650 °C in air were performed on these SENT specimens using a servo-hydraulic machine 
fitted with a radiation furnace. The loading cycle consisted in a 10 seconds loading at constant loading rate, 
followed by a dwell time of 300 seconds at constant loading and a 10 seconds unloading to the minimum 
load at constant unloading rate. The load ratio was equal to 0.1. Crack growth was measured by potential 
drop monitoring, calibration of this technique being obtained by optical microscopy measurements. 

3. RESULTS 

3.1  Microstructural investigation 

Solution temperature 

After subsolvus heat treatment, primary �’ precipitates, with a size 
from 1 μm to 4 μm, are observed at grain boundaries, as shown in 
Fig. 1. The mean grain size of this microstructure is about 5 μm in 
diameter. After supersolvus heat treatment, primary �’ precipitates 
are totally dissolved and the mean grain size is about 20 μm. A higher 
solution temperature results in the development of coarser grains. 
 

Cooling path 

The cooling rate has a strong effect on the secondary �’ size, shape 
and distribution. 

Slow cooling rate leads to the precipitation of large secondary �’ with 
an octo-cube shape and a size ranging from 250 nm to 500 nm (Fig. 
2.a). 

Increasing the cooling rate leads to the precipitation of smaller secondary �’ with a cube shape having an 
average size of around 190 nm (Fig. 2.b). 

The two-step cooling path conducts to a bi-modal precipitation of secondary �’ (Fig. 3.b): one octo-cube 
shaped population with a size ranging from 200 to 500 nm that may precipitates during the slow cooling 
step; a second population is constituted by small spherical shaped �’ precipitates with a size ranging from 
10 nm to 40 nm that may precipitate during the fast cooling step. 

Fig. 1: SEM micrograph (back-
scattered electrons) of primary 
�’ precipitates from specimen 

subsolvus heat–treated 
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a) Slow air cooling b) Fast air cooling c) Two-step cooling path 

Fig. 2: SEM micrographs (secondary electrons) of microstructure after the different cooling paths from the 
supersolvus solution temperature 

Aging temperature 

Coarsening of tertiary �’ precipitates, that nucleate when cooling has reached temperature where diffusion 
becomes difficult, occurs during the aging treatment. The effect of the aging temperature on the tertiary �’ 
size was qualitatively investigated from TEM dark field micrographs (Fig. 3). 

   

a) Low aging temperature b) Medium aging temperature c) High aging temperature 

Fig. 3: TEM of microstructure after supersolvus heat treatment followed by aging at a) low, b) medium and 
c) high temperature 

As the aging temperature increases, the maximum size of tertiary �’ precipitates increases from less than 
10 nm to 30 nm. This precipitate growth is mainly produced by Ostwald ripening and, then, results in the 
decrease of the number of tertiary �’. 

3.1. Mechanical characterization 

Fatigue crack growth with dwell time 

The results of the crack growth tests with dwell time conducted at 650 °C are given in Fig. 4, which presents 
the crack growth rate versus �K for each of the microstructures generated by the heat treatments given in 
Tab. 2. 

Crack growth rate relative to the subsolvus microstructure appears to be more than ten times higher than 
the supersolvus one. Among the supersolvus heat-treated specimens, the three ones cooled at 100 °C/min 
display the same crack growth behaviour, whatever the aging temperature. The fourth supersolvus 
heat-treated specimen, with a two-step cooling, shows a slightly lower growth rate than the other 
supersolvus heat-treated specimens. 
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First observations of crack path tended to reveal that cracking was mostly intergranular, which is consistent 
with other studies that showed that crack propagation became intergranular for dwell crack growth tests 
[8, 9].  

 

Fig. 4: Results of crack growth tests with dwell time at 650°C for the heat treatments investigated on 
SMO43 

4. DISCUSSION 

The crack growth test results clearly show that the solution temperature has a strong effect on the crack 
growth rate. Actually, it is the effect of the grain size and of the grain boundary structure and chemistry on 
the crack growth rate, which is revealed here: depending whether the solution temperature is higher or 
lower than the solvus temperature of the primary �’ precipitates, grain size increases or not, and coarse 
grain microstructures, that were supersolvus heat-treated, showed lower crack growth rate than the 
microstructure with fine grain size, which was subsolvus heat-treated. It is worth emphasizing that previous 
studies on older P/M alloys like Astroloy [9] and wrought nickel-base superalloys [10] have shown that this 
effect was mainly an effect of intergranular oxidation kinetics. These results are in agreement with those 
obtained by Chang et al. [7]. They were able to show that the grain size, the grain boundary morphology 
and chemistry were controlling the time dependent part of creep-fatigue crack growth rate. In particular, it 
was shown in model alloys based on René95 with and without chromium. Gayda et al. [11] and Telesman et 
al. [12] measured higher crack growth rate under creep-fatigue conditions at 704 °C for the fine grain 
subsolvus microstructure than for the coarse grain microstructure. Gayda et al. suggested that the coarse 
grain size was the dominant parameter for high creep-fatigue crack growth resistance when comparing 
subsolvus and supersolvus heat-treated batches [11]. 

Among the supersolvus heat-treated specimens, the lack of difference between the crack growth rate of 
the three specimens cooled at the same rate of 100 °C/min but aged at three different temperatures, tends 
to suggest that the tertiary �’ precipitate distribution, which is the only microstructural difference between 
these specimens, does not have any significant effect on the crack growth. However, the fourth supersolvus 
heat-treated specimen with a two-step cooling displays a slightly slower crack growth rate than the other 
supersolvus heat-treated specimens. This lets suppose that the secondary and the tertiary �’ distribution 
and/or the grain boundary morphology and chemistry may have an effect on the crack growth during 
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fatigue crack growth test with dwell, and that the grain size is not the only influential parameter. Then, we 
suggest that the lack of effect of the aging temperature on the fatigue crack growth rate, that is to say the 
indifference of the crack growth rate to the tertiary �’ distribution, may result from the small size of the 
secondary �’ precipitates and, more precisely, from the most common narrowness of the � matrix channels 
between them (Fig. 2b). Such narrow channels of � matrix does not allow the development of a proper 
tertiary �’ distribution which may have an effect on the crack growth rate, even if cracking is mostly 
intergranular. 

5. CONCLUSION 

A study was conducted to investigate the relationships between heat treatment parameters and 
microstructural features and between microstructure and dwell crack growth rate in the SMO43 superalloy. 

The cooling rate is a key parameter controlling the secondary �’ size and distribution. A cooling path with a 
slow cooling rate above a certain transition temperature followed by a fast cooling rate conducts to the 
precipitation of two types of secondary �’. 

The grain size was found to have a strong influence of the fatigue growth rate. Tertiary �’ precipitate 
distribution was not found to have an effect on the fatigue crack growth rate. However, it is suggested that 
this may result from the narrowness of � matrix channel between the secondary �’ precipitates. 

Effect of cooling path is to be studied in order to assess whether the secondary �’ size has an effect on the 
crack growth rate with dwell time. 
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Abstract  

Ni3Al based alloys were prepared by method of gravity or centrifugal casting on different machines. Part of 
alloys was prepared by method of vacuum induction casting in various atmospheres. Method of centrifugal 
casting was verified for this type of alloys on two different machines. Melting was performed in zirconium 
crucible and the melt was cast into graphite or metallic mould. The samples prepared in this manner had 
shape of bars, cylinders or tubes. Selected castings were used for determination of structure 
characteristics. Material structure was investigated in cross and longitudinal sections, phase composition, 
micro-hardness and material porosity were determined. The alloys have very different contents of gases – 
oxygen and nitrogen. Higher contents of air oxygen were determined in all types of alloys melted and cast 
on air. It follows form results that material is highly susceptible, in contact with air, to absorb air oxygen. 
The values of micro-hardness in the samples that were so far tested do not show any significant 
differences. No substantial influence of micro-hardness occurred in gravity cast samples melted on air, 
either. This is a favourable finding, since effect of air atmosphere will probably not impair quality of the cast 
pieces. Properties of castings must be verified by mechanical tests also at increased temperatures. 
Chemical composition was verified by method of optical emission spectrometry. Method of centrifugal 
casting of products from Ni3Al based alloys is highly demanding and it is limited by numerous adverse 
effects. 

Keywords: centrifugal casting, Ni3Al based alloys, structure characteristics, structure 

1. INTRODUCTION 

Inter-metallic alloys form an extensive class of materials, which is highly interesting from the perspective of 
physical metallurgy, while possibility off their application in demanding environments, namely in the areas 
with increased and high temperatures under action of oxidation atmosphere [1, 2], is also gaining 
importance. Big interest in these materials is caused by unique combination of their properties, such as 
good resistance to oxidation and corrosion accompanied by their comparatively low density. At present the 
interest of industry in high-temperature materials, based on inter-metallic alloys from the system Ni-Al, is 
really big. It is due to excellent properties of these alloys, particularly to high tensile strength, including 
strength at high temperatures, good resistance of corrosion at these temperatures, and also to 
comparatively low density in comparison to classical nickel based super-alloys [3]. These alloys may be used 
also as components of furnaces for heat treatment of car components. In this case the main role is played 
by the fact that Ni3Al based alloys are resistant to the carburising atmosphere. They are furthermore used 
also as rollers in reheating furnaces for heating of steel slabs, because thanks to their high resistance to 
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high-temperature oxidation it is not necessary to cool the rollers, which saves energy and makes it possible 
to extend the service life to a quadruple of the original service life. They are used also for components of 
diesel engines, such as pistons, valves and turbo-compressors, which may be manufactured from the alloy 
IC-221M. This alloy is used also for manufacture of centrifugally cast tubes for various applications. This 
material has longer service life and lower production costs [4, 5]. 

2. EXPERIMENTAL PART 

Ni3Al based alloys were prepared by method of vacuum induction casting, with aluminium content of 24 
and 22 at.% Al (Tab. 1). Chemical composition was verified by method of optical emission spectrometry. 
Ni3Al based alloys were prepared by method of gravity or centrifugal casting on different machines. Part of 
alloys was prepared by method of vacuum induction casting (VIC) in various atmospheres. Method of 
centrifugal casting (CC) was verified for this type of alloys on two different machines. Melting was 
performed in zirconium crucible and the melt was cast into graphite or metallic mould. The samples 
prepared in this manner had shape of bars, cylinders or tubes (Fig. 1). The cylinders were prepared by 
vacuum centrifugal casting (VCC) and the tubes by horizontal centrifugal casting (HCC). Nickel with purity of 
at least 3N and aluminium with purity of at least 2N were used as initial materials. Melting was performed 
in zirconium crucible and the melt was cast into graphite or metallic ingot-mould.  

 
Fig. 1 V arious types of castings: a) bars, b) cylinder, c) tube 

2.1 Evaluation of structural, thermal and mechanical characteristics 

The obtained samples were subjected to detailed structural analysis comprising determination of average 
width and length of grains, their orientation, and also micro-hardness and porosity of castings. Special 
attention was paid to the influence of atmosphere at melting and casting. Contents of oxygen and nitrogen 
in castings were also determined. Tab. 1 presents composition of experimental alloys, configurations of 
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preparation and determined contents of gases. Tab. 2 shows average values of length and width of grain, 
average micro-hardness and porosity of castings in cross-sections. 

 Tab. 1 Composition of experimental alloys, conditions of preparation, determined contents of gases  

No. of 
samples Alloy Method 

of prepare 
Melting 

atmosphere 
Casting 

atmosphere Mould 
Content 

of oxygen 
[ppm] 

Content of 
nitrogen 

[ppm] 
A01/02 Ni24Al VIC vacuum argon graphite 67 4 
A03/04 Ni22Al VIC vacuum argon graphite 94 7 
A05/06 Ni24Al VIC air + Ar argon graphite 162 12 
A07/08 Ni22Al VIC air + Ar argon graphite 141 11 
A09/10 Ni24Al VIC air air metal+coat 170 13 
A11/12 Ni22Al VIC air + Ar argon metal+coat 240 8 
A13/14 Ni24Al VIC vacuum argon metal - - 
A15/16 Ni22Al VIC vacuum argon metal - - 

A51 Ni24Al VCC vacuum argon graphite - - 
A52 Ni24Al VCC vacuum argon graphite - - 

A101/102 Ni24Al HCC air + Ar air metal 336 12 
A103/104 Ni24Al HCC air + Ar air metal 226 9 
A105/106 Ni24Al HCC air + Ar air metal 1154 28 

t follows from the determined contents of gases (oxygen and nitrogen) that this material in contact with air 
is susceptible to absorb the air oxygen. Higher contents of air oxygen and nitrogen were determined in all 
types of alloys that were melted and cast on air.  

 

 Tab. 2 Structural and mechanical characteristics  

No. of 
samples Alloy 

Method 
of 

prepare 

Width of 
grain [mm] 

Length of 
grain [mm] 

Microhardnes
s HV0.05 

Porosity 
[%] 

A01/02 Ni24Al VIC 1.22 ± 0.37 2.63 ± 1.11 303 � 25 0.12 
A03/04 Ni22Al VIC 0.51 ± 0.06 3.06 ± 1.06 301 � 12 0.25 
A05/06 Ni24Al VIC 1.82 ± 0.50 3.23 ± 1.13 310 � 59 0.09 
A07/08 Ni22Al VIC 0.64 ± 0.12 3.86 ± 0.81 287 � 11 0.19 
A09/10 Ni24Al VIC 0.83 ± 0.06 3.78 ± 0.75 274 � 23 0.13 
A11/12 Ni22Al VIC 0.49 ± 0.11 3.37 ± 1.10 308 � 13 0.13 
A13/14 Ni24Al VIC 1.43 ± 0.38 4.22 ± 0.96 300 � 21 0.05 
A15/16 Ni22Al VIC 0.72 ± 0.10 1.89 ± 1.15 300 � 15 0.08 

A51 Ni24Al VCC - - 257 � 24 0.82 
A52 Ni24Al VCC - - 259 � 26 0.99 

A105/106 
Ni24Al HCC 1.41 ± 0.37 8.37 ± 2.68 260 � 17 0.98 

1.73 ± 0.83 3.31 ± 0.67 255 � 13 0.52 
 

Samples in polished state were used for measurement. Cross-section and longitudinal section of each bar-
shaped sample were always used for measurement of porosity. From the rings cut from centrifugally cast 
tubes two side cuts were made, as well as cuts from the outer and inner part of the casting. Cross-sections 
and side cuts were taken for centrifugally cast cylinders. Average values of porosity show big standard 
deviations. The paper [6] dealt with this issue, and it divided the results for tubes into two categories – for 
porosity of the outer and inner side of the casting. Measurements of porosity and micro-hardness for 
castings prepared by different methods do not show significant differences. The samples with the shape of 
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“fingers” melted on air also did not show any significant increase in porosity or significant difference of 
micro-hardness. This is very favourable finding, as it means that influence of air atmosphere does not 
impair the casting quality in any significant manner.  

Casting of this type of alloys is highly demanding. The melt solidifies rapidly and during manipulation with it 
an oxidation takes place on the free surface. Experimental trials were performed in order to determine 
surface tension of the melt. The measurement was performed in accordance with the metallurgy specified 
in the work [7, 8]. Horizontal Tamman’s furnace with graphite heating tube was used form measurement of 
the surface tension of the chosen system. The investigated system was placed on a non-wetting pad in its 
working space in a corundum tube. The whole system was hermetically sealed and thus protected against 
influence of oxidation atmosphere. The alloys with composition Ni24Al and Ni22Al were used for the 
analysis. Fig. 2 shows comparison of surface tension for these alloys. It follows form this figure that the 
alloy Ni24Al has lower 
surface tension and therefore 
its fluidity should be better. 
This assumption is supported 
also by the porosity values 
given in Tab. 2. It is the most 
distinct at comparison of the 
samples prepared in ideal 
conditions, namely A01/02 
and A03/04, and also A05/06 
and A07/08, where porosity 
of the alloys Ni24Al is lower than that of the alloys Ni22Al. 

2.2 Evaluation of structure and microstructure 

Cross-sections and longitudinal sections were taken from the samples fro evaluation of structural and 
micro-structural characteristics of the alloys. Grains in bars are unequivocally oriented in direction of heat 
removal and they often grow up to the half of the casting. Grain size then corresponds approximately to 
the diameter of the cast sample (Figs. 3 and 5). Average length of grains is 3-4 mm (Tab. 2). The tubes 
contain places with significant grain orientation in direction of heat removal, in this case the grains grow 
through the whole thickness of the casting (Figs. 4 and 6), but they contain also place with uniaxial grains. 
This means that for homogenisation of the cast structure it will be probably necessary to use appropriate 
heat treatment. 

 

 

 

 

 

 

 

 

5 mm 5 mm 

Fig. 2 Surface tension of the alloys Ni24Al and Ni22Al 

Fig. 3 Sample No. A11/12, 
macrostructure 

Fig. 4 Sample No. A105/106, 
macrostructure 
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Fig. 5 Sample No. A11/12, microstructure Fig. 6 Sample No. A105/106, microstructure 

 

Evaluation of phase composition was performed on analytical scanning microscope QUANTA 450 FEG at the 
working site of Technical University of Mining and Metallurgy in Ostrava (VŠB-TUO), Regional Materials 
Science and Technology Centre (RMSTC). Considering demandingness only some samples were chosen for 
these analyses. Always 3 analyses of phase composition in the grain and network were performed. Analyses 
in the network may be significantly influenced by composition of surrounding phase due to the small 
thickness of spray of the network. A detailed analysis of composition of inclusions and their distribution 
was made.  

It was determined that cast structure with composition of approximately Ni24Al is formed by the phase 
Ni3Al, where dark areas represent eutectics of segregated phases of Ni3Al and solid solution of nickel (Ni). 
Structure of tubes contains shrinkage cavities and inclusions, which are more frequent near the inner edge 
of the tubes. The analysed inclusions contain always nickel and mostly also aluminium and sulphur. Some 
particles contained zirconium, oxygen and magnesium. Dimensions of inclusions are very small and they 
must be analysed by SEM at magnification 20 000x and higher. Fig. 7 shows micro-structure of the sample 
A105/106. Fig. 8 shows inclusions. Phase composition of selected samples is given in Tab.s 3a and 3b. 

 

 Tab. 3a Phase composition 
Sample Grain Network 

 Ni 
[at. %] 

Al Ni 
[at. %] 

Al 
 [at. %] [at. %] 

A105/106 75.47 � 0.29 24.53 � 0.29 83.98 � 0.26 16.02 � 0.26 
75.18 � 0.12 24.82 � 0.12 81.75 � 1.23 18.25 � 1.23 
74.34 � 0.12 25.66 � 0.12 83.46 � 0.55 16.54 � 0.55 
74.58 � 0.06 25.42 � 0.06 83.65 � 1.29 16.35 � 1.29 
73.97 � 0.19 26.03 � 0.19 83.47 � 0.36 16.53 � 0.36 

A01/03 75.04 � 0.24 24.96 � 0.24   
 75.32 � 1.65 24.68 � 1.65   

 

 

200 μm 200 μm 
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 Tab. 3b Phase composition of inclusions in the sample A105/106 
Place of 

analysis 
Content Ni Al S Zr O Mg 

A1 
[wt. %] 72.27 5.56 17.69 6.48   
[at. %] 61.63 10.32 24.49 3.56   

A2 
[wt. %] 73.70  26.30    
[at. %] 60.48  39.52    

A3 
[wt. %] 90.45 2.59 6.96    
[at. %] 83.11 5.18 11.71    

D1 
[wt. %] 47.06 13.28 7.03 4.42 26.27 1.94 
[at. %] 24.41 14.99 6.68 1.47 50.61 2.43 

D2 
[wt. %] 79.28 6.42 14.30    
[at. %] 66.38 11.69 21.93    

D3 
[wt. %] 92.71 7.29     
[at. %] 83.39 14.61     

B1 
[wt. %] 81.83 6.13 12.03    
[at. %] 69.82 11.39 18.80    

B2 
[wt. %] 92.94 7.06     
[at. %] 85.82 14.18     

C1 
[wt. %] 77.35 1.08 20.26  1.31  
[at. %] 63.60 1.94 30.50  3.96  

C2 
[wt. %] 89.59 7.73 2.69    
[at. %] 80.48 15.11 4.42    

E1 
[wt. %] 78.47 6.75 14.78    
[at. %] 65.27 12.22 22.51    

E2 
[wt. %] 50.21  25.77 24.02   
[at. %] 44.49  41.81 13.70   

 

 

 

 

 

 

 

 

 

 

Fig. 7 Sample No. A105/106, microstructure 
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Fig. 8 Sample No. A105/106, microstructure of inclusions 

3. CONCLUSIONS 

It follows from the determined contents of gases (oxygen and nitrogen) that material is in contact with air 
susceptible to absorb air oxygen. Higher contents of air oxygen and nitrogen were determined in all types 
of alloys melted and cast on air. Grains in bars are unequivocally oriented in direction of heat removal and 
they often grow up to the half of the casting. Grain size then corresponds approximately to the diameter of 
the cast sample. Length of grains is approximately 3-4 mm. The tubes contain places with a distinct grain 
orientation in direction of heat removal, in this case the grains grow through the whole thickness of the 
casting, but they contain also places with uniaxial grains. This means that for homogenisation of the cast 
structure it will be probably necessary to use appropriate heat treatment. Selected samples of tubes were 
analysed by scanning electron microscope. It was found that cast structure of the alloys with composition 
of approximately Ni24Al is formed by the phase Ni3Al, where dark areas represent eutectics of segregated 
phases of Ni3Al and solid solution of nickel (Ni). The structure contains shrinkage cavities and inclusions, 
which are more frequent near the inner edge of the tubes. The analysed inclusions contained always nickel 
and mostly also aluminium and sulphur. Some particles contained zirconium, oxygen and magnesium. 
Dimensions of inclusions are very small and they must be analysed by SEM at magnification 20 000x and 
higher. Method of centrifugal casting of products from Ni3Al based alloys is highly demanding and it is 
limited by numerous adverse effects. 
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Abstract  

The specific desired properties for structures and components capable of operating under critical loading 
conditions require the development and use of special materials. Especially in the field of jet aircraft and 
marine engines, power generation plants and chemical industry is the urgent need of high-strength 
materials which have to resist high temperatures, special corrosion environments and considerable 
mechanical loadings. One of the perspective approaches to satisfying these specific requirements is an 
application of heat resistant Ni-base and/or Co-base alloys. Presented paper is concerned with an 
experimental study of mechanical properties and fracture behaviour of the Ni-alloy 141I and Co-alloy Stellit. 
The both alloys were received in the state after casting with no following heat treatment. Wide 
experimental programme of tensile and Charpy tests in temperature range from 20 °C to 1000 °C, and 
constant-load tensile creep tests was done. Fractographic analyses were performed for all specimens failed 
during these tests. Obtained results were completed with microstructure analysis. 

Keywords: Ni-base alloy, Co-base alloy, mechanical properties, creep, fracture behaviour 

1. INTRODUCTION 

The current technical practice demands new perspective heat-resistant materials. This reality puts great 
emphasis on the continual development of new alloys with specific properties and high utility value. 
Materials that can fulfil the demanding requirements for mechanical properties at high temperatures are 
namely nickel and cobalt based alloys. Cobalt alloys can be melted and cast on the air, which is a great 
advantage in comparison with the majority of nickel alloys. Experimental cobalt alloy was cast in the PBS 
Velká Bíteš, a.s. This alloy could expand the range of materials used for castings working in the liquid glass 
environment. In this work the properties of the cobalt based alloy Stellit are investigated and compared 
with 141I nickel alloy, which is the most common for the given application. Presented paper deals with an 
experimental study of mechanical properties and fracture behaviour of the Ni-alloy 141I and Co-alloy Stellit 
in the state after casting (i.e., with no following heat treatment). The wide experimental programme 
containing microstructure analysis, tests of mechanical properties, and fractographic analyses was realised 
for the both alloys.  
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2. EXPERIMENTAL MATERIALS  

Experimental cobalt alloy Stellit was cast on the melting furnace with the shell mould temperature of 1050 
°C and the liquid metal temperature of 1580 °C. This cobalt alloy can be classified as heat-resistant and 
refractory alloy. Heat treatment for this type of alloy is not expected. The nickel alloy 141I was prepared 
under the similar conditions (liquid metal temperature of 1600 °C). Heat treatment of this alloy is supposed 
for some special use, but in the presented investigation it was use also in as-cast state. The chemical 
composition of the both investigated alloys Co-base Stellit and Ni-base 141I are compared in Tab. 1 and 
Tab. 2.  

 

 Tab. 1: Chemical composition of Co-alloy, wt. % 

C Cr Ni W Fe Mn Nb Si Co 

0,75 31,10 10,30 8,53 0,50 0,33 2,29 0,45 bal 

 

 Tab. 2: Chemical composition of Ni-alloy 141I, wt. % 

C Cr Co W Fe Mn Nb Ta Si Ni 

0,34 26,90 3,07 4,94 7,97 0,58 0,99 0,93 0,55 bal 

3. RESULTS 

3.1 Microstructure of alloys 

Microstructure of both alloys in the as-cast state consists of austenitic solid solution and primary carbides. 
Primary carbides form casting cells boundaries, and sometimes precipitate in the form of carbide eutectics. 
Morphology of precipitated carbides is mostly tabular. Chromium rich carbides correspond to the M7C3 or 
M23C6 type, niobium carbides are of MX type (Figs. 1-4). [1, 2, 3] 

  
Fig. 1: Microstructure of as-cast Ni-alloy 141I  Fig. 2: Microstructure of as-cast Ni-alloy 141I 

 (detail) 
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Fig. 3: Microstructure of as-cast Co-alloy   Fig. 4: Microstructure of as-cast Co-alloy (detail) 

3.2 Mechanical properties of alloys in as-cast state 

Mechanical properties of the cobalt based alloy in the as-cast state were measured. Comparison of the 
mechanical properties of both alloys is shown in Fig. 5. 

 
a) yield stress in dependence on test temperature  b) tensile stress in dependence on test  

       temperature 

 
c) elongation in dependence on test temperature  d) notch toughness in dependence on test temperature 

Fig. 5: Comparison of mechanical properties of the both investigated alloys, [1] 

 

Tensile strength tests have been carried out in the temperature range 20 - 1100 °C. The measured values 
were compared with the characteristics of alloy 141I. Strength properties of cobalt alloy are higher than 
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that of Ni-base 141I alloy (Figs. 5a and 5b). From the point of view of expected working temperature of 
about 1000 °C, the differences in yield strength and rupture strength of these alloys is no longer significant. 
Better strength properties of the cobalt based alloy are, however, at the expense of plastic properties. The 
elongation of cobalt alloy is around 10 % lower values than the elongation of the alloy 141I at the 
temperature of 1000 °C (Fig. 5c).  

 Charpy impact toughness tests (U-notch 2mm) were carried out in the temperature range 20 - 1100 °C. 
Measured impact toughness values of Stellit alloy are very low, namely in comparison with values for Ni 
141I alloy (Fig. 5d). The KCU values at high temperatures (> 800 °C) are even lower than required value 
30 J/cm2, which is the limit for the anticipated applications of cobalt alloys in technical practice.  

 In the frame of mechanical tests the creep 
behaviour of the Co alloy was investigated, 
see [4]. The constant-load tensile creep 
tests were realised at two levels of load 
(160 MPa and 200 MPa) and temperature 
800 °C, see [4]. In Fig. 6 the obtained 
creep results are compared with the 
results of analogical creep tests for Ni-
alloy 141I. This graph unambiguously 
proves that creep resistance of Co-alloy is 
markedly higher than creep resistance of 
Ni-alloy 141I.  

 

3.3 Fractographic analysis 

Fractographic analyses of specimens failed during the mechanical properties were realised in following 
step. The main goal of these analyses was description of the characteristic micro-morphological features 
and based on them description of failure processes corresponding to the different type of loading (tensile, 
Charpy and creep tests). 

Five basic type of micro-morphological features were found during the detailed microscopic observation of 
fracture surfaces (see Figs. 7 - 9): 

� ductile dimples and/or serpentine glide corresponding to the ductile failure of matrix (Figs. 7b and 
8b); 

� secondary cracks following casting cells boundaries (boundary of dendrite structure); 

� particles of different phases either broken or separated from matrix (Figs. 7a and 8a), 

� areas corresponding to the failure of carbide eutectics, 

� micro-morphology of oxide layer covering fracture surface (namely for creep fractures – Fig. 9). 

Failure processes for all studied type of loading are strongly influenced by casting dendrite structure and its 
orientation to the load direction and crack propagation. On the other hand the failure mechanisms are not 
influenced by the rate of the loading. Proportion of individual failure processes described above depends 
not only on loading conditions but namely on microstructural characteristics, i.e. on the chemical 
composition and heat treatment of appropriate alloy. 

Fig. 6: Comparison of creep behaviour of investigated 
alloys 
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a) Rm = 809 MPa, Rp0,2 = 614 MPa, A5 = 1.0 % b) Rm = 521 MPa, Rp0,2 = 317 MPa, A5 = 15.3 % 

Fig. 7: Typical micromorphology of fracture after tensile test 

  
a) KCU2 = 6.7 J.cm-2      b) KCU2 = 21.3 J.cm-2 

Fig. 8: Typical micromorphology of fracture after Charpy impact test 

  
a) T = 800°C, σ = 160 MPa, εf = 9 %, tf = 375.4 hod. b) T = 800°C, σ = 160 MPa, εf = 33 %, tf = 6.8 hod. 

Fig. 9: Typical micromorphology of fracture after creep test 
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4. DISCUSSION  

Microstructural characteristics and fractographic description of failure processes taking place in the 
investigated alloys offered information for explanation of differences in mechanical properties.  

From qualitative point of view failure processes of the investigated Co-alloy and Ni-alloy are not influenced 
by the loading rate (tensile tests & impact test) and by the test temperature (from 20 °C to 800 °C). On the 
other hand changes of loading conditions can more or less influence the proportion of individual basic 
failure processes described in previous section.  

Failure processes of the both investigated alloys are strongly dependent on the number, size, and 
distribution of primary carbides and/or secondary precipitated carbide eutectics (i.e., on chemical 
composition and heat treatment). Also number and size of shrinkages can influence the failure processes 
and of course resulting mechanical properties – in investigated alloys these defects were found only 
exceptionally and their effect was negligible.  

Higher strength properties of Co-alloy correspond namely to higher content of carbides and carbide 
eutectics in structure of this alloy. Spatial distribution of carbide eutectics and shape of individual carbide 
particles (i.e., form of carbide particles network) can significantly increase the cohesion of carbides with 
matrix. Moreover, it is very probable that strength of cobalt matrix will be higher than nickel matrix of 141I 
alloy. 

Fractographic findings confirm lower ability of plastic deformation of Co-alloy – practically no ductile 
dimple fracture was found on the corresponding fracture surfaces. On the contrary, all fractures of Ni-alloy 
specimen showed areas of ductile fracture.  

5. CONCLUSIONS  

Presented paper summarises the results obtained in the experimental observation of two different cast 
alloys Co-alloy Stellit and Ni-alloy 141I. Experimental study included microstructural analysis, tests of 
mechanical properties and fractographic analyses. Microstructural characteristics and fractographic 
findings were used for explanation of differences in mechanical properties of investigated alloys. Obtained 
results can be use as an input for development of the new heat resistant and refractory alloys with specific 
properties (tailored material). 

ACKNOWLEDGEMENTS 

Financial support for this research by the Ministry of Industry and Trade of the Czech Republic, through 
project FR-TI1/095 “Research and development of materials suitable for use in liquid glass environment, 

development of technologies of precision casting of new types of highly thermally and mechanically 
stressed castings” is gratefully acknowledged. 

LITERATURE 

[1] PODHORNÁ, B., KUDRMAN, J., ČMAKAL,J. Centrum vývoje litých niklových superslitin určených pro extrémní 
podmínky při vysokých teplotách. Závěrečná zpráva. [Zpráva ÚJP 1046] Praha, Škoda-ÚJP, 2003, 44 s. 

[2] Podhorná, B., ZÝKA, J., ANDRŠOVÁ, I. Výzkum a vývoj materiálů vhodných pro použití v prostředí tekuté 
skloviny, vývoj technologií přesného lití nových typů odlitků vysoce tepelně a mechanicky namáhaných. 
Dodatek ke zprávě UJP č.1454, Praha, 2011, 6 s. 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1294 

[3] ASM Speciality Handbook. Nickel, Cobalt, and their Alloys. ASM. International Materials Park, OH 44073, 2000. 

[4] KUCHAŘOVÁ, K., SVOBODA, M., KVAPILOVÁ, M., SKLENIČKA, V. Informativní creepové zkoušky superslitiny na 
bázi kobaltu a mikrostrukturní charakteristiky výchozího stavu slitiny. Zpráva ÚFM. 705111, Brno 2011, 9 s.  

[5] SIEGL, J. Studium procesů porušování slitin používaných v prostředí tekuté skloviny (Dodatek ke zprávě o řešení 
projektu FR-TI1/095 v roce 2011) [Výzkumná zpráva V-KMAT-843/11] Praha, ČVUT-FJFI-KMAT 2011, 46 s. 

[6] SIEGL, J. Fraktografický atlas litých niklových slitin. 141, 141H, 141I, 145, 2,4879. [Výzkumná zpráva V-KMAT-
515/01.] Praha, ČVUT-FJFI-KMAT 2001, 158 s. 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1295 

FORMATION OF INTERMETALLICS DURING REACTIVE SINTERING PRODUCTION OF FE-AL ALLOYS 

Pavel Nováka, Alena Michalcováa, Ivo Mareka, Martina Mudrováa, Josef Bednarčíkb, Karel Sakslc 

a ICT in Prague, Prague, Czech Republic, EU, panovak@vscht.cz 
b Deutsches Elektronen-Synchrotron (HASYLAB), Hamburg, Germany, EU 

c Institute of Materials Research, SAS, Kosice, Slovak Republic, EU  

Abstract  

Fe-Al alloys have been known for more than 100 years. Their exceptional oxidation and sulphidation 
resistance makes them promising for many industrial applications. However, these materials suffer from 
poor room-temperature ductility and problems during a production by conventional melting metallurgy. 
Therefore, reactive sintering of iron and aluminium compressed powder mixtures have been proposed as 
the alternative technology of their production. Unfortunately, this production technology leads to highly 
porous products. There are many theories why the porosity is so high and all of them deal with the 
intermetallic phases’ formation mechanisms. There are at least three different phases’ formation 
sequences during heating described in the literature. In this work, the in situ high energy X-ray diffraction 
analysis was carried out during the reactive sintering process and the mechanism of the formation of 
intermetallics in FeAl25 powder mixture was described during isothermal annealing at 800°C as well as 
during a slow continuous heating to this temperature. In both cases, no phases are formed prior the 
melting of aluminium particles. After that, Fe2Al5 and FeAl phases arise. The effect of the intermetallics’ 
formation on the porosity of Fe-Al alloys is discussed.  

Keywords: iron aluminide, reactive sintering, XRD 

1. INTRODUCTION 

Materials based on FeAl and Fe3Al phases are promising materials for high-temperature applications. 
However, low room-temperature ductility and problematic production of these materials by conventional 
melting processes limit their applicability. There were many attempts to overcome these limitations [1-5], 
while one of them is the powder metallurgy using reactive sintering. In this process, intermetallics are 
produced by thermally activated in situ reactions during sintering of compressed elemental powder 
mixtures. The big advantage of this technology is the fact that the reactions leading to the formation of Fe-
Al intermetallics initiate at significantly lower temperature than the melting temperature of iron and Fe-Al 
phases. However, in the case of iron-aluminium alloys extremely high porosity is achieved, especially when 
pressure-less reactive sintering is applied (over 25 vol.%) [6]. There are many theories aiming to explain this 
behaviour. Most of them state that iron aluminides (Fe2Al5 or FeAl3) start to form below the melting 
temperature of aluminium [6-8] thus producing higher porosity than solid-liquid reaction. Porosity is also 
explained by volume changes in the structure resulting from lattice and density differences between the 
temporary and final phases [6]. The other presented explanation of the enormous porosity is the Kirkendall 
phenomenon. It can be observed when the rate of interdiffusion of reacting metals strongly differs. In that 
case, unidirectional diffusion of one metal is compensated by vacancies diffusion. Coalescence of vacancies 
produces pores.  
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However, all of the above described results and theories are based on the ex-post study after the reactive 
sintering only. In some cases, the XRD study of the product is extended by the thermal analysis showing 
thermal effects of the reactions [8]. In this work, in situ XRD was applied to investigate the reactive 
sintering progress in Fe-Al powder mixtures.  

2. EXPERIMENTAL 

Green bodies of FeAl25 (in wt.%) were prepared by blending of commercial fine iron powder (<10 μm, p.a. 
purity) and coarse irregular aluminium powder (200-600 μm, 99.999 wt. % purity) and by pressing at the 
room temperature by a pressure of 320 MPa. In in-situ XRD analysis of the phases’ formation during 
reactive sintering of FeAl25 green body was carried out at Hasylab, DESY Hamburg using the X-ray beam 
with 100 keV energy on DORIS III ring, BW5 experimental stage. Analyses were conducted in two modes - 
slow continuous heating and isothermal reactive sintering.  

In continuous heating regime, samples were heated from the laboratory temperature to 900°C with the 
heating rate of 10 K.min-1 during DTA in our previous work [9]. The continuous heating regime consisted of 
placing the sample directly to the furnace preheated to 800°C and reactive sintering for 300 s. In both 
modes, XRD patterns were acquired each 3 s. Diffraction patterns obtained as 2D images were integrated 
to conventional intensity-angle dependence by Fit2D software and solved using an PANalytical HighScore 
Plus Software with PDF2 database. The microstructure of sintered samples was observed using light 
microscope (Olympus PME3) and TESCAN VEGA 3 LMU scanning electron microscope equipped with 
OXFORD Instruments INCA 350 EDS analyser. 

3. RESULTS AND DISCUSSION 

 In our previous work [9], DTA analysis with 
the heating rate of 10 K.min-1 revealed only 
one thermal effect – an exothermic peak at 
660°C. In order to explain this behaviour, in 
situ XRD experiment was carried out under 
the same heating rate (10 K.min-1). This 
experiment revealed that the first change is 
the aluminium melting, seen as gradual 
widening and disappearing of the aluminium 
diffraction lines. It indicates that any 
intermetallic phase is not formed below the 
melting temperature of aluminium. 
Immediately after the melting of aluminium, 
Fe2Al5, FeAl2, FeAl and Fe3Al phases arise, see 
XRD patterns in Fig. 1. When the temperature 
increases, the intensities of FeAl diffraction 
lines increase, while the Fe3Al phase signal 
reduces and it almost completely disappears 
until 900°C is reached. The Fe2Al5, FeAl2 and FeAl phases retain in the reaction mixture up to 900°C. 

Fig. 1: Selected XRD patterns of FeAl25 during heating 
with the rate of 10 K.min-1 
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 The XRD experiment presented above 
aimed to model the conditions of 
previous DTA results. However, our 
recommended reactive sintering route 
for aluminides and silicides requires 
extremely high heating rates [10,11]. 
Such conditions can be easily achieved by 
placing the sample into a furnace 
preheated to the reactive sintering 
temperature. This experimental setup 
was used in isothermal in-situ 
experiment, aiming to simulate real 
reactive sintering as closely as possible. 
Temperature of 800°C was applied in this 
experiment. The results are similar to 
continuous heating experiments. At first, 
aluminium particles melt, directly 
followed by the formation of Fe2Al5, FeAl2 
and FeAl phases. The only difference 
from continuous heating lies in the fact that Fe3Al phase was not identified. 

 To describe the effect of the particle size, the 
same experiment was carried out using 
coarser iron particles (< 250 μm, purity 99.5 
wt.%), while the fraction of aluminium 
powder remained unchanged. In this case, 
similar behaviour was observed, i.e. 
aluminium melts and after that intermetallics 
(Fe2Al5, FeAl2 and FeAl) form. In addition to 
these phases, �-iron was determined when 
the formation of intermetallics started. After 
the formation of intermetallics was 
completed, the �-iron slowly changed to α-
iron.  

All samples after reactive sintering are 
composed of Fe2Al5, FeAl and small fraction 

of FeAl2 phase, see Fig. 3. FeAl phase surrounds the Fe2Al5 areas, while FeAl2 lies inside them. In addition to 
these intermetallics, unreacted iron was identified. EDS analyses showed that the residual iron contains 
only very small amount of aluminium.  

4. CONCLUSION 

In this work, the formation of intermetallics during reactive sintering of Fe-Al powder mixtures was 
investigated. It was found that formation of intermetallic compounds in the given system was initiated by 

Fig. 2: Selected XRD patterns of FeAl25 during isothermal 
annealing at 800°C 

Fig. 3: Microstructure of FeAl25 alloy produced by 
reactive sintering at 800 °C for 300 s 
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melting of aluminium. Fe2Al5 phase is formed preferentially, immediately followed by the formation of FeAl 
phase. FeAl2 phase forms in small amount, probably as a result of a limited diffusion. During slow heating, 
temporary formation of Fe3Al phase was also observed at temperatures of approx. 660-800 °C. High 
porosity is probably connected with the formation of intermetallics immediately after melting of 
aluminium, which causes that the melt is not able to fill the pores, and with extreme Kirkendall effect, 
producing pores in spaces after aluminium particles. 
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Abstract 

The influence of chemical composition on the deformation resistance of iron aluminides was studied by the 
plastometric tests on three types of Fe – 40 at. % Al based materials; especially the influence of zirconium 
and boron, respectively effect of fine TiB2 particles addition was investigated. All materials were prepared 
using the identical procedure (laboratory melting and casting under vacuum to the same cast’s shape), 
which is methodologically valuable. The same method of sampling, sample preparation and analogous 
testing conditions were used for subsequent experiments, which took place on identical Gleeble 3800 
plastometer. The samples were pre-heated to a temperature of 1200 °C and then deformed at 
temperatures from 800 to 1200 °C, the nominal strain rate was 0.05 s-1, 0.4 s-1, 4 s-1 and 30 s-1. The 
activation energy values for hot forming of all three types of coarse-grained cast material (Fe-40Al, Fe-40Al-
Zr-B, Fe-40Al+TiB2) were obtained from the peak values of stress-strain curves by the same methodology – 
multiple regression analysis of the known hyperbolic sine relation. The relationships describing the 
maximum deformation resistance of aluminides depending on the temperature-compensated strain rate, 
i.e. the Zener-Hollomon parameter were derived from obtained data. The values of activation energy and 
hot deformation resistance of the studied materials were compared and the differences interpreted in 
terms of physical-metallurgical effects of additives. 

Keywords: iron aluminides; hot compression; stress-strain curves; activation energy; deformation 
resistance 

1. INTRODUCTION 

Iron aluminides have been considered as potential candidates for high temperature structural applications 
primarily due to their attractive physical, oxidative, and mechanical properties [1]. The Fe – 40 at.% Al 
alloys are formed by B2 FeAl phase. Their low density, comparatively low price and other beneficial 
properties design them for various technical applications, but their promising potential is used in a limited 
way only, mainly due to their considerable brittleness. The conventional techniques of processing by hot 
forming (rolling and/or extrusion) of the coarse-grained structure, which are accompanied by the repeated 
static recrystallization together with progressive grain refining, are feasible with great difficulty only. Issues 
connected with the low formability can be improved to a certain degree by the selected ternary additions, 
as for instance manganese, zirconium or boron. Another approach represents the application of casting 
with the lost wax moulding method or powder metallurgy [2]. Using special protective capsules [3], 
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laboratory castings made of the brittle intermetallic alloys were successfully hot rolled [4]. For description 
of numerous basic deformation mechanisms of material (e.g. for description of the dynamic 
recrystallization kinetics or stress-strain curves at continuous deformation) the knowledge of activation 
energy at its hot forming is of crucial importance. The objective of the work was to determine on the 
example of several selected alloys of 
the Fe – 40 at.% Al type the influence 
of other admixtures or of different 
chemical composition on the value of 
activation energy. 

2. EXPERIMENTAL DETAILS 

All three used aluminides were cast in 
the vacuum induction furnace, 
subsequently processed by water jet 
cutting and fine grinding. Afterwards 
they were tested by absolutely 
identical methods [5-7]. Alloy Fe-40Al 
contained 25.1 % Al, 0.013 % C and 
0.16 % Mn (here and in other alloys all 
in wt. %, remainder Fe). Alloy Fe-40Al-
Zr-B contained 24.4 % Al, 0.02 % C, 0.17 % 

Mn, 0.17 % Zr and 0.011 % B (the 
aluminium content corresponded almost 
exactly to 40 at. %). Alloy Fe-40Al+TiB2 with 
chemical composition of 24.3 % Al, 0.03 
% C, 0.18 % Mn, 0.27 % Ti and 0.10 % 
B, was cast as a binary alloy with 
addition of TiB2 particles (< 10 μm) in 
the melt. All initial laboratory castings 
of the cross section about 20 
(thickness) x 33 (width) mm showed 
very coarse-grained and rather 
heterogeneous structure. The 
cylindrical specimens with diameter 10 mm and height 12 mm were manufactured with great difficulty 
from the areas containing the minimum of internal cavities, which were the major obstacle for specimens’ 
preparation and their following hot forming. The uniaxial hot compression tests of the cylindrical specimens 
were performed on the dynamic testing machine Gleeble 3800 in Czestochowa University of Technology 
after the unified preheating to temperature 1200 °C. The forming temperatures were chosen 800 °C, 900 
°C, 1000 °C, 1100 °C and 1200 °C and the nominal strain rate values 0.05 s-1, 0.4 s-1, 4 s-1 and 30 s-1 were 
selected. The formability was favourably influenced by heated tools – swages. Most of the tests could be 
finished after reaching the true (logarithmic) height reduction ca 0.5. 

The results of experiments were stress-strain curves calculated from the recorded values of the forming 
force and compression of the specimen – see the comparative graphs in Fig. 1 for example. The shape of 

 
a) temperature 800 °C, strain rate 30 s-1 

 

b) temperature 1100 °C, strain rate 4 s-1 
Fig. 1 Examples of stress-strain curves determined experiment-

tally – influence of chemical composition, temperature and 
strain rate 
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some stress-strain curves was affected by the premature fracture of the material. The values of the 
maximal (peak) 

stress σmax [MPa], determined for individual stress-strain curves, served for the subsequent mathematical 
processing of results. 

3. MATHEMATICAL PROCESSING OF RESULTS 

Apparent activation energy for hot deformation Q [J·mol-1] is a material parameter depending on the 
chemical composition and microstructure of the hot formed material. It is common to use a modified Eq. 
(1) for determination of the Q-value [8]: 
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	��            (1) 

where e�  [s-1] is strain rate; C [s-1], n [-] and 3 [MPa-1] are material constants; R = 8.314 J·mol-1·K-1 is ideal gas 
constant; T [K] is deformation temperature and σmax [MPa] is deformation resistance associated with the 
maximum (peak) stress. This relationship was originally developed for mathematical description of strain 
rate corresponding to the steady-state stress �ss [MPa] and therefore it is basically possible to use both the 
σmax - and σss - values for calculation of the activation energy. Nevertheless, the peak stress is applied much 
more often, because the σss - values are hardly accessible at wide range of strain rates and temperatures. 
The equation can be solved by a graphic method using multiple linear regression analysis. The computing 
program ENERGY 4.0 in language Turbo Pascal 5.0 was developed [9], which allowed more sophisticated 
work with the input data set (T – e�  – σmax). The automated procedure without respect to the scientific 
sense of the calculation often leads to dubious results, mostly due to scatter of experimental data [10]. 
Hence, the capability to plot selected data and individually evaluate them is so important. The possibility of 
separation of some points from further calculation seems to be absolutely basic. The ENERGY 4.0 software 
allows in the first stage of the evaluation the selection of experimental data. A rough estimate of the 
particular material constants from Eq. (1) is possible in the second stage. The material constants are then 
specified more precisely by means of the least squares method applied during the non-linear regression, 
which results are used to describe the function σmax = f (T, e� ). The above described procedure was used to 
determine values of activation energy of hot forming for all three investigated materials: Q = 235 kJ·mol-1 

for Fe-40Al, Q = 561 kJ·mol-1 for Fe-40Al-Zr-B a Q = 457 kJ·mol-1 for Fe-40Al+TiB2. Tab. 1 gives the values of 
all material constants in Eq. (1). 

 Tab. 1 Material constants in Eq. (1) 

Alloy Q [kJ·mol-1] n [-] α [MPa-1] C [s-1] 

Fe-40Al 235 2.68 0.0033 2.17·1010 

Fe-40Al-Zr-B 561 2.00 0.0092 1.28·1017 

Fe-40Al+TiB2 457 2.57 0.0093 9.14·1020 

4. DISCUSSION OF RESULTS 

The obtained values of the activation energy and further material constants enable - based on the modified 
Eq. (1) – the prediction of the maximum deformation resistance in dependence on the temperature-
compensated strain rate, defined by the Zener-Hollomon parameter Z [s-1] [10] (see Fig. 2): 
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Fig. 3 compares graphically the values of σmax = f (T, 
e� ) calculated for individual materials according to 
Eq. (3). The peak stresses of all three investigated 
alloys are practically identical – see Fig. 3a - at very 
low strain rates and temperatures exceeding 
1100 °C. The flow stress of two boron containing 
alloys remain similar with the decreasing 
temperature, however, the deformation behaviour 
of the Fe-40Al material, which shows at low strain 
rates much lower values of peak stress, begins to 
differ significantly. Situation is different at high 
strain rates (see Fig. 3b for example). Increase of 
flow stress with decrease of forming temperature is 
in all three alloys similarly intensive, slightly lower 
values of peak stress may be observed in the alloy 
Fe-40Al-Zr-B. These differences of deformation 
behaviour will be subject of future investigation, 
which will require detailed microstructural 
analyses. It is evident, that in case of investigated 
alloy no direct dependence exists at hot forming 
between activation energy and flow stress.  

Activation energy in intermetallic alloys depends 
strongly on cohesion of grain boundaries. Apart 
from degradation of grain boundaries caused by 
influence of surrounding atmosphere (hydrogen 
embrittlement) the effect of strong strengthening caused by small addition of boron is also known [11]. We 

 
Fig. 2 Comparison of the measured and calculated values σmax in dependence on the Zener-Hollomon 

parameter (points – measured; lines – calculated) 

 

a) low strain rate 0.05 s-1 

 

b) high strain rate 30 s-1 

Fig. 3 Values of maximal (peak) stress calculated for 
individual alloys in dependence on the conditions of 

deformation 
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can see here the origin of considerable increase of activation energy from binary alloys to the alloys doped 
by boron. The matrix of the alloy Fe-40Al+TiB2 contains boron released from partial dissolution of TiB2 
particles in the melt, which is a relatively slowly running process [12]. The alloy Fe-40Al-Zr-B contains 
boron, which is not covalently bonded with titanium in particles, and that’s why its segregation is more 
distinct in boundaries [11]. Increase of activation energy may be attributed directly to the expected 
quantitative increase of boron concentration in grain boundaries. 

5. SUMMARY 

On the basis of performed plastometric tests activation energies at hot forming of three iron aluminides with 
slightly modified chemical composition (Fe-40Al, Fe-40Al-Zr-B, Fe-40Al+TiB2) were determined and mutually 
compared. Advantage of this comparison consists in the fact that all these three aluminides were prepared 
and tested by identical methodological procedure (initial coarse-grained as-cast state, identical used 
plastometer and testing parameters, identical methodology of mathematical processing of data). It was 
clearly demonstrated, how important is the influence of selected admixtures on the activation energy 
value, already at their comparatively small quantity. Binary Fe-40Al alloy showed activation energy Q of 235 
kJ·mol-1 only. Admixture of small strengthening TiB2 particles lead to almost double value of activation 
energy (Q = 457 kJ·mol-1). However, alloying admixture of zirconium and boron proved to be even more 
efficient as it resulted in the value Q = 561 kJ·mol-1. This behaviour may be attributed to the strengthening 
effect of boron, segregating with various intensity in grain boundaries. Magnitude of flow stress, more 
precisely of peak stress, is not directly proportional to the determined values of activation energy of 
investigated materials at hot forming. 
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Abstract  

The article deals with the structure and phase composition of Fe-25Al-xZr alloys in as cast state and after 
heat treatment. The Zr content varied from 0.4 to 4.9 at.% in investigated alloys. The cast samples were 
annealed at 1000 °C for 200 hours and then were subsequently cooled in a still air. Structures of both, as 
cast and heat-treated samples, were inspected by the light optical microscope, scanning electron 
microscope, energy-dispersive X-ray analysis and X-ray diffraction. The Vickers hardness was measured too. 

Keywords: Iron aluminides, Intermetallics, Structure, Phase composition. 

1. INTRODUCTION  

Iron aluminides belong to a group of intermetallic alloys. While the mechanical properties of most technical 
alloys are influenced mainly by a particle size, the behaviour of intermetallics considerably depends on their 
much finer structure – the arrangement of individual atoms in the elementary cell. The individual atoms are 
arranged under a certain critical temperature on a long distance. In addition to usual metal bonds, the 
covalent bonds occur between the metal atoms. The covalent bonds are responsible for some special 
properties, for example a high mechanical strength, melting temperature and elastic modulus.  

Fe-Al-based alloys excel in their corrosion resistance, good mechanical strength, good wear resistance and 
low cost of raw material. That’s why they are considered as promising candidates for replacement of Ni- 
and Cr-based stainless steel as a structural material for high-temperature use [1-3]. Considerable problems 
of Fe-Al alloys rest in their brittleness, low ductility at room temperature (RT) and in the lack of mechanical 
and creep strength at high temperature (HT).  

Current research activities are focused on improving of HT mechanical properties in order to enable 
applications up to temperature range of 600 - 1000 °C. The enhancement of HT mechanical properties can 
be achieved by the use of different methods, for example solid solution hardening, or strengthening by 
increased crystallographic order which stabilizes the D03 structure to higher temperatures, or strengthening 
by coherent or incoherent precipitates including carbide and boride precipitates or diverse phases formed 
due to ternary addition of Zr, Ta, Nb or Ti [4-7]. The crucial point of the technological procedure is the heat 
treatment which influences the microstructure. The determining factor for the application of the material is 
the stability of the microstructure at HT. 

It is known, that Zr has nearly zero solubility in Fe-Al matrix, therefore a small addition of Zr to the Fe-Al 
alloy results in formation of λ1-Laves phase Zr(Fe,Al)2 and/or τ1-phase Zr(Fe,Al)12 depending on the Al 
content [8-15]. Particles of these phases can enhance the HT mechanical strength [5, 12, 13, 15]. The R.T. 
ductility of Fe3Al was found to be decreased by alloying with 5 at.% Zr [3, 13]. In [12] there was studied and 
described the deformation behaviour of Fe-10Al-2.5Zr and Fe-20Al-2.5Zr. Effect of different Zr content on 
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the structure, mechanical properties and oxidation behaviour of some Fe-10Al, Fe-20Al and Fe-40Al was 
studied in [13]. [14] and [15] deals with the structure and HT mechanical strength of some Fe-30 at.% Al 
alloys. It has been shown that 0.2 % yield stress increases with increasing amount of the λ1 respectively τ1 
phase at all temperatures and decreases with increasing temperature for each composition.  

2. EXPERIMENTAL METHODS 

 The prismatic casts with dimensions about 20x40x150 mm 
were prepared using vacuum induction melting. Zr was 
added in metallic form. Their composition is marked in Fig. 
1 and Tab.1. The main concentrations of technological 
impurities (coming from the metals used for the 
preparation of the alloys) were: 0.1 at.% Cr, 0.01 at.% B, 0.1 
at.% Mn, 0.06 at.% C. The alloy slices (20x40x10 mm) were 
also annealed at 1000 °C for 200 h. The annealing was 
followed by a quick cooling in the air outside of the 
furnace.  

The phase structure and grain boundaries were visualised 
using mechanical-chemical polishing with the OP-S emulsion (Struers). Nomarski differential interference 
contrast (NDIC) on light optical microscope was used for better visibility of each phase. The phase 
composition and the structure were inspected using light optical microscopy (LOM), the scanning electron 
microscope (SEM) equipped with the energy-dispersive X-ray analysis system (EDX). Phases were also 
identified by X-ray diffraction (XRD) and Vickers hardness measurement was used. The approximate volume 
fractions of phases were calculated by an image analysis (SEM images in chemical-contrast) of the NIS-
Elements 3.2 software. 

 

 Tab. 1: Labelling and chemical composition of the samples 
 

Sample Zr [at%] Al [at%] Fe [at%] 
25_0 0.3 25.7 Bal. 
25_1 1.0 25.5 Bal. 
25_2 2.0 25.5 Bal. 
25_5 4.9 25.2 Bal. 

3. RESULTS 

In Fig. 2 there are LOM images showing the structure of as cast and annealed alloys. In the as cast state the 
grain boundaries are visible. The structure of annealed alloys seems to be coarser. The phase composition 
is visible better in SEM images (Fig. 3 and 4), which are taken in chemical contrast. The dark phase is Fe3Al 
matrix, bright areas were identified as λ1-Laves phase. A dendritic character is clearly visible. Also small 
bright particles with dimensions of 2 μm were observed in the structure (in Fig. 4 marked by yellow 
arrows). These particles were identified by EDX as ZrC. Appearance of this phase could be explained due to 
a high affinity of Zr to carbon, which occurred as an impurity in a raw material. Amount of ZrC didn´t exceed 
0.2 vol. %. In Fig. 5 there are EDX-maps showing distribution of Fe, Al and Zr. Zr-containing phases are 
green. In the as cast state, the Laves phase forms into a fine lamellar eutecticum with Fe3Al phase. 

Fig. 1 The composition of investigated alloys 
marked by red stars in an isothremal section 

of Fe-Al-Zr diagram at 1000°C [9] 
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Fig. 2: LOM images of the investigated alloys, lenght of the black line is 200μm, NDIC, OP-S. A-D) as cast; E-
H) annealed; A,E) 25_0; B,F) 25_1; C,G) 25-2; D,H) 25_5 

 

    

    

Fig. 3: SEM images of the structure in Z-contrast, white line length is 100μm. A-D) as cast state; E-H) 
annealed; A,E) 25_0; B,F) 25_1; C,G) 25_2; D,H) 25_5 

 

The thickness of λ1-lamellae varies from about 100 nm to 300 nm, near the grain boundaries lamellae 
become coarser (thickness of about 500 to 900 nm). The amount of eutecticum linearly increases with Zr 
content (Fig. 6a). The heat treatment at 1000°C for 200 hours followed by a slow cooling in air led to 
coagulation of Laves phase. Instead of lamellar eutecticum, coarse λ1 particles appeared – rounded and 
elongated. Volume fraction of λ1- phase is in Fig. 6b, its linear dependence on the Zr-content is obvious. 

A B C 

E F G H 

D 

A B C D 

E F G H 
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Fig. 4: Detailed structure in Z-contrast, white line length is 5 μm. A-D) as cast state; E-H) annealed; A,E) 
25_0; B,F) 25_1; C,G) 25_2; D,H) 25_5. Fe3Al is dark, λ1 grey, yellow arrows mark ZrC particles 

 

 

Fig. 5: Distribution of Fe, Al and Zr in the A) 25_0_cast; B) 25_0_annealed; C) 25_5_cast; D) 
25_5_annealed. EDX map, white line length is 8 μm 

 

 

Fig. 6: A) Volume fraction of eutectic λ1+Fe3Al in as cast state; B) Volume fraction of λ1-phase after the 
heat treatment 

 

A B C D 

E F G H 

A B 
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In Fig. 7 there are XRD curves of 25_5 alloy in as cast 
state and after the heat treatment. Peaks corresponding 
to Fe3Al and Laves phases are marked by special 
symbols.  

 The effect of Zr-addition on the bulk hardness is obvious 
from Fig. 8. Hardness increases linearly with the Laves 
phase amount. The Laves phase hardening effect is more 
efficient if λ1 occurs in eutectic form (in as cast state – 
blue line). After the heat treatment, the red line shows 
lower slope due to coarsening of Laves phase. 

 

 

 

 

4. CONCLUSIONS 

Addition of Zr into the Fe-25Al alloy leads into a formation of λ1 Laves phase Zr(Fe,Al)2. Its volume increases 
linearly with Zr-content (Fig. 6).  

In as cast state, the Laves phase forms a fine lamellar eutectic with ordered D03 matrix (Fig. 4a-D). 

Annealing at 1000 °C for 200 h followed by a slow cooling in air causes coagulation and coarsening of the 
Laves phase (Fig. 4E-H). 

Bulk hardness of Fe-25Al material increases with Zr-content, the eutectic shows stronger hardening effect 
than coarse particles after annealing (Fig. 8).  
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Abstract  

Reactive sintering is suitable method for preparing of intermetallic alloys. However, binary Al-Fe alloys 
prepared by this processing method are highly porous. This problem can be successfully solved by alloying 
these alloys by other element such as Si and Ni. The effect of these elements is not only in formation of 
completely new phases containing alloying elements. The Al-Fe-Si alloy and mainly the Al-Fe-Si-Ni alloy 
exhibit significantly higher thermal evolution during the reactive sintering process. This can lead to partially 
melting of forming intermetallic phases and consequent decrease of porosity. By this effect, it is not 
possible completely explain the differences in properties of alloyed and binary alloys. For detail description 
of alloying elements effect, it is necessary to observe phase composition during the process of reactive 
sintering and not only at the beginning and at the end as it is usual. The in-situ diffraction of high energy X-
ray beam was used to study formation of intermetallics phases during reactive sintering process of Al-Fe, 
Al-Fe-Si and Al-Fe-Si-Ni alloys. The additional changes in reaction mechanism caused by alloying elements 
were described, such as lower melting temperature of reaction mixture components and effect of silicon on 
ferrite stabilization. Based on this information, it is possible to explain significant decrease of porosity of 
ternary and quaternary alloys in comparison to binary Al-Fe alloy. 

Keywords: Reactive sintering, Intermetallics, In-situ diffraction 

1. INTRODUCTION 

Iron aluminides, mainly based on FeAl and Fe3Al phases, are very promising materials for high-temperature 
applications. Reactive sintering seems to be a suitable processing method to produce these materials 
because it enables to overcome limitations of classical casting production (e.g. high melting temperature 
and high reactivity of melts with almost all crucible materials). The main problem of reactive sintering is 
high porosity of the product [1]. Some authors explain this behaviour by forming iron aluminides (Fe2Al5 or 
FeAl3) below the melting temperature of aluminium [1-3]. To prove or disprove these theories, it is 
necessary to know reaction mechanism iron aluminides formation during reactive sintering. It is possible to 
quench samples during reactive sintering and study them [1]. The problem is that there is a chance of 
forming new intermetallic phases not present originally in material during reactive sintering. The possible 
way to solve this situation is to use in situ diffraction during heating.  

In our previous work, it was proven that presence of another alloying element (such as Si and Ni) leads to 
significant decrease of products porosity [4,5,6]. The only way to confirm the explanation theories of this 
effect is again in-situ diffraction.  
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2. EXPERIMENTAL 

All initial metals were used in powder form: iron powder with particle size <10 μm (p.a. purity) and 
mechanically prepared powders with particle size 200-600 μm prepared from pure aluminium and AlSi30 
master alloy. The powder mixtures with required chemical composition were used for diffraction 
experiments. 

In situ high energy X-ray diffraction was performed at BW5 beamline, DORIS III storage ring in Hasylab, 
DESY Hamburg. Energy of X-ray used for the diffraction experiments was 100 keV, which corresponds to 
wave length of 0.012384 nm. The powder samples were placed in capillary in IR furnace. The heating rate 
was 10 K.min-1 (the same as used for DTA analysis documented in our previous work [9]). Diffraction 
patterns were taken every 3 s in the temperature range from room temperature to 900 °C. The obtained 
diffraction patterns were processed with Fit2D, PANalytical HighScore Plus (with PDF2 database) and 
Matlab software. 

3. RESULTS AND DISCUSSION 

Isolines of 3D XRD pattern acquired during AlFe75 powders mixture/alloy heating are given in Fig. 1. 

 
Fig. 1: Isolines of 3D XRD pattern acquired during AlFe75 powders mixture/alloy heating with the rate  

of 10 K.min-1 

These isolines show that no reaction takes place until approximately 660 °C (marked in Fig. 1 by arrow) 
when melting of aluminium begins. In the same moment, formation of FeAl, Fe2Al5, FeAl2 and Fe3Al phases 
starts. Under these conditions the Fe3Al phase is not stable and decomposes, as illustrated on selected 
diffraction patterns given in Fig. 2. To compare, the results obtained by samples quenching contained also 
diffraction peak from Al13Fe4 phase [1]. Even though the composition of Fe-Al alloy was different, it is 
probable that this phase was obtained during quenching of the sample because it is very common phase in 
systems prepared under non-equilibrium conditions. 
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The addition of Si into material 
leads to phase changes at lower 
temperature (see Fig. 3) because 
the melting temperature of AlSi 
alloy is lower than the one of 
pure aluminium. After the 
melting at approximately 610 °C 
(marked in Fig. 3 with arrow) 
follows a region of 70 °C (marked 
in Fig. 3 by letter “L”), where no 
other reaction takes place until 
the moment marked by upper 
arrow. This is in agreement with 
our previous observations [6]. 
The liquid phase has enough time 
to fill pores, which results in 
porosity decrease even under 
melting temperature of iron or 
intermetallic phases. 

Selected XRD patterns taken 
during FeAl20Si20 heating are 
given in Fig. 4. The initial 
mixture composed of Fe, Al 
and Si. No change in phase 
composition can be observed 
until the eutectic reaction 
(formation of melt). 
Ddiffraction pattern taken at 
650 °C shows only the 
diffraction peak of Fe and the 
residual Si. At approximately 
700 °C formation of new 
phases – Fe2Al5 and Al2FeSi - 
starts. Close to the 
temperature of 890 °C the 
residual Si reacts forming the 
Al2Fe3Si3 phase. These results are in agreement with DTA data published in [6]. In comparison with AlFe75 
alloy, the formation of Fe2Al5 phase is strongly suppressed.  

 
Fig. 2: XRD patterns acquired during AlFe75 powders mixture/alloy 

heating. Diffraction lines are marked in following way: 1 - Fe, 2 - Al, 3 - 
Fe2Al5, 4 – FeAl, 5 – FeAl2, 6 – Fe3Al 

Fig. 3: Isolines of 3D XRD pattern acquired during FeAl20Si20 powders 
mixture/alloy heating with the rate  

of 10 K.min-1 
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As documented in Fig. 5, the 
region of melt presence in the 
Al-Fe-Si-Ni system is even bigger 
than in case of Al-Fe-Si system. 
There is an inverse proportion 
because the porosity of Al-Fe-Si-
Ni system is lower than in Al-Fe-
Si system. In the case of Al-Fe-
Si-Ni, the melt forms at 
approximately 600 °C (marked 
in Fig. 5 with arrow) and is 
present in the system for about 
100°C region (marked in Fig. 5 
by the letter “L”). 

4. CONCLUSION 

In this work, the reactive 
sintering of Al-Fe, Al-Fe-Si and 
Al-Fe-Si-Ni intermetallic alloys 
was studied. It was proven 
that all reactions during 
reactive sintering starts after 
the formation of Al or AlSi 
melt. In the AlFe system which 
exhibit very high porosity, the 
intermetallic phases formation 
starts immediately when 
melts occurs. In the Al-Fe-Si 
and Al-Fe-Si-Ni systems 
exhibiting significantly lower 
porosity than Al-Fe, the 
formation of melt takes place 
at lower temperature and is 
followed by period when not 
phase forming is observed. 
This time enables the melt to 
fill pores and it leads to 
decrease in porosity in ternary 
and quaternary alloys. 

 

 

 
Fig. 4: XRD patterns acquired during FeAl20Si20 powders mixture/alloy 
heating. Diffraction lines are marked in following way: 1 - Fe, 2 - Al, 3 – 

Si, 4 – Fe2Al5, 5 – Al2FeSi, 6 – Al2Fe3Si3 

 
Fig. 5: Isolines of 3D XRD pattern acquired during FeAl20Si20Ni20 

powders mixture/alloy heating with the rate of 10 K.min-1 
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Abstract 

The porous materials are able to improve osseointegration leading to strong connection of implant with the 
bone. However, presence of pores in material may result in corrosion problems. Samples of Ti-39Nb alloy 
prepared by powder metallurgy technique with porosity up to 33 % were studied. Exposure environments 
were phosphate buffered saline solution and physiological solution with fluoride ions. Reason is the 
possible use of studied material in dentistry. Measurements according to the ASTM F2129 standard were 
used for determination of the susceptibility to crevice corrosion. Time dependencies of the open circuit 
potential and electrochemical noise were analysed in environment containing fluoride ions. Influence of the 
pores was detected on materials with the porosity 24 % and 33 %. Porosity has a clear effect on the 
corrosion behavior of this type of material. Sensitivity to crevice corrosion attack of the Ti-39Nb alloy 
increased with increasing porosity as well. Localized corrosion damage was observed in areas of pore 
clusters, while the more compact areas were undamaged. Corrosion resistance of the low porous Ti-39Nb 
alloy was comparable with compact material. Nevertheless, the higher amount of pores led to the initiation 
of a localized corrosion attack. This may limit the use of this porous material in applications where it came 
into contact with highly corrosive environment. 

Keywords: titanium alloy, powder metallurgy, crevice corrosion, medical applications 

1. INTRODUCTION 

Titanium shows a high corrosion resistance in biological environments. In addition, components made of 
this material are usually accepted by the living tissue. In spite of these properties, titanium is not an ideal 
material for this purpose. Its modulus of elasticity is higher by order of magnitude than that of big bones 
(~100 GPa and 10-20 GPa respectively). For this reason, current research is focused on titanium alloys with 
a beta structure characterized by substantially lower modulus of elasticity - at a level of 60 GPa [1-3]. The 
beta structure is stabilized by way of titanium alloying with niobium, tantalum, zirconium, molybdenum and 
other elements which behave as inert in terms of biotolerance [4-6]. Another advantage of these alloys is 
theirs easier workability, which is important particularly in dentistry where small components of 
complicated shapes are used. Powder metallurgy is a useful technology for the production of such parts. In 
addition, the choice of appropriate porosity may favourably affect the product’s mechanical properties. The 
presence of pores on the surface may also improve osseointegration [7-9]. 

Sintering of metal powders ranks among the easiest methods of producing porous materials. This 
technology may be used both for implants production [10] and for compact materials coatings [11-12]. The 
porosity may be affected, e.g., by the size of powder particles, the temperature and time of sintering, and 
possibly also by the choice of appropriate admixtures. In order to preserve good cohesion of implants made 
of titanium and its alloys, sintering must be carried out in a non-oxidizing environment, which usually 
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requires vacuum at a level of 10-3 Pa and a temperature around 1250 °C [7]. Contamination of the 
particles’ surface may prevent formation of a firm connection between them, and consequently cause a 
decrease in the fracture toughness of the material. The implants mechanical properties depend primarily 
on the size, shape and distribution of pores. Due to the presence of pores, corrosion behaviour of these 
materials can be expected to differ from that of materials prepared by the standard metallurgical way.  

The objective of the presented study was to determine the effect of porosity on corrosion behaviour of the  
Ti-39.3Nb alloy, and - given its potential use in dental applications – in an environment containing fluoride 
ions which are commonly used in dental preparations.  

2. EXPERIMENTAL 

Corrosion tests were carried out with specimens of the Ti-39.3Nb alloy with a porosity of 5, 13, 15, 24 and 
33 %, and on a compact material produced by way of standard metallurgy - arc melting, forging and heat 
treatment (porosity of 0 %). Porous specimens were prepared using titanium and niobium powders 
(Dayang Chemicals, PRC). Mixing was followed by isostatic pressing at 400 MPa. All operations were carried 
out in argon atmosphere. The pressings were sintered in a vacuum furnace at 1400 °C for 20 hours. The 
materials’ porosity was calculated from the ratio of the sintered pressing (Densimeter EW SG, Mirage 
Trading Co, Ltd., Japan) and the theoretical density of the Ti-39.3Nb alloy (5500 kg/m3). Final semi-products 
were cut into specimens in the shape of a flat cylinder with a diameter ranging from 13 to 15 mm and a 
height of 3 mm. 

Prior to every measurement, the specimens were wet ground (up to P1200) so as to achieve a restored 
surface, i.e. grinding below the level of the deepest formerly exposed pore. Degreasing with ethanol in an 
ultra-sonic bath and sterilization with saturated water vapour at 120 °C/20min (BMT Ecosteri) followed. 
After cooling, the specimens were dried in an air flow and exposed in the respective corrosion 
environment.  

The measurements were conducted in a physiological solution containing 9 g/l NaCl (abbreviated 
PS/pH/ppm F-) with pH = 4.2 (hydrogen phthalate buffer [13]). Fluoride ions were added in the form of NaF. 
A phosphate buffered solution (PBS) with a composition of 8.0 g/l NaCl, 0.2 g/l KCl, 1.15 g/l Na2HPO4·12H2O, 
0.2 g/l KH2PO4 was used in part of the work [14]. All exposures were conducted at 37 °C.  

Electrochemical measurements were performed in a standard three-electrode arrangement. A silver-silver 
chloride electrode with a KCl solution of a concentration of 3 mol/l (hereinafter SSCE) was used as the 
reference electrode. All potentials given in this work are related to this electrode.  

ASTM F2129 standard method consist of one-hour stabilization of the open circuit potential followed by 
potentiodynamic polarization to 850 mV (1 mV/s) and consequence polarization from 850 mV to open 
circuit potential. Local corrosion damage is detected by sudden increase of current density. Based on the 
assumption of a localized corrosion process in pores, no artificial crevice was created on the specimens (in 
contrast to the standardized procedure).  

In the case of short-term exposures in the environment containing fluoride ions, the open circuit potential 
was measured periodically for 2.5 hours. A physiological solution with pH = 4.2 containing 1000 ppm 
fluoride ions was used as the electrolyte, allowing for the alloy’s activation in a relatively short time. The 
concentration of fluoride ions corresponded to their concentration in dental preparations of daily use, but 
pH was lowered in order to achieve higher aggressiveness of the environment [15]. 
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Noise measurements were realised with ZR-01A/ZU-01A (Jaissle, Weiblingen) ammeter. Noise signal was 
recorded with frequency of 20 Hz with digital gain on both current and voltage channels. Noise 
measurements evaluation was based on standard deviation of noise signal and amount of signal transients. 
Physiological solution (pH = 4.2, 9 g/l NaCl) with 200 ppm of fluorides ions was used as corrosion 
environment. This concentration of fluoride ions is the lowest concentration which does not lead to the 
active dissolution of alloy.  

3. RESULTS AND DISCUSSION 

Susceptibility to crevice corrosion attack was studied by measurement based on ASTM 2129 standard. 
There were no sights of local corrosion attack for sample´s porosity up to 15 % (Fig. 1 and Fig. 2). Rapid 
current rise was observed in case of the samples with porosity of 24 % and 33 % (Fig. 2). Current increase 
began at the potential level of 380 mV in both cases. Current drop during reverse polarization determine a 
repassivation potential for materials under local corrosion attack. Repassivation potential was 80 mV for 
sample of 24 % porosity. This value is unacceptable from the point of view of its biomedical application. 
There is limit potential 500 mV in body environment [4]. Repassivation not occurred in the case of 33 % 
porosity sample. Current density was increasing with increasing porosity. The main reason was the 
difference between the geometrical and the real exposed surface of the porous materials. 

  
Fig. 1: Cyclic polarization of samples of porosity 0, 

5 and 11% in PBS 
Fig. 2: Cyclic polarization of samples of porosity 

15, 24 and 33% in PBS 

The above discussed measurements showed a significant influence of porosity on the corrosion behaviour 
of the Ti-39.3Nb alloy prepared using powder metallurgy. Local corrosion attack was induced by the 
specimens’ polarization to a potential that was substantially more positive than the open circuit potential. 
Consequently, the question was how the materials would behave in a more aggressive environment, but at 
an open circuit potential, i.e. without any stimulation of a non-uniform corrosion attack. Noise signals from 
compact material and specimen with porosity of 33 % are shown in Figs 3 and 4. The open circuit potential 
of the specimens varied between -30 mV and -400 mV, e.g. in the range of TiO2 and Nb2O5 stability [16]. 
Constant noise signal, which corresponds to general corrosion, was recorded in the case of compact 
material. Clearly evident transients were recorded on both current (IN) and potential (UN) noise during 
exposure of porous specimens (example on Fig. 4). These deviations are in orders of magnitude higher than 
basic noise. Noise transients correspond to metastable breakdowns of passive layer. Basic potential noise, 
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characterised by standard deviation (SD), was on level of 30 to 35 �V for compact and 5 % porosity 
specimens. Materials with higher porosity shown SD in the range of 40 to 45 �V. SD of the current noise 
was on the level of 8.10-5 �A. There were no significant increases of basic noise during exposure. 

  

  
Fig. 3: Potential (EN) and current (IN) noise of 0% 

porosity sample in PS/4.2/200 
Fig. 4: Potential (EN) and current (IN) noise of 

33% porosity sample in PS/4.2/200 
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Fig. 5 shows an amount of EN and IN transients. Its number was on comparable level for specimens of 
porosity 5 % to 11 %, significant increase was observed in the case of 24 % and 33 % porosity. Also 
transients’ area increased with increasing porosity. Nevertheless, there was no stable rise of noise signal, 
which corresponds to stable progress of localised corrosion attack. Based on noise measurements it can be 
assumed that there was no corrosion attack even in the case of specimens with highest porosity.  

Fig. 6 shows the time dependences of the open 
circuit potential on compact material and porous 
specimens in PS/4.2/1000. Time to decrease of the 
open circuit potential to the active dissolution region 
increased with increasing porosity of specimens. The 
time up to activation was approximately 2000 
seconds for the compact alloy, about 3000 seconds 
for the specimen with a porosity of 5 %, and roughly 
4000 seconds for the 13 % specimen. In case of 
materials with a porosity of 24 and 33 %, the time up 
to activation was approximately 5000 seconds. 

These results would allow us to conclude that the 
corrosion resistance of a material increases with its 
increasing porosity. This, however, is in direct 
contradiction with the previous results: susceptibility 
to crevice corrosion increases with increasing 
porosity. The state of the specimens’ surface after 
exposure is important for explanation of this 
phenomenon. 

The surface of specimens with a porosity of 24 % is 
shown in Fig. 7. Two regions are clearly visible on the 
specimen – a dark grey, in which corrosion attack 
occurred, and a light grey, which does not show any 
evidence of corrosion damage. A more detailed 
inspection of the attacked part of the specimen 
showed a clearly visible structure of the material. It 

results from the region’s “etching” by the 
corrosion reaction. In contrast, traces of grinding 
can be seen in the light grey region, where the 
corrosion reaction proceeded in a way different 
from that in the attacked region. Consequently, it 
is obvious that corrosion attack is localized in 
places with pores of suitable geometry. The 
attacked area accepts the anodic process 
(dissolution of the material) while the cathodic 
process prevails in the adjacent areas (reduction 
of the components of the environment) – this 

 
Fig. 5: Number of transients in noise spectrum 

 
Fig. 6: Open circuit potential of samples in 

PS/4.2/1000 

 
Fig. 7: Surface state of specimen of porosity 24% after 

exposure in PS/4.2/1000 
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areas are to some extent “cathodically protected”. The resulting state of the specimens’ surface shows that 
activation of the easily polarisable passive surface proceeds slowly, and at the end of exposure, the surface 
appears not to be attacked by corrosion. A more marked localization of the corrosion attack occurred with 
growing porosity of the material. 

4. CONCLUSION 

The effect of porosity on corrosion behaviour of Ti-39Nb alloy was confirmed by measurements based on 
the ASTM F2129 standard. The conducted tests revealed that the specimens with a porosity of 33 % and 24 
% were susceptible to a local attack in PBS, i.e. in an electrolyte that is non-aggressive to titanium. No 
localized corrosion attack was observed on materials with porosity equal to or lowers than 15 %. Noise 
measurements showed no stable evolution of crevice corrosion attack in physiological solution with 
fluorides ions; however sensitivity to local corrosion attack increased with increasing porosity. Corrosion 
damage was localised into the clusters of pores and localisation was more recognisable with higher 
porosity. 

Powder metallurgy seems to be an appropriate technology for turning out products of complicated shapes 
such as dental implants, but it is necessary to balance porosity from the two points of view – improve of 
osseointegration and sensitivity to the local corrosion process. 
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Abstract 

Approximately an equiatomic alloy of nickel and titanium, known as nitinol, possesses a lot of interesting 
properties such as superelasticity, pseudoplasticity, shape memory, good corrosion resistance and 
satisfactory biocompatibility. Therefore, it is used in a lot of branches, for example for fabrication of surgery 
implants. Due to disadvantages of commonly used manufacture methods, there is a search for their 
alternatives. Powder metallurgy can be one of them. 

In this work, influence of particle size of initial powders on composition and properties of samples, which 
were prepared by a thermal explosion mode of self-propagating high-temperature synthesis (TE – SHS) 
powder metallurgy technique, was studied. 

Keywords: Nitinol, TE – SHS, memory shape alloys, powder metallurgy 

1. INTRODUCTION 

The NiTi shape memory alloy called nitinol is composed of nickel and titanium in approximately equiatomic 
ratio. Thanks to its ability to get austenitic and martensitic structure by stressing or changing temperature it 
possesses unique properties such as superelasticity, pseudoplasticity and shape memory [1]. Moreover, its 
corrosion resistance and biocompatibility make this material suitable for production of various types of 
devices including surgery implants [2]. 

Its transformation temperatures are very sensitive to chemical composition, which places demands on 
quality of manufacture process [3]. Commonly a vacuum induction melting (VIM), vacuum arc remelting 
(VAR) methods, or their combination (VIM/VAR) are used for fabrication of the NiTi alloy [3]. By the VIM 
method the batch of pure nickel and titanium is melted by induction field, which also provides sufficient 
homogenization of the melt. This process takes place in a graphite crucible situated in an evacuated 
chamber. Ingots fabricated by this method possess homogenous composition, but they are polluted by 
carbon (200 – 500 ppm), which originates from the crucible [2, 3]. The VAR method is also realized in an 
evacuated chamber. The batch (pressed nickel and titanium) is melted by the electric arc between this 
consumed electrode and water cooled copper crucible. VAR ingots contain only small amount of carbon (< 
200 ppm) [3]. The melt is not polluted by copper, because it exists only for short time. On the other hand it 
causes that the product is inhomogeneous and the process has to be repeated several times. By using VIM 
ingots as the consumed electrode ingots, so called VIM/VAR ingots, are fabricated [3]. 

Powder metallurgy can be an alternative to these methods. The thermal explosion mode of self-
propagating high-temperature synthesis (TE – SHS) is one of several approaches how to prepare NiTi alloy 
by a powder metallurgy technique [4]. By this method, a pressed mixture of nickel and titanium powders is 
heated to temperature lower than the melting point of the batch [4, 5]. Due to diffusion processes in the 
system, the melting point decreases. Moreover, formation of intermetalic phases, which is usually 
exothermic, increases temperature of the system. It causes occurrence of eutectic an peritectic systems 
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and melting the batch, which improves homogenization of the system. Final structure of the product is 
influenced by factors such as heating rate and powder size of starting materials [5-11]. 

In this work we have focused on the influence of powder size of starting materials on properties of NiTi 
samples prepared by TE – SHS. Chemical and phase composition, microstructure, mechanical properties 
and transformation temperatures of the prepared samples were studied. 

2. EXPERIMENTAL 

Powders of pure nickel and titanium of different particle size were used as initial materials. First sample 
marked as CP in this paper, was prepared from coarse powders of irregular shape (main diameter 200 – 600 
μm), which were obtained by mechanical machining of ingots. The second one (will be marked FP) was 
prepared by using fine powders of spherical shape (particle size ≤ 10 μm). These powders were mixed in 
the equimolar ratio and uniaxialy cold-pressed by a Heckert FPZ 100/1 machine by the pressure of 265 MPa 
into cylindrical green compacts with 12 mm in diameter and about 25 mm in length. Both of green 
compacts were sealed into evacuated quartz ampoules and were put into an electric resistance furnace, 
which was preheated to a temperature of 1100°C. After 20 minutes the ampoules were removed and 
cooled on air. After cooling the ampoules were broken and the samples were then cut into several pieces, 
from which metallographic cross-sections and samples for XRD, DSC analysis, compressive tests and 
measurements of the HV 5 hardness were prepared. Bulk chemical composition was measured by the 
TESCAN VEGA-3 LMU scanning electron microscope with the Oxford instruments INCA 350 EDX analyser 
(SEM-EDX). Microstructures were observed by the Olympus PME3 light metallographic microscope and 
SEM-EDX. The phase composition was studied using the XRD 3000 P - XRD system with a Co anode and 
SEM-EDX. DSC curves were measured by the Setaram-DSC 131 machine and the compressive tests were 
realised using the LabTest 5.250SP1-VM universal loading machine. 

3. RESULTS AND DISCUSSIONS 

3.1. Chemical composition 

In the next table (Tab. 1) one can see that both of the prepared samples were depleted of nickel. It is 
probably caused by evaporating of nickel during process. The sample prepared from coarse particles was 
more depleted. It can be explained by slower reaction rate caused by longer period of existence of liquid 
phase, which arises during the process. 

 Tab. 1 Chemical composition of the prepared samples 

 Ti [at. %] Ni [at. %] 

CP 51.86 48.14 

FP 51.18 48.82 

3.2. Microstructure 

In Fig. 1, microstructures of the prepared samples are shown. Both of the samples had an as-cast structure, 
which indicates melting during the preparation process, and consisted of NiTi matrix and primary Ti2Ni 
phase. In the case of CP sample, Ti2Ni phase formed into polygonal and Chinese letter like shapes. The 
second mentioned shape predominated in this sample. The FP sample contained almost all Ti2Ni phase in 
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polygonal shape and total amount of this phase was smaller in the case of FP sample. On the other hand, 
porosity of this sample was significantly higher. 

  
Fig. 1 Optical micrographs of the prepared samples: CP (a), FP (b) 

3.3. Phase composition 

 
Fig. 2 X-ray diffraction pattern of the CP sample 

 
Fig. 3 X-ray diffraction pattern of the FP sample 

a b 
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The X-ray diffraction patterns of the prepared samples are shown in the next pictures (Fig. 2 and 3). One 
can see significant differences in the phase composition of the prepared samples. While NiTi occurred as 
rhomboedric R-phase and orthorombic B19 martensite in the case of CP sample, in the FP sample it formed 
B2 austenite at room temperature. It is caused by different content of nickel in NiTi matrix (approximately 
48,89 at.% for CP and 49,40 at.% for FP), which was determined by point EDX analysis. These differences 
lead to a shift of transformation temperatures. This claim is in good agreement with DSC measurement 
shown in the next part. Except NiTi phase, both of the prepared samples contained Ti2Ni phase as well. 

3.4. Transformations temperatures 

In measured DSC curves (Fig. 4) one can see big differences in transformation behaviour. While 
transformations occurring during heating and cooling are obvious in the case of the CP sample, no distinct 
peaks were found in DSC curves of the FP sample. During cooling of this sample no changes were detected, 
which implies, that the NiTi phase occurred in the austenitic state in measured temperatures interval. It is 
in a good agreement with the XRD-analysis results. During heating, some weak endothermic peaks and a 
change in the slope of the curve were detected. These observations were not well justified and will be 
studied in the future. In the case of the CP sample, transformation of martensite or R-phase in austenite 
occurred (endothermic peak around 60°C) during heating. During cooling, the NiTi phase transformed from 
austenitic structure to R-phase and subsequently to B19 martensitic structure. Transformation 
temperatures are listed in Tab. 2. 

  

Fig. 4 DSC curves of the CP (a) and FP (b) samples 

 Tab. 2 Transformations temperatures 

 AS [°C] AF [°C] RS [°C] RF [°C] MS [°C] MF [°C] 

CP 42 70 43 30 30 -4 

3.5. Mechanical properties 

One can see some differences in compression curves in Fig. 5. While compressibility of both samples is 
similar, yield point of the CP sample is markedly higher. It is probably caused by higher content of the Ti2Ni 
phase (in Chinese letter like shape especially) and by lower porosity of this sample. No plateau, typical for 

a b 
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superelastic alloys, was found in the compression curve of the FP, It is probably due to strong influence of 
presence of the Ti2Ni phase and porosity especially. 

 
Fig. 5 Compression curves of prepared samples 

 
Fig. 6 HV5 hardness of prepared samples 

 

Average HV5 hardness of the CP sample was moderately higher in comparison with the FP sample. Large 
variations in measured values, especially in the case of the FP sample, indicate inhomogeneities in their 
structures. 

4. CONCLUSIONS 

In this work two NiTi samples were prepared by a TE – SHS method. One sample was prepared from coarse 
powders the second from fine powders. The samples differed in their microstructure, phase constitution, 
mechanical properties and transformation temperatures. Purer NiTi phase was obtained by using fine 
powders as starting materials. On the other hand, this sample was more porous. Both of the prepared 
samples were depleted of nickel and contained Ti2Ni phase. For preparation of pure NiTi phase, the process 
must be modified. Obviously the batch has to be enriched by nickel, or the process has to be realised in an 
inert atmosphere instead of the vacuum. Structure could be homogenized by annealing and mechanical 
treatment such as forging, or extrusion. These modifications will be studied in the future. 
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Abstract  

Thermomechanical treatment of alloys from the systems Ni-Ti and Ni-Ti-X represents an important element 
for modification of transformation behaviour of these materials. Binary alloys are more sensitive to these 
processes than ternary (quaternary) alloys. For experiments studying influence of thermo-mechanical 
treatment (thermal cycling under applied stress) the Ni-Ti-Cu-Mo alloy was chosen. The alloys were 
prepared by melting from elementary metals in high frequency vacuum induction furnace. Melting was 
performed in graphite crucible, material was cast into graphite mould. In this was a casting was obtained 
with diameter of 10 mm and height of 300 mm. Afterwards swaging followed and elongation to final form 
of wire with diameter of approx. 2.3 mm. This was followed by preparation of samples for cycling – wires 
with length of approx. 260 mm, and by their heat treatment. Various equipment and various number of 
functional cycles was used. Finally small samples were taken for determination of transformation 
characteristics by DSC technique and of micro-structural characteristics of selected samples by SEM/TEM 
methods. The presented paper is focused on investigation of influence of thermal cycling under stress on 
transformation and microstructural properties of selected Ti-Ni-X alloys.  

Keywords: Shape memory, Thermal treatment, Thermal cycling, DSC 

1. INTRODUCTION  

Technically interesting and usable alloys with shape memory belong particularly to the group of inter-
metallic compounds, which crystallise in initial crystallographic arrangement that is similar to the phase 
CsCl (B2). This high temperature phase transforms at cooling to a low temperature martensitic structure. 
Martensite in shape memory materials is – contrary to martensite in carbon steels – soft and ductile. 
Transformation of austenite to martensite is not accompanied by macroscopic change of the shape. 
Martensite gets permanently deformed by effect of sufficient stress. During heating above certain 
temperature due to reversibility of thermo-elastic martensite it is transformed to the original high 
temperature phase - austenite. 

Properties of NiTi based materials are much more dependent on chemical composition, structure and 
thermomechanical treatment than classical materials. Even very small deviation from the composition is 
already sufficient for changing the transformation temperature Ms (martensite start) by several grades. For 
example change of content of Ni by 0.1 at. % causes change of the temperature Ms by 10-15°C. It is possible 
by changing composition of the alloy within the range from 49 to 51 at. % Ni to change thus the 
temperature Ms from –200°C up to +120°C [1]. This dependence may be on one hand negative feature of 
material, what concerns reproducibility of experimental results, but on the other hand it is favourable from 
the perspective of influence on thermal stability of austenitic and martensitic phase in dependence on 
chemical composition and microstructure.  
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Temperature of transformation B2#B19O may be significantly reduced for example by alloying of 
equiatomic NiTi by iron or copper, when atoms of Fe and Cu substitute atoms of Ni. Simultaneously the 
arranged phase B2 is therefore stabilised [2]. It is possible by alloying by Cu or Fe to reduce also 
concentration dependence of transformation temperatures and to influence favourably mechanical 
properties [3]. 

2. EXPERIMENTAL 

The basic requirement to metallurgy of these advanced materials is strict adherence to chemical 
composition of the alloy, which is the main condition for obtaining of the alloy with the required 
transformation temperatures. Another condition is observance of excellent homogeneity of the alloy, 
which also conditions functional reliability and guaranteed temperatures of transformation. Change of 
composition by 0.1 at.% usually leads to change of transformation temperatures even by 10 °C. It is 
possible to weaken concentration dependence by alloying by other elements, particularly Cu and Fe. It is 
also possible to obtain in this manner more favourable mechanical properties. This preparation was 
followed by production of wire by swaging and by thermomechanical cycling. The alloy Ni44.5-Ti50-Cu5-
Mo0,5 (at.%) was chosen for the experiments. 

2.1. Alloy fabrication – VIM 

Ni-Ti based alloys are usually melted at the temperature around 1500°C. Below this temperature approx. 
800 ppm of carbon may be absorbed [4, 5]. It was demonstrated [6], that in case of use of Ni pellets and Ti 
rods it depends also on arrangement of the charge in crucible. When is covered the crucible surface with Ti 
discs, contents of carbon in produced alloy is reduced in comparison with the case, when the charge had 
random arrangement. This effect is caused by formation of the TiC layer, acting as diffusion barrier. It is 
established that carbon absorption depends strongly on temperature. Extensive experiments concerning 
preparation of alloys in a graphite crucible were carried out [7]. It was established that with increasing time 
of dwell of the melt in the crucible the melt gets enriched in carbon. The following input materials were 
chosen for preparation of alloys. Ni cathodes 4N (impurities - C 0.01 %, Fe 0.0048 %, Al < 0.0002 %, Ti 
0.0056 %, O2 0.002 %, N2 0.0002 %), formed Ti - 2N8 (impurities - C 0.025 %, Fe 0.016 %, Al < 0.002 %, Ni 
0.051 %, O2 0.0061 %, N2 0.0002 %), Cu 99.99 %, Mo 99.95 %. All the input materials were thoroughly 
cleaned mechanically and chemically before melting.  

2.2. Thermal cyclic under applied load 

For test samples a special device was 
developed and designed, which can cycle 
wire samples under thermal and mechanical 
load at the same time. It is a lever 
mechanism coupled to a dynamometer, 
combined with electric resistance heater 
and cooling device. The testing machine 
enables cycling of wire samples in the range 
from – 30 °C to + 200 °C and from 0 to 3000 
N. Scheme of this device can be seen in Fig. 
1 [8]. 

Fig. 1. Scheme of thermomechanical testing device 
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For experimental verification of thermomechanical cycling effect on material 5, 10, 25 and 50 cycles were 
used with 100 and 200 MPa initial loading and cycling heating and cooling. In these cycles the lowest 
testing temperatures were lower than Mf1 of the material and the highest testing temperature was higher 
than its Af. In our case the lowest temperature was -17 ºC and the highest was 85 ºC. Dwell at the limit 
temperatures was approx. one minute for obtaining a homogenous temperature field in the whole volume 
of the sample. The sample was in the fortm of wire (diam. 2.3 mm, lengths 300 mm). Prior to thermal 
cycling samples were heat treated at 850°C / 30 min. After thermal cycling, samples for DSC tests were 
taken from the wire by electrospark cutting. 

Transformation characteristics of the samples were determined by differential scanning calorimetry (DSC), 
which records released (absorbed) latent heats connected with martensitic transformations in the given 
interval of transformation temperatures. Measurement was performed on the instrument DSC 204 F1 
Phoenix made by Netzsch. This DSC system enables correction of the measured data to a signal of the 
sample’s empty cell in any number of data points inside the independent temperature interval [9]. 
Procedure of measurement and evaluation of results was performed appropriately in conformity with the 
standard ČSN EN ISO 11357-1 (640748). 

Temperature cycle started at room temperature, from which the sample was heated at the rate of 10 
°C/min to the temperature of 100 °C. Isothermal dwell was performed at the temperature of 100 °C for 180 
s and the sample was then cooled down at the rate of 10 °C/min to the temperature of -100 °C, at which 
the next isothermal dwell lasting 180 s took place. The sample was then heated at the same rate back to 
the temperature of 100 °C and after another dwell of 180 s it was cooled down to the room temperature. 
The DSC signal obtained during cooling (100 °C → -100 °C) and heating (-100 °C → 100 °C) was object of the 
next analysis. 

3. DISCUSSION 

The records obtained at cooling and heating of samples of the alloy are presented in Fig. 2. DSC curves 
shown in Fig. 2a, obtained at cooling of the samples, compare the transformation route B2→B19 (B19´) [10, 
11] for state of material after heat treatment (curve 0 c) with the same transformation route characteristic 
for states of material after functional fatigue at the load of 100 MPa. Results in Fig. 2a show that 
transformation runs for all states of material in one step. Characteristic transformation temperatures of the 
samples after fatigue cycles are systematically higher approx. by 10°C than transformation temperatures of 
the samples after heat treatment (sample HT), see Tab. 1. As it is evident from the record in Fig. 2, this 
difference between transformation temperature of heat treated and cycled sample does not change with 
the increasing number of transformation cycles. 

Fig. 2 documents the route of inverse transformation (B19´) B19 → B2. Transformation process is again a 
single-step process for all investigated states and again an approximate difference of 10 °C exists in 
transformation temperatures between heat treated and cycled samples. However, in case of inverse 
transformation characteristic temperatures of cycled samples are shifted towards lower values – see the 
overview in Tab. 1. Released and absorbed transformation heats are in comparison with only heat treated 
sample systematically lower in the sample after fatigue cycles. 

Results of DSC analysis of transformation behaviour of the samples cycled at the stress of 200 MPa are 
presented in Fig. 3. These results are absolutely analogical to those obtained for states of material cycled at 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1332 

100 MPa. Only one more significant difference exists in this case, which concerns transformation 
enthalpies. They continue to drop after cycling, although not so dramatically. 

 

 

Fig. 3. DSC records of transformation B2 → B19 (B19’) and B19 (B19’) → B2 
at cooling and heating (cycles 5 – 50 at 200 MPa) 

Fig. 2. DSC records of transformation B2 → B19 (B19’) and  
B19 (B19’) → B2 at cooling and heating (cycles 5 – 50 at 100 MPa) 
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4. CONCLUSIONS 
Martensitic transformation B2 ↔ B19 (B19’) of the alloy Ni44.5-Ti50-Cu5-Mo0,5 runs in single stage both at 
cooling and at heating of the sample, after heat treatment of the alloy, as well as after the following functional 
cycles at the loads of 100 and 200 MPa.  

A difference between characteristic transformation temperatures of the samples after heat treatment and 
after cycles of functional fatigue was observed for this alloy. This difference is approx. 10°C and at cooling 
of samples the interval of transformation temperatures shifts towards higher temperatures, while on the 
other hand at heating of the sample it shifts towards lower temperatures. Appropriate transformation 
enthalpies measured in DSC cycles drop with the increasing load at cycles of functional fatigue. 
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Abstract.  

Nanocrystalline (NC) Ti49.4Ni50.6 alloy with the grain size of 20 - 100 nm has been successfully produced using 
high pressure torsion (HPT) and annealing. The ultra fine grained (UFG) structure with the grain size of 300 
nm in Ti49.4Ni50.6 alloy has been produced using equal channel angular pressing (ECAP). The mechanisms of 
deformation behavior of the NC and UFG TiNi have been determined. The features of microstructure, 
martensitic transformation and deformation behavior of the NC and UFG alloy at room and elevated 
temperatures have been studied in details. The NC TiNi exhibits unusual enhanced strength. The UFG TiNi 
exhibits unusual enhanced ductility and high strength. The effects of the grain size on mechanical 
properties of the alloy are discussed. 

Keywords: nano - and ultrafine structures, deformation mechanisms, martencite transformation 

1. INTRODUCTION 

TiNi alloys are well-known materials with a shape-memory effect. They are very promising for many 
structural and functional applications in engineering and medicine [1, 2]. Recent investigations testify that 
an effective way to enhance properties of various metals and alloys is formation of a nanocrystalline (NC) 
structure using severe plastic deformation (SPD) processing [3-5]. Some of previous works have already 
shown that high pressure torsion (HPT) of TiNi alloys results in the formation of an amorphous structure [3-
5]. Further annealing allows processing a homogeneous NC state [3-6]. The NC TiNi alloys after HPT and 
annealing demonstrate a high strength over 2000 MPa [3]. An ultrafine grained (UFG) structure with the 
grain size of 300 nm in Ti49.4Ni50.6 alloy has been produced using equal channel angular pressing (ECAP).  

This paper reports new results of the investigations of structure and mechanical properties of the HPT and 
ECAP processed Ti49.4Ni50.6 alloy. In the present work the mechanical behavior of NC and UFG TiNi at 
different temperatures and strain rates have been studied, as there is not much information on this subject 
in earlier reports. The effects of the grain size on mechanical properties of the alloy in the UFG and NC 
states are discussed 

2. EXPERIMENTAL PROCEDURE 

The Ti49.4Ni50.6 alloy supplied by Intrinsic Devices Inc. (USA) was used as the initial material for 
investigations. The temperature of martensitic transformation В2 austenite # В19’ martensite (Ms) of the 
Ti49.4Ni50.6 alloy quenched from 800 °С is about 15 °C. The initial coarse grained (CG) alloy has the austenite 
structure at room temperature with the grain size of 50 μm. The alloy with a submicrocrystalline (UFG) 
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structure and the grain size of 300 nm was produced by ECAP at T = 450 �С, the angle of the die-set 
channels’ intersection Ф =110�, the number of passes n = 8. The nanocrystalline (NC) alloy was processed 
by HPT with consequent annealings at various regimes [7]. The microstructure of the samples after 
processing was studied by TEM and X-ray. The tensile tests at different temperatures (from 25 to 500 °C) 
were carried out on flat small samples with a gage of 1G0.25G3 mm and a rate of extension 10-3 and 10-4 s-1 
using a specially designed tensile machine. Standard cylindrical samples with a gage 3 mm in diameter and 
15 mm in length were tested on an «Instron» dynamometer. The dimensions of these samples enable 
conducting TEM investigations and mechanical tensile testing of the material.  

3. RESULTS 

The microstructural features and properties of the alloy with a nano- and submicrocrystyalline structure 
will be considered separately below. 

3.1. Nanocrystalline Ti49.4Ni50.6 

As was noted above, the NC-alloy was produced using HPT. The processing was carried out with an original 
HPT unit that enables processing samples with larger dimensions in the form of disks Ø 20 mm and with a 
thickness of 0.7 mm [7]. The applied pressure was 6 GPa, and the number of revolutions totaled 5. After 
this processing, as we observed in works [3, 8-9], almost complete amorphization occurs in the alloy. TEM 
studies of the microstructure showed that the HPT-processed samples had an amorphous-nanocrystalline 
structure (Fig. 1a). Nanocrystals are spread in accidental clusters in the amorphous matrix. After annealing 
at 400ºС (20 min) complete nano-crystallization took place, and the average grain (crystallite) size was 
about 20 nm in the middle of the radius of HPT samples (Fig. 1b) [7]. Subsequent increase of the annealing 
temperature results in grain growth. Annealing at 550�С (1 h) leads to a more intense grain growth and 
formation of a structure with the mean grain size of about 300 nm. Thus, nanostructured TiNi specimens 
with various grain sizes were produced [7]. 

  
a     b 

Fig. 1 TEM image of the TiNi alloy processed by HPT (n=5) a) after HPT b) annealed at 400°С, 20 min; c) 
annealed at 500°С, 1 hour; d) annealed at 550°С, 1 hour 

The investigations showed that the ultimate tensile strength (UTS) of the samples immediately after HPT 
exceeded 2000 MPa, while their ductility made approximately 7% (Fig. 2, curve 1). The flow curve did not 
show the area of phase yield stress, which results from the absence of strain-induced martensitic 
transformation in the amorphized TiNi. Annealing at a temperature of 400�С results in appearance of the 
area of phase yield stress, which can be observed on the stress-strain curves (Fig. 2, curve 2), which is 
connected with the formation of the nanocrystalline B2 phase structure with the grain size of 20 nm (Fig. 
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2), that is capable of strain-induced martensitic 
transformation (MT). The ultimate tensile strength of 
HPT samples does not decrease, the ductility 
increases up to 12 % due to phase martensite 
transformation В2→В19´. Note, that according to [8], 
martensitic transformation B2 → B19’ does not occur 
in TiNi alloy with a grain size less than 40 nm during 
cooling. At the same time this experiment shows that 
strain-induced martensitic transformation (MT) is 
possible in TiNi alloy with a grain size of 20 nm [9]. 
The stress of martensitic transformation (�m) of the 
sample is 450 MPa, which is three times higher than 
�m in the initial coarse-grained state (�m B 160 MPa). 
Consequently, the high yield stress of the produced 
samples makes it possible to apply the desired loads 
for the strain-induced martensitic transformation to 
occur. Thus, the cooling even down to low 
temperatures does not provide necessary driving 
force for martensitic transformation B2 → B19’ in TiNi alloy with a grain size less than 40 nm.  

Ti49.4Ni50.6 was tested at different temperatures and strain rates. The NC TiNi demonstrates higher strength 
and ductility than CG and UFG alloys during tension at 400 and 500°С (Fig. 3). This is possibly can be 
connected with grain-boundary slip in NC TiNi. It should be noted that the ductility reduces, when the strain 
rate is decreased at 500ºС, which is probably connected with intensive grain growth as a result of dynamic 
recrystallization at lower strain rates (Fig. 4). 

   

 

 

Fig. 3. Engineering stress-strain curves for the 
Ti49.4Ni50.6 in different initial states tested at 

500°C, 10-3s-1: curve 1 – after HPT and annealing 
at 400°С (20 min), curve 2 – UFG (ECAP at 

T=450�С), curve 3 - CG 

Fig. 2 Engineering stress-strain curves for the 
Ti49.4Ni50.6 samples subjected to HPT and 

subsequent annealing: curve 1 - as - received, 
curve 2 – annealed at 400°С (20 min), curve 3 – 
annealed at 450°С (20 min), curve 4 – annealed 

at 550°C (60 min) 

Fig. 4. Engineering stress-strain curves for NC 
Ti49.4Ni50.6 for the following testing regimes: 20�С 

ε=10-3 s-1(curve 1), 400�С ε=10-3 s-1 (curve 2), 
500�С ε=10-3 s-1 (curve 3), 500�С ε=10-4 s-1 (curve 

4) 
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3.2. Ultrafine-grained TiNi (UFG). 

The UFG alloy was produced using HPT and annealing at 550 °C or by ECAP. ECAP processing of TiNi alloys 
cannot be carried out at room temperature due to their low deformability, therefore their processing was 
performed at 450 °C [10]. After ECAP the alloy also had an austenite structure with both equiaxed 
grains/subgrains (Fig. 5a). Most grains are free from dislocations, or their density is rather small. The 
average size of grains/subgrains in the cross section equals to about 300 nm. Grains in the longitudinal 
section are somewhat elongated. It should be noted that such a structure was fabricated via annealing of a 
sample at 550 ºC. The sample was preliminarily subjected to HPT (Fig. 2, curve 4). In this state with the 
grain size of about 300 nm the TiNi alloy demonstrates uncommon mechanical behavior: the UTS = 1200 
MPa, and the ductility is 60 % which is a superior value accompanying the mentioned strength [10]. This is a 
rather unusual result as the ductility of ultrafine-grained metals is commonly not very high and does not 
exceed 10 %.  

The UFG TiNi alloy after tension in the uniform strain region has one B2-phase (Fig. 5b). Sometimes 
insignificant amount of the martensite could be revealed in this region after tension. This observation 
indicates that the complete reverse martensitic transformation takes place practically after unloading, and, 
therefore, superelasticity of this alloy should be essentially higher. This assumption is in good agreement 
with the recent direct measurements of functional properties – recoverable strain and reactive stress in 
TiNi alloys after various treatments [5], which demonstrated that these values are considerably higher in 
the UFG state than in the CG alloy. 

 

  
а       b 

Fig. 5 Microstructure of UFG Ti49.4Ni50.6 processed by ECAP (a) and after tension in the uniform gage region 
(b) 

However, the microstructure in the necking area (Fig. 6) has changed considerably. The microstructure is 
strongly refined and is mainly of the martensite type. The microstructure has nano-twin packets and bands 
of 20-40 nm thick. The dislocation density is very high. It appears that the strain-induced martensite did not 
transform back into austenite after unloading here. Thus, such microstructure results from martensitic 
transformation and, apparently, has a direct influence on the deformation behavior of the UFG alloy. Thus, 
the nature of this effect is connected with the influence of twinning on strain hardening, which delays 
strain localization and enhances the flow stability. Apparently, this effect explains high ductility in the UFG 
TiNi alloy. 
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There are other possible explanations of the phenomenon of high ductility at room temperature in UFG 
TiNi [10]. The mechanisms hindering the neck formation determine large uniform deformation. TiNi alloys 
at a temperature close to the MT temperature have a low elastic modulus Е of about 50 GPa [2], which is 
much lower than the elastic modulus of pure metals (E of Ni equals to 200 GPa, E of Ti = 100 GPa). The low 
elastic modulus accelerates dislocation nucleation, generation and annihilation, which can result in high 
ductility. Besides, due to the low elastic modulus and high energy of diffusion activation, the relaxation of 
dislocations in TiNi at room temperature is less developed than in pure metals and other alloys. This is also 
proved by the fact that at large degrees of cold deformation the defect density in TiNi achieves a value 
sufficient for amorphisation [3-5]. Correspondingly, during deformation TiNi accumulates a much higher 
defect density than pure metals. As a result, the strain hardening in UFG TiNi is achieved at large strains and 
it is active for a longer period of time. Localization takes place at a longer period of deformation than in 
pure metals. 

The assumptions made can be confirmed by the following data. It is well known that stress during tension 
can be expressed by the formula (1): 

�= �0 + �-                                                (1) 

where  

�0 – the initial yield stress,  

�- – the strengthening.  

If deformation is accompanied by strengthening, i.e. d�-/d� > 0, then it hampers deformation localization 
during tension. Thus, strengthening is the result of accumulation of dislocations in the lattice during 
straining and is determined by the equation (2). 

( )f Gb-� - 3 -� B                                          (2) 

The rate of dislocation accumulation in UFG materials during deformation can be expressed by the 
following equation (3): 

/ / /d dt bd- �3 - .� �                                          (3) 

Where 

 b – the Burgers vector,  

�  - the strain rate,  

d – the grain size,  

- – the dislocation density,  

. –the time needed for a dislocation to be merged with the grain boundary (formula 4),  

3 - the coefficient considering the contribution of active dislocations and their geometry [11].  

30.03 / bkTH GD. V� =                                          (4) 

where k is the Boltzmann constant, T – the temperature, G – the elastic modulus, V – the boundary 
thickness, = - the atomic volume, H = 30 nm (the distance characterizing the diffusion of dislocations 
before their disappearance), Db – the coefficient of grain-boundary diffusion, Db = Db0 exp(–Qb/k T) [11]. 
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a)        b) 

Fig. 6 Microstructure of the UFG Ti49.4Ni50.6 after tension in the necking area, bright-field (a), dark-field (b) 

When the dislocation density achieves the certain maximum value -max, the relaxation rate becomes equal 
to the rate of defect accumulation (d-/dt=0); consequently, the strengthening stops. Equations (2) and (3) 
show that 

max / exp( / ) /bbd CT Q kT Gd- �3.� �                                 (5) 

where  
3

00.03 / .bC kH GD b�3 V� =   

Hence, it follows that under identical conditions the maximum density of dislocations accumulated in the 
material during deformation increases with the reduction of the elastic modulus G and increase of the 
energy of relaxation activation Qb.  

It has been already shown that the modulus G of TiNi alloys (G B 50 MPa) at room temperature is almost 4-
5 times less than that in pure Ti and Ni metals. The activation energy of diffusion processes in the 
intermetallic compound TiNi is higher than in pure metals. Hence, under identical conditions -max in TiNi is 
higher than in pure metals. Therefore, -max is achieved in TiNi at a higher strain, and localization of 
deformation starts later. The elastic modulus in TiNi increases, when the martensitic transformation 
temperature rises. According to equation (5) the variable exp(–Qb/k T)/G d decreases with increasing 
temperature. So, these factors cause the decrease in uniform deformation in TiNi with the temperature 
increase, as it is observed in experiments.  

4. CONCLUSIONS 

� The processed HPT specimens have an NC structure and the record strength level (up to 2500 MPa). 
In addition, annealing at 400 °C does not reduce the strength, at the same time it increases the yield 
stress and leads to the appearance of the ability for martensitic transformation (MT) under the load. 
The high ultimate tensile strength and yield stress values point to the presence of record service 
properties (shape-memory effect), in particular, reactive stress. 

� Strain - induced MT B2 → B19’ phase takes place in the TiNi alloy with a grain size of about 20 nm, 
while in TiNi with a grain size less than 40 nm such transition doesn’t occur during cooling. Herewith 
in alloy with a grain size of 20 nm the stress of martensitic transformation is �m B 450 MPa, which is 
almost three times higher than �m in the initial coarse-grained state (�m B 160 MPa). 
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� During tension at elevated temperature (400 – 500 °С) the NC TiNi alloy exhibits higher strength and 
ductility than in the CG and UFG states. When the strain rate decreases from 10-3 to 10-5 s-1 at 500 ºС, 
both strength and ductility reduce. This can be connected with formation of a coarser grain due to 
longer period of tension at a lower strain rate. 

� Formation of the structure with a grain size of about 300 nm as a result of annealing of the HPT 
samples at 550 °С ore by ECAP leads to unusual enhanced ductility V > 50%, while the UTS and YS 
values remain high. The alloy exhibits unusual deformation behavior that can be observed on the 
engineering stress-strain curves as a continuous stage of plastic deformation with a low strain-
hardening coefficient. 
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Abstract  

Properties of DLC (diamond-like carbon) layers provide for their broad use in medical applications. Their 
tribological properties are frequently utilized in big joint implants. Another benefit is offered by their 
barrier effect. In the frame of presented work the corrosion behavior of DLC-Ti alloyed coatings formed on 
TiNbTa alloy in environments to which dental implants may be exposed was studied. Electrochemical 
impedance spectroscopy, XPS and a cell colonization test were employed in the study.  

Influence of DLC alloying by titanium was tested on samples with 3 levels of titanium amount. According to 
results of XPS analysis, surface concentration of titanium was 3.4, 10.2 and 23.6 at.%. Unambiguous and 
marked peak of titanium carbide was detected only in the case of highest concentration of titanium. 
Corrosion resistance of TiNbTa/Ti/DLC and TiNbTa/Ti/DLC-Ti was in low-aggressive physiological solution 
slightly different nevertheless very high in both cases. Electrochemical behaviour of carbon was significantly 
suppressed by titanium; character of EIS spectra was more capacitive than in the case of pure DLC. 
Decrease of pH did not influence the level of charge transfer resistance (polarization resistance). The main 
disadvantage of titanium - sensitivity to fluorides - was emphasized by alloying. Colonization by cells was 
slightly increased on alloyed samples in comparison with unalloyed DLC. 

Keywords: DLC layer, titanium, alloying, corrosion properties, EIS, XPS 

1. INTRODUCTION 

Layers of the DLC (diamond-like carbon) type are used in human medicine in the treatment of implants 
surfaces [1]. They offer basically two ways of application: their excellent tribological properties are used on 
friction areas of big joint replacements, and they may also serve as bio-inert barrier layers on implants 
made of materials likely to cause a negative response of the organism (e.g. alloys containing nickel, TiAlV, 
etc.). In the latter case they are able to eliminate the corrosion process relating to the release of soluble 
corrosion products into the body environment. However, one of the current aims in the field of 
transplantology is to achieve the fastest possible osseointegration, which requires that the implanted 
surfaces should be bioactive.  

1-titanium alloy Ti36Nb6Ta is a material that might be used in the construction of both orthopaedic and 
dental implants in the future. In the case of joint replacements, the advantage of coating rests in good 
tribological properties of DLC layers because a direct combination of titanium and its alloys with, e.g., 
UHMWPE is not suitable for long-term exposure [2-4]. A pure DLC coating is bio-inert, yet for its application 
it would be desirable to ensure its bioactivation while preserving its tribological properties. DLC alloying 
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with titanium might represent one of the possible solutions [5]. The use of a bioactive barrier DLC layer also 
seems to be a good choice for dental implants made of materials of the CoCrMo type because part of their 
surface gets in contact with the soft tissue. It is specific for stomatology and important from corrosion point 
of view that the implants may get in contact with medical preparations containing high amounts of 
fluorides which destabilize titanium [6]. 

The presented work studied corrosion behavior of DLC coatings alloyed with titanium on experimental 
titanium alloy Ti36Nb6Ta. Corrosion behavior in a physiological solution with two pH levels and an addition 
of fluoride ions was evaluated. The surface colonization with cells was also tested within the study.  

2. MATERIALS AND METHODS 

Flat substrates with a diameter of 14 mm and thickness of 3 mm made of 1-titanium alloy Ti-36Nb-6Ta (UJP 
Prague) were used for the coating. The surface was treated to 2 levels of roughness: polished specimens (P) 
with a roughness of Ra = 0.08 �m modelling the sliding surfaces of implants, and specimens jet-blasted with 
corundum (JB) with Ra = 1.00 �m corresponding to one of the possible surface treatments of implants.  

Ti-C:H coatings were deposited in Hauzer Flexicoat 1200 equipment (configuration with five planar 
magnetrons, chamber volume 1000 l). The substrates were first degreased in an alkaline ultrasound bath, 
and subsequently rinsed in deionized water and dried in vacuum. Prior to their placement in the deposition 
equipment, the substrates surface was cleaned in argon plasma. The deposition itself started with the 
preparation of an adhesion inter-layer of pure Ti, followed by a gradient layer with a composition changing 
from Ti to Ti-C:H. This layer was deposited by way of non-equilibrium magnetron sputtering from Ti targets 
(99.5 %) in an Ar atmosphere (99.999 %), with C2H2 (99.6 %) added step by step. After achieving the 
selected flow of C2H2, deposition of the functional Ti-C:H layer for the selected flows of 60, 100 and 140 
sccm C2H2 followed. A bias of -200 V, deposition temperature of 200 °C, an achieved limiting pressure of 
2.10-3 Pa, and a deposition pressure of 0.8 Pa were applied. The layers thickness was determined using the 
calotest method, adhesion to the coated substrate was measured by way of the scratch test (CSEM 
Revetest).  

XPS spectra were measured using an EscaProbe P (Omicron) spectrometer with an excitation 
monochromatic Al K3 (E = 1486.6 eV) source. Survey spectra in the binding energies range of 280-550 eV 
and detailed spectra of Ti 2p, C 1s and O 1s were scanned. Energy was normalized to a gold peak 4f7/2 
(binding energy Eb = 83.98 eV [7]).  

  
 

Fig. 1. Equivalent circuits used in EIS spectra analysis 

Electrochemical impedance measurements were conducted in a standard way (measurement at Eocp, 
frequency range 100 kHz - 1 MHz, excitation ac signal 20 mV), using potentiostat PCI4/750 with an ECM 8 
multiplexer (both Gamry). A silver/silver chloride electrode with a chloride ions concentration of 3 mol/l 
was used as a reference electrode. An aerated physiological solution (9 g/l NaCl), physiological solution with 
pH adjusted by way of phthalate buffer to a value of 4.2, and the same solution with 200 ppm fluoride ions 
added served as exposure environments. The specimens were sterilized (120 oC/20 minutes) prior to the 

a) b) 
c) 
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exposure. Measurements were conducted in PTFE cells at 37 oC for 168 hours, with periodical spectra 
scanning once in 24 hours. Equivalent circuits shown in Fig. 1 a-c were used for the spectra course analysis. 
The equivalent circuit a) is a simple circuit generally used in analyzing corrosion systems with one porous 
layer, b) is a circuit applied in analyzing corrosion systems with one non-porous layer, and c) describes a 
corroding/passive system. Rel stands for the electrolyte resistance [=ccm2]. Rx [=ccm2]-CPEx [S.s3/cm2] are RC 
elements corresponding to the respective phase boundary.  

Biological tests were conducted on sterilized specimens. Cell line MG 63 cultivated in a MEM medium with 
5 % fetal bovine serum added was used for the colonization test. Cells were inoculated directly on the 
surface of the studied material, and the area colonized by the cells after 72 hours of cultivation was 
evaluated. After the end of exposure, the cells were fixed and stained using the Giemsa stain diluted 10x 
with distilled water. The area occupied by the cells on the specimen surface was microscopically evaluated 
on ten picture fields as minimum, the field of view was 1.29.106 pixels. An area of identically cultivated cells 
on an unalloyed DLC layer was used for control. 

3. RESULTS AND DISCUSSION 

   
survey spectra 

   
C 1s spectra 

   
Ti 2p spectra 

3,4 % at. Ti (Ti-C:H 140) 10,2 % at. Ti (Ti-C:H 100) 23,6 % at. Ti (Ti-C:H 60) 
Fig. 2. XPS spectra of DLC layers alloyed by titanium 
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The Ti inter-layer thickness was 0.4 - 0.5 μm for all coating variants with the structure Ti/gradient Ti-C:H/Ti-
C:H. The overall thickness of the Ti-C:H 60 coating was 1.5 μm, of which 0.8 μm accounted for the upper 
functional layer. For the Ti-C:H 100 coating, the overall thickness was 1.6 μm including a functional layer of 
0.8 μm, and for Ti-C:H 140 it was 1.4 μm including a functional layer of 0.6 μm. The coating adhesion was 
impaired at a critical load of 30 N in all cases. 

Using the XPS method, titanium content in individual specimens was found on the level 3.4 at.% (Ti-C:H 
140), 10.2 at.% (Ti-C:H 100), and 23.6 at.% (Ti-C:H 60). In addition to carbon, oxygen and titanium, nitrogen 
presence was also recorded on the specimens surface. The state of the surface is documented by way of 
survey and regions C1s and Ti 2p spectra in Fig. 2. At the lowest titanium concentration in the DLC layer, 
doublet Ti 2p corresponds to a set of oxides TiO, Ti2O3 and TiO2, with concentration increasing in this order. 
The carbon peak (C 1s) is not in this case deformed in any significant way. An increasing Ti concentration in 
the layer brings about a change both in titanium Ti 2p and C 1s spectra. In the case of Ti 2p, the signal 
grows disproportionately at an energy of 455 eV, where the contributions of TiO (455.2 eV) and TiC (454.9 
eV), and possibly also sub-stoichiometric carbides overlap [7]. TiC existence in the layer can be clearly 
detected in the C 1s spectrum, where a signal appears on the binding energy 281.6 eV, corresponding to 
the carbon bond in TiC [7, 8]. On binding energies higher than 285 eV, the C 1s peak of the specimen with 
the highest Ti content is deformed by a number of hydrocarbon contributions. In terms of the surface state, 
specimens with the lowest level of alloying were the “purest”. Nevertheless, based on the assumed 
applications, specimens alloyed with 10.2 at.% of titanium (Ti-C:H 100) were chosen for further study. The 
decision was also affected by the technological point of view. Stability of the process of forming a layer with 
the lowest level of alloying is rather problematic, which might also cause problems in the reproducibility of 
layers preparation.  

Fig. 3 shows electrochemical impedance spectra of Ti-36Nb-6Ta specimens with unalloyed DLC coating 
deposited on both evaluated surfaces (P and JB), exposed at both pH levels of the physiological solution. 
The course of all dependences – spectra measured at the 24th and 168th hour – makes it clear that the 
behavior of coated systems was stable, with spectra practically unchanged throughout the exposure. 
Impedance dependences of specimens with a polished surface correspond to a system with two time 
constants. This behavior is an expectable response of the layered structure. The spectra were analyzed 
using two types of equivalent circuits as shown in Figs 1a) (porous layer) and 1b) (non-porous layer). 
Success of the analysis was on a comparable level in both cases. The selected models of the phase 
boundary were able to describe the behavior of systems with minimum deviations of calculated values 
from experimental data. The course of the spectra clearly indicates systems with a very low rate of 
electrochemical reactions. In the ideal case – in view of graphite inertness - these should be only reactions 
of the environment components. The basically identical result of analysis conducted using both selected 
equivalent circuits indicates that this type of EIS measurement does not allow for a clear decision on the 
layers porosity. 

The situation of specimens with a jet-blasted surface was different. In this case the spectra reflect the 
layered character of the structure (the course of the phase clearly changes at frequencies below 1 Hz), with 
the coatings porosity clearly manifesting itself in this case. The quality of experimental data fitting by way 
of an equivalent circuit as shown in Fig. 1a) was higher and the errors of parameters estimates were lower 
as compared with the application of the model shown in Fig. 1b).  
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surface state P,   pH non-modified 

 
surface state JB,  pH non-modified 

surface state P, pH=4.2 

 
surface state JB, pH=4.2 

Fig. 3. EIS spectra of Ti36Nb6Ta with unalloyed DLC layer 

 

Alloying of a DLC layer with titanium led to a change in the impedance response, mainly in the case of 
layers deposited on the polished surface. The spectra were formally identical with dependences measured 
on jet-blasted specimens with an unalloyed DLC layer. Titanium presence in the DLC layer led to prevailing 
interaction of titanium with the environment on the DLC-electrolyte phase boundary. In terms of medical 
applications, this fact is positive as it indicates the possibility of affecting the bioactivity of the layer-body 
environment phase boundary. Unalloyed DLC coatings are bio-inert while titanium oxides may be  

(bio)activated by way of chemical-thermal treatment. The spectra reflect the layered character of the 
specimens, with a clear change in their course at frequencies below 1 Hz. The EIS spectra analysis of 
specimens with a polished surface led to the same result as that recorded for unalloyed layers – success of 
experimental data fitting with functions generated on the basis of both equivalent circuits was comparable. 
In contrast, the effect of porosity was unambiguous in the case of jet-blasted surfaces. DLC layers deposited 
on a jet-blasted surface displayed porosity regardless of the alloying. Consequently, they cannot be applied 
as barrier layers.  

Addition of fluoride ions to the physiological solution with pH = 4.2 resulted in a dramatic change in the 
course of the spectra. A drop in impedance confirmed instability of titanium oxides in an environment 
containing fluorides / hydrofluoric acid [6], which also applied in the case of titanium bound in a DLC layer. 
Quite surprisingly, spectra may be in all cases (both P and JB) successfully fitted only by way of an 
equivalent circuit modeling a non-porous layered system. This may be due to the layer pores being closed 
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with corrosion products [9]. Based on these results and given the common use of fluorides in medicinal 
preparations, the application of Ti-alloyed layers in stomatology is likely to be rather limited.  

 

  
Fig. 5. EIS spectra of TiNbTa with a DLC layer 

alloyed with titanium (surface state P, 
physiological solution pH=4.2/200 ppm F, 37oC). 

Fig. 6. EIS spectra of TiNbTa with a DLC layer 
alloyed with titanium (surface state JB, 

physiological solution pH=4.2/200 ppm F, 37oC) 

 

 
P, pH non-modified 

 

 
P, pH=4,2 

 

  

JB, pH non-modified JB, pH=4,2   
Fig. 4. EIS spectra of Ti36Nb6Ta coated by DLC layer alloyed by titanium (physiological solution, 37oC) 
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 Fig. 7 shows the results of the colonization test. The alloyed specimens 
were not treated in any way in order to increase their bioactivity prior to 
the biological testing. The colonization test showed a slight increase in 
the occupation of the alloyed DLC layer surfaces with cells as compared 
with unalloyed layers. However, the difference of values was not 
statistically significant. At the same time, higher colonization was noted 
on specimens whose surface was jet-blasted prior to the coating in 
comparison with polished surfaces, yet no statistically significant 
difference was proved in this case either. These results give hope that 
subsequent treatment may lead to a more distinct growth of 
colonization on the alloyed specimens surface.  

4. CONCLUSIONS 

-alloy 
Ti-36Nb-6Ta within the study. At the highest titanium concentration, its significant amount was bound in 
TiC carbide. Corrosion behavior of specimens with an alloyed layer was significantly different from pure DLC 
coatings. Electrochemical reactions of the environment on graphite surface were overlapped by titanium 
interaction with the electrolyte. This fact is rather promising as far as application on implants is concerned 
as it indicates the possibility of modifying the bioactivity of titanium oxides by way of subsequent 
treatment. Alloying with titanium led to a slight increase in the surface colonization with cells. 
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Abstract 

Recent developments in material science have brought along plenty of innovations in biomedical 
applications. Specifically, magnesium alloys are potential biodegradable implant materials due to their 
biomedical properties where their mechanical properties make them attractive candidates for orthopedic 
applications. In this study, use of magnesium alloys in biomedical applications were examined in terms of 
material comparison with conventional materials, production methods, production costs and energy 
consumption to develop alternative materials for Turkey. Furthermore a feasibility study was carried out to 
produce cortical screws in Turkey which are being currently produced from stainless steels and titanium 
alloys. The results of the feasibility study have shown that competitive biomedical products could be 
produced using magnesium alloys and composites when necessary precautions have been taken to 
eliminate toxicity and control degradation precisely. 

Keywords: Biomaterials, magnesium alloys, biomedical implants 

1. INTRODUCTION 

Bones are rigid organs that constitute part of the endoskeleton of vertebrates. They support, and protect 
the various organs of the body, produce red and white blood cells and store minerals. Bone tissue is a type 
of dense connective tissue. Bones come in a variety of shapes and have a complex internal and external 
structure, are lightweight yet strong and hard, and serve multiple functions. Bones are relatively rigid 
structures and their shapes are closely related to their functions. Long bones of the skeletal system are 
prone to injury, and internal or external fixation is a part of their treatment. Joint replacement is another 
major intervention where the bone is expected to host biomaterials. Response of the bone to biomaterial 
intervenes with the regeneration process. Materials implanted into the bone will, nevertheless, cause local 
and systemic biological responses even if they are known to be inert. Host responses with joint 
replacement and fixation materials will initiate an adaptive and reactive process [1]. 

Biodegradable metals are breaking the current paradigm in biomaterial science to develop only corrosion 
resistant metals. In particular, metals which consist of trace elements existing in the human body are 
promising candidates for this approach. The purpose of biodegradable implants and coatings is to support 
tissue regeneration and healing in a specific application by material degradation and concurrent implant 
replacement through the surrounding tissue. Biodegradable metals have an advantage over existing 
biodegradable materials such as polymers, ceramics or bioactive glasses in load bearing applications that 
require a higher tensile strength and a Young’s modulus that is closer to bone [2]. 

Magnesium and magnesium alloys are light metals, which are characterized by low density, high specific 
strength and specific stiffness. The fracture toughness of magnesium is greater than that of ceramic 
biomaterials such as hydroxyapatite. The Young's modulus and compressive yield strength of magnesium 
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are close to those of cortical bones. Especially, Mg2+ is present in large amounts in the human body and 
involved in many metabolic reactions and biological mechanisms [3]. 

The major recent advances in magnesium alloys as temporary biomaterials have been in understanding the 
interface and interaction of magnesium alloys and their biological environment. 

In contrast to previous technical alloy developments aiming on the improvement of mechanical properties, 
corrosion resistance and production costs, the main focus is shifting to the influence of the alloying 
elements on the formation of the corrosion protective interfaces and on the surrounding biological 
environment in vitro and in vivo [2]. 

1.1  Requirements of biomaterials 

Biomaterials must have special properties that can be tailored to meet the needs of a particular application. 
A biomaterial must be biocompatible, non-carcinogenic, corrosion-resistant, and has low toxicity and wear. 
However, depending on the application, differing requirements may arise. Sometimes these requirements 
can be completely opposite. In tissue engineering of the bone, for instance, the polymeric scaffold needs to 
be biodegradable so that as the cells generate their own extracellular matrices, the polymeric biomaterial 
will be completely replaced over time with the patient’s own tissue. In the case of mechanical heart valves, 
on the other hand, we need materials that are biostable, wear-resistant, and which do not degrade with 
time. Materials such as pyrolytic carbon leaflet and titanium housing are used because they can last at least 
20 years or more [4-5]. 

Generally, the requirements of biomaterials can be grouped into four broad categories: 

� Biocompatibility: The material must not disturb or induce un-welcoming response from the host, but 
rather promote harmony and good tissue-implant integration. An initial burst of inflammatory 
response is expected and is sometimes considered essential in the healing process. However, 
prolonged inflammation is not desirable as it may indicate tissue necrosis or incompatibility. 

� Sterilizability: The material must be able to undergo sterilization. Sterilization techniques include 
gamma, gas and steam autoclaving.  

� Functionability: The functionability of a medical device depends on the ability of the material to be 
shaped to suit a particular function. The material must therefore be able to be shaped economically 
using engineering fabrication processes.  

� Manufacturability: It is often said that there are many candidate materials that are biocompatible. 
However it is often the last step, the manufacturability of the material that hinders the actual 
production of the medical device. It is in this last step that engineers can contribute significantly [6]. 

2. MATERIALS AND METHOD 

Candidate materials for biomedical implants and appliances were investigated in terms of mechanical 
properties, toxicity, bio-compatibility, production method and energy consumption.  

2.1. Mechanical properties 

 Tab. 1 summerizes the comparison of candidate materials for biomedical applications.  
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 Tab. 1 Comparison of materials depending on their applicability for biomaterial production 

Material 
Bio-
compatiblity 

Corrosion 
Resistance 

Non -
Magnetic 

Non -
Toxic 

Strength 
Wear 
Resistance 

Alloys P P P P Y Y 
Polymers P Y Y P N P 
Ceramics Y Y Y Y P Y 
Composites P Y Y P Y Y 
Porous Ceramics N Y Y N N N 
Glasses N Y Y N N P 
Wood N N Y N N N 
Elastomers N P Y N N P 
Foams N Y Y N N N 
Legend: Y: Yes, N: No, P: Partially 

 Tab. 2 gives the list of materials that are in use today for the production of biomedical implants. All the 
metallic materials in Tab. 2 were evaluated for their applicability to produce biomedical products in various 
mechanical property interactions, such as, elasticity modulus-density, tensile strength-density, fracture 
toughness-density, specific modulus-specific strength, fracture toughness-elasticity modulus, fracture 
toughness-tensile strength [7]. Properties of a typical human bone were given in Tab. 3. 

 Tab. 2 Comparison of materials prior to their mechanical performances 

Modulus-
Density 

Strength-
Density 

Modulus-
Strength 

Specific 
Modulus-
Specific 
Strength 

Fracture 
Toughness-
Modulus 

Fracture 
Toughness-
Strength 

Steels  Steels Steels Steels Steels 

Ti Alloys Ti Alloys Ti Alloys Ti Alloys Ti Alloys Ti Alloys 

Mg Alloys Mg Alloys Mg Alloys Mg Alloys Mg Alloys Mg Alloys 

Ni Alloys SiC W Alloys CFRP Cu Alloys Ni Alloys 

Cu Alloys CFRP Cu Alloys Al Alloys Al Alloys Cast Iron 

Al Alloys Si3N4 CFRP Cast Iron W Alloys W Alloys 

WC  Zn Alloys Wood Cast Iron Cu Alloys 

W Alloys  Cast Iron  Zn Alloys Zn Alloys 

Zn Alloys    Ni Alloys  

 

 Tab. 3 Mechanical properties of typical human bone

Material Density (--) 
Modulus of 
Elasticity 
(GPa) 

Ultimate Tensile 
Strength (MPa) 

Specific 
Modulus 
(E/ƍ) 

Specific 
Strength 
(Rm/ƍ) 

Fracture 
Toughness 
(MPa.m1/2) 

Bone 1.5-1.9 10.0 - 40.0 70-150 15.625 68.75 8.23 
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2.2. Biomedical properties 

Stainless Steels: 

Stainless steels used in biomedical applications are resistant to atmospheric conditions, water, acids and 
high temperatures due to their high Cr and Ni content. Austenitic stainless steels are widely used in 
orthopedic applications due to non-magnetic properties and high corrosion resistance. However, 316L 
austenitic stainless steel is vulnerable to wear and releases Fe, Cr and Ni ions when used in body. Especially 
Cr and Ni ions are allergenic, toxic and carcinogenic. Furthermore, corrosion resistance of austenitic 
stainless steels is low in some circumstances like pitting corrosion. 

Titanium Alloys: 

Titanium is widely used in orthopedic applications due to its inert, non-toxicity, non-magnetic character and 
high biocompatibility, high corrosion resistance and similar elasticity modulus to bone. Ti alloys have also 
better performance on osteogenesis when compared to stainless steels. 

Magnesium Alloys: 

Magnesium is a very promising material in orthopedic applications which draws plenty of attention. Its 
higher biocompatibility and low density distinguish it from other candidates. Mechanical properties of 
magnesium are very similar to that of bone. However, low corrosion resistance limits the use of magnesium 
in body as an implant. Conventional implant materials like stainless steel and titanium alloys have some 
more disadvantages when compared to magnesium, such as release of toxic ions into body and stress 
shielding due to incompatibility of elasticity modulus. Magnesium alloys minimize the stress shielding on 
bones due to their similar elasticity module and released magnesium ions can be removed from body 
safely. 

To summarize the overall performance of metallic materials prior to use in biomedical applications, the 
following comparison was prepared (Tab. 4). 

 

 Tab. 4 Comparison of mechanical properties of natural bone with candidate metallic materials 

Property Bone Mg Alloy Ti Alloy Co-Cr 
Alloy 

Stainless 
Steel 

Synthetic 
Hydroxyapatita 

Density (g/cm3) 1.8-2.1 1.74-2.0 4.4-4.5 8.3-9.2 7.9-8.1 3.1 

Elasticity 
Modulus (GPa) 3-20 41-45 110-117 230 189-205 73-117 

Compressive 
Yield Strength 
(MPa) 

130-180 65-100 758-1117 450-1000 170-310 600 

Fracture 
Strength 
(MPa.m½) 

3-6 15-40 55-115 - 50-200 0.7 

2.3. Target biomedical implants 

In this study, cortical screw production was evaluated. 3D models of screws were given in Fig. 1. 
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Fig. 1 Cortical screw models used in calculations (sharp egde on left, smooth edge on right) 

 

Candidate materials for cortical screw production were 316L stainless steel, Ti6Al4V titanium alloy and 
AZ31B magnesium alloy. All candidates were examined in terms of production costs and energy needs. 
Production costs were calculated for precision casting, machining and powder metallurgy. 

2.4. Feasibility study for Turkey 

As of 2011, there are 242 hospitals in Turkey that are able to conduct orthopedic surgeries which consist of 
university & research hospitals and class A private hospitals. Average number of operations in a year is 100 
(according to Tab. 5) and approximate number of cortical screws used in an operation is 8. Thus it is logical 
to estimate the number of cortical screws used in operations in Turkey is around 200000. 

 

 Tab. 5 Total number of orthopedic operations in Turkey those cortical screws were used 

Years 2009 2010 2011 Total 

Operations 66 106 147 319 

 

 Tab. 6 Total mass of cortical secrews depending on the material 

Cortical Screw 316L Ti6Al4V AZ31B 

Total Mass (kg) 329.7 187.7 71.8 

3. RESULTS AND DISCUSSION 

Production costs for three candidate materials were calculated using local prices and converted to Euros for 
ease of comparison. Cost of precision casting process were calculated including all necessary production 
steps as if the production facility was ready for production in terms of equipment but lack of any raw 
materials. Raw material and production costs were given in Tab. 7 and Tab. 8 respectively. 
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 Tab. 7 Unit and mass local costs of raw materials (in Turkish Lira and €) 

Cortical Screw 316L Ti6Al4V AZ31B 

Unit cost (TL, €) 0.104 TL (0.045€) 0.086 TL (0.037 €) 0,019 TL (0,0087 €) 

Mass cost for 205500 
screws (TL, €) 

21434.7 TL (9320 €) 17841 TL (7757 €) 4097,16 TL (1782 €) 

 

 Tab. 8 Unit and mass local production costs of precision casting (in Turkish Lira and €) 

Cortical Screw 316L Ti6Al4V AZ31B 

Unit cost (TL, €) 0.256 TL (0.11 €) 0.2390 TL (0.10 €) 0.1721 TL (0.074 €) 

Mass cost for 205500 
screws (TL, €) 

52714.7 TL (22920 €) 49121 TL (21357 €) 35377.16 TL (15381 €) 

Recent studies on biomedical applications show that both conventional materials like stainless steels and 
titanium alloys and magnesium alloys are suitable for implant manufacturing. Although there are many 
ways to manufacture biomedical products, precision casting was selected as it produces better surface 
finish and have great precision on complex parts. 

Calculations have shown that the overall cost of production could be cut into almost half when magnesium 
alloys are used in biomedical implant production. Furthermore, toxicity of released ions are exteremely 
important. As a result, the authors see the production of biodegradable implants from magnesium alloys 
feasible in Turkey’s conditions. 
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Abstract 

Zinc like magnesium has important role in many biological processes in human organism. However, 
recommended dietary allowance (RDA) for zinc is 15-40 mg per day which is much lower in comparison 
with 300-400 mg for magnesium. For this reason biodegradable materials based on Zn should be 
characterized by lower corrosion rate in comparison with magnesium materials. Sufficient mechanical 
properties especially high strength and medium ductility are required. Poor mechanical properties of pure 
zinc can be increased by alloying with other elements. In this research magnesium was used as alloying 
element due to its beneficial effect on bone growth. Binary zinc alloys that contained from 0.5 to 3 wt.% of 
magnesium were prepared. Mechanical properties of studied alloys in the cast state were determined and 
compared to pure Mg and Zn. Moreover, corrosion behaviour in physiological NaCl solution and simulated 
body fluid (SBF) solution was studied by immersion tests and potentiodynamic measurements. Maximum 
strength of 150 MPa was achieved in the case of Zn-1Mg (wt.%) binary alloy. Corrosion rates of Zn-Mg 
alloys were determined to be significantly lower than that of pure Mg. Both mechanical and corrosion 
properties are discussed in relation to the structural features of the alloys. 

Keywords: zinc alloys, biodegradability, corrosion, mechanical properties 

1. INTRODUCTION 

Biodegradable materials can be gradually dissolved and absorbed in organism [1-3]. In this group polymeric, 
ceramic and metal materials are included. In comparison with polymeric and ceramic ones metallic 
biomaterials are characterized by higher strength and fracture toughness [4] which mean that they are 
more suitable for load-bearing applications [5]. Currently, biodegradable metallic materials are based on 
magnesium. Magnesium is not toxic even in quite high daily doses. His recommended dietary allowance 
(RDA) for adults is 300 – 400 mg per day [6]. Magnesium itself support some biological processes such as 
functions of muscles, nerves, heart and has positive influence on the growth of bones [1,2,7,8]. Moreover 
Young´s modulus of magnesium is close to human bones, which is important to prevent stress-shielding 
effect [1,2]. On the other hand pure magnesium is often characterized by high corrosion rate in body fluids. 
Excessive corrosion rate can lead to formation of hydrogen pockets and disruption of some pH dependant 
physiological reaction balances [2]. Uniform corrosion, acceptable corrosion rate and improved mechanical 
properties are main requirements for new biodegradable materials. For this reason different magnesium 
alloys with rare earth elements, aluminium, zinc, calcium, manganese have been tested recently [9-14]. It is 
considered that suitable alloying with rare earths elements can slow down corrosion process of magnesium 
alloys, however there is still lack of information about toxicity of members of this group [2,15,16]. Other 
element such as aluminium is still associated in connection with Alzheimer´s disease [9]. Different alloys 
with zinc as a main constituent were prepared [9-14]. It is known that zinc can positively affect the 
corrosion rate and mechanical properties of magnesium alloys [9]. Moreover it is important element for 
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functions of enzymes, immune functions, wound healing, it supports normal growth and proper sense of 
taste and smell [9,15,16]. Magnesium alloys in the form of metal glasses that contained about 50 wt.% of 
zinc with excellent strength, high corrosion resistance and good biocompatibility have been prepared 
recently [17,18]. From this point of view it worth considering the use of Zn-based alloys as a biodegradable 
material. Although recommended dietary allowance (RDA) of zinc for adults is only 10 - 15 mg per day [19], 
it may be expected that this value is sufficient due to the much slower dissolution rate of more noble zinc 
compared to magnesium. Other advantages are the lower melting point, lower chemical reactivity and 
better machinability of zinc, as compared to Mg. However there is almost no information about behaviour 
of Zn-based alloys in simulated biological environment. For this reason mechanical properties and corrosion 
behaviour of Zn-Mg alloys with 1, and 2 and 3 wt.% Mg were investigated and compare to properties of 
pure Mg and Zn. Magnesium as a main alloying element was chosen due to its positive influence on 
mechanical properties of zinc alloys and promotion bone growth. 

2. EXPERIMENTAL 

Tab. 1 Chemical composition of the investigated materials (wt.%) 
Alloy Mg Zn Al Si Fe Ni Cu 

Mg 99,9 0,01 0,04 0,03 <0,004 <0,004 <0,004 

Zn <0,01 99,95 <0,01 <0,01 <0,004 <0,004 <0,004 

Zn-1Mg 0,93 99,06 <0,01 <0,01 <0,004 <0,004 <0,004 

Zn-1.5Mg 1,55 98,43 <0,01 0,02 <0,004 <0,004 <0,004 

Zn-3Mg 3,39 96,55 <0,01 0,06 <0,004 <0,004 <0,004 

 

Tab. 2 Chemical composition of the SBF [3] 
 Simulated body fluid solution (SBF) 

compound NaCl KCl CaCl2 NaHCO3 glucose MgSO4·7H2O KH2PO4 Na2HPO4·12H2O 
Concentration 

[g/l] 
8 0,4 0,14 0,35 1 0,2 0,09 0,08 

 

Cylindrical ingots of pure zinc and three binary Zn-Mg alloys with 20 mm in diameter and 130 mm in length 
were prepared by melting of pure Zn (99.9 %) and Mg (99.9 %) in resistance furnace in air at 500 °C. The 
melts were poured into a cast-iron mould preheated to 50 °C. Mg ingot with the same parameters was 
prepared in induction furnace at 740 °C under protective atmosphere of argon. The melt was poured into 
non-preheated steel mould. Composition of studied alloys (Tab. 1) was determined by X-ray fluorescence 
spectrometry (XRF). Structures of all investigated alloys were observed under optical microscope and 
transmission electron microscope Tescan Vega 3 – LMU equipped with EDS analyzer (Oxford Instruments 
Inca 350). Phase composition was studied using both EDS analyzer and X-ray diffraction analyses (X’Pert 
Philips, 30 mA, 40 kV, X-ray radiation Cu Kα). Vickers hardness with loading of 5 kg was measured. At least 
ten measurements were performed for each sample for statistic evaluation. Tensile tests were performed 
on Heckert FPZ 100/1 machine with deformation rate of 1 mm/min. Ultimate tensile strength (UTS), yield 
strength (YS) and elongation (E) of all alloys were established. Corrosion behaviour was studied on 
immersion tests and potentiodynamic measurements in aerated simulated body fluid (SBF) at pH 6.5 and 
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37 °C. Composition of solution is shown in Tab. 2. Immersion tests were performed on samples with 20 mm 
in diameter and 3 mm thick for 336 hours. Before tests, surface of samples was grinded on abrasive SiC 
papers up to P4000 and degreased in ethanol. After immersion test, morphology and composition of 
corrosion products were analyzed on SEM equipped by EDS analyzer, XRD and X-ray photoelectron 
spectroscopy (XPS, ESCA Probe P, pressure in the analytical chamber of 2×10−8 Pa, monochromatic Al K3 X-
ray source, binding energy calibration with respect to the energy of Au 4f7/2 peak). Corrosion rates were 
calculated from weight changes before exposure and after removing the corrosion products in 200 g/l CrO3 
solution. Finally potentiodynamic curves were measured in SBF with SSCE (Ag/AgCl/KCl – 3 mol/l) as a 
reference electrode, platinum wire as a counter electrode and sample as working electrode. 
Potentiodynamic measurements were performed at scanning rate 2 mV/s from -0.2 V/Eocp to + 0.8 V/Eocp. 

3. RESULT AND DISCUSSION 

3.1. Structures 

  

  
Fig. 1 Structure of studied materials (optical microscope):  

a) Mg, b) Zn, c) Zn-1Mg, d) Zn-1.5Mg 

Structures of investigated alloys are shown in Fig. 1. Pure zinc was consisted of large equiaxed grains with 
an average size of 500 μm. Some elongated grains in a direction parallel to heat removal were observed. 
Pure magnesium was consisted of elongated grains with about 300 – 500 μm in thickness and 1 – 1.5 mm in 
length. Both Zn-1Mg and Zn-1.5Mg alloys are hypoeutectic. Microstructure is consisted of primary 
dendrites of Zn (white areas) and Zn + Mg2Zn11 eutectic mixture (dark areas). Detailed view on the eutectic 
phase at the interface of dendrites is shown on Fig. 2a. Volume fraction of eutectic mixture is increased 
with higher content of Zn. In both alloys concentration of Mg in solid solution was about 0.2 wt.%. From 5 
to 6 wt.% of Mg were analysed by EDS in eutectic mixture. Mg-3Zn alloy were composed of very fine 
eutectic mixture of Zn and Mg2Zn11 phases. This mixture created colonies up to 500 μm in size that differ in 
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spatial orientation of intermetallic phases (Fig. 2 b). This is in good agreement with phase diagram Zn-Mg, 
where eutectic point is approximately at 3.5 wt.% of magnesium. 

  

Fig. 2 Detailed structure of studied alloys (SEM): a) Zn-1Mg, b) Zn-3Mg 

3.2. Mechanical properties 

 Mechanical properties of studied alloys are 
compared in Fig. 3. The lowest ultimate 
tensile strength (UTS) and very poor 
elongation (E) were measured for pure Zn 
which can be attributed to coarse-grained 
structure. Binary Zn-Mg alloys with 1 and 
1.5 wt.% of magnesium were characterized by 
much higher UTS = 153 MPa and 147 MPa 
respectively. This is connected with presence 
of fine dendritic structure and network of 
eutectic mixture (Zn + Mg2Zn11). Both fine 
grains and eutectic mixture can prevent crack 
growth. Zn-3Mg alloy was characterized by 
low UTS similar to pure Zn and the lowest 
elongation only about 0.2 %. This is caused by presence of high volume fraction of brittle eutectic mixture 
and coarse-grained structure. As a consequence fracture crack growth resistance is very low. Compared to 
zinc, pure magnesium was characterized by higher UTS about 96 MPa and the highest elongation (2.9 %) 
from studied alloys. In this case magnesium was composed of finer grains in comparison with pure zinc and 
probably some plastic deformation accompanied fracture. Only in the cases of pure Mg and Zn-1Mg alloy 
yield strength value 49 and 108 MPa respectively were obtained. In other alloys fracture occurred before 
the onset of plastic deformation. Vickers hardness of studied alloys depends on the Mg content in Zn-Mg. 
The lowest values about 30 HV5 were measured for pure zinc and magnesium. However HV5 of Zn-1Mg 
alloy increased to nearly 65 and in the case of Zn-3Mg to 206 HV5. It is due to increasing amount of hard 
and brittle Mg2Zn11 intermetallic phase in microstructure as a consequence of higher Mg content in alloy. 

3.3. Corrosion behavior 

From Fig. 4 it is evident that corrosion rates of Zn and Zn-based alloys are much lower in comparison with 
pure magnesium. This is in good agreement with the fact, that Zn is much more noble metal than 

Fig. 3 Mechanical properties of studied materials 
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magnesium. This fact is confirmed by corrosion potentials of studied Zn alloys that are higher by about 
0.6 V compared to pure Mg (Fig. 4b). Basic corrosion reaction for Mg and Zn takes place according to the 
equation (1) and (2) respectively. 

 

Mg + 2 H2O → Mg2+ + H2 + 2 OH-         (1) 

Zn + 2 H2O → Zn2+ + H2 + 2 OH-          (2) 

Mg(OH)2 (insoluble) + 2 Cl- → MgCl2 (soluble) +2OH-       (3) 

 

Corrosion process of both metals is accompanied by hydrogen release a pH increase. According to the 
Pourbaix diagram magnesium is passivated in strongly alkaline liquids by Mg(OH)2 [20]. On the contrary zinc 
can be passivated by Zn(OH)2 even at neutral or slightly alkaline liquids [20]. However SBF solution contains 
some dyhydrogenphosphate, hydrogenphosphate and hydrogencarbonate ions. These ions stimulate 
creation of insoluble corrosion products on magnesium at lower alkaline pH values and decrease the 
corrosion rate. Moreover the same products may improve the protective character of passive layers on the 
surface of Zn and its alloys. After exposure tests the surfaces of Mg, Zn and zinc alloys were covered by 
quite compact layers of corrosion products that were locally detached due to the internal stress. In addition 
some spherical particles of corrosion products precipitated on these layers. Surfaces of all alloys after 
immersion tests looked very similar. No pits were observed on the surface of zinc alloys although many 
intermetallic phases were precipitated in structure. Mg2Zn11 phase contain high amount of zinc and the 
corrosion potential of this phase is probably close to pure Zn. As a consequence galvanic cell formation is 
suppressed. Composition of corrosion products measured by EDS is given in Tab. 3. Although XPS analyses 
indicate the presence of Ca2+, Mg2+, Zn2+ and P5+ oxidation states in these products, XRD analyses did not 
confirmed any new phases. The reason may be in thin layers of corrosion products that cannot be detected 
by XRD. From EDS and XPS analyses it can be assumed that corrosion products on pure Mg and zinc alloys 
contain calcium-magnesium phosphates that are enriched by some zinc in the case of zinc alloys and 
magnesium or zinc hydroxides. Moreover some carbonates can be presented on the surface after 
exposures in SBF solution, however this element could not be quantificated due to the danger of 
contamination by carbon. Insoluble compounds are able to decrease corrosion rate due to the formation of 
protective layers on the surface of alloys. These layers work as barrier for transport of ions especially 
chloride anions that facilitate dissolution of magnesium according to the equation (3). 

 

 Tab. 3 EDS analysis of alloy surfaces after exposure in SBF (composition in wt. %) 

alloy Mg Zn P Ca Na 

Mg 47,8 - 24,9 26,8 0,6 

Zn 5,0 64,5 16,3 14,2 - 

Zn-1Mg 3,0 86,0 6,7 4,2 - 

Zn-1.5Mg 5,8 37,0 26,2 31,0 - 

Zn-3Mg 6,5 63,6 15,9 14,1 - 
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Fig. 4 Corrosion rate (a) and potentiodynamic curves (b) of studied materials 

4. CONCLUSION 

Studied Zn-Mg alloys were characterized by excellent corrosion resistance and good mechanical properties 
in the cast state. Additional improvement in strength could be achieved by suitable combination of 
mechanical and thermal treatment. Based on these facts Zn-Mg alloys can be considered as a suitable 
materials for biodegradable implants. Due to the very low corrosion rates of Zn-based alloy, estimated 
doses of zinc ions released from implants should not exceed tolerable limit of Zn daily intake. 
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Abstract 

This paper deals with the influence of heat treatment (annealing, quenching, and aging) on the 
microstructure and mechanical properties of CuNi3Si alloy. CuNi3Si alloy is used in applications, where high 
electrical conductivity, thermal diffusivity and good mechanical properties are important.  

Heat treatment has profound impact on mechanical properties, as well as on electrical conductivity and 
thermal diffusivity. For this study, specimens were subjected to various heat treatment schedules and 
examined in light and scanning electron microscopes. Their mechanical properties were measured by 
hardness testing using Vickers scale. Thermal diffusivity was measured using laser flash method in LFA 1000 
instrument made by LINSEIS GmbH. Hardness of the specimens ranged from 70 to 250 HV10. Their thermal 
conductivity was between 72 and 162 W/m.K. The lowest thermal conductivity was found in quenched 
specimens with the lowest hardness. 

Keywords: High conductivity copper alloys, CuNi3Si, heat treatment, properties, thermal conductivity 

1. INTRODUCTION 

Cu-Ni-Si-type alloys are low-alloyed hardenable copper alloys, in which high conductivity and very high 
strength and hardness can be achieved. The strength of CuNi2Si alloy can be above 400 MPa and that of 
CuNi3Si may even exceed 600 MPa, while combined with the conductivity of more than 20 MS/m (35 % 
IACS). These properties make both alloys popular in electrical engineering applications as materials for 
integrated circuit boards, connectors, in automotive industry, as soldering iron tips and other components 
for resistance welding [1]. All these applications require high electrical conductivity, high strength and 
resistance to degradation of mechanical properties at elevated temperature.  

The alloy is precipitation-hardenable with Ni2Si as the main hardening phase. Solution annealing 
temperature for this alloy is above 800 °C and aging temperatures (for precipitation hardening) typically 
range between 425 and 540 °C. 

An important characteristic of the alloy is thermal conductivity ��. In metals, where electrical and thermal 
conductivity result from migrating free electrons, there is a direct relationship between the thermal 
conductivity�� and electrical conductivity d according to Wiedemann-Franz law [2] 

��= L.T.d = const (T) G d�,           (1) 

where L is Lorenz number, L = 2.44·10-8 [W.=/K2], T [K] denotes temperature, d denotes electrical 
conductivity [S/m]. 

COMTES FHT possesses LFA 1000 apparatus by the company LINSEIS GmbH. The instrument relies on laser 
flash technique for direct measuring of thermal diffusivity 3 between 0.01 and 1000 mm2/s across a range 
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of temperatures from room temperature to 1400 °C. The measuring range for thermal conductivity � is 
from 0.1 to 2000 W/m.K. 

Thermal diffusivity is measured on the basis of temperature increase on the rear side of the specimen. It is 
obtained from the equation  

3(T)�= 0,1388.l2/t0.5�,            (2) 

where 3 denotes thermal diffusivity [cm2/s], l is the specimen thickness [cm] and t0.5 [s] is the time, in 
which the rear side of the specimen shows a 50% rise in temperature [3]. 

Thermal conductivity � is calculated from the formula 

��T��= 3(T).Cp(T).-(T),            (3) 

where Cp denotes specific heat capacity [J/kg.K] and - is the density of material. 

LFA 1000 instrument also allows specific heat capacity Cp to be measured through comparison with a test 
standard.  

The purpose of experiments testing was to explore by means of the LFA 1000 instrument the effect of heat 
treatment of CuNi3Si alloy on its microstructure, hardness, thermal conductivity and their relationship. 

2. EXPERIMENTAL 

The experimental material was as-cast CuNi3Si alloy meeting the requirements of the standard ČSN EN 
12163. It was produced by the company Kovohutě Rokycany. Its chemical composition is given in Tab. 1: 

 

 Tab. 1. Chemical composition of experimental material in wt. % 

 Cu Ni Si Fe Mn Pb 

EN 12163 balance 2.6 – 4.5 0.8 – 1.3 max 0.2 max. 0.1 max. 0.02 

specimen balance 3.7 0.80 0.03 0.005 0.005 

 

Experimental specimens were annealed at 900 and 1000 °C and some of them quenched. Various cooling 
rates were employed (water quenching, air cooling, cooling in furnace). Quenched specimens were aged at 
temperatures ranging from 250 to 650 °C for 60 minutes and air-cooled (Tab. 2).  

 

 Tab. 2. Experimental heat treatment schedules 

Specimen Annealing and cooling Specimen Aging after water quench from 900 °C/2 hr 

N1 1000 °C/2 hr, water N2A 250 °C/60 min 

N2 900 °C/2 hr, water N2B 350 °C/60 min 

N3 900 °C/2 h, air N2C 450 °C/60 min 

N4 900 °C/2 h, furnace N2D 550 °C/60 min 

  N2E 650 °C/60 min 
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Microstructures in specimens were examined using light and scanning electron microscopes. Their 
hardness was measured using Vickers hardness tester (HV10). 

Specimens with a diameter of 12.7 mm and thickness of 2 mm were prepared for the purpose of thermal 
diffusivity measurement. Thermal diffusivity 3 was measured at a single temperature of 25 °C. Specific heat 
capacity Cp was found by comparing with a pure Al reference standard. The result was used to calculate 
thermal conductivity �. 

3. RESULTS AND DISCUSSION 

3.1. Properties of annealed material 

Microstructures of annealed specimens are shown in Fig. 1. The material contains large blocks of primary 
Ni2Si and small Ni2Si precipitates. 

  

a) N1, annealing 1000 °C/2 hr, water a) N1, annealing 900 °C/2 hr, water 

  
c) N3, annealing 900 °C/2 hr, air a) N4, annealing 900 °C/2 hrs, furnace 

Fig. 1. Microstructure upon heat treatment. Etched, 1000× magnification 

 

Hardness on HV10 scale, thermal diffusivity 3 and specific heat capacity Cp were measured in annealed 
specimens. The results together and calculated values are given in Tab. 3. 
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 Tab. 3. Properties of annealed specimens 

Specimen 
Annealing and 

cooling 
HV10 3 [cm2/s] Cp [J/kg.K] ��[W/m.K] d�[MS/m] *� % IACS 

N1 1000 °C/2 hr, water 68.5 0.210 385 72.1 9.9 17.1 
N2 900 °C/2 hr, water 71.4 0.216 385 73.5 10.1 17.4 
N3 900 °C/2 h, air 220.1 0.388 385 133 18.3 31.5 
N4 900 °C/2 h, furnace 123.0 0.433 397 148 20.4 35.1 

* d calculated using equation (1). 

 

Mean value of specific heat capacity Cp = 388 J/kg.K and density - = 8800 kg/m3 were used for calculating 
thermal conductivity �c 

The annealing dispersed the segregation that was present in the as-cast state. During heating to 900 °C, 
Ni2Si precipitates form and coarsen (Fig. 1b). Some portion of Ni and Si dissolved into solid solution. A 
further temperature increase to 1000 °C caused most precipitates to dissolve and form solid solution (Fig. 
1a). Values of HV10 hardness are very low, approaching those of low-alloyed copper. Thermal conductivity 
is the lowest among the specimens. The corresponding electrical conductivity level is 17 % IASC.  

The highest hardness level was found in the air-cooled specimen, where the hardening phase Ni2Si 
precipitated in the form of clusters of small precipitates, as in Fig. 1c. In this case, hardness was 220 HV10, 
which is a three-fold increase. However, the values of thermal conductivity were not the highest. 

Specimens that cooled down slowly in furnace contained a large number of coarse Ni2Si precipitates. These 
precipitates were coarser and the resulting hardness was lower than in specimens cooled rapidly in air. The 
furnace-cooled specimens, however, showed the highest thermal conductivity of all annealed specimens. 

The lowest thermal conductivity and electrical conductivity values were found in quenched specimens with 
the lowest hardness. Thermal conductivity and electrical conductivity are strongly affected by atoms of 
residual elements, namely Si, which is present in solid solution, into which they migrate upon solution 
annealing. The difference between amounts of undissolved Ni2Si upon quenching from 1000 and 900 °C is 
clear to see in micrographs (Fig. 1a and 1b). Despite that, differences between hardness and conductivity 
values are small. 

The highest thermal conductivity was found in specimen N4 that cooled down slowly in furnace. Its 
microstructure contained a large number of coarse particles (Fig. 1d). 

3.2. Properties of aged (precipitation-hardened) specimens 

Aging was performed on specimens that were annealed at 900 °C for 2 hours and quenched in water. When 
observed in optical microscope, the microstructures of specimens aged at 550 °C are very similar to those 
of quenched specimens (Fig. 3a). The differences can only be found by observing them in transmission 
electron microscope. Up to the aging temperature of 550 °C, the number of precipitates, and thus hardness 
as well, keep rising. At 650 °C, the material becomes overaged, the precipitates coarsen (Fig. 3b), and 
hardness declines. 
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a) N2D, aging 550 °C/1 hr a) N2E, aging 650 °C/1 hr 

Fig. 3. Microstructures of aged specimens. Etched, 1000× magnification 

 

Hardness and thermal conductivity change in the course of aging. Measured hardness values, thermal 
diffusivity 3�and calculated electrical conductivity�d�are listed in Tab. 4 and plotted in Fig. 4. 

 

 Tab. 4. Properties of aged specimens 

Specimen Aged HV10 3 [cm2/s] ��[W/m.K] 
d�[MS/m] 

*�
% IACS 

N2A 250 °C/1 hr 73.8 0.224 76.6 10.5 18.2 
N2B 350 °C/1 hr 103.8 0.264 90.3 12.4 21.4 
N2C 450 °C/1 hr 171.6 0.354 121 16.6 28.7 
N2D 550 °C/1 hr 249.3 0.475 162 22.3 38.5 
N2E 650 °C/1 hr 154.1 0.447 153 21.0 36.2 

 

Hardness and thermal conductivity of quenched and aged specimens show similar behaviour. Up to 550 °C, 
both hardness and thermal conductivity increase with aging temperature, peaking at 550 °C. At 650 °C, the 
material is overaged and both quantities decline. The decrease in thermal conductivity is less steep. 
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Fig. 4. Dependence of HV10 hardness and thermal conductivity � on aging temperature 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1367 

Microstructures of annealed and aged specimens were observed in scanning electron microscope at 
10000× magnification. Densities of fine precipitates are documented in scanning electron micrographs in 
Fig. 5. 

 

  
c) N3, annealing 900 °C/2 hr, air a) N4, annealing 900 °C/2 hr, furnace 

  
a) N2D, aging 550 °C/1 hr a) N2E, aging 650 °C/1 hr 

Fig. 5. Scanning electron micrographs of microstructure of annealed and aged specimens. The specimens 
were etched 

Observation in scanning electron microscope only reveals the coarse precipitates that do not contribute to 
hardness but do remove dissolved elements (Si and Ni) from the solid solution, thus improving thermal 
conductivity. The highest value of thermal conductivity was found in N2D specimen that was aged to 
maximum hardness. Its scanning electron micrograph shows no coarse precipitates (Fig. 5c). The other 
specimens shown in Fig. 5 exhibited high thermal conductivity but their hardness was affected by their heat 
treatment history. 

4. CONCLUSION  

Effects of heat treatment (annealing, quenching, and aging) on microstructure, hardness and thermal 
conductivity of specimens of CuNi3Si alloy have been explored. Correlation was sought between hardness 
and thermal conductivity�� (and thus also between electrical conductivity d calculated according to 
Wiedemann-Franz law). 
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Samples annealed (aged) after quenching exhibit similar trends of hardness and thermal conductivity. Both 
hardness and thermal conductivity increased with increasing ageing temperature until ageing temperature 
reached 550 °C. Samples aged at 550 °C exhibited maximal hardness and thermal conductivity (250 HV10, 
162 W/m.K). Corresponding electrical conductivity was 38.5 % IACS. 

Over-ageing and precipitates coarsening occurs at temperature 650 °C together with corresponding 
decrease of both values. Decrease of thermal conductivity was more significant. Hardness decreased to 62 
% of maximal value while thermal conductivity to 94 % of maximal value. 

Quenched specimens showed the lowest hardness and thermal conductivity (after quenching from 900 and 
1000 °C). 

In other two air-cooled and furnace cooled annealed specimens, the direct proportionality between 
hardness and thermal conductivity was not found. The air-cooled specimen shows notably higher hardness 
but lower conductivity than the one that cooled down in furnace. 

These results were measured on heat-treated as-cast specimens. However, the CuNi3Si alloy is also used in 
wrought condition after quenching (prior to aging). Aged specimens may be expected to show similar 
correlations between hardness and conductivity but hardness values will be higher in such case.  
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Abstract  

The article deals with solution of particular technological problems during the production of very thin foils 
made form special alloys based on nickel and iron. These alloys are used especially in electro technical 
industry for theirs special physical properties (especial electromagnetic properties). Crucial moment during 
the production of these alloys is compliance of technological discipline especially during metallurgical 
process. Solution was focused on problematic of trial operation of new melting device, results of rolling of 
trial heats and impact of these results on the correction of melting and casting parameters in feedback. 
Optical and scanning electron microscopy was used for analysis of trial heats, parameters of forming 
process were simulated by means of numerical simulation in DEFORM 3D software.  

Keywords: Special nickel alloys, melting, forming, numerical simulation 

1. INTRODUCTION 

Company Kovohutě Rokycany a.s. (KoRo) is one of the leading producers of flat-rolled products in the Czech 
and Central European markets. Company focused on production of special alloys for electro technical 
industry. Research centre COMTES FHT a.s. cooperates with KoRo on projects focused on the production of 
new products and applying new technologies. KoRo delivered semifinished hot rolled plates with defects 
(see Fig. 1a). The analyses were done within the frame of solution of project focused on the production of 
thin foils. KoRo introduces new vacuum melting furnace for improvement of metallurgical quality. However 
the furnace has vacuum melting and argon blowing but the casting itself has to occur in normal atmosphere 
without any protection. The semifinished hot rolled plate was made from the first trial heat. 

  
Fig. 1a Delivered plate with defects 
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2. EXPERIMENT 

Material of the hot rolled plate is FeNi42 with composition according to Tab. 1. Material cracks during last 
swing in hot rolling mill. The crack starts in 45° angle (to the edge) towards rolling cylinders and further 
propagates along the longitudinal axe of rolled plate.  

 Tab. 1 Chemical composition of heat 
Ni Mn Si Cu Cr Co P S Fe 
41,65 0,05 0,01 0,03 0,04 0,08 0,006 0,005 rest 

The experiment was focused on analyses of microstructure of hot rolled plate, mainly on the manner of 
crack propagation. Also the macrostructure of parts of ingots was inspected. Further part of experiment 
was focused on numerical simulation of rolling in Deform 3D especially on the information about 
strass/strain condition on the edge of hot rolled plate. Also the investigation of the amount of gases (N, H, 
O) was measured. Last part of experiment was concentrated on high temperature tensile tests and 
evaluation of the samples after these tests. The microstructure was observed by means of optical 
microscope Nikon Epiphot 200 with quantitative image analysis software NIS Elements 3.2. Detailed 
observation with EDX measurement was done on scanning electron microscope JEOL 6380. High 
temperature tensile tes was made on servohydraulic tensile test machine Instron - 50 kN equipped with 
heating furnace Mayes. Amount of oxygen, hydrogen and nireogen was measured on G8 GALILEO.  

3. RESULTS AND DISCUSSION 

3.1. Microstructure around the crack  

Sample was cut from the hot rolled plate and standard metallographic procedure was applied (grinding and 
subsequent polishing). Sample was prepared in the area of crack end. Fig. 2 shows unetched crack in the 
material. 

  
Fig. 1b Crack in the plate 

Sample was etched by means of Marble and also by 
means of etchant based on fluoric acid. Etching 
clearly revealed that crack propagates only through 
grain boundaries (see Fig. 2). 

Marble also deeply attack grain boundaries. This 
behaviour also points to the weakening of grain 
boundaries. Grain boundaries were not so heavily 
attacked by using second etchant (hydrofluoric acid 
based). 

Fig. 2 End of the crack (etched with Marble) 
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Fig. 3 Microstructure etchet wit Marble (left) and with etchant based on HF acid (right) 

 

This etchant also reveals twins (see Fig. 3). However microstructure is homogeneous without any other 
defects. 

3.2. Macrostructure of ingots 

Ingots from trial heat were also investigated. Macro samples were prepared from top and bottom of ingot. 

 

  
Fig. 4 Macroexamination of top of ingot – visible cracks (etched in Aqua Regia) 

 

There were visible high amount of cracks in the top part of ingot. The cracks are intergranular. The inner 
surface of the crack was revealed by breaking the sample in liquid nitrogen. 

The surface was then observed in scanning electron microscope.  
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Fig. 5 Sample from ingot broken in liquid nitrogen – it is the inner surface of crack 

 

It is clearly visible, that the cracks propagate within the grain boundaries of columnar grains. There were 
observed some oxide based inclusions and many pores (see Fig. 5 bottom right). 

3.3. Gas content analysis 

There was measured the amount of nitrogen, oxygen and hydrogen in the samples from ingot. Results are 
summarised in Tab. 2. 

 

 Tab. 2 Average amount of N2, O2 and H2 in ingot parts 
Ingot part N2 [ppm] O2 [ppm] H2 [ppm] 
TOP 47 662 14 
BOTTOM 49 605 6 

 

There was detected enormous content of oxygen in the analysed heat. As it is unknown the usual content 
of oxygen in regular heat, sample from one of the previous heat (with no defects during the rolling) was 
also analysed. The average value of oxygen was measured in interval between 50 – 150 ppm. The usual 
amount of oxygen (in case of vacuum processed steels) is ca 40 ppm and 70 ppm for nitrogen [1]. So the 
oxygen content is very high and this is the cause of weakened grain boundaries and crack initiation and 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1373 

propagation. Further experiment was focused on the estimation of the stress which was necessary to reach 
for the rupture of the semifinished product during hot rolling. 

3.4. Numerical simulation 

Numerical simulation in Deform 3D was made. The main goal was to find out the maximal stress-strain 
condition which takes place during the last pass through rolling mill. Calculation shows that the maximum 
stress in the hot rolled plates is on the edge and reaches almost 200 MPa (see Fig. 6). 

 

 
Fig. 6 Last pass through rolling mill – distribution of stress 

3.5. Tensile test at elevated temperatures 

There were made tensile test samples from defective hot rolled plate. Samples were tested at 800, 850 and 
900 °C. The test proved, that the samples start to rupture at 62 MPa of tensile stress (see Tab. 3). But 
according to numerical simulation, usual stress at final rolling step is up to 200 MPa. The metallographic 
samples made from tensile test samples proved, that the crack propagation consists in the same manner as 
in the case of defect in the hot rolled plate – intergranular propagation (see Fig. 7) 

 

 Tab. 3 Results of tensile test at deformation temperatures 
Sample number D0 Du L0 Lu Rp0.2 Rm Ag A5 Z 

 mm mm mm mm MPa MPa % % % 
1_800C 4.94 4.83 25.00 26.98 58.6 67.2 1.5 7.9 4.4 
2_850C 4.99 4.83 25.00 27.01 50.3 62.2 3.9 8.0 6.3 
3_900C 4.97 4.62 25.00 28.40 46.5 59.5 5.8 13.6 13.6 
4_900C 4.98 4.62 25.00 27.86 48.6 62.2 5.5 11.4 13.9 
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Fig. 7 Microstructure of the sample tested at 850°C 
(longitudinal section through the fracture) 

Fig. 8 Edge of hot rolled plate after change of 
casting parameters 

4. CONCLUSION 

There was shown that the defect of the semifinished plate during hot rolling consist in the high oxygen 
content and thus the strong weakening of grain boundaries. This was proved by metallographic 
observation – crack propagation through grain boundaries. Also the ingots have similar defects. High 
temperature tensile test shows, that the samples made from hot rolled plate breaks at ca 62 MPa.  

Various changes of casting process are from now applied for prevention of melt oxidation. The operator of 
vacuum furnace now takes special care on the casting flow. The results of another trial heats prove 
considerable improvement of heat quality. There is shown on Fig. 8, that there are now defects on the edge 
of hot rolled plate from the time when particular technological improvements were applied. 
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Abstract 

This paper presents the main lead-free solder alloys used to bond the electronic components and defects 
that occur because of the solder and their consequences. Given the preliminary research to reduce defects 
in electronic components is proposed a new solder alloy from Sn-Ni-Cu-P family and a technology for 
obtaining based on melt-spinning method. The alloy developed in ribbon form is characterized structurally 
by X-ray diffraction, differential thermal analysis, macroscopic and microscopic images. 

Keywords: whiskers, PCB, printed circuit boards, Melt-Spinning, solder, ribbons 

1. INTRODUCTION 

Soldering is a process of permanent joining, made from metal parts with filler material in fluid state used in 
the electronics industry. Through this process, we obtain solder joints that support small stresses and 
behave well at temperatures below 450 ºC. Soldering alloys used in electronic industry are in wire or paste 
form [1]. During the soldering process, several phenomena take place some a namely: wetting, stretching, 
capillarity, diffusion. The requirements of soldering alloys used are:  

� the chemical composition must be guaranteed by the manufacturer, 

� the melting temperature must be lower than the base metal melting temperature, 

� it must have an optimal surface tension in order to ensure a good adhesion on the surface, 

� it must ensure a good mechanical resistance and stiffness, 

� it must have a clean surface, smooth, without cracks, stratification or inclusions, 

� the linear expansion coefficient should be approximately equal to the base metal coefficient, in order 
to avoid the formation of cracks or crevices, 

� it must ensure a good corrosion resistance of the joint in the used environment, 

� it must have a low cost price [1]. 

In electronics are used lead or tin based alloys. The bonding of the electronic components has been 
achieved using Pb-based alloys. Because lead is harmful, soldering electronic components today are made 
with lead-free solder, based on tin [2]. Lead-free alloys that replace lead alloys used so far, must have the 
following basic properties:  

� as low as possible melting temperature, 

� physical properties at least as good as (fluidity, surface tension) as SnPb-based alloys, 

� thermal shock resistance, 
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� a good anti-corrosive or difficult to oxidize, 

� relatively easy to find, 

� not toxic. 

Lead-free solders, which replace SnPb alloys, contain tin as the base metal and one or more of the following 
metals: Ag, In, Zn, Cu, Bi, St, Cd, Ni, Sb [3].  

 

The forms of presentation of the solders depend on technology solder used: 

� for soldering in bathrooms or wave the equipment using blocks (bars) and alloy bars, 

� for soldering components mounted on a surface using solder paste, 

� for certain applications, it provides and solder in the form of sheets, ribbon or preformed shapes [2].  

In this paper is also presented a method, Melt Spinning, used to obtained a new alloy in ribbon form. 

2. PRINTED CIRCUIT BOARD SOLDERS DEFECTS 

Electronic components defects, which have as main cause the soldering process, are: 

� alloy’s defects, 

� solder defects. 

Solder defects can be: 

� an excess of alloy soldering; these defects have spherical appearance, 

� a lack of alloy solder-soldering, with low strength, 

� false soldering, mainly due to faulty insertion of the terminal components, 

� cold soldering solder major defect. 

The solder has a high surface roughness and an amount of heat due to an insufficient application or 
component movement during solder’s solidification.  

Defects caused by the alloy are: 

� needle tin, 

� tin pest,  

� dendrites,  

� whiskers growth [4-6]. 

Such a defect whiskers growths that occur 
frequently in joints soldered with Sn-based 
alloys is presented in Fig. 1. 

Lead-based alloys, like whiskers growth, 
had a lower frequency of occurrence and 
were less and less.Tin whiskers growth are 
crystalline structures that grow spontaneously from the surfaces of tin in soldering electronic components.  

These whiskers growth are usually conductive electricity. It can be observed that they can grow in length 
from a few mm to several μm. In rare cases can reach lengths over 10 mm. Whiskers growth are usually 1-2 
mm length and diameters between 1-5 μm [5]. They produce the short-circuiting of the electronics. The 

Fig. 1 Growths whiskers to a integrated circuit 
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whiskers growth, affects all industries. From 1940, when the first damage caused by these whiskers growth 
was reported, the researchers have tried various ways of prevention and mitigation. Currently, these 
whiskers growth are more common using solder alloys Sn-based [3]. 

3. FACTORS AFFECTING GROWTH WHISKER  

The factors witch influencing the appearance of whiskers excrescence are: chemical galvanization, the 
electroplating process, characteristics of soldering alloy, the substrate alloy which is located on PCB’s 
surface and not the last the environment were we use the electronics plates (air, water, snow, acid etc). 

Each of this factors could be determined by other factors. The most dominant and important factors that 
define the influence of chemical galvanization are: the employ of purely Sn in the process of electroplating, 
a few alloys (Sn-Cu, Sn-Bi), brightener, hydrogen incorporation, the presence of carbon and pH. The process 
of electroplating is influenced by: density of electrical current, perturbation of dipping bath, the sours 
temperature. The substrate solder which exist on PCB wiring represent a factor to determine the 
occurrence of whiskers growth. The alloy could be influenced by factors as: material used (brass, cooper), 
the tension of the substrate (cooper-plating, immersion plating), composition of intermetallic compounds, 
the diffusion element at tin. The environment may play a very important role in whiskers growth 
appearance. Also the humidity has an influence to whisker issue. This thing could lead to oxidation or 
corrosion at alloy soldering. The temperature is considerate another factor that determines the appearance 
of this tips of defects usually if there are great oscillations of temperature or phase jump. Other 
environmental factors that lead to the formation of such defects are: external forces who acting on the 
electronic components or printed circuit board, electric-potential or flood-tide current. Among the external 
forces we can mention the scratch due to clamping jaw, arm clips; bending stress because exist an 
unconventional attachment; strokes, great sources of heat in the near and others. Tin whiskers growth 
have been intensively studied by researchers from the branch and their major problems confrontation 
were how this defects build-up and what can be done to reduce the risk of their appearance. It was found 
as a result of the many experiments, that they are very hard to control or stopped. 

Solder alloy has a various influence but this can be influenced by: shape and size of the grains, sense of 
direction of grains, the thickness of layer, tin oxide formation, the internal tensions of material after 
soldering, diffusion, present of a columnar structure of grains. Because of these factors we will continue to 
present how we get a new solder alloy for electronic components based on the tin material in the form of 
ribbons in order to change the structure of the alloy [7]. 

4. OBTAINING ALLOYS IN THE RIBBON FORM USING MELT SPINNING METHOD 

This method allows the structure of metastable alloys 
(amorphous and nanocrystalline). The material is 
melted by induction in a quartz crucible and is 
ejected under pressure through a hole in the crucible 
now on a Cu roll with rotation moving – see Fig. 2 [8]. 

 

Equipment to obtain amorphous materials has the 

following components: the cooling roller, Fig. 2 Melt-Spinning Method [5] 
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mechanical transmission, an electric motor, the 
inductor vertical, cylindrical crucible vertical, 
medium frequency generator, control panel, which 
is presented in Fig. 3 [8, 9]. 

The following steps should be realized in order to 
obtain the tapes using this method.  

� developing a master alloy with amorphization 
favorable chemical composition using high 
purity materials, 

� remelting of master alloy in the crucible , 

� melt is ejected by applying a controlled 
pressure on the outer surface of the roller 
rotation located in Fig. 3 [8, 9]. 

5. OBTAIN FAMILY SOLDER ALLOYS SN-NI-CU –P 

The alloys were developed based on tin-copper for soldering electronic components. It is known that 
copper alloys obtained by Melt-Spinning shows good brazing properties [10]. The chosen chemical 
composition must present a metastable structure and good properties for bonding electronic components. 
Considering the research on electronic components soldering alloy is part of the family chose Sn-Cu-P-Ni, 
which has the chemical composition: Sn94Ni1Cu1P4. The 
presence of phosphorus is necessary because this 
component provides a good amorphous [10]. To obtain 
these amorphous ribbons were made one sample with the 
following parameters: pressure of 0.01 MPa and a rotation 
speed of 2200 min-1. The obtained ribbons are characterized 
macroscopically with a width 4 mm and thickness 18-20 μm, 

see Fig. 4. 

 

 

Fig. 5 The of the ribbons observed to scanning electron microscope 

 

Fig. 3 Amorphous alloys equipment performance 
in the form of ribbon 

Fig. 4 Ribbons Sn-Ni -Cu-P 

b) a) 
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The microscopic analysis of these ribbons was realized using a scanning electron microscopy - see Fig. 5a, 
5b. The microscopic image certifies a fine structure composed of crystalline grain size of order 102 nm. 

The structure of the ribbons obtained was performed by X-ray diffraction analysis. This was carried out 
using DRON 3 diffractometer. Difractometry of the master alloy is shown in Fig. 6 and difractometry of the 
ribbons is shown in Fig. 7. In Fig. 6 is presented diffractometry primary alloy where you can see this 
intermetallic compounds. Reveals a decrease of intermetallic compounds and increased solubility in Sn 
alloy components and grain finishing the diffractometry ribbons obtained Fig. 7. We speak of a metastable 
structure because it is observed that solid solutions prevail. If bands obtained at lower pressure due to a 
smaller thickness (18 μm) peak intensity is lower, so the finished grade of the structure is higher. Therefore 
there is potential to obtain a nanocrystalline structure or amorphous in terms of chemical composition and 
optimization of technological parameters of preparation. Establish an increasing component of the alloy in 
Sn solubility and finishing grains. 

 

Fig. 6 Difractometry of the master alloys Fig. 7 Difractometry of the obtained ribbons 

The melting temperature of these ribbons was determined by differential thermal analysis using a DTA 701 
Baehr device. By heating the alloy with constant speed, it can be observed that the melting peak starts at 
219 °C and ends at 235 °C – see Fig. 8. No remarkable changes of the resulting crystalline phases before 
melting like compounds that occur in this case are congruent The heating process was performed in a 
protective atmosphere of argon. The samples were heated up to a temperature of 350°C with a speed of 
20°/min. The determinations were made on a sample of 20 mg in weight. 
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Fig. 8 DTA curve for determining the temperature of melting temperature by differential thermal analysis 
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6. CONCLUSIONS 

Since there were damages caused by whiskers growth first tried to preventing their whiskers. Due to ban 
lead in electronic components soldering is harmful and replaced with tin whiskers have been growing these 
common. Therefore it was tried sticking various components with tin-based alloys. 

Ribbons obtained with the chemical composition Sn94Ni1Cu1P4. will be used for bonding electronic 
components and solder getting new technologies to prevent the occurrence of these growth whiskers. 

Optimization of chemical composition (increased content of phosphorus) and the technological parameters 
of processing can lead to these alloys with amorphous structure or quasi-crystalline. 
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Abstract 

The problem of effective and powerful NdFeB type magnets is a lower corrosion resistance in many 
environments, a lower thermal stability of magnetic parameters in comparison with related permanent 
magnets and usually their brittleness. The results of corrosion tests and protective properties of layer ZnAl 
on NdFeB magnetic material are compared and evaluated in this contribution. The samples of as-received 
magnetic material NdFeB with special layer ZnAl and reference materials (Fe, Al, Zn, Zn/Fe) were used for 
corrosion tests in humid air (at temperature 65 °C, during time 1200 hours) and salt spray test (35 °C, 240 
h.). By means of the gravimetric method the time dependences of corrosion were found out. The corrosion 
resistance of ZnAl layer was much higher in comparison with Zn/Fe commercial one. Chemical composition 
of layers and materials (ZnAl/NdFeB) was determined by microanalysis, their structures and corrosion were 
studied by light microscopy. The non-uniform thickness and corrosion of layers with two phase structure 
was observed in metallographic sections. On the basis of exposition tests the corrosion parameters of 
stated materials were determined and compared, especially with respect to uniform and pitting corrosion 
in water environments.  

Keywords: NdFeB magnets, ZnAl coating, corrosion test, metallography, structure 

1. INTRODUCTION 

The effective, small and powerful magnets of type NdFeB can be applied in many devices (motors, 
computers, sensors) [1]. Their complex microstructure contains reactive components, like neodymium-rich 
phases, and this magnets exhibit a low corrosion resistance in humid atmospheres and water 
environments. Neodymium is an active metal with a standard electrochemical potential Eo = -2.4 V [2]. It 
has been also proved that Nd-rich phases and Nd2Fe14B matrix absorb hydrogen in humid environments 
leading to its degradation (decrepitation). In aqueous solutions, a preferential dissolution of the highly 
reactive intergranular Nd-rich phase occurs, which is strongly enhanced by the galvanic coupling of the Nd-
rich phase to the much more noble ferromagnetic grains. The ferromagnetic grains on the bulk magnet 
surface loose adhesion and finally detach from the surface [3]. Thus, the Nd-Fe-B-based magnets cannot 
operate in technical devices with the absence of special anticorrosive coatings. 

Secondary intergranular phases in new types of NdMeFeB mgnets are composed of intermetallic 
compounds with better corrosion resistance than Nd rich phase. Corrosion resistance is enhanced for 
magnets with polymer (EP) binding of powder, but their magnetic properties and working temperatures are 
lowered.  

The aim of the present work is to study the corrosion resistance of sintered NdFeB-based magnet material 
with the special protective coating (ZnAl) and to perform comparative investigations of corrosion resistance 
using reference metals and coatings. 
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2. METALS AND CORROSION TESTING 

The powder mixture Al and Zn was applied on the magnet material (type NdFeB, dimensions 26x10x4.5 
mm) surface by cold gas-dynamic sputtering (cold supersonic plating). The essence of the procedure 
consists in the fact that an applied material, which is present in the form of a powder and moves with inert 
gas flow, is accelerated to a supersonic speed, and fed to the deposition surface. Anticorrosive material 
particles are heated in striking against the material surface and, under the action of kinetic energy, and 
they fix firmly on the surface [4]. From selected sample the coating Al-Zn was removed by fine grinding in 
order to obtain base material (NdFeB) for testing. For comparative corrosion tests were used thin sheets of 
Al, Zn, Fe (non-alloyed low carbon steel with 0.2 % C, CSN 41 1375) and commercially deposited layer of Zn 
on this steel (Zn/Fe). The thickness of metal sheets were in the range 0.6 – 0.9 mm. 

Chemical microanalysis have revealed [4,5] that tested magnet NdFeB type consists of matrix of mean 
composition Fe69Nd25Dy4Co2AlB (wt.%, corresponding to (Nd,Dy)2(Fe,Co)14B magnet, for simplicity these 
are written NdFe or NdFeB in this article) and secondary minor phase composed of Nd80Co9O8Fe2Dy1Si). 
Heterogeneous layer contains two phases rich in Zn and Al (Zn96Al2O2 and Al92Zn4O3Fe), surface analysis 
has revealed the average composition: 60 % Al, 32 % Zn, 8 % O and 0.5 % Fe (wt.%). The closed porosity was 
estimated by linear method and has the value around 25-30%.  

Metallographic section of base material with the protective Al-Zn coating is shown in Fig. 1. A relatively 
large dispersion of the coating thickness was identified, in the range of 40-90 �m. The dark spots in Fig. 1 
are pores and/or secondary phases rich in Nd that partly dissolved during wet preparation of polished 
surface section. There is possibility of micro-galvanic action between Fe and Nd rich phases in water 
environment. 

A relatively homogeneous protective Zn galvanic coating on steel has a thickness between 50-70 �m, Fig. 2.  

 

    
Fig. 1 As-received coating ZnAl on NdFeB. Markers  Fig. 2 Reference sample Zn/Fe (polished). Small 

of thickness measuring (polished section)  inclusions or defects were found out 

Two corrosion tests were performed on these metals and coatings. The first group of samples were 
exposed in humid air at 65 °C (100% relative humidity) during 1200 hours, with shutdowns for 
stereomicroscopy observation, photography and application of gravimetric method [6]. Second set of 
samples were exposed in neutral salt spray at 35 °C according to standard [7]. Samples were tested in the 
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vertical vertically or at the angle 20 - 30 °C to the vertical direction. The small glass bowls were below the 
samples to capture some corrosion products (for more accurate weighting after water evaporation). After 
exposition from some samples were taken off smaller samples for metallography studies. 

3. RESULTS AND DISCUSSION 

3.1. Corrosion tests 

 The mass gains of samples after certain time 
intervals were measured and average uniform 
corrosion was estimated. The corresponding 
time dependences of corrosion for tested metals 
and coatings are compared in Fig. 3 and 4. In 
humid air, the highest corrosion rates was 
confirmed on magnet material NdFeB, without 
coating, several times higher than in case of this 
magnet covered by special coating ZnAl. On the 
other hand, the lowest corrosion rate was 
measured on Al reference sheet. The ZnAl 
coating has a better corrosion resistance in 
both environment, but relative differences or 
ratios are smaller for longer time of exposition. 

Different corrosion behaviour were registered for 
iron, relatively small corrosion rate in clean humid 
air in comparison with high corrosion in salt spray 
with catalytic effect of chloride ions on iron. 

 The higher corrosion resistance of ZnAl layer in 
comparison with Zn can be explained by the positive 
influence of aluminium. The thick brown corrosion 
products (Nd(OH)3, Fe(OH)2, Fe(OH)3) were formed 
of NdFe sample. The corrosion trend of pure Zn for 
longer time includes some corrosion losses. 

Zinc coatings can protect NdFeB magnets in similar 
way as low carbon steel, mainly by barriers effect 
and partly as sacrificial anode. Its protective 
properties determined by the difference of 

corrosion or equilibrium potentials between Zn and Nd rich phases. The life-time of zinc coatings is linear 
proportional to their mean thickness or weight per square meter and degree of the aggressiveness of 
atmosphere (C1 – C5) [8].  

3.2. Light microscopy observations 

In Fig. 5 are compared the surfaces of samples after exposition 800 hours in air at temperature 65°C and 
100 % relative humidity. The selected samples are placed from left to right – ZnAl/NdFe, NdFe, Zn/Fe, Zn 
and Fe (down). On the sample of aluminium the surface changes has not been observed and mass gain was 

Fig. 3 Trends of corrosion mass gains on tested 
materials and coating after exposition in humid air (r. 

h. 100%, 800 hours at 65°C) 

Fig. 4 Comparison of corrosion trends on tested 
metals and coatings after neutral salt spray test 

(240 hours) 
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negligible. A few spots (so called “red rust”) were formed on the Zn/Fe sheet and no dark spots on 
AlZn/FeNf samples, only light grey corrosion products, mainly Zn(OH)2, in humid air at 65 °C, Fig. 5. Dark 
small spots were found out on surface ZnAl/NdFe after 240 hours exposition in salt spray, many rust spots 
were formed on Zn/Fe sample under the same conditions, Fig. 6. On sample Zn/Fe approximately 5 % of 
spots (relative surface) were observed at 120 hours exposition in salt spray. After 1200 hours exposure in 
humid air, the brown spots appeared on sample ZnAl/NdFe, preferably on edges in crevices between the 
sample and the pad and coating began lifting. The tests of ZnAl/FeAl in humid air at elevated temperature 
would continue up to time, when 5% rust spots would cover surface. 

     
Fig. 5 Comparison of samples after exposition   Fig. 6 Samples AlZn/NdFe and Zn/Fe (from left)  

   in air (65°C, 800 hours, 100% rel. humidity   after exposition in salt spray (240 h, 35°C) 

 

The example of corrosion attack of AlZn/NdFe system is documented in Fig. 7, where probably zinc 
corrosion products have grey shade (as islands in/on layer). The shallow pit on surface was also found out, 
mainly in the damaged layer, Fig. 8. Porosity of coating may reduce its corrosion resistance.  

   

Fig. 7 Sample AlZn/NdFe, after salt spray test       Fig. 8 Sample AlZn/NdFe (exposure in humid air, 
      exposition, 240 h. Corrosion products (grey spots)          after 800 hours at 65°C) 

 

NdFeB 

ZnAl 
NdFeB 

ZnAl 
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The metallographic section of Zn layer on steel (Zn/Fe) after long-time exposition in humid air is completed 
and compared in Fig. 9. Possibility of corrosion undermining of protective layer are also shown in Fig. 10.  

 

   
Fig. 9 Sample Zn/Fe (800 h., 65°C, humid air)   Fig. 10 Sample Zn/Fe (salt spray test, 240 h., 35°C), 

Uneven corrosion products on layer     Corrosion products and small cracks in layer 

Comparative results can be used for evaluation of galvanic coating of zinc or zinc base coatings (ZnAl,ZnNi) 
for protection of magnetic materials of NdFeB type. The creation of two or three layers of different metals 
(Ni, Cu) in coating is another trend of protection of these magnets, as required for function and corrosion 
resistance of magnets.  

4. CONCLUSION 

Effective permanent NdFeB type magnets must be used in many fields of technology and equipment with 
protective coatings. Comparative corrosion tests (in humid air at 65 °C and salt spray test) were performed 
with special coating ZnAl on magnetic material of NdFeB type, produced by powder metallurgy. For 
comparison purposes were used sheets of Al, Fe, Zn and coating Zn/Fe. Much higher corrosion rate was 
measured by gravimetric method on magnet NdFeB without coating in comparison with other tested 
metals and coatings. The corrosion resistance of special ZnAl layer was higher in comparison with Zn/Fe 
commercial one. The positive affect of Al on corrosion resistance of ZnAl coating has been proved. 
Metallographic study confirmed closed porosity of ZnAl coating and base material NdFeB, non-uniform 
corrosion and rust spots after longer exposure time.  
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Abstract 

Peculiarities of the decomposition of terbium hydride were studied with the view of the use of the 
compound as an efficient addition, which allows the high-coercivity state of sintered magnets to be formed 
when preparing them from a rare-earth metal-depleted Nd-Pr-Dy-Fe-B alloy. Terbium hydride additions 
favor the marked increase in the magnetization coercive force; in this case, a slight decrease in the residual 
inductance is observed. The terbium distribution within hard-magnetic 2:14:1 phase grains is demonstrated 
and discussed. 

Keywords: coercive force, microstructure of permanent magnets, Nd2Fe14B, terbium hydride 

1. INTRODUCTION 

Sintered Nd-Fe-B magnets find wide applications for technology owing to the high maximum energy 
product (BHmax), residual inductance (Br), and magnetization coercive force (jHc) [1]. To increase such a 
parameter as jHc, which is responsible for the time-temperature stability of sintered magnets, the basic 
Nd14-15Feост.В6-8 composition is alloyed with Pr, Dy, Tb (to increase the anisotropy field Ha), Ti, V, Mo, Nb (to 
prevent the grain growth during sintering and structuring the 2:14:1 phase), Al, Ga, Cu (to improve the 
structure of grain-boundary phases); moreover, the following technological processes are used: “strip-
casting”, hydrogen decrepitation, mechanical alloying (binary technology), diffusion saturation of rare-earth 
magnet surface with Dy and Tb followed by heat treatment at 1075-1175 K, and multi-stage heat 
treatments at temperatures of 750-1275 K [1-7]. 

The alloying of the basic composition with rare-earth metals added in the form of hydrides was performed 
in [2, 8, 9]. These studies showed the efficiency of the application of Nd, Pr, and Dy hydrides in powder 
mixtures for the manufacturing of magnets for the increase in the coercive force and maximum energy 
product (jHc = 950 kA/m and (BHmax) = 331 kJ/m3) after traditional heat treatment [9]. 

There are a few studies devoted to the investigation of the kinetics of metal hydrides, in particular, rare-
earth metal hydrides in the literature [10, 11]. According to the studies, the decomposition of metal 
hydrides is controlled mainly by the hydrogen diffusion processes and, thus, depends on the hydride 
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particle size. The complete decomposition of trihydrides of Ce, Pr, Nd, Y, Sm, Gd, and Tb is reached at 820 
�C and was confirmed by X-ray diffraction data. The decomposition kinetics of erbium hydride was studied 
by thermal desorption spectroscopy [10]. In [10], the decomposition process model, namely, a “shrinking 
core” model was suggested and substantiated. In terms of the model, the boundary surface between the 
hydride phase and hydrogen solid solution decreases; this leads to the monotonic decrease in the flow of 
desorbed hydrogen. 

The aim of the present study is to determine the effect of terbium hydride additions on the magnetic 
characteristics of sintered Nd-Fe-B magnets. The study of the kinetics of terbium hydride decomposition 
during continuous heating under high-vacuum conditions was the initial task of the present study. The 
solution of this problem will allow us to analyze the behavior and role of the additions in the formation of 
microstructure of sintered magnets and their characteristics. 

2. EXPERIMENTAL 

Terbium dihydride samples (TbH1,999) were prepared by direct reaction of gaseous hydrogen with terbium 
metal of 99.9% purity (prepared by vacuum distillation at the Baikov Institute of Metallurgy and Materials 
Science, RAS) using a glass Sieverts-type apparatus. The hydrogenation was carried out using pure 
hydrogen gas under pressures up to 0.1 MPa obtained from TiH2 hydrogen storage. The amount of 
absorbed hydrogen was determined by measurements of hydrogen pressure change in the reactor 
chamber after finishing the hydrogenation reaction. This allows one to calculate the hydrogen 
concentration in the sample with an accuracy of �0.02 H/f.u. After synthesis, the hydride samples were 
homogenized (annealed) for 72 h at 350�C. The obtained hydride was breakable. 

Kinetics of molecular hydrogen evolution from the terbium hydride was studied using a MS-200 standard 
gas mass-spectrometer equipped with an evaporating attachment to operated in a temperature range of 
from 20 to 1000�C (the residual pressure in the cold system is 5·10-5 Pa). Weight losses were controlled 
using a balance. The mass spectrometer allows one to determine gas-desorption flows in a range of masses 
of from 1 to 200 a.e.m. The evaporation and gas evolution of experimental sample is determined during 
heating programmed with a processor temperature regulator. 

The gas phase formed during heating TbH1,999 exhibits the presence of molecular hydrogen. Fig. 1a shows 
the dependence of hydrogen flow percentage of the total pressure in the system. To obtain the mass of 
hydrogen liberated, the sample was weighed before and after the heating. The decrease in the sample 
mass is 7·10-5 g. The weight of desorbed hydrogen gives the ordinate scale. To obtain the temperature 
dependence of mass variations, we performed integration and subsequent differentiation to obtain the 
flow dimensionality.  

The initial alloy in the form of flakes 300 μm in thickness was prepared by “strip-casting” technique [5]. The 
chemical composition (wt %) of the alloy is Nd-24.0, Pr-6.5, Dy-0.5, В-1.0, Al-0.2, Fe-balance. Flakes were 
subjected to hydrogen decrepitation in dry-hydrogen flowing atmosphere at 375 K for 3.6 ks and 
subsequently passivated in gaseous nitrogen atmosphere. After cooling the powder to room temperature, 
terbium hydride (2 and 4 wt %) was added. The mixture was subjected to fine milling for 2.4 ks to an 
average particle size of 3 μm using a vibratory mill and isopropyl alcohol medium. After compaction in a 
magnetic field and sintering at Т = 1340 К (for 7.2 ks), the density of reference specimen and samples with 2 
and 4 wt % Tb was 7.50, 7.54, 7.58 · 10-3 kg/m3, respectively. The sintered blanks were subjected to heat 
treatment 1175 К (7.2 ks) +900 К (3.6 ks) + 775 К (7.2 ks); after the each temperature cycle, samples 
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quenched in nitrogen atmosphere. Magnetic characteristics of samples were measured after grinding and 
saturation magnetization. The measurements were performed at room temperature in magnetic fields up 
to 3 T using a close circuit of hysteresimeter. Structural studies were performed using samples 
demagnetized in a vacuum at 775 K to recovery the initial state; optical and scanning electron microscopy, 
energy dispersion electron microprobe analyses were used. 

3. RESULTS AND DISCUSSION 

Fig. 1 shows data on the kinetics of decomposition of terbium dihydride. The studies allowed us to 
determine the temperatures of the onset of terbium hydride decomposition and temperature range 
corresponding to intense hydrogen evolution. The sample was heated at a rate of 10 K/min. The hydrogen 
evolution is characterized by two peaks. The temperatures of the peaks do not correlate with those 
determined earlier in [10] (the start, peak and finish of decomposition correspond to 620, 750, and 800 �C, 
respectively). It is likely that the discrepancies are related to different both purity of initial metals, 
conditions of sample preparation, composition of hydrides, and hydrogen-evolution recording techniques. 
In our opinion, the low-temperature peak in the hydrogen desorption flow is related to the surface and 
near-surface hydrogen evolution. The maximum hydrogen-evolution is reached at ~900 �C. The decrease in 
the hydrogen flow at ~650 �C is related to the hydrogen depletion of the surface and near-surface layers. 
We cannot relate specifically each of peaks or each component of high-temperature peaks with 
decomposition processes (hydride decomposition or hydrogen solid solution decomposition), but we can 
recommend to hold samples at temperatures above 1000 �C for 1 h to ensure the more complete hydrogen 
evolution. Earlier, we have found that, after the decomposition of terbium dihydride, reduced terbium 
actively fixes oxygen to form the terbium oxide. 

 a) b) 

Fig. 1. (a) Variations in the hydrogen mass in gas phase and (b) density of hydrogen desorption flow 

 

The microstructure of sintered magnet with 4 wt.% Tb is shown in Fig. 2. Tables 1 and 2 indicate the 
contents of components in the phases found (a) and component distribution over a 2:14:1 phase grain. The 
average grain size is 5-10 �m. 

Electron microscopic studies and electron microprobe analysis show rather uniform terbium distribution 
over 2:14:1 phase grains. Nevertheless, some (coarse) grains indicate nonuniform terbium distribution (Fig. 
2b, Tab. 2). 
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The nonuniform terbium distribution was also found in studying the microstructure by atomic force 
microscopy. 

 a)  b) 

Fig. 2. (a, b) Microstructure (cross section) of sintered magnet with 4 wt % Tb added in the form of terbium 
hydride 

 Tab. 1 Distribution of alloy components (wt %) in sintered magnet with 4 wt % Tb (Fig. 1a) 

Name O Al Fe Cu Pr Nd Tb Dy 
Point 1  0.34  73.16   5.82  20.39   0.29  
Point 1  0.23  73.94   5.87  19.97   0.00  
Point 1  0.34  72.94   5.65  20.57   0.51  
Point 2 19.10   2.09  0.17  18.04  52.55  6.72  1.35  
Point 2 18.33   2.02  0.24  18.27  53.58  6.59  0.97  
Point 2 18.85   6.11  0.10  17.30  52.10  4.79  0.75  
 

The magnetic properties (Br, jHc, Hk, BHmax) of sintered magnets are given in Tab. 3. It follows from Tab. 3 
that, after optimum heat treatment [1175 К (7.2 ks) + 900 К (3.6 ks) + 775 К (7.2 ks)], jHc increases as the 
terbium content increases. For all samples, curves of magnetization from the thermally demagnetized state 
and dependences of jHc и Br on the magnetized field are typical of magnets whose magnetization reversal 
mechanism is due to the delayed nucleation of reversed domains [1]. The magnetic parameters (Tab. 3) 
correspond to permanent magnets prepared in the oriented magnetic field (1200 kA/m) perpendicular to 
pressing direction. 

 

 Tab. 2 Distribution of alloy components (wt %) in sintered magnet with 4 wt % Tb (Fig. 1b) 

Name Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8 Point 9 Point 10 

Fe 71.78 71.53 71.73 71.56 69.37 72.57 73.07 73.09 71.79 70.52 

Pr 5.22 5.69 6.05 5.85 5.79 5.29 5.10 5.43 6.18 5.69 

Nd 19.83 19.63 20.44 19.94 19.57 19.38 19.47 18.99 21.13 20.08 

Tb 2.25 1.95 0.96 2.10 2.81 2.75 1.97 1.31 0.00 1.9 

Dy 0.83 1.21 0.83 0.55 2.47 0.01 0.39 1.18 0.90 1.8 
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 Tab. 3 Magnetic characteristics of magnets 

TbH2 
(wt %) 

State of samples Br 
T 

jHc 
kA/m 

bHc 
kA/m 

Hk 
kA/m 

(BH)max 

kJ/m3 

0 Sintering 1.34 640 580 560 340 
Heat treatment 1.33 960 880 850 344 

2 Sintering 1.31 1280 940 1120 328 
Heat treatment 1.30 1610 1010 1440 332 

3 Sintering 1.23 1600 930 1460 296 
Heat treatment 1.22 1940 930 1760 292 

4 Sintering 1.17 1400 850 1210 252 
Basic Heat treatment 1.16 1610 855 1450 248 

 

Preliminary studies showed that such a nonuniformity found is typical of alloys of different compositions 
but containing terbium (in total case, heavy rare-earth metals) as the alloying element. This effect 
manifests itself more substantially with increasing contents of alloying elements such as La, Pr, Dy, Tb, Ho, 
and Gd and in using some manufacturing processes, such “strip casting”, mechanical alloying, hydrogen 
decrepitation, etc. The nonuniformity of principal hard-magnetic phase leads to the increases in structurally 
sensitive magnetic parameters, such as (Hk, Br, jHc) [1]. The nonuniform structure is formed during milling 
and sintering. The role of low-temperature heat treatment consists in improving the boundary phases at 
the expense of Nd (Nd + Pr) diffusion from the 2:14:1 phase into boundary phases [1, 6]. 

4. CONCLUSIONS 

It was shown that the use of additions of terbium hydride, which decomposes completely during sintering 
and forms nonuniform distribution of rare-earth elements within 2:14:1 phase grains, allows the 
magnetization coercive force to be increased substantially even in the absence of their gradient at grain 
boundaries; in this case, the decrease in the residual inductance is not high. 
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Abstract  

Two production methods of sintered Nd-Fe-B magnets were compared, and the effect of heat treatment 
(НТ) regimes on magnetic properties of these magnets was studied. Sintered (Nd,Dy)-Fe-В magnets with ~3 
wt.% Dy were prepared using method of single alloy and method of “mixtures” which means the mixing of 
powders of a basic alloy whose composition is close to the Nd2Fe14B composition and additional low-
melting Dy/Co-based alloy. Two types of post-sintering HT were used. The HT1 consists in the cooling from 
950 °C to the aging temperature (Tag), 5 min aging at Tag and cooling to RT. The HT2 consists in the cooling 
from 950 °C to RT, repeated heating up to Tag, 5 min aging and cooling to RT. It was shown that the HT 
regimes affect substantially the coercive force of both types of magnets. It was also found that the aging-
temperature dependences Hci(Tag) corresponding to regimes of HT1 and HT2 differ markedly. An analysis of 
these dependences has revealed some phase microstructure transformations occurring in magnets in a 
temperature range of 400 – 600 °C. 

Keywords: Nd2Fe14B alloy, Sintered magnets, Heat treatment, Coercive force 

1. INTRODUCTION  

Nd-Fe-B permanent magnets are widely used for different applications and the market of them is ever 
growing as their magnetic properties improves. The powder metallurgical method is the most important 
and common technique for the manufacture of high energy Nd-Fe-B magnets [1, 2]. The sintered ternary 
Nd-Fe-B magnets free from any additions have the highest remanent polarization but the low coercive 
force (640-720 kA/m). In order to increase Hci, a partial substitution of Dy for Nd is used, but results in a 
decrease in the remanent polarization. The other way allowing one to increase Hci is the replacing of the 
conventional Nd-rich constituents by small additions of a low-melting Dy/Co-based alloy [3, 4]. Such an 
addition hardens the Nd2Fe14B phase boundaries without considerable losses in the saturation polarization 
of magnet.  

The goal of this work was to compare two methods of the increase in Hci of sintered Nd-Fe-B magnets and 
to study the effect of different types of heat treatment on the magnetic properties of these magnets.  

2. EXPERIMENTAL PROCEDURE  

Sintered (Nd,Dy)-Fe-В magnets were prepared by traditional powder metallurgy method. The first type of 
magnets (Nd,Dy)2Fe14B was prodused using the as-cast alloy with 3 wt.% Dy prepared by induction melting 
in Ar atmosphere. The second type of (Nd,Dy)2Fe14B magnets was prepared by two-powder blended 
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method using the principal alloy Nd16Fe75Co2B7 and ~3 wt.% Dy/Al addition. Sintered magnets were aged in 
accordance with two regimes of post-sintering heat treatment (Fig. 1). Regime HT1 includes the heating to 
T1 = 950 °C, cooling to the aging temperature (T2), aging at T2 for 5 min and cooling to RT. Temperature T2 is 
varied from 400 to 700 °C. Regime HT2 includes the heating to T1 = 950 °C, cooling from T1 to T2 at V = 1,4 
K/min, aging at T2 for 5 min and cooling to RT. Temperature T2 is varied from 400 to 700 °C.  

 
Fig. 1. Regimes of post-sintering heat treatment 

The compositions of the alloys were verified by plasma atomic emission spectrometry. The phases present 
in alloys and magnets were identified by X-ray diffraction (XRD) using Cu-K3 radiation and thermo-magnetic 
analysis (TMA). Phase identification was carried out by X-ray diffraction using CoKα radiation. Simplified 
Rietveld method and program Phan% were used for quantitative phase analysis [5]. Magnetic 
measurements were carried out using a hysteresisgraph.  

3. RESULTS AND DISCUSSION  

Figs. 2-4 show aging-temperature dependences of coercive force of Dy-free magnets (Fig. 2) and magnets 
with 3 wt.% (Fig. 3) and 5 wt.% Dy content (Fig. 4) heat treated using ТО1 and ТО2 regimes of post-sintering 
HT. Time of aging was 5 min.  

 
Fig. 2. Aging-temperature dependences of relative coercive force of Dy-free magnets treated using ТО1 and 

ТО2 regimes of post-sintering heat treatment 

As one can see from Figs. 2-4 the aging-temperature dependences Hci(T2) corresponding to regimes of HT1 
and HT2 differ markedly. First, the maximum of coercive force of Dy-rich magnets is displaced on 20 °C to 
higher temperatures in comparison with the Dy-free magnet. Secondly, after HT2 the maximum of coercive 
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force is displaced on 10 - 20 °C to lower temperatures and the maximum value of Hci decreases in 
comparison with that obtained by HT1. In the third place, the increase of the Dy content up to 5 % leads to 
an appreciable increase of the coercive force, after ТО1 and ТО2; the increase is 50 % and 45 %, accordingly 
(as compared to Dy-free magnets) and 20 % and 15 %, accordingly (as compared to magnets with 3 wt.% 
Dy). It is necessary to note also the appearance of the second maximum of Hci for magnets with 5% Dy after 
ТО2.  

 

Fig. 3. Aging-temperature dependences of coercive force of magnets with 3% Dy treated using ТО1 and ТО2 
regimes of post-sintering heat treatment 

 
Fig. 4. Aging-temperature dependences of coercive force of magnets with 5% Dy treated using ТО1 and ТО2 

regimes of post-sintering heat treatment 

In order to observed the effect of the preparation method on the coercivity of magnets, heat treatment 
HT1 and HT2 were performed for two types of samples in the as-sintered state. Fig. 5 shows aging-
temperature dependences of coercive force of magnets with 3 and 5 wt.% Dy prepared by-single-alloy 
method (curves 1, 2) and magnets with 3 wt.% Dy prepared by method of “mixtures” (curve 3). As can be 
seen in Fig. 5 the coercive force of magnets of second type is twice higher than that of magnets prepared 
without low-melting Dy/Co addition. Another preference of these magnets is a very wide interval of aging 
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temperatures in which the high coercive force (Hci > 1520 kA/m) is observed. These intervals are 500 - 
600 °C and 440 - 500 °C for magnets treated using regimes HT1 and HT2, accordingly.  

The coercivity of permanent magnets is strongly related to their microstructure, and is controlled by the 
nucleation of reverse domains at the boundaries of the Nd2Fe14B grains. Many authors have described the 
effect of the annealing treatment and explained the increase of Hci using the metallurgical model based on 
the modification of the interface RE-rich phase/RE2Fe14B during HT. However, the evolution of structures 
and the relationship between the structure and composition of the Nd-rich phase are not well established 
[6, 7].  

 
Fig. 5. Dependences of coercive force on the aging temperature Hci(Т2) for magnets treated using regime 

ТО1. Curves 1, 2 - magnets with 3 and 5 % Dy were prepared by single-alloy method, accordingly. Curve 3 - 
magnets with 3% Dy were prepared using the method of “mixtures” 

 
Fig. 6 Dependences of coercive force on the aging temperature Hci(Т2) for magnets treated using regime 

ТО2. Curves 1, 2 - magnets with 3 and 5 % Dy were prepared by single-alloy method, accordingly. Curve 3 - 
magnets with 3% Dy were prepared using the method of “mixtures” 

The phase transformation-induced coercivity mechanism in Nd-Fe-B sintered magnets was proposed based 
on the phase transformations in accordance with the specified Nd-Fe phase diagrams [8]. It was supposed 
that the phase transformations result in the modification of the grain surface of the principal phase. The 
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model of reversible modification of interfaces by HT is based on the phases precipitation at the surface of 
Nd2Fe14B grains that is caused by the series of consecutive eutectoid decompositions of the Fe-rich 
component within the intergranular Nd-rich phase [9]. It was assumed that the formation of thin coherent 
layers at the surface of the Nd2Fe14B grains improves the smooth of the Nd2Fe14B grains surface and 
increases coercivity.  

4. CONCLUSIONS  

� It was shown that the HT conditions affect substantially the coercive force of both types of magnets prepared 
by single-alloy method and method of “mixtures”. The aging-temperature dependences Hci(Tag) corresponding 
to regimes of HT1 and HT2 differ markedly.  

� The increase in the Dy content up to 5 % leads to an appreciable increase of the coercive force after ТО1 and 
ТО2; the increase is 50 % and 45 %, accordingly (as compared to Dy-free magnets) and 20 % and 15 %, 
accordingly (as compared to magnets with 3 wt.% Dy).  

� The coercive force of magnets prepared by the method of mixtures is twice higher than that of magnets 
without low-melting Dy/Co additions. These magnets show also very wide interval of aging temperature in 
which the high coercive force (Hci > 1520 kA/m) is observed.  

� An analysis of the aging-temperature dependences of coerve force has revealed some phase transformations in 
the microstructure of magnets during heat treatment in a temperature range of 400 – 600 °C.  
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Abstract 

In the work theoretical and experimental investigations to determine the size and configuration of 
transition liquid-solid regions in directionally solidifying castings of solid solution alloys, with eutectic, 
peritectic and monotectic transformations at the equilibrium and non-equilibrium processes have been 
carried out. The dependence of the size and configuration of the transition liquid-solid region on the 
configuration of the phase diagram and the degree of deviation from the equilibrium process is shown. 

Keywords: Liquid-solid region, crystallization, solidification, transition, copper alloys. 

1. INTRODUCTION 

In a solidifying ingot there is always a temperature change assuring the formation of a transition liquid-solid 
region limited by the alloy liquidus and solidus isotherms. In this region crystallization takes place. The 
presence of such intermediate region is the main characteristic feature of the castings solidification 
process, affecting many their properties, including micro- and macrostructure. Many properties of cast 
ingots, density (the absence of shrinkage porosity) in the first place and macrostructure as well, correlate 
with the transition region dimensions. In educational and scientific literature dimensions and the 
configuration of the transition liquid-solid region and the casting properties accordingly are correlated as a 
rule with the equilibrium crystallization range. However practical results often do not correspond to these 
statements. In the present work the effect of the alloy crystallization character and the degree of the 
process deviation from the equilibrium development on the liquid-solid region formation and macro- and 
microstructure in a solidifying casting is shown. 

2. THEORY AND EXPERIMENT 

When equilibrium phase diagrams are available, it is possible to show the element distribution analytically 
and graphically through the height of the two-phase transition region both in liquid and solid phases in case 
of the equilibrium and completely non-equilibrium crystallization at the convection absence in the melt. 
These data allow to predict the development of the microsegregation in the alloy and the 
macrosegregation in the casting and accordingly make it is possible to elaborate measures to decrease 
these undesirable phenomena. 
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Fig. 1 shows the binary phase 
diagram of the A – B system 
and the configuration of the 
transition region in the 
directionally solidified casting 
(with the temperature 
gradient) of the solid solution 
alloy with the Co composition 
during equilibrium (a) and 
completely non-equilibrium 
(DS = 0, DL # �) (b) 
crystallization. In this figure 
the crystallization process is 
represented as ultimate steps 
at the temperature decrease. 
When the process is 
equilibrium, at each temperature layers of the solid and liquid phases will form according to the equilibrium 
phase diagram, and with the temperature decrease their compositions will change to new equilibrium 
ones. When the process is non-equilibrium, the liquid phase compositions will also change along the 
liquidus line to the composition of the most low melting point element in the system, and the previously 
formed solid phase layers will retain their composition and mass up to the room temperature.  

At the first step the solid phase with the 1t
SC  composition and the liquid one with the 1t

LC  composition form 

out of the liquid with the Co composition, the mass fractions and compositions of these phases will be equal 
both for the equilibrium and non-equilibrium crystallization (Fig. 1a, b). With further temperature decrease 
during the equilibrium crystallization for each temperature in the two-phase region there will also be its 
own layer of equilibrium liquid and solid phases according to the equilibrium phase diagram. At the 
equilibrium solidus temperature (tS.E) the whole of the liquid phase disappears, and the solid phase reaches 
the unit fraction (1.0), and its composition becomes equal to the initial one - Co. Thus at the equilibrium 
crystallization a homogeneous solid solution with the Co composition forms out of the homogeneous liquid 
with the Co composition, and all changes of the compositions and masses of the liquid and solid phases take 
place in two-phase regions, which configuration is determined by the phase diagram configuration and the 
dimensions along the height – by the heat transfer conditions (temperature gradient). 

In case of the completely non-equilibrium crystallization when DS = 0 and DL # � each new solid phase 
layer formed at the temperature decrease will retain its mass and composition up to the room 
temperature, and the liquid phase composition will change along the liquidus line in conformity with the 
equilibrium phase diagram. At the adopted conditions of the non-equilibrium crystallization liquid layers of 
different compositions will be in the two-phase region according to the equilibrium phase diagram, and the 
solid phase will form ring shaped vertical layers of different compositions. Hence, when such non-
equilibrium process is realized, a “stem” forms with different element content from the center (core) of the 
stem to the boundary (Fig. 1b). If we sum up in any region of the horizontal layer the products of the mass 
fractions of each layer by the element content in it, the following condition will be met M(mS . CS) = Co (Fig. 
1b). 

 

Fig. 1 The configuration of the transition region and the element 
distribution in a solidifying ingot of the Co alloy at the equilibrium (DS # �, 

DL # �) ( a ) and non-equilibrium (DS = 0, DL # �) ( b ) crystallization 
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The investigation of the dendrite heterogeneity by the microanalysis method will show that the content of 
the low melting point element B will be maximal at the cell boundary CBOU and the content of the high 
melting point element A on the contrary will be the largest in the dendrite center CCEN. Thus it can be stated 
that the segregation coefficient (KSEG = CBOU/CCEN) of the low melting point element B in the A – B system 
(Fig. 1) will be more than a unit (KSEG > 1) and the segregation coefficient of the high melting point element 
A – less than a unit.  

In Fig. 1 it is seen clearly that the dendrite heterogeneity will be as less developed as the initial alloy 
composition is closer to the low melting point element B, and vice versa the closer the initial alloy 
composition is to the high melting point element A, the greater will be the dendrite heterogeneity of the 
both elements.  

In Fig. 2 and 3 fragments of the equilibrium phase diagrams of the Cu – Ni and Cu – Mn systems and the 
configurations of the two-phase transition regions in the specimens of alloys Cu – 10 % Ni (Fig. 2) and Cu – 
8 % Mn (Fig. 3) produced in the same heat transfer conditions are shown. These alloys have equal 
equilibrium crystallization ranges (V tE = tL – tS.E = 45 °C) but different non-equilibrium ones: the alloy Cu – 10 
% Ni has V tNE = 55 °C and the alloy Cu – 8 % Mn has V tNE = 120 °C. It is seen in the figures that for both 
alloys the crystallization proceeds in a non-equilibrium way, the presence of the dendrite structure and a 
considerable decrease of the temperature of the crystallization process termination to the non-equilibrium 
solidus temperature in both alloys in the systems under investigation indicate this. For the Cu – 10 % Ni 
alloy the non-equilibrium solidus temperature is equal to the melting temperature of the pure copper (tCu = 
1083 °C) and for the Cu – 8 % Mn alloy – to the temperature of the minimum point in this system (tMIN = 870 
°C).  

  

Fig. 2 Fragment of the phase diagram of the Cu – Ni 
system (a) and the configuration of the two-phase 
transition region in the directionally solidified ingot 

of the Cu – 10 % Ni alloy at G = 5 – 6 K/mm and v = 1 
mm/min (b) 

Fig. 3 Fragment of the phase diagram of the Cu – 
Mn system (a) and the configuration of the two-

phase transition region in the directionally solidified 
ingot of the Cu – 8 % Mn alloy at G = 5 – 6 K/mm 

and v = 1 mm/min (b) 

 

One should always bear in mind that the real configuration of the transition region and the element 
distribution in liquid and solid phases in this region at the equilibrium and non-equilibrium processes will 
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never completely correspond to the ideal one which is shown in Fig. 1. This is due to many processes which 
cannot be taken into account during the solidification of the casting. Convective liquid transfer, the liquid 
phase flow in the capillary channels, gas emission at the crystal – liquid boundary, etc. are such processes.  

In Fig. 4a phase diagram of 
the two-component A – B 
system with the eutectic 
equilibrium is shown. At 
the equilibrium crystal-
lization of the Co alloy, 
when solidification is going 
on with the temperature 
gradient, a transition two-
phase region will form, 
which will be completely 
identical with the one 
obtained during the 
crystallization of the 
continuous liquid and solid 
solution alloys (Fig. 1a, Fig. 
4a). However during the completely non-equilibrium crystallization of the Co alloy the configuration of the 
transition region and the element distribution in the microstructure will be different. The ultimate 
composition of the non-equilibrium liquid phase in the eutectic system will always be the composition, 
corresponding to the non-variant eutectic equilibrium. For the given case it is the composition equal to CEU. 
At the completely non-equilibrium crystallization (DS = 0, DL # �) of any initial alloy composition of the 
system under consideration the liquid phase composition will always reach the CEU composition, and this 
liquid will crystallize at the temperature tEU with the simultaneous formation of two solid phases αULT and 
βULT. At the crystallization of under- and over-eutectic compositions the liquid will change its composition 
along the liquidus line with the formation of heterogeneous solid phase layers in full conformity with the 
non-equilibrium crystallization of solid solution alloys. The configuration of the transition two-phase region 
and the phase compositions for the case of the completely non-equilibrium crystallization of the Co alloy 
are shown in Fig. 4b. In the sample cooled to the room temperature a cell or dendrite structure of the α - 
solid solution will be revealed and in the inter-dendrite space – the eutectic, consisting of the crystals of the 
α - ultimate composition (αULT) and the crystals of the β - ultimate composition (βULT). If we apply later on 
the homogenization of the sample, the heterogeneity obtained during the crystallization will be eliminated, 
and the microstructure will correspond to the homogeneous α - solid solution of the Co composition. 

 If the initial alloy composition will be between αULT and βULT, at the directional solidification with the 
temperature gradient at the equilibrium and completely non-equilibrium processes initially α or β solid 
solutions will form (Fig. 5a) similar to continuous liquid and solid solutions. On reaching the temperature 
equal to tEU the liquid will take the eutectic composition CEU. In Fig. 5 it is seen that on reaching the tEU 
temperature for the Co alloy at the equilibrium process the solid phase fraction is 0.5 and its composition 
will be homogeneous and equal to αULT. Therefore the fraction of the liquid phase of the CEU composition 
will be 0.5 as well. Any temperature decrease below tEU leads to the crystallization of the whole liquid 
fraction available (0.5) and the formation of two solid phases which compositions will be equal to αULT and  

 

Fig. 4 Phase diagram of the A – B system with the eutectic equilibrium and 
the configuration of two-phase transition regions in sample castings with 

temperature gradient of the Co alloy at the equilibrium (a) and non-
equilibrium (b) crystallization 
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βULT. The presented phase 
diagram shows that the solid 
phase fractions (α and β), formed 
by the eutectic reaction, will be 
approximately equal and make 
0.25 each. Hence the total 
fraction of the α solid phase will 
be 0.5 + 0.25 = 0.75 and of the 
1 solid phase – 0.25 (Fig. 5a). 

Since the solvus lines in the 
presented diagram (Fig. 5) are 
vertical, at further temperature 
decrease there will be no 
changes in solid phases. 

At the completely non-
equilibrium crystallization of the 
Co alloy according to Fig. 5 the configuration of the transition region and the resulting microstructure will 
not differ qualitatively from the configuration presented in Fig. 4b. The non-equilibrium crystallization will 
lead to the formation of a smaller fraction of the heterogeneous α solid solution (less than 0.5) and 
accordingly a greater fraction (more than 0.5) of the eutectic constituents αULT and βULT. If the initial alloy 
composition is equal to the CEU composition, this alloy will crystallize like a pure element, i.e. at one 
temperature equal to tEU. However this crystallization differs from the pure element crystallization in the 
main, because two solid phases (αULT and βULT) with different compositions and properties form. Therefore, 
to form these solid phases, the diffusion of the A and B elements has to be realized, i.e. one region rich in 
the A element must form (equal to the αULT composition) and the second one rich in the B element (equal 
to the βULT composition). In case of the crystallization of pure elements and alloys, corresponding to the 
compositions of the minimum and maximum points, the realization of such element diffusion in the liquid 
phase is not demanded, because the liquid phase composition is in full conformity with the solid phase 
composition. The result of the eutectic crystallization of the alloy with the CEU composition will be the 
formation of two αULT and βULT crystals (Fig. 5b).  

Thus, it turns out that the crystallization of the CEU composition alloy is always realized in the equilibrium 
way, since the diffusion in the solid phase in this case is not required and the diffusion in the liquid phase is 
aimed at the infinity (DL # �).  

The average distance between the eutectic constituents is definitely correlated with the alloy cooling rate. 
The higher the cooling rate, the less is the distance between the phases. At the same time a fine dispersed 
structure is more preferable for a cast product, since almost in all cases it secures higher working 
characteristics. Therefore the increase of the cooling rate of alloys with the eutectic transformation favors 
the achievement of better mechanical properties in the cast ingot.  

It should be always borne in mind that when we manufacture castings of the alloys with the eutectic 
transformation, the microstructure will not be in strict conformity with the drawings shown in Fig. 4 and 
Fig. 5. The reason for this are more complicated processes which are going on in the bulk of the casting 

 

Fig. 5 Phase diagram of the A – B system with the eutectic equilibrium 
and the configuration of the transition regions in sample castings with 

temperature gradient of the OC  (a) and CEU (b) alloys at the 

equilibrium crystallization 
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during the solidification, resulting from the convective liquid transfer and consequently the change of the 
compositions in different regions at different cooling rates.  

In similar way two-phase transition regions were plotted for binary alloys with peritectic and monotectic 
transformations for the cases of equilibrium and completely non-equilibrium crystallization and for ternary 
alloys as well. Experimental research was carried out on Cu – Ni, Cu – Mn, Cu – Al, Cu – Si systems. 

3. CONCLUSION 

On the bases of the research described above it was determined: 

� In real conditions of casting solidification the alloy crystallization process is closer to the completely 
non-equilibrium mechanism. 

� The size and configuration of the two-phase transition region are affected by the non-equilibrium 
crystallization range, temperature gradient and the degree of the deviation from the equilibrium 
crystallization route. 

� The casting properties of the alloy depend on the alloy crystallization character, the distance 
between the liquidus and the non-equilibrium solidus along the vertical and the distance between 
the liquidus and solidus along the horizontal. 
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Abstract  

The objective of the project „Regional Materials Science and Technology Centre (RMSTC)” is to build 
laboratories and teams that will develop, prepare, investigate and optimise advanced materials and 
metallurgical technologies. The centre is focused on the preparation of highly pure materials, special alloys, 
bio-medical materials, development of materials for high temperature applications, power engineering, etc.  

The following research program was formulated for Working Group VP1: Development and optimisation of 
new technologies of highly pure materials, special metallic alloys and intermetallic compounds (IMC) with 
the defined structure and physical properties for applications in electronics, medicine, mechanical 
engineering and chemical industry. 

The „Department of preparation of materials” consists of the „Laboratory of pure metals" and the 
„Laboratory of special materials”. The focus of the research and development activities of the „Department 
of preparation of materials” is concentrated on the following key issues: Investigation of processes of the 
metallic materials refining, preparation of single crystals and defined materials, determination of the origin 
and distribution of admixtures in crystals and investigation of physical-chemical properties of highly pure 
substances and regularities of changes of their properties in dependence on their chemical composition, 
concentration of admixtures, crystalline defects and structural parameters. 

Keywords: Pure metals, crystallization, alloys, intermetallic compounds, metallurgy, single crystals 

1. INTRODUCTION 

The project „Regional Materials Science and Technology Centre (RMSTC)” concerns predominantly the 
Faculty of Metallurgy and Materials Engineering (FMME). The research and development orientation of the 
FMME is in conformity with the University long-term concept focused on the following disciplines: 
metallurgy of metals (ferrous and non-ferrous), chemical metallurgy, materials engineering, forming and 
heat treatment. 

A specific objective of the RMSTC is to build laboratories and teams that will develop, prepare, investigate 
and optimise advanced materials and technologies of their preparation for the application sphere. The 
centre is focused on the preparation of highly pure materials, special alloys, bio-medical materials, 
development of materials for high temperature applications, and power engineering, preparation of 
materials by advanced powder metallurgy technologies (magnetic materials, friction materials, composite 
materials, etc.), preparation of nano-crystalline materials based on non-ferrous metals, their alloys and 
steels prepared by severe plastic deformation, research of processes running in the liquid phase of reactors 
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that affect the utility properties of materials, physical and mathematical modelling of the materials forming 
processes, including forging, and application of the obtained findings in research and development of 
technology of forming the components for nuclear power engineering equipment. The complexity of 
technological solutions of material-technological issues is further deepened by investigation of degradation 
processes of materials caused by corrosion, high temperatures, stress states and embrittlement due to the 
hydrogen effects, and their impact on the degradation mechanism and safety at operational applications. 
From the material point of view this concerns new advanced materials, but also traditional structural 
materials, such as steel. 

2. MAIN ACTIVITIES OF THE RMSTC 

The structure of the RMSTC centre was also subordinated to envisaged outputs into the industrial sphere 
with a strong application potential. Organisational structure of the centre is divided into five departments: 

� Department of preparation of materials (laboratory of pure metals and laboratory of technology for 
preparation of special materials). 

� Department of powder technologies (laboratory of magnetic and ceramic materials, laboratory of 
friction composites). 

� Department of forming processes (laboratory processes of severe plastic deformation, laboratory 
materials with ultra fine-grained structure prepared by forming, laboratory of modelling and 
optimisation of the forming technologies). 

� Department of evaluation of materials properties (laboratory of structural analysis, laboratory of 
mechanical properties, laboratory of chemical analyses, laboratory of surface analysis and corrosion, 
laboratory of physical properties). 

� Department of experimental verification of technologies and applications (laboratory for 
experimental verification of technologies for the production of new materials and laboratory of 
modelling of processes in the liquid and solid phases). 

On the basis of the existing results of the research and development and in collaboration with potential 
customers in the application sphere the following research programs were formulated during the 
preparation of the RMSTC project: 

� Development and optimisation of new technologies of highly pure materials, special metallic alloys 
and intermetallic compounds with defined structures and physical properties for applications in 
electronics, medicine, mechanical engineering and chemical industry. 

� Development and optimisation of processes of powder technologies for production of selected types 
of materials and products. 

� Control of specific properties of intensively rolled and thermo-mechanically processed materials 
using their structural potential. 

� Research of metallic materials with ultra fine-grained structure (nano-structure), and development of 
processes for their preparation. 

� New sources of strength and toughness of materials for demanding technological applications. 

� Experimental verification of new technological procedures for metallic materials with high quality 
parameters. 
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The RMSTC centre links its activities to the R&D activities of the applicant and its partner – the company 
Material & Metallurgical Research Ltd. and the long-term mutual cooperation, the complexity of which in 
the field of metallurgy and processing of metallic materials represents a unique working site in the context 
of the Czech Republic and contributes significantly to the development of its material base. 

3. ACTIVITIES AT THE DEPARTMENT OF PREPARATION OF MATERIALS 

The „Department of preparation of materials” consists of the „Laboratory of pure metals" and the 
„Laboratory of special materials”. The focus of research and development activities of the „Laboratory of 
pure metals” is concentrated on the following key issues: Investigation of processes of refining metallic 
materials, preparation of single crystals and defined materials, determination of the origin and distribution 
of admixtures in the crystal and investigation of the physical-chemical properties of highly pure substances 
and regularities of changes of their properties in dependence on their chemical composition, concentration 
of admixtures, crystalline defects and structural parameters. The project aims to build a research 
infrastructure of the laboratories of the Department of preparation of materials, as well as scientific-
research teams that will develop, prepare and optimise properties of advanced materials and technologies 
of their preparation for the application sphere. 

The current trend is focused on the preparation of composite materials with metallic matrix, super-alloys, 
titanium alloys, intermetallic compounds based on aluminides and borides, aluminium alloys, magnesium 
alloys and magnetic materials. Problems related to the preparation of these materials involve not only the 
removal of harmful impurities, but also the maximum approach to the stoichiometric composition. In this 
context, a very important role is played by the knowledge of the phase equilibrium of binary or poly-
component diagrams in the temperature-concentration zone of existence of a chemical compound and the 
specificity of interactions between individual components at the crystallization as the final stage at the 
production of bulk crystals. The department work is focused on the achievement of peak parameters in 
terms of purity of materials and controlled structure. It includes the range of materials from low-meting 
alloys with the melting point of 300 °C (new types of lead-free solders) up to the melting temperature of 
2200 °C (special alloys and intermetallic compounds). 

3.1 Project „Start-up” 

Basic guidelines of the project „Start-up” 2010 - 2013: 

� Building of a complex of modern metallurgical equipment for preparation of highly pure metallic 
crystalline materials, special alloys and advanced materials. 

� Development and optimisation of technology of zone melting (Floating zone method) for preparation 
of single crystals of refractory metals and their low-alloyed alloys. 

� Development and optimisation of technology of directional crystallisation of nickel and titanium 
alloys. 

� Development, preparation and optimisation of alloys and intermetallic compounds Ni-Al, Ti-Al and Ti-
Ni.  

� Development and preparation of unconventional alloys by the plasma melting process in the vertical 
mould. 
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� Preparation of metallic materials with the defined physical and structural parameters and 
investigation of their characteristics from the viewpoint of the application output. Technological 
processing of these materials by the forming processes. 

� Preparation of materials with new utility properties and increased service life in extreme conditions. 

� Optimisation of crystallisation processes in order to achieve the structural and chemical homogeneity 
of crystalline high-temperature and magnetic materials. 

� Development of new types of lead-free solders for the electronics, heat exchangers, automotive 
industry, etc. 

� Elaboration of new technologies and enhancement of the existing ones for preparation of highly pure 
crystals in order to obtain numerous metals with the purity of 5N. 

3.2 Objectives of the applied research for the period 2014 - 2018 

The focus of the R&D activities of the Laboratory of pure metals and special alloys is focused mainly on: 

� Investigation of metal refining processes by metallurgical ways in order to achieve the maximum 
possible purity and defined chemical structures, including micro- and macro-homogeneity. 

� Preparation of metallic single crystals of pure metals and low-alloyed alloys, selection of melting 
units, optimisation of technological parameters, preparation of oriented nuclei, investigation of basic 
characteristics of single crystals.  

� Investigation of physical-chemical properties of highly pure substances and regularities of changes of 
their properties in dependence on their chemical composition, concentration of admixtures, 
crystalline defects and structural parameters. 

� Research of new types of bio-compatible materials for medical applications. 

� Research of new types of intermetallic compounds for power engineering, aerospace and mechanical 
engineering industry. 

� Research of the interaction of elements in functionally gradient materials at high temperatures. 

� Research of the interaction of hydrogen in advanced types of materials. 

Cooperative workplaces in the framework of the RMSTC are especially: department of metals forming, 
powder metallurgy, diagnostics of materials properties and others. 

4. INSTRUMENTATION OF THE DEPARTMENT OF PREPARATION OF MATERIALS 

R&D activities of the „Laboratory of pure metals" and the „Laboratory of special materials” are focused on 
the building of experimental furnaces for plasma metallurgy, vacuum metallurgy, processes of normal 
freezing of melts, quick solidification of melts. The chosen instruments cover a wide spectrum of 
technologies of the preparation of progressive materials with directed structure and properties. It includes 
a large area of materials (metals, alloys and intermetallic compounds with the melting point from 200 °C 
(solder alloys) to 3420 °C (tungsten).  

 

Laboratory furnaces and other equipments: (Figs. 1 to 5)  

High-temperature vacuum induction furnace with cold crucible. 

Laboratory equipment for preparation of single crystals by the Czochralski method.  
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Electron-beam furnace for refining of metals and preparation of single crystals (floating zone method). 

Equipment for directional solidification of metals and alloys.  

Plasma furnace with a vertical mould.  

Equipment for induction centrifugal casting "SuperVac". 

High-temperature vacuum furnace for annealing of samples (2200 °C). 

Equipment for division and processing of samples. 

Hydrogen analyzer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Furnace for the electron beam zone melting in high vacuum, firm Delong Instruments 

(floating zone method) 

1 – focusing system, 2 – W cathode, 3 – electron beam, 4 – melt (zone) of metal, 5 – crystal, 6, 8 – holders, 
7 – vacuum chamber 

Electron Filament 
(Cathode)

Metal Ions 
Moving Path

Focussing 
Plate

Sample

Electron 
Moving Path

Anode

Electron Filament 
(Cathode)

Metal Ions 
Moving Path

Focussing 
Plate

Sample

Electron 
Moving Path

Anode

Vacuum 
system 

High- 
voltage 
power 
supply 
12000 V 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1409 

 

Fig. 2 Induction centrifugal casting unit – firm Linn, Germany (titanium, titanium alloys, superalloys (max. 
casting weight 2 kg Ti) 

 

 

 
 

Fig. 3 Equipment for plasma metallurgy with the vertical crystallizer 
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1 – seed holder, 2 - seed, 4 - "Dash neck",    9 - inductive or electron beam heating, 

5, 6 - crystal, 7 - crucible, 8 – melt,    10 – auto-crucible 

Fig. 4 Czochralski method for production of single crystals of refractory metals and intermetallic 
compounds 

 

 

Fig. 5 Hydrogen analyzer, firm Leco (max. 2500 wt. ppm H2) 

5. CONCLUSION 

The research program was formulated for the „Department of preparation of materials”: Development and 
optimisation of new technologies of highly pure materials, special metallic alloys and intermetallic 
compounds with the defined structure and physical properties for applications in electronics, medicine, 
mechanical engineering and chemical industry. 
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Abstract 

Fractional gas analysis was used to study the behavior of oxide and nitride phases in Al-Ni-Co based alloys 
(YuNDKT) during high-temperature treatment of the melt (before its cast) at 1650-1750 �C for 30, 120, and 
300 s, which were prepared from a categorized charge of preset composition. The total oxygen and 
nitrogen contents in the alloys were found to vary periodically (wave-like increase and decrease take place) 
as the time of melt holding at a given temperature increases. It was ascertained that, for any of given 
temperatures in a range of from 1650 to 1750 �C, the time of melt holding, which results in the minimum 
oxygen and nitrogen contents, can be determined. A sequence of processes realized during holding the 
melt at given temperatures is suggested. It allows us to explain the wave-like variations of contents of gas-
forming impurities in these alloys. The results obtained can be used to improve the melting technology of 
magnetically hard YuNDKT-type alloys using open induction furnaces and categorized charge. 

Keywords: Magnetic alloys, oxygen, nitrogen, fractional gas analysis. 

1. INTRODUCTION 

To reach required magnetic characteristics of YuNDK-type (Al-Ni-Co based) permanent magnets, their 
production technology must give the maximum length of columnar crystals and minimum content of 
nonmetallic inclusions, which result in the undesirable refinement of the magnet ingot microstructure. 
Thus, the monitoring of the content of gas-forming impurities at all stages of production technology is the 
indispensable condition for the improvement of article quality. 

YuNDKT-type alloys used for permanent magnets contain [in wt.%] to 42 Co, to 15 Ni, to 4.5 Cu, more than 
1 Nb, to 9 Al, to 9 Ti, and Fe (balance) [1]. The alloys are prepared by melting of expensive pure metals. The 
use of a categorized charge of preset composition in substitution for pure metals is a new direction in the 
development of resource-saving production technologies of cast articles from hard-magnetic alloys. Ingots 
prepared from the categorized charge are relatively moderate. This is related to the fact that the 
categorized charge is prepared from secondary metals and alloys and domestic metallic waste products. 
Inclusions and impurity phases affect negatively the structure and properties of prepared ingot [2-4]. This 
negative effect can be eliminated using relatively simple high-temperature treatment procedure. For each 
specific alloy, conditions of the high-temperature treatment are determined only experimentally. 

The existing methods for the determination of nitride and oxide inclusions, such as the optical and electron 
microscopy, high-temperature hydrogen extraction and methods, which assume the separation of 
nitrogen-containing compounds from alloys, are time-consuming; moreover, they do not give the required 
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accuracy of determination. An original express fractional gas analysis (FGA) method was developed at the 
Baikov Institute of Metallurgy and Materials Science, Russian Academy of Sciences [5]. Preliminary 
experiments performed for YuNDKT-type permanent magnets allowed us to determine time and 
temperature conditions of melt treatment, at which columnar crystals in ingots subjected to directional 
solidification have the maximum length and, thus, the high magnetic properties of finished articles 
(magnets) are reached [6]. However, no clear regularities of the effect of high-temperature treatment 
conditions of the melt on the oxygen and nitrogen contents in YuNDKT alloys prepared from the 
categorized charge were found. The aim of this study is to find such regularities. 

2. EXPERIMENTAL 

We studied temperature and time melting conditions for a YuNDKT5BA type alloy prepared from the 100% 
categorized charge. Peculiarities of the behavior of gas-forming impurities during the high-temperature 
treatment, which are present in the alloy, are also studied. 

To prepare the categorized charge, we used purchased and domestic (Public Corporation JSC Magneton) 
industrial scrap of YuNDKT5BA-type magnets. The chemical composition of the scrap corresponds to the 
State Standard GOST 17809-72 for this alloy [1]. The oxygen and nitrogen contents in the scrap are 30 � 10 
and 20 � 6 wt. ppm, respectively. The scrap was melted in an IST-016 open induction furnace with a neutral 
lining. In the course of melting, the chemical composition of formed melt was controlled using a Niton 
XLt898 portable X-ray fluorescence express-analyzer; the additional charging with pure metals was used to 
reach the required alloy composition. After dissolution of all components, the finished melt was cast into 
iron molds. Tab. 1 shows the chemical composition of prepared alloy. This alloy was used for subsequent 
experiments as the categorized charge having the preset composition. Tab. 1 also shows the chemical 
composition of a YuNDKT5BA-type alloy according to the State Standard GOST 17809-72 [1]. 

It follows from the data that the composition of categorized charge corresponds to the chemical 
composition of YuNDKT5BA-type alloy. The oxygen and nitrogen contents in the categorized charge are 307 
� 215 and 30 � 15 wt. ppm, respectively. 

 

 Tab. 1 Chemical composition of categorized charge and YuNDKT5BA alloy 
Alloy Content of elements, wt.% 

Co Ni Cu Nb Al Ti S C Fe 
Categorized 
charge  

34.7 13.7 2.94 1.04 6.85 5.1 0.27 0.05 Balance 

YuNDKT5BA 
alloy 

34.2-
35.3 

13.2-
13.8 

2.8-
3.1 

0.9-
1.1 

6.6-
7.2 

4.7-
5.3 

<0.45 <0.07 Balance 

 

To melt the magnetically hard YuNDKT5BA alloy, the categorized charge was charged into a melting furnace 
in a fused-alumina-lined crucible and melted (without any additional charging) in air without slag. The melt 
was heated to a given temperature (1650, 1700, and 1750 �C) and held for a certain time . (30, 120 and 300 
s). After holding at the given temperature, the melt was cast into a casting mold. The melt temperature was 
measured using a Rayteck (U.S.A.) laser pyrometer and a VR 5/20 dip-type thermocouple. 
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The chemical composition of the prepared YuNDKT5BA samples was determined using a CPM-25 X-ray 
multichannel spectrometer. The sulfur and carbon contents in the samples were determined using AS-7932 
and AN-7529 (Russia) and CS-230 LECO (U.S.A.) analyzers. The oxygen and nitrogen contents were 
determined by fractional gas analysis using a TC-600 LECO analyzer and an original procedure earlier 
developed in [5]. 

3. RESULTS AND DISCUSSION 

Using the chemical analysis data for the categorized charge and prepared YuNDKT5BA samples, we 
calculated the losses of principal components of the alloy for different conditions of high-temperature 
temperature. Tab. 2 shows losses (averaged for three independent measurements) of components of the 
YuNDKT5BA alloy during melting. 

It follows from the dada that the processing of 100 % categorized charge in an open induction furnace into 
the YuNDKT5BA alloy is accompanied by aluminum, titanium, and carbon losses and an increase in the 
sulfur content. The concentrations of the other alloy components either increase slightly (Fe, Co, Ni, and 
Cu) or almost unchanged (Nb). 

The increase in the melt temperature at unchanged holding times . = 30 and 300 s leads to an increase in 
aluminum losses; on the contrary, during 120 s holding, the aluminum loss decreases. As the temperature 
of 30 and 300 s holdings increases, variations of titanium losses correspond to curves characterized by 
minimum and maximum, respectively; the extremes always correspond to a melt temperature of 1700 �C. 
The increase in the temperature of 120 s holding is accompanied by progressive decrease in titanium 
losses. Carbon losses correlate with aluminum and titanium losses but are opposite in sign to them. In all 
cases, the increase in the sulfur content decreases as the melt-holding temperature increases. 

Variations of the aluminum and titanium losses with increasing time of holding at the same temperature 
allow us to note that, as the time of holding at 1650 �C increases from 30 to 300 s, the aluminum and 
titanium losses first increase and then decrease. The analogous variations of the aluminum losses are also 
observed during holding at 1700 �C; however, at 1750 �C, the losses are higher than those at 1650 �C. The 
increase in the time of holding at 1750 �C from 30 to 300 s leads to the progressive increase in titanium 
losses. During holding of the melt at 1750 �C for 300 s, aluminum losses monotonically increase, whereas 
titanium losses first decrease (for a range . = 30-120 s) and then increase (for a range . = 120-300 s). 

In all cases, variations of carbon losses with changing holding time are described by a curve characterized 
by minimum at . = 120 s; the increase in the sulfur content decreases with increasing holding time. 

The nonmonotonic variations of the aluminum and titanium contents in the alloy during high-temperature 
treatment allow us to assume the periodic formation of chemical compounds and their decomposition. In 
particular, in the beginning of high-temperature treatment, the oxide (or nitride) formation is realized for a 
certain time. The reaction passes the maximum of its development and subsequently goes out slowly (or 
stops). After that, the reverse reaction of reduction of element from its oxide (or nitride) with another 
element present in the melt, in particular, carbon starts. After a while, this reaction goes out slowly and the 
sequence of processes repeats itself. 
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 Tab. 2 Losses of components of the YuNDKT5BA alloy prepared from the categorized charge under 
different high-temperature treatment conditions 

High-
temperature 

treatment 
conditions 

Losses of components [wt.%] 

.. [s] t [��C] Co Ni Cu Nb Al Ti S C Fe 

30 

1650 -0.09 -1.70 -1.02 0 3.10 1.60 -23.7 23.5 0.006 

1700 -0.29 -1.02 -1.70 0.96 3.90 0.98 -23.2 23.5 -0.110 

1750 -0.23 -0.95 -1.36 0 3.90 1.80 -8.4 9.9 -0.362 

120 

1650 -0.58 -1.40 -1.36 0 7.30 4.30 -19.7 -14.8 -0.851 

1700 -0.29 -0.70 -0.68 0.96 5.10 1.60 -9.9 8.6 -0.661 

1750 -0.29 -0.88 -1.02 0 4.80 1.20 0 8.6 -0.492 

300 

1650 -0.14 -0.80 -0.70 0 3.50 1.40 -9.9 21.0 -0.435 

1700 -0.60 -1.30 -0.30 0 4.96 2.35 -3.5 13.6 -0.229 

1750 0.06 0.07 0 0 5.10 1.96 -0.5 18.5 -1.416 

 

Fig. 1 shows oxygen and nitrogen contents in the alloys subjected to high-temperature treatments under 
different conditions. It is seen that, the increase in the temperature of 30 s holding of the melt from 1650 
to 1750 °C leads to some increase in both oxygen and nitrogen contents in the alloy. As the time of holding 
at 1650, 1700, and 1750 °C increases to 120 s, the oxygen content in the alloy under study decreases 
monotonically; the dependence is linear. In this case, the nitrogen content first increases slightly from 70 to 
80 ppm (1650-1700 °C) and 
subsequently sufficiently abruptly 
decreases to 40 ppm (1700-1750 
°C).As the time of holding at given 
temperatures increases to 300 s, 
temperature dependences of both 
oxygen and nitrogen contents in the 
alloy correspond to curves 
characterized by minimum observed 
at 1700 �C. In this case, the oxygen 
content in the alloy first decreases 
from 245 (at 1650 �C) to 95 ppm (at 
1700 �C) and subsequently increases 
to 265 ppm (at 1750 �C). The nitrogen 
content also first decreases from 90 
ppm at 1650 �C to 45 ppm at 1700 �C 
and then increases to 90 ppm at 
1750 �C. 

. [s] 

t [�C] 

[O] ppm 

[N] ppm 

Fig. 1 Effect of temperature (t) and time (.) of holding of the 
melt before casting on the (a) oxygen and (b) nitrogen contents 

in the alloy prepared from the categorized charge 
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Thus, the character of dependence of nitrogen content in the alloy on the holding temperature changes as 
the holding time increases from 30 to 300 s. At . = 30 s, the dependence is close to linear; at . = 120 s and 
300 s, the dependences are characterized by maximum and minimum, respectively. In this case, the 
dependence of the oxygen content in the alloy on the holding temperature changes from almost linear 
slightly ascending at . = 30 s to linear slightly descending at . = 120 s; at . = 300 s, the dependence is 
characterized by minimum observed at 1700 �C. 

Let us analyze changes in the oxygen and nitrogen contents in the alloy as the time of holding at the same 
temperature increases from 30 to 300 s. As the time of holding at 1650 �C changes from 30 to 300 s, the 
oxygen content increases from 90 to 265 ppm. The further increase in the holding time to 300 s leads to 
some decrease in the oxygen content (to 245 ppm) in the alloy. As the time of holding at 1650 �C increases 
from 30 to 300 s, the nitrogen content increases from 45 to 70 and 90 ppm at . = 120 and 300 s, 
respectively. As the time of holding at 1700 �C increases from 30 to 300 s, the oxygen content in the alloy 
first increases from 85 to 185 ppm at . = 120 s and subsequently decreases abruptly to ~95 ppm at . = 300 
s. In this case, the nitrogen content also first increases from 60 (at . = 30 s) to 80 ppm (at . = 120 s) and 
subsequently decreases abruptly to 45 ppm at . = 300 s. 

As the time of holding of the melt at 1750 �C increases, the character of variations of oxygen and nitrogen 
contents in the alloy changes oppositely as compared to that observed at 1700 �C. As the time increases 
from 30 to 300 s, the oxygen content first slightly decreases (from 120 ppm at . = 30 s to 105 ppm at . = 
120 s) and subsequently increases abruptly to 265 ppm at . = 300 s. The nitrogen content also first 
decreases from ~70 ppm at . = 30 s to 40 ppm at . = 120 s and subsequently increases to 90 ppm at 
. = 300 s. 

The described character of variations of gas-forming elements in the alloy depending on the melt 
temperature and time of holding at this temperature can be related to the oxygen and nitrogen dissolution, 
formation of nonmetallic inclusions (oxides and nitrides), and floating up of these inclusions to the melt 
surface. At the same time, nonmetallic inclusions, such as oxides, nitrides, sulfides and carbides, which 
were formed during solidification of categorized charge and are present in the melt, are dissolved. The 
dynamics of dissolution of these inclusions in the YuNDKT5BA-type alloy melt was studied in [7, 8]. 

The variations of the oxygen and nitrogen contents in the alloy during its heating to 1650, 1700 and 1750 �C 
and holding at these temperatures for 30, 120 and 300 s are due to the accumulation (dissolution) of these 
impurities in the melt to concentrations, at which, the formation of nonmetallic inclusions (compounds) 
starts under these conditions. In this case, the maximum oxygen and nitrogen contents are observed. 
Subsequently, the mass formation of nonmetallic inclusions (oxides and nitrides) in the alloy, their 
coagulation, and floating up to the melt surface take place. In this case, the decrease in the oxygen and 
nitrogen contents is recorded. The further holding of the melt at the given temperature leads to the fact 
that, owing to formed lack of oxygen and nitrogen in the melt, these elements again begin to dissolve 
actively in the melt, and their concentration in the melt again increases. This is confirmed by FGA data. 
After that, the sequence of processes repeats. In our opinion, this fact explains the periodic increase and 
decrease in the oxygen and nitrogen contents in the YuNDKT-type alloys during holding of the melt at 
temperatures of 1650-1750 �C. 

The results obtained can be applied practically to improve the melting technology of magnetically hard 
YuNDKT-type alloys in open induction furnaces using the categorized charge. 
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4. CONCLUSIONS 

� The FGA was used to determine the contents of oxides and nitrides and their species in Al-Ni-Co 
based alloys prepared from the categorized charge of preset composition and subjected to the high-
temperature treatment under different time and temperature conditions. 

� Dependences of the oxygen and nitrogen contents in the YuNDKT-type alloys on the time of holding 
at a given temperature (in a range of from 1650 to 1750 �C) exhibit periodic (wave-like) behavior. The 
mechanism of periodic (wave-like) variations of the total oxygen and nitrogen contents in the 
YuNDKT-type alloys depending on the time of melt holding at a given temperature can be related to 
the occurrence and periodic repetition of the following processes: accumulation (dissolution) of 
oxygen (nitrogen) in the melt # mass oxide (nitride) formation in the melt # coarsening, 
coagulation, formation of oxide (nitride) films # floating up of oxides (nitrides) to the melt surface 
and slag formation, which results in the depletion of the melt with respect to fixed oxygen and 
nitrogen, # repeated saturation of the melt with oxygen and nitrogen # the next wave of mass 
oxide (nitride) formation, coarsening of inclusions, their floating up, etc. Along with these processes, 
the periodic decomposition of oxides and nitrides (reverse reaction of reduction of an element from 
its compound with another element (in particular, with carbon) present in the melt). 

� In the course of open induction melting of YuNDKT-type alloys from the categorized charge and 
subsequent treatment of the melt at a given temperature in a range of from 1650 to 1750 �C, such a 
time of melt holding, at which the oxygen and nitrogen contents in the alloy are minimum, can be 
found. 

� The experimental results obtained allow us to conclude the realization of self-purification mechanism 
of the alloy, i.e., the spontaneous decrease in the total oxygen and nitrogen contents in metallic melt 
during its holding at a given temperature for a certain time. 
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Abstract 

Tungsten-steel composites and FGMs are being developed for potential application in plasma facing 
components of fusion devices. In this study, uniform composites and graded layers produced from tungsten 
and steel powders by hot pressing were investigated. Formation of dense composites with uniform 
distribution and good bonding of the phases was observed. A thin layer of intermetallic phase Fe7W6 
formed at the interfaces. Thermal and mechanical properties of the composites in the as-produced and 
annealed state were characterized. 

Keywords: FGM, composite, tungsten, steel, fusion reactor material. 

1. INTRODUCTION 

Tungsten-steel composites and functionally graded materials (FGMs) are being developed for potential 
application in plasma facing components of fusion devices. In fusion devices, the materials can be subjected 
to complex loading – thermal, mechanical, chemical, electromagnetic, prospectively also in the presence of 
neutron irradiation [1]. The required ability to function in such extreme conditions poses serious challenges 
for materials development, with different requirements often calling for multi-material compounds. For 
example, for the ITER reactor, tungsten, beryllium and carbon fiber composites are planned as the plasma 
facing materials, according to different particle and heat fluxes expected in different regions of the plasma 
facing surface [2]. These are to be joined to copper-based heat sink or stainless steel construction material. 
For the next step device, DEMO, tungsten is foreseen as the main plasma facing material, to be joined to 
stainless steel as a heat sink and construction material [1, 3]. When two or more materials are to be used, 
various joining issues come into play. These are namely the dissimilarity in thermal and mechanical 
properties, leading to stress concentration at the interface, physicochemical compatibility, such as lack of 
wetting or high mutual reactivity, neutronics problems with certain brazes, etc. [4]. Some of these issues 
can be solved by the use of interlayers or graded transitions between the two materials. It has been shown 
in specific tungsten/steel examples that the use of a graded interlayer can reduce the maximum strain by a 
factor of 3 [5] and that the reduction of maximum strain is larger the thicker is the graded layer [6]. Several 
techniques have been explored for the production of composites and graded layers, such as plasma 
spraying [7], pulse plasma sintering [8], resistance sintering [9], laser cladding etc. A brief assessment of 
different aspects of their applicability in plasma facing components of fusion reactors is provided in [6]. 

This paper is focused on the hot pressing technique, using tungsten and steel powders. Structure and 
selected properties of uniform composites with various compositions as well as graded layers are 
presented.  
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2. EXPERIMENTAL DETAILS 

Tungsten-steel uniform composites and layered FGMs were produced by hot pressing powders in a 
graphite die at Bonar, a.s. (Šumperk, Czech Republic). The conditions were 2000 °C and 6 GPa, except 
where noted. Pellets of about 19 mm diameter and various thicknesses were formed, with different layer 
configurations as summarized in Tab.1. First, uniform composites were prepared from W + steel powder 
mixtures, consisting of nominally 0, 25, 50, 75 and 100 vol.% tungsten, to characterize the interaction and 
properties of the individual constituents. Thick and thin FGMs, consisting of 5 layers with the 
abovementioned compositions, were then produced. For the thin FGMs, 0.15 mm steel sheet partitions 
were used between powder layers, to facilitate planarity. Additionally, uniform composites with finer 
powder were produced, to observe the effects of particle size. The following powders were used: W 63-80 
�m (Alldyne Powder Technologies, Huntsville, USA), W <50 �m (Osram Sylvania, Towanda, USA) and 
SS410 50-90 �m (Flame Spray Technologies, Duiven, Netherlands). The composition of the steel powder 
was as follows (wt.%): Fe balance, Cr 12.3, Si 0.6, Ni 0.2, C 0.01, S 0.01. Selected samples were annealed in 
an inert atmosphere at 1000 °C for 4 hours to observe possible formation of intermetallic phases and/or 
changes in properties. 

Structural observations were carried out on polished cross sections using an EVO MA15 scanning electron 
microscope (Carl Zeiss, Oberkochen, Germany). Energy-dispersive spectroscopy, integrated in the SEM, was 
used for local compositional analysis. Volume percentage of the tungsten and steel phases was determined 
by image analysis on SEM images in backscattered electron mode. Thermal conductivity was determined by 
the xenon flash method using an FL-3000 instrument (Anter Corp., Pittsburgh, USA) at 100 °C. Mechanical 
properties of the individual phases were characterized by instrumented indentation on a Nanotest 
instrument (Micromaterials Ltd., Wrexham, UK) with a 50 mN load and loading/hold/unloading times of 
20/10/20 s. Phase composition of was determined from X-ray diffraction pattern measured by an X'Pert 
PRO MPD diffractometer (PANalytical B. V., Almelo, Netherlands) equipped with a copper anode X-ray tube 
and a fast RTMS (Real Time Multiple Strip) detector. The diffractometer was used in Bragg-Brentano 
geometry with the sample surface being positioned by a laser triangulation gauge. Structure refinement 
and quantitative phase analysis are results of Rietveld refinement procedure employing X'Pert 
HighScorePlus software. 
 

 Tab. 1. Overview of the samples 
Label Layer sequence Thickness [mm] 
S100 100 % SS410 2.7 
W25S 25 % W + 75 % SS410 2.6 
W50S 50 % W + 50 % SS410 2.1 
W75S 75 % W + 25 % SS410 2.5 
W100 100 % W 2.5 
W50F 50 % W fine + 50 % SS410 2.9 
W75F 75 % W fine + 25 % SS410 2.8 
FGM1 100 % SS410, 25 % W, 50 % W, 75 % W, 100 % W 7.8 
FGM2 100 % SS410, 25 % W, 50 % W, 75 % W, 100 % W fine 1.5 
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3. RESULTS AND DISCUSSION 

3.1. Structural observations 

Representative structures of the uniform W+SS410 composites are shown in Fig. 1. Relatively 
homogeneous mixing of the two constituents, essentially full density and good bonding can be observed. 
The particles are slightly elongated in the horizontal direction, as a result of the uniaxial pressure. Besides 
the original phases, a newly formed thin layer can be seen at the interfaces (shown in grey in the BE 
images). This layer has been identified as Fe7W6 by x-ray diffraction (see below) and its thickness slightly 
increases with increasing W content. Detail of this interlayer is shown in Fig. 2a. For the most part, this 
phase appeared contiguous; isolated cracks across the thickness were occasionally observed. Moreover, in 
composites with a higher W content, a sort of “microcomposite” has formed on the steel side of the 
interface. Its detail is shown in Fig. 2b, where heavily intermixed, submicron grains are observed. In some 
cases, this microcomposite formed the entire particle, while in others a steel core remained in the centre. 
Detailed structure of the steel phase is also shown in Fig. 2a. On the right, rows of ultrafine pores (≤ 300 nm 
in size), formed likely at the original particle boundaries, can be seen. However, their occurrence was rather 
infrequent. In the centre, a network of diffuse lighter “threads” can be seen, indicating a higher W content. 
Preferential diffusion paths were probably provided by the original particle boundaries as well. Detail of the 
tungsten phase is shown in Fig. 2c. At enhanced contrast, a very fine grain structure can be seen, as well as 
a row of submicron-size pores in the centre. With finer W powder, similar structures were obtained, but 
with a more homogeneous distribution of the phases. In two samples, an isolated small region with a very 
fine structure was found, exhibiting intense mixing and higher carbon content. This may have resulted from 
local overheating, accompanied by ingress of carbon from the die. 

A thick 5-layer FGM is shown in Fig. 3. A stepwise compositional transition from steel (bottom) to tungsten 
(top), with good planarity of the layers can be seen. A slight variation in composition within a single layer 
can be observed, probably as a result of manual pouring of the powders into the die. A thinner FGM was 
also attempted. To ensure good planarity and more precise control of the layer thicknesses, 0.15 mm 
stainless steel sheet partitions were used between each layer. As can be seen in Fig. 4, the planarity was 
preserved and the partition integrated well with the neighboring layers. This was also observed in other 
cases (bi-layers), not shown here. 

Upon annealing, the structure of the composites was largely preserved, only the intermetallic layers have 
grown slightly. In some locations of the annealed W75S sample, two sub-layers within the intermetallic 
layer could be discerned. According to point-wise EDS, the composition corresponded roughly to Fe7W6 and 
Fe2W, but the sub-layers were too thin for definitive identification. Quantitative x-ray diffraction analysis 
has shown the following phase content in the annealed W75S sample (wt. %/vol. %): W 79.3/65.6, Fe 
12.4/25.4, Fe7W6 3.8/4.1, Fe2W2C 3.8/4.1, WC 0.7/0.7. The formation of the carbides was likely facilitated 
by enhanced diffusion of carbon from the graphite die through the molten steel. This is also supported by 
the localized EDS measurements, performed in several ~ 500 x 500 �m regions across diagonal sections of 
the W50 and W75 samples. Although only semi-quantitative, the results showed uniform carbon content 
across the sample thickness. 

3.2. Properties 

Thermal conductivities in the as-produced and annealed states are summarized in Tab. 2. As expected, the 
values for the terminal compositions are close to those for bulk materials found in the literature (164 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1420 

Fig. 2 Microstructural details of individual 
phases: 

a) W25S, b) W50F, c) W100 

W/m.K for W, 27 W/m.K for SS410 [10]). The trend of conductivity with composition is not linear; the values 
remain rather low for W content of up to 50% and only increase significantly for the higher W content. The 
value for the FGM1 was lower than expected, possibly due to the presence of carbon/carbide inclusions, as 
mentioned previously. After annealing, the values did not change considerably. 

 

 

 
 

 

 

Fig. 1 Microstructures of the uniform 
W+SS410 composites: a) W25S, b) W50S, c) 
W75S. SEM-BE images; tungsten phase in 

light grey, steel phase in dark grey 
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The results of mechanical characterization of the individual phases of the annealed W75S sample are 
summarized in Tab. 3. The Fe7W6 phase showed the highest hardness, while that of the microcomposite 
was between Fe7W6 and W. On the other hand, W phase had the highest Young’s modulus, followed by the 
Fe7W6 and the microcomposite. The Fe7W6 phase exhibited the lowest ratio of plastic work to total work 
during the indentation, therefore the lowest ability to plastically deform (as could be expected from an 
intermetallic phase). 

 

 Tab. 2 General characterization results. Tungsten content was determined by image analysis on the cross 
sections. Typical coefficient of variation of the thermal conductivity values is around 2 % 
Label W 

content 
[vol.%] 

Thermal conductivity 
as-produced [W/m.K] 

Thermal 
conductivity 

annealed [W/m.K] 
S100 0 24.8 26.9 
W25S 27.3 17.7 20.5 
W50S 46.6 25.7 24.7 
W75S 68.4 78.6 70 
W100 100 168.1  
W50F 53.4 43.4  
W75F 74.9 74.0  
FGM1  16.3  

 

Fig. 3 Overview of the thick graded structure 
(FGM1). Steel side at the bottom, tungsten side 

at the top 

Fig. 4 Detail of the thin graded structure (FGM2). 
The sequence of layers, going up from the 

bottom, is the following: 100 % W layer, stainless 
steel partition, 75 % W layer, 50 % W layer 

showing heavy mixing due to local overheating. 
Other layers are not shown, since they were 
disturbed due to a crack in the graphite die 
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 Tab. 3 Results of the nanoindentation experiments on annealed W75S sample 
Phase Hardness 

[GPa] 
Young’s 

modulus [GPa] 
Plastic work 

[nJ] 
Elastic work 

[nJ] 
W 6.5 ± 0.3 396 ± 30 10.3 ± 0.4 1.5 ± 0.1 

Fe7W6 13.7 ± 1.8 284 ± 27 5.7 ± 0.6 2.7 ± 0.2 
Microcomposite 8.5 ± 0.4 244 ± 11 7.7 ± 0.3 2.5 ± 0.1 

4. SUMMARY 

Tungsten-steel composites and FGMs were produced by hot pressing. The composites exhibited full 
density, uniform mixing and good bonding between the tungsten and steel particles. Two examples of 
FGMs demonstrated the compositional gradation over different thicknesses. The formation of a thin Fe7W6 
intermetallic layer at the interfaces was observed, in dependence on the tungsten content. Local 
mechanical characterization indicated this phase to be more brittle than the others, which may pose a 
problem to structural integrity upon exposure to high temperatures. Possible ways to inhibit the formation 
of this layer are being explored. 
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Abstract 

The paper focuses on the influence of strontium, added to the alloy AlSi10Mg in amount of 400 ppm, to the 
structure. Besides changes in the morphology of eutectic silicon, changes in the morphology of 
intermetallic phases are particularly monitored, namely phases containing iron and magnesium. The effect 
of strontium on the structural defects, in particular cavities, is also observed. It has been proven that 
strontium affects the morphology of the phases containing iron, manganese and magnesium. Also findings 
of the other authors were confirmed, that strontium negatively affects the level of gas porosity and 
distribution of shrinkages. 

Keywords: Aluminum alloy, strontium, magnesium, intermetallic phases, structural defects. 

1. INTRODUCTION 

Strontium is commonly used as a modifier element, by which addition eutectic crystallization is affected in 
order to improve the mechanical properties, especially ductility. Eutectic modification is a major change in 
the quality of eutectic silicon crystals in the new organization structure. Specifically, the change of 
nucleation, crystallization and subsequently result in the morphology of eutectic silicon. The final 
morphology of the targeted change in the so-called "modified" eutectic silicon mainly consists of refined 
hexagonal tabular bodies of silicon, forming a solid skeleton with the common center of crystallization in 
eutectic cell, to the rod-shaped and fibrous formations. The crystallization of the modified eutectic silicon, 
however, has completely different mechanism of growth - the modifier element reduces the rate of 
diffusion of silicon in the melt, due to the small distribution coefficient. Atoms of the modifier absorb onto 
the growth steps of the silicon solid-liquid interface. If the modifier atom radius has the correct size with 
respect to the atomic radius of silicon a growth modifier silicon twin will be caused at the interface [1]. 

The above described principle, which is also called mechanism IIT (Impurity Induced Twinning) is one of the 
most accepted theory to explain the principle of modification. However, recent studies have shown that 
modification changes the nucleation frequency and dynamics of eutectic grains, with associated effects on 
the growth rate. In unmodified commercial Al-Si alloys, a large number of eutectic grains nucleate at or 
near the primary aluminum dendrite tips, and eutectic aluminum forms epitaxially on the primary 
dendrites. On the other hand, with addition of eutectic modifiers, i.e., Sr, a dramatic decrease in the 
nucleation frequency of eutectic grains is observed, and the grains are nucleated independently of the 
primary phase at distributed centers in the interdendritic regions. The eutectic reaction in Al-Si alloys 
commences with the nucleation of the silicon phase, which is the leading phase during growth of the Al-Si 
eutectic. Aluminum phosphide (AlP) particles are very potent nuclei for eutectic silicon in commercial Al-Si 
alloys, where phosphorus is commonly present as an impurity element. The addition of sodium neutralizes 
AlP and thus makes nucleation of eutectic silicon more difficult. More recent studies of eutectic nucleation 
have confirmed that AlP nucleates eutectic silicon and the large reduction in nucleation frequency of 
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eutectic grains in Sr-modified Al-Si alloys appears to be caused by some poisoning mechanism of the potent 
nuclei [2]. 

In addition to the effect of Sr on the growth of eutectic Si, recent studies have confirmed that Sr also 
significantly changes the nucleation behavior of the eutectic phases. It is proposed that the addition of Sr 
deactivates AlP and/or oxide bifilms as favored nucleation sites for eutectic Si. Thus, Si is forced to nucleate 
at a lower temperature on some unknown substrate and grow as a fine, fibrous eutectic Si with high twin 
density. In order to confirm one of the proposed mechanisms, there is great interest in analyzing the local 
distribution of the modifying element within the Al-Si eutectic and at the Al/Si eutectic interfaces [3]. 

1.1. The effect of strontium on the structural defects in Al-Si alloys 

Modification elements may, besides the positive influence on the structure, have also a negative effect, 
manifested by an increase in porosity. One consideration is the porosity due to hydrogen. Another 
important aspect of the modification, however, is the change of the solidification temperature range. 
Modification may cause changes in the model of shrinkage and gas porosity. Experiments showed that the 
total volume shrinkage, which is a property of alloy, is not affected by modification. However, the way how 
shrinkages are distributed and if they are macro- or micro- porosity is strongly affected by the modification. 
Both sodium and strontium cause a fall in growth of focused shrinkages and increased growth of micro 
porosity. In other words, shrinking during solidification is redistributed by modification [1]. For example 
unmodified eutectic alloy AlSi12 solidifies from the surface of the casting inwards to form a concentrated 
shrinkage. Alloy with a needle like or partially modified eutectic solidifies mushy and has a tendency to 
create distributed porosity. Alloy with a well-modified or over-modified eutectic creates concentrated 
shrinkage again [4]. 

1.2. The effect of strontium on the intermetallic phases in Al-Si alloys 

Modification may also affect the morphology of undesirable intermetallic phases such as phases containing 
iron. As the example in [2, 5 - 7], some modifier elements such as strontium and potassium, have a positive 
effect on the morphology of β-Al5FeSi, respectively on the conversion of this phase, the phase of α-and-
Al8Fe2Si. A similar theme deals with, among others [8], which follows the interaction of strontium and 
copper. It was found that strontium modification causes segregation of coarse particles CuAl2 phase, 
causing a reduction of the mechanical properties. These particles are formed outside eutectic. However, 
the T6 heat treatment leads to dissolution of these phases and the negative effect of the strontium on 
copper phase can be minimized. The available literature does not satisfactorily describe the relationship 
and influence of strontium and magnesium. In some works has been identified magnesium as element that 
facilitates the modification, some works attributed it a negative effect on the modification, but any work 
did not pursue strontium affecting the morphology of the intermetallic phases containing magnesium. In 
Al-Si alloys is magnesium usually found as a phase Mg2Si, but may be present also in iron-containing phases 
such as phase FeMg3Si6Al8, or in other complex eutectics. 

1.3. Goals of experiment 

Findings of authors in theoretical background mentioned above lead to formulation of following goals of 
the work: 

� to observe the influence of strontium on intermetallic phases in specific non-binary alloy 
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� to observe differences of various modification agents based on strontium in influence to the 
structure of specific non-binary alloy 

� to observe the influence of strontium on structural defects of specific non-binary alloy 

2. DESCRIPTION OF EXPERIMENT 

For the experiment, alloy EN AC-43100 (AlSi10Mg) was chosen. The batch consisted only of alloy ingots, 
with no recycled material. The melt was neither refined nor degassed. The samples were cast in a green 
sand molding mixture, with 4 castings in one mold. The reference samples were cast without modification. 
Other samples were modified by 400 ppm of strontium. Five various agents based on strontium were used: 
wrought pre-alloys AlSr3.5, AlSr5, AlSr10, cast pre-alloy AlSr10 and pure strontium. Samples for 
metallography were taken from the castings, and chemical composition was measured. 

3. EXPERIMENT RESULTS 

The metallography brought interesting 
findings. On closer examination eutectic 
grain boundary areas show coarse 
eutectic silicon. In addition these sites also 
contain coarse intermetallic phases in 
particular iron, iron and manganese and 
magnesium containing phases.  

 

In order to confirm assumptions about the 
composition of the intermetallic phases at 
grain boundaries, spectral analysis of 
selected phases was performed. It turned 
out that at the phases which were 
assumed as the type Al(FeMn)Si, 
magnesium is also present. Fig. 2a shows 
a detail of connected intermetallic phases. 
Position Spectrum 1 was defined as the 
phase, where in addition to aluminum and 
silicon chromium also occurs, but especially manganese and iron in the order of units to tens of percent. 
Spectrum 3 shows in addition to the above indicated the content of 1.32 wt.% of magnesium. Positions 2 
and 4 except of aluminum and silicon content also around a 6 wt.% of magnesium, 4 wt.% iron, but very 
little or no manganese content.  

Similarly, in Fig. 2b is analyzed as position 1 phase containing magnesium (12 wt.%), iron (4.3 wt.%) and 
manganese (0.83 wt.%). Position 2 is the eutectic silicon phase, position 3 is rich in magnesium and silicon, 
while taking into account the morphology may be considered as Mg2Si phase and confirm the original 
assumption. 

When comparing the different structures obtained by modifying agents, different morphology of the 
various intermetallic phases and defect structures of the nature of cavities can be observed. 

Fig. 1 Sample modified by AlSr3.5 - intermetallic phases at 
grain boundaries, 1 - phase of iron, probably β-Al5FeSi, 2 - 
phase of iron and manganese, probably Al15(FeMn)3Si2, 3 - 

phase of magnesium Mg2Si 
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Unmodified structure contains in addition to the primary dendrites of solid solution and granular eutectic 
also intermetallic phases of iron, which are acicular to skeletal character, while the branches of those 
particles are quite massive. Occasionally there are skeletal particles of magnesium phase Mg2Si, always tied 
to the eutectic silicon or iron phase. There are “lace” phases containing different intermetallics, depending 
on color can be judged on the phases of iron and magnesium phase. 

 

  
Fig. 2 a, b Details of intermetallic phases from electron microscopy and spectral analysis 

 

  
Fig. 3 Unmodified structure  Fig. 4 Structure modified by AlSr3.5 

 

In the structure modified by agent AlSr3.5 at the grain boundaries occur coarse needle to flat formations of 
iron and manganese phases and skeletal magnesium formations, which are always bound to the iron phase 
and the eutectic silicon. Cavities are present, usually a combination of interdendritic shrinkage and gas 
porosity.  

In the structure modified by the agent AlSr5 occur needle to rougher surface formations phases of iron and 
manganese and skeletal magnesium formations. In all samples is high volume of cavities, mostly 
interdendritic shrinkage porosity combined with gas. 
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Fig. 5 Structure modified by AlSr5  Fig. 6 Structure modified by cast AlSr10 

 

In the structure modified cast agent AlSr10 are rough needle to skeletal phases of iron and manganese and 
skeletal magnesium phases formations, which are always bound to the iron phase. Finer phase of iron 
formations extend to eutectic. In the structure appear interdendritic shrinkages combined with gas 
bubbles. 

 

  

Fig. 7 Structure modified by wrought AlSr10 Fig. 8 Structure modified by pure Sr 

 

In the structure modified by wrought agent AlSr10 occur coarse acicular formations to skeletal phases of 
iron, manganese and skeletal magnesium phases, which are always bound to the iron phase. Phase 
interfere with iron eutectic. Cavities are present, usually a combination of interdendritic shrinkage and gas 
porosity. In comparison to the structure modified by cast agent AlSr10 iron needle formations of iron are 
coarser. 

Pure strontium affected structure so that there are needles to flat formations of iron phases which 
interfere with the eutectic. Often they are kept parallel. Phases of magnesium are skeletal, gentle, always 
tied to a different phase. Also there are small circular to teardrop-shaped formations merged phases. The 
presence of porosity (combined). 
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a) Hydrogen bubble on fracture area   b) Interdendritic shrinkage on fracture area 

Fig. 9 Sample modified by the wrought AlSr10 

 

Analysis of the chemical composition of samples was performed for detection of residual strontium 
content. Also main alloying and other elements such as iron, manganese and phosphorus were monitored.  

 

 Tab. 1 Chemical composition of cast samples 

Agent/Element Si Fe Cu Mn Mg Ni Zn Ti Sr P Al 

no modification 10.304 0.304 0.032 0.230 0.398 0.005 0.078 0.055 0 0.006 88.496 

AlSr3.5 10.337 0.311 0.024 0.153 0.362 0.006 0.098 0.076 0.037 0.006 88.511 

AlSr5 10.627 0.327 0.022 0.156 0.332 0.006 0.093 0.077 0.044 0.006 88.225 

cast AlSr10 10.177 0.254 0.040 0.320 0.402 0.002 0.037 0.024 0.031 0.006 88.613 

wrought AlSr10 10.247 0.246 0.041 0.318 0.412 0.002 0.035 0.024 0.044 0.006 88.532 

pure Sr 10.689 0.259 0.025 0.163 0.337 0.005 0.086 0.071 0.018 0.006 88.259 

4. CONCLUSIONS 

The experiments and their subsequent evaluation yielded the following findings: 

� Strontium affects the morphology of intermetallic phases, namely phase iron and manganese. This 
finding confirms the findings of other authors and complements them for alloy AlSi10Mg. 

� It was found that strontium affects also the morphology of magnesium containing intermetallic 
phases. 

� Differences between the effects of each modification reagents were observed. Low-strontium agents 
(AlSr3.5, AlSr5, AlSr10) help to create skeletal shaped phases of Mg2Si and skeletal to finer dispersed 
phase containing iron and manganese. The effect of pure strontium was limited by the difficulties in 
dissolving in the melt, resulting in its lower residual content in the casting and its lower recovery. This 
resulted in coarser morphology of intermetallics, similar to the unmodified alloy. 

� Modified structures showed a greater degree of porosity, which generally can be called a combined 
porosity (gas + shrinkage). Modification by pure Sr also resulted in porosity; although its recovery and 
residual content in samples were low. 
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� Strontium affects the structure of non-binary alloy Al-Si: not only the morphology of eutectic silicon 
is modified, but also the morphology of intermetallic phases is changed and volume of internal 
defects is increased. Various modification agent based on strontium behave differently as it is 
described above. 
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Abstract  

The influence of metallic yttrium with a purity of 99.9 % on the microstructure and properties of cast Ti-
47Al alloys prepared by vacuum induction melting was studied. The prepared alloys exhibited relatively 
homogeneous composition with dendritic structure formed by lamellar dendrites and � phase in 
interdendritic areas. The most yttrium rich phases were observed in the interdendritic areas, but were also 
observed within the dendrites. The composition of this phase corresponded to the Y2O3 oxide. It was found, 
that yttrium reduces the content of intersticial oxygen in the alloys due to high affinity to oxygen and also 
reduces primary and secondary arm spacing. Furthermore, the influence of yttrium on the solidification 
process of prepared alloys was studied by DTA (differential thermal analysis) and also was evaluated 
microhardness of prepared alloys. 

Keywords: TiAl alloys; microstructure; yttrium; oxygen content; differential thermal analysis (DTA). 

1. INTRODUCTION 

Precise casting of lightweight alloys based on TiAl represents very promising technology for preparation of 
components for automotive, aerospace and power industries as turbine blades, turbochargers and valves, 
particularly in terms of low costs compared with other preparation technologies [1]. Mechanical properties 
of these alloys, especially toughness at room temperature and resistance to creep, depend significantly on 
the microstructure [1]. Alloys with fully lamellar or nearly lamellar microstructure are characterized by 
higher resistance to creep and higher toughness, compared to alloys with duplex microstructure but they 
have lower ductility and plasticity. Particularly low ductility at room temperature is a typical feature of �-
TiAl alloys, which prevents its wider use [1]. Impurities, such as oxygen, cause drop in mechanical 
properties and it is very difficult to prevent contamination due to the high affinity between metals and 
oxygen. Alloying with a small amount of yttrium is one of the possibilities to improve oxidation resistance 
[2-4] and mechanical properties of �-TiAl alloys [5, 6]. The purpose of the present work is to investigate the 
effect of yttrium on the oxygen content and also on the dendritic structure, particularly on the dendrite 
arm spacing of cast alloy TiAl. It is generally known, that reducing the dendrites arms spacing leads to an 
increase of mechanical properties and to reduction of segregation distance. Furthermore DTA analysis was 
evaluated for assessing the influence of yttrium for the solidification alloys. The microhardness 
measurements were also performed.  

2. EXPERIMENT 

Five types of TiAl alloys, the composition of which is shown in Tab. 1, were prepared by vacuum induction 
melting in a furnace LEYBOLD – HERAEUS IS1/FFF. Products and their preparation were described in 
another article [7]. Oxygen contents in alloys are shown in Tab. 2. Relatively high oxygen contents were 
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found in the alloys probably for reason of leak in furnace. Therefore this fact was used to determine the 
effect of yttrium as an absorber of interstitial oxygen. Samples were cut off in the longitudinal and 
transverse direction for metallographic observation. Determination of gas content in the samples was 
carried out at the VÚHŽ Dobrá on the analyzer LECO TC-436. The alloys were observed by optical 
microscopy on the microscope Olympus GX51 equipped with digital camera Olympus DP12 (OM), scanning 
electron microscopy in mode of scattered electrons (BSE) on the microscope SEM JEOL JSM - 6490LV, 
equipped with a probe EDS INCA X - ACT. DTA analysis was performed with using experimental equipment 
SETARAM SETSYS 18TM. Samples were analyzed in a corundum crucible with a heating 4 °C per minute in an 
atmosphere of argon with a purity of 6N and reference material was Ni with a purity of 5N. Vickers 
microhardness measurements were performed at the microhardness tester FM-ARS 9000. Measurements 
were carried out with slightly etched samples at a constant load of 100 g for 7 s. More than 60 
measurement points in the arrangement to the matrix was performed for each sample. The X-ray 
diffraction patterns were recorded under Co Kα irradiation (� = 1.789 nm) using the Bruker D8 Advance 
diffractometer equipped with the fast position sensitive detector VÅNTEC 1. The measurements were 
carried out in the reflection mode. Phase composition was evaluated using the PDF-2 Release of the 2004 
database (International Centre for Diffraction Data). The samples were prepared for metallographic 
observation by standard methods of grinding and polishing and etching in a mixture of 50 ml of H2O, 3 ml of 
HNO3 and 1.5 ml HF. 

Tab. 1 Nominal and measured composition of alloys (EDS) 

Alloys 
Nominal composition [at.%] Measured composition [at.%] 

Ti Al Y Ti Al Y 

Ti-47Al 53 47 0 53.21 � 0.17 46.79 � 0.17 0 

Ti-47Al-0.1Y 52.9 47 0.1 52.30 � 0.44 47.63 � 0.43 0.07 � 0.02 

Ti-47Al-0.2Y 52.8 47 0.2 52.53 � 0.16 47.29 � 0.15 0.18 � 0.02 

Ti-47Al-0.3Y 52.7 47 0.3 52.29 � 0.18 47.45 � 0.25 0.26 � 0.14 

Ti-47Al-0.4Y 52.6 47 0.4 52.41 � 0.29 47.26 � 0.29 0.33 � 0.23 
 

 Tab. 2 Dependence of yttrium content on oxygen content 

Yttrium [at.%] 0 0.1 0.2 0.3 0.4 

Oxygen [wt.ppm] 5090 � 234 3042 � 122 2452 � 59 2542 � 89 3945 � 457 

3. RESULTS AND DISCUSSION 

Fig. 1 shows the detail of microstructure. The results of chemical analysis (EDS) in individual phases are 
shown in Tab. 3. All samples were formed by lamellar dendrites (L), which were composed by alternating 
lamellas 32 and �. The lamellar structure was formed by precipitation of � lamellas in 3 matrix. 
Interdendritic spaces consisted of � phases (�), which were formed by peritectic reaction between 3 and 
melt enriched with Al in accordance with the binary diagram [8]. A new phase was observed in the samples 
with the contents of yttrium. This phase is marked in Fig. 1 by white colour and the composition is in Tab. 3. 
According to the publications [2, 5], the solubility of yttrium in the α2 and � phases was less than 0.1 at.%. 
Higher contents of yttrium in the alloys leads to accumulation of yttrium at grain boundaries and fine 
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particles of this metal are dispersed inside the grains. Yttrium should preferentially react with Al to form 
YAl2 during melting [2, 5, 6]. However, this phase was observed only in the master alloys, which were 
prepared by plasma melting, where the oxygen content was not high [9]. The yttrium phases with high  

content of oxygen were observed in alloys after 
vacuum induction melting. This is due to the high 
affinity between oxygen and yttrium atoms [10]. 
Yttrium is highly susceptible to reaction with 
oxygen on Y2O3 during melting and casting 
process, and according to [3] at oxygen contents 
higher than 128 wt.ppm, yttrium acts as a 
collector, which can reduce the content of 
interstitially dispersed oxygen in the alloy. 
Possibility of this phenomenon in the prepared 
alloys was high, because the oxygen content was 
higher. This was confirmed by X-ray diffraction 
pattern, in which was identified Y2O3 phase in alloy 
Ti-47Al-0.4Y. X-ray diffraction patterns of Ti-47Al 

and Ti-47Al-0.4Y alloys are shown in Fig. 2. Further confirmation of this phenomenon is decreasing amount 
of oxygen with increasing yttrium content in the prepared samples, which is shown in Tab. 2. Values of 
oxygen contents were obtained by calculating the average of three pieces from each of the analyzed 
samples. Exceptions were the following: only a slight increase in oxygen content in the sample with 0.3 at.% 
Y and greater increase of the sample with 0.4 at.% Y. The increased gas content in these samples might 
have been caused by bubble effect, which was registered during the analysis. It was caused by closed pores 
in the alloys. 

  

 Tab. 3 Results of chemical analysis in individual phases (EDS) 
Analysed composition [at.%] 

Element Small elipsoid oxides (Y-
rich) Lamellas (L) Interdendritic �� (�) 

Y 23.7 � 6.6 - - 
O 54.1 � 6.7 - - 
Al 11.3 � 6.4 46.65 � 1.10 51.17 � 2.64 
Ti 10.9 � 5.4 53.35 � 1.10 48.83 � 2.64 

 

As shown by Lapin, Vickers hardness measurements can be used as a good indicator for an increase of 
oxygen content in TiAl based alloys [11]. Tab. 4 shows the microhardness evolution with yttrium content in 
the alloys. The microhardness decreases with increasing yttrium content. By Lamirand [12], microhardness 
in TiAl based alloys is influenced by several factors: the 32 volume fraction, interlamellar spacing, grain size 
and solid solution hardening of the 32 and � phases. In our alloys, there is no evolution of the 32 volume 
fraction and interlamellar spacing when yttrium was added and also no evident variation in grain size [7]. 
Therefore from the results of microhardness measurements is evident that the decrease in microhardness 
is caused probably by reducing the amount of interstitial oxygen in the prepared alloys.  

Fig. 1 BSE image of sample Ti-47Al-0.1Y 

L

γ
Y-rich
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Fig. 2 X-ray diffraction pattern of the samples Ti-47Al-0.4Y (4-V) and Ti-47Al (5-V) . 

1 …� - TiAl, 2 … 32 - Ti3Al, 3 … Y2O3 

 

 Tab. 4 Dependence of microhardness on yttrium content 
Y [at.%] 0 0.1 0.2 0.3 0.4 
HV 0.1 450.3 � 34.2 424.6 � 52.9 407.4 � 48.7 396.5 � 37.7 395.0 � 31.9 

 

Fig. 3 shows dendritic structure of the alloys Ti-47Al and Ti-47Al-0.4Y. Comparison of these Figs. shows that 
with increasing content of yttrium, the dendrites seem to be finer. Due to accurate assessment of these 
characteristics the distance of primary (PDAS) and secondary (SDAS) branches of dendrites was measured. 
Measurements of PDAS and SDAS were described more detailed in another article [13]. The results show 

  
Fig. 3 a) OM image of dendritic structure of sample Ti-47Al. b) OM image of dendritic structure of sample 

Ti-47Al-0.4Y 
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(Fig. 4) that both primary dendrite arm spacing 
and secondary dendrite arm spacing with 
increasing yttrium content had decreasing 
dependence. Decrease of PDAS and SDAS with 
increasing content of yttrium can be explained by 
the increasing content of yttrium-rich phases in 
the interdendritic spaces, which reduces heat 
transfer and mass transfer during cooling, as well 
as dendritic growth.  

 

 

 

Fig. 5 shows DTA curves obtained by heating of 
samples Ti-47Al and Ti-47Al-0.4Y. Moreover 
samples, which composition is Ti-40Al and Ti-50Al 
were also analyzed by DTA. These two alloys were 
prepared by plasma melting and their composition 
corresponds to nominal (analysed by EDS). Analysis 
of these two alloys was carried out to compare the 
solidification through 1 and 3 as primary 
solidification phases. The oxygen contents in these 2 
samples are about 400 wt. ppm.  

 

 

 Tab. 5 Overview of the transformation temperatures detected by DTA 
Composition [at. 
%] Marking Phase 

transformation 
Temperature 
[°C] 

Ti-40Al 
1 – 2   32 + � → 3 1125 - 1156 
3 – 4 3 → 1 1329 - 1374 
5 – 6 1 → 1 + L 1526 - 1548  

Ti-50Al 
1 – 2 � → 3 + � 1265 - 1276  
3 – 4 3 + � → 3  1432 - 1454  
4 – 5 3 → 3 + L 1454 - 1485 

Ti-47Al 
1 – 2 3 + � → 3  1270 - 1370 
3 – 4  3 → 3 + L 1460 - 1508 
4 – 5 3 + L → 1 + L 1508 - 1510 

Ti-47Al-0.4Y 
1 – 2 3 + � → 3 1251 - 1380 
3 – 4 3 → 3 + L 1453 - 1504 
4 – 5 3 + L → 1 + L 1504 - 1505 

 

 Tab. 5 shows temperatures of transformations detected by DTA in prepared samples. The temperatures of 
the invariant phase reactions were usually taken from the extrapolated peak-onset on heating. From the 
resulting values can be determined, that 1 phase is primary solidification phase of sample Ti-40Al, but 

50

100

150

200

250

300

0 0.1 0.2 0.3 0.4
Yttrium content [at.%]

PD
A

S 
[μ

m
]

20

22

24

26

28

30

32

34

36

38

40

SD
A

S 
[μ

m
]PDAS SDAS

Fig. 4 Dependence PDAS and SDAS and yttrium 
content 
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determined liquidus and solidus temperatures are lower than it should be according to binary diagram [8]. 
However, this temperature is still high enough to confirm the 1 phase as the primary solidification phase. 
Detected liquidus temperature of alloy Ti-50Al is 1485 �C. According to [8] is evident, that this sample 
solidified through 3 phase. This phenomenon was confirmed by observing the symmetry of the dendrites, 
which can determined primary crystallization phase [14], because alloy Ti-50Al exhibits six-fold symmetry of 
dendrites. In samples Ti-47Al and Ti-47Al-0.4Y the six-fold symmetry of the dendrites are defined. From 
transformation temperatures obtained by DTA, the liquidus temperatures of these alloys are 1510 and 
1505 �C. It corresponds rather to solidification through 1 phase, but no dendrites with four-fold symmetry 
were observed. This can be explained due to high oxygen content. From these facts can be suggested, that 
in alloys with 47 at.% Al and high oxygen contents is stabilized 3 phase and 1 phase occurs only in very 
small temperature range. During next peritectic transformation the 1 phase is totally covered with the 
growing 3 phase. This assumption will be verified by directional crystallization with rapid quenching of a 
solid–liquid interface and formation of mushy zone, which allows observation and accurately determination 
of the evolution of solidification. 

4. CONCLUSIONS 

Five alloys based on TiAl, with different contents of yttrium were prepared by vacuum induction melting in 
Al2O3 crucible, modified by mechanical Y2O3 coating, followed by casting into graphite molds. 
Microstructure of prepared alloys was dendritic. Dendrites were formed by alternating lamellas 32 and �. 
The Y2O3 phase was occurred in interdendritic areas. It was found by analysis of gas content in combination 
with microanalysis of chemical composition, that the presence of yttrium in the alloy reduces content of 
interstitially bound oxygen, which bonds to itself. Addition of yttrium resulted in reduction of primary 
dendrite arm spacing and secondary dendrite arm spacing. It was found that yttrium not too much affected 
the temperature of phase transformations, which was investigated by DTA analysis. 
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Abstract  

Ti-Al intermetallic alloys, especially �-TiAl alloys, are perspective materials for high-temperature 
applications in aerospace, automotive and power industries. However, their mechanical properties highly 
depend on the obtained microstructure. It was proved that the refinement of grain size leads to 
improvement of mechanical properties. However, process parameters and alloy composition should be 
regulated in the narrow limits to achieve a low porosity and a microstructure required in the solid state. 
The influence of annealing at different temperatures and different cooling conditions on the microstructure 
of the Ti-47Al binary alloy and also on the samples alloyed with yttrium in range from 0.1 to 0.4 at.% was 
studied in this article. It was achieved several type of microstructures – fully lamellar, nearly lamellar and 
duplex type. It was compared the influence of yttrium as refining element on the different types of 
structures and also the influence of this element on microhardness. 

Keywords: TiAl alloys; microstructure; yttrium; annealing; microhardness 

1. INTRODUCTION 

Alloys based on �-TiAl are a unique type of material. They are characterized by low density (3.8 g/cm3) and 
good strength at elevated temperatures. This is ideal for using in the components of engines used in the 
automotive and aerospace industries, where they could replace the currently used nickel alloys and 
titanium based alloys [1, 2]. There are many different methods of preparation of alloys based on �-TiAl. The 
most commonly used methods are [3]: arc melting in a vacuum (VAR), plasma melting (PAM), vacuum 
induction melting (ISM). However, preparation of appropriate ingots is very complicated. Titanium 
aluminides are highly susceptible to reactions with refractory materials of crucibles and also with oxygen or 
other gases (N2, H2) during the melting. This can leads to the reduction in ductility [4], or even to change 
the primary crystallization phase from 1 to 3 [5]. 

Plasma melting in water-cooled copper crystallizer under a dynamic argon atmosphere allows the 
preparation of high purity alloys with small content of gases and impurities. However, the influence of 
different temperature gradients in the ingots during solidification causes, that products of plasma melting 
exhibit inhomogeneous composition and different types of microstructures in various parts of the products 
[3, 6]. Other problems for the further using of alloys based on �-TiAl are the low formability and low 
ductility at room temperature, which is their typical feature. Many efforts have been devoted to increase 
the plastic properties of TiAl alloys. It was designed and tested a number of different methods such as 
alloying by elements, which precipitates causes reduction of grain size and interlamellar spacing. Yttrium is 
one of the elements, which refines the microstructure [7, 8]. Affect the resulting structure of the alloys can 
also achieved by annealing in 3 + � region of the binary diagram (Fig. 1). This type of annealing causes 
change to the duplex microstructure. This type of microstructure exhibits higher ductility at low 
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temperatures, but lower resistance to creep [2, 9]. Annealing in the 3 region causes the microstructure 
changes to fully lamellar, which exhibit higher creep resistance and lower ductility [2]. The aforementioned 
implies, that the properties of alloys based on �-TiAl are very sensitive to changes in microstructure and 
appropriate microstructure modification can increase the mechanical properties. 

The aim of this article is to describe the effect of 
annealing at various temperatures on the 
microstructure of plasma-melted alloy Ti-47Al and 
influence of alloying by small additions of yttrium for 
the purpose of grain refinement. The possibility of 
increasing homogeneity of the composition and 
microstructure of alloys by appropriate heat 
treatments and influence on microhardness were 
investigated. 

2. EXPERIMENT 

Five alloys with a nominal composition Ti-47Al and 
different amounts of yttrium additions (0-0.4 at.%) 
were prepared by plasma melting in a water-cooled 
copper mould. As charge were used master alloys, 
which were prepared by vacuum induction melting in 
corundum crucible with Y2O3 coating. This coating was 

applied to prevent contamination of alloys by Al2O3 
particles. Preparation of master alloys by this method 
was selected in order to increase homogeneity. Plasma 
melting was carried out in the dynamic argon 
atmosphere with flow rate of 27 l/min for 60 s for each 
alloy. Used current density was 600 A and voltage 54 
V. Purity of argon was 4N6. The products of plasma 
melting were oval samples. These samples were cut in 
half vertically and the cuts were taken for 
metallographic examination. Subsequently, they were 
cut in half again, so that from each oval sample 
remained four almost identical parts. These samples 

were subsequently sealed in quartz tubes and evacuated to 1-2 Pa. Consequently they were processed by 
annealing for 4 h at various temperatures and different cooling rates: 900 °C (32 + ��region, HT1) - slowly 
cooled inside the furnace, 1200 °C (3 + � region, HT2) - slowly cooled inside the furnace, 1200 °C (3+� 
region, HT3) – quenched by inserting the ampoule into a container with water, 1370 °C (3 region, HT4) - 
cooled slowly inside the furnace and quenched by inserting the ampoule into a container with water at 750 
°C. The alloys were observed by optical microscopy on the microscope Olympus GX51 equipped with digital 
camera Olympus DP12 (OM), scanning electron microscopy in mode of scattered electrons (BSE) on the 
microscope SEM JEOL JSM - 6490LV, equipped with a probe EDS INCA X – ACT and on the microscope 
QUANTA FEG 450 with a probe EDAX APOLLO X. Measurement of grain size and inter-lamellar spaces were 

Fig. 1 Part of the binary Ti-Al diagram [10] with 
indication of nominal composition of alloys 

 
Fig. 2 Macrostructure of the as-cast Ti-47Al-0.4Y alloy 
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performed with using the program analySIS auto in images taken by optical microscopy. Microhardness 
measurements were performed on microhardness tester FM-ARS 9000 at a load of 100 g for 7 s. Decrease 
of microhardness between bottom and upper part of samples was measured with an arrangement of the 
points of measurement into a matrix in the upper part and bottom part of cut of samples. Samples were 
prepared for metallographic observation by standard methods of grinding and polishing and used etchant 
was a mixture of 50 ml H2O, 40 ml HNO3 a 10 ml HF on visualisation of macrostructure and 50 ml H2O, 3 ml 
HNO3 a 1.5 ml HF on visualisation of microstructure. 

3. RESULTS 

 Tab. 1 Analysed composition [at. %] 
Element O Al Ti Y 

1 64.14   0.43 35.43 
2 51.2 13.94 15.24 19.62 
3 43.85 21.13 19.42 15.6 
4   51.1 48.9   
5   46.2 53.8   

 

Fig. 2 shows the typical macrostructure of the plasma melted ingots. Three different regions can be well 
distinguished on the transverse section: (i) region of fine columnar grains at the bottom, (ii) region of 
coarse columnar grains in the middle and (iii) fine equiaxed grains in the upper part. In Fig. 3 are shown two 
different types of structures that were observed in all prepared as-cast samples. At the bottom, which has 
been in contact with the copper crystallizer, was occurred fully lamellar structure consisting of alternating 

Fig. 3 Microstucture of sample Ti-47Al (OM) a) bottom part b) upper part 

Fig. 4 Cluster of Y2O3 particles (BSE) Fig. 5 BSE image of as-cast alloy Ti-47Al-0.4Y 
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lamellas 32 and � phase. In the middle and upper parts was occurred a typical dendritic structure consisting 
of lamellar dendrites and interdendritic �-phase. The amount of interdendritic � phase increases toward the 
upper edge of the cut of samples. Establishment of this type of structure can be explained by rapid 
solidification of 3 grains upwards from the bottom of the samples. The 3 phase grains have a higher 
content of titanium compared with the nominal composition of alloys (see Fig. 1). These results to the 
enrichment of the remaining melt with aluminum [5, 11]. Thereafter � phase was created by peritectic 
reaction of 3 with liquid to produce � at the border of 3 grains. The 3 grains subsequently transformed to 
the lamellar structure of 32 and �.  

Nonmetallic particles were observed in all prepared alloys. These particles are shown in Fig. 4. Their size 
ranged up to 50 �m and they were occurred mainly in clusters at the bottom of the cut of samples. The 
chemical composition analyzed by EDS was approximately 35 at.% Y and 65 at.% O. Besides yttrium and 
oxygen were other elements contents in the particles negligible. These particles got into the samples during 
the preparation of master alloys from protective coating probably by mechanical erosion of the melt [12]. 

Apart from particles released from the protective coating was observed another phase rich on yttrium in 
the prepared alloys with yttrium addition. These particles reached usually smaller dimensions than 2 μm 
and had mostly ellipsoidal or elongated shape. Their EDS analysis revealed that the composition is similar to 
the particles in the master alloys, which has been described in another article [13] and corresponds to Y2O3. 
These phases were occurred mainly in the inter-dendritic spaces, but also within the lamellar grains, which 
can be seen in Fig. 5, where yttrium-rich phases are shown by white colour. Results of composition analysis 
in marked points are shown in Tab. 1. 

Fig. 6 Macrostructures of samples a) Ti-47Al-0.4Y after HT1 b) Ti-47Al-0.4Y after HT3 c) Ti-47Al after HT4 d) 
Ti-47Al-0.4Y after HT4 

Fig. 6a shows macrostructure of sample Ti-47Al-0.4Y after heat treatment in the 32 + � region. By 
comparing this image with Fig. 1 can be concluded that annealing in the 32 + � field significantly was not 

Fig. 7 BSE image of alloy Ti-47Al-0.4Y after HT3 Fig. 8 BSE image of alloy Ti-47Al-0.4Y after HT2 
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affected the size and shape of grains. Observation of microstructure was not found greater differences 
compared to as-cast alloys. Fig. 6b shows macrostructure of sample Ti-47Al-0.4Y after heat treatment at 
1200 °C and quenched by inserting the ampoule into a container with water. In this image can be also 
recognized that the annealing in the 3 + � field also significantly was not affected the size and shape of 
grains. The characteristic microstructures obtained by heat treating of samples in the 3 + � field are shown 
in the Figs. 7 and 8. In the SEM microstructures shown in Fig. 8 the following constituents are identified: �-
phase (dark regions); 32 (thicker white regions with 60 at.% Ti) and lamellar structure, remaining from 
dendrites. The amount of remaining dendrites increases toward the upper edge of cut of samples. No 
significant changes of composition of remaining lamellar dendrites and yttrium rich phases, were not 
occurred. It is clear that the volume fraction of dendrites after 4 h at 1200 °C decreased, showing that 
solution of 32 + � dendrites has progressed, but for any samples the remaining dendrites were not 
completely removed. The remaining dendrites were also observed in samples after HT3, but lamellar 
structure in the dendrites aren´t so apparent  

(see Fig. 7) due to rapid cooling. In Fig. 6c and 6d are shown macrostructures of samples Ti-47Al and Ti-
47Al-0.4Y after annealing in the 3 field. From these images is evident that grains of unalloyed sample are 
very large and grains of alloyed sample Ti-47Al-0.4Y are finer after HT4. Variations of grain size with 
addition of yttrium in samples after HT4 and in as-casted samples are shown in Fig. 9. From this graph is 

Fig. 9 Effect of yttrium content on grain size and 
lamellar sparing of HT4 samples 

Fig. 10 BSE image of alloy Ti-47Al-0.4Y after HT4 

  

Fig. 11 Microhardness results of as-cast samples Ti-
47Al and Ti-47Al-0.4Y 

Fig. 12 Dependence of microhardness decrease 
�HV between bottom and upper part of samples 

after different heat treatment 
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clear that refining effect of yttrium has higher efficiency in samples after HT4 than in the as-cast samples 
and samples after other heat treatments. Microstructure of unalloyed and HT4 samples consisted of coarse 
fully lamellar grains without remaining dendrites and interdendritic spaces. However, samples alloyed with 
yttrium consisted of lamellar grains and small amount of � phase between grains in bottom part. The 
amount of � phase increased with increasing yttrium content and increased from bottom to the top of the 
cut of samples. This means that the additions of Y had apparently stabilized the dendritic structure. Phases 
rich on yttrium were observed mainly in � phase (see Fig. 10). The average lamellar spacing of the HT4 
samples obviously increased from 0.2 to 1 �m contrary to the as-cast samples. Fig. 9 shows the 
dependence of yttrium content on lamellar spacing of HT4 samples. The average lamellar spacing 
decreased from 1.4 �m to 0.8 �m with increasing content of yttrium. The grain and lamellar refining effects 
of Y were attributed to the precipitation of Y oxides. These oxides may act as nucleation clusters during 
solidification and recrystallization. Increased heterogenous nucleation site is the main factor that is relevant 
to the microstructural refinement in the Y-containing TiAl-based alloys [8]. The microhardness evolution in 
as-cast samples shows Fig. 11. It follows from this diagram that micro-hardness decreased with increasing 
content of yttrium and increased from upper part (distance 0 in Fig. 11) to bottom (distance 12 mm in Fig. 
11). The decrease of microhardness was caused by inhomogeneous composition. Fig. 12 shows 
dependence of microhardness decrease �HV between bottom and upper part of samples after different 
heat treatment. It is clear that the most decreasing tendency of �HV after different heat treatment had 
samples after HT2 and HT4, in which �HV decreased from 95-140 in as-cast samples to 10-40 in HT4 
samples and to 5-70 in HT2 samples. This means that microstructure can be partially homogenised by 
annealing in 3 + � or in 3 field. 

4. CONCLUSIONS 

Three different types of microstructure were obtained by different heat treatments and different yttrium 
addition: fully lamellar, nearly lamellar and duplex. Refining effect of yttrium has the highest efficiency in 
samples after annealing at 1370 °C for four hours. The most homogenized microstructure was occurred in 
samples after same heat treatment.  
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Abstract 

In the present paper, the chemical composition of Mg-8.5 at.% Ni-2.7at.% X alloys (X – elements of the 
groups XIII, XIV) as prospective hydrogen storage was investigated. Experimental alloys were studied in 
three states: (i) after stabilization annealing, (ii) after stabilization annealing and hydrogen charging, and 
(iii) after stabilization annealing, hydrogen charging and hydrogen desorption. It was ascertained that a 
ratio of concentration of X in two principal phases – Mg2NiH4(-X) and MgH2(-X) – was a decreasing function 
of the ionization potential of X. The stronger the preference of X for Mg2NiH4-X phase, the higher the 
hydrogen storage capacity of Mg-Ni-X alloy was. For X = In, the hydrogen storage capacity was slightly 
higher than the capacity of an un-alloyed binary eutectic Mg-Ni alloy.  

Keywords: Mg alloys; ternary alloys; hydrogen storage; hydrogen storage capacity 

1. INTRODUCTION 

The technology of reversible hydrides as hydrogen storage materials (HSM) has a long history. Research in 
this field accelerated during the fuel crisis in late 1960’s and 1970’s. There are numerous reviews 
summarizing the broad class of HSMs that are still of interest for numerous research groups, e.g. [1]. 
Among the prospective HSMs, Mg-based alloys seem to be of an on-going interest [2, 3].  

However, pure Mg shows insufficient sorption/desorption kinetics and, hence, it is unsuitable for practical 
applications. Therefore, various ways are sought to overcome these handicaps. Ball milling [2] and catalysis 
[4-6] are the most effective techniques. The mechanism of catalytic action and the most effective loci of 
catalyst atoms were studied in papers [7, 8]. As a catalyst, transition metals [9-11] and their oxides [12-16] 
were used. The most efficient addition element was Ni.  

In the present paper, addition of substitution elements from the groups XIII (E13: Al, Ga, In) and the XIV 
(E14: Si, Ge, Sn, Pb) to Mg-Mg2Ni eutectic was systematically studied, ascertaining their relative preference 
either for Mg-rich primary solid solution of Mg-Ni-X (referred to as (Mg) hereafter) or for intermetallic 
phase Mg2Ni-X (referred to as phase I).  

2. EXPERIMENTAL 

2.1. Experimental alloys – preparation and thermal treatment 

Samples were prepared by induction melting of pure elements and casting in copper mould under the 
protective atmosphere of pure Ar (6N purity). Mass of each batch was about 300 g. Mg and Ni (3N8 and 
3N6 purity, respectively) and components X = Al (5N purity), Ga (4N), In (4N), Si (5N), Ge (5N), Sn (4N4) and 
Pb (5N) were used to prepare 7 ternary alloys Mg – 8.5 at.% Ni – 2.7 at.% X. A slightly hypoeutectic 
composition of the Mg-Ni base was chosen to assure that the first component precipitating from the melt 
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would be (Mg), and that the particles of the intermetallic phase I that catalyzed hydrogen desorption [17] 
were always much smaller. The phase I solidified as a component of a very fine lamellar eutectic. 

In the as-cast state, the mean diameter of rose-like (Mg) dendrites and the interlamellar distance in the 
eutectic were approximately 20-30 �m and 0.23 �m, respectively. After annealing at 530 K/1 h, the (Mg) 
dendrites decayed into colonies of smaller particles (mean size about 4-20 �m) and the lamellae in eutectic 
coagulated into a grainy structure with the mean particle size of phase I of about 0.6 �m. An increase of the 
annealing time to 18 h led to a further increase in the size of particles I in the eutectic to about 0.8�m. 
Appearance of large (Mg) precipitates did not change. Since the structure did not change substantially after 
a subsequent test annealing for a longer time of t>18h, all experimental alloys were stabilization annealed 
at 530 K for 18 h in pure Ar (6N purity).  

2.2. Hydrogen charging and desorption 

Samples were machined from annealed ingots into thin foils of a thickness of about 0.7 mm. Then they 
were subjected to hydrogen charging in pure hydrogen (6N purity, pressure of 3 MPa) at a constant 
temperature of 620 K for 14 days. The hydrogen storage capacity was measured by precise weighing of 
samples of a total mass of about 5g. In a series of hydrogen charging experiments, it was verified that 
longer charging times did not lead to a higher content of hydrogen. Some of the samples were desorbed in 
vacuum at a temperature of 620 K. Further experimental details were described elsewhere [18-22]. The 
oxidation of materials (except for alloy doped by Pb) was not observed after hydrogen absorption and had 
no influence on the total mass. However, even in case of alloy Mg-Ni-Pb, the oxidation did not influence the 
main results of this work. 

2.3. Phase identification – experimental  

The phases in alloys Mg-Ni-X were identified using samples in three states: after stabilization annealing at 
530 K/18 h (state A), after stabilization annealing and hydrogen charging (state B), and after stabilization 
annealing, hydrogen charging and hydrogen desorption in vacuum at 580K (state C). X-ray diffraction (XRD) 
was applied using the X'Pert Pro MPD device (PANanalytical B.V., Almelo, the Netherlands) and the 
HighScore Plus software with commercial databases [23, 24]. CoK3 radiation was registered. Scanning 
electron microscopy (SEM JEOL JSM 6460 + EDAX Oxford instruments analyzer) was used for chemical 
analyses of (Mg) and I phases in states A and B.  

3. RESULTS AND DISCUSSION 

3.1. Phase identification – results  

All identified phases are listed in Tab. 1. It is obvious that two principal phases (with the greatest volume 
fraction) were present: (Mg) and phase I. Elements E14 forming Zintl phases Mg2E14 in respective binary 
Mg-E14 alloy system formed particles of these compounds also in the studied alloys. Si and Sn formed 
ternary compounds with Mg and Ni. Pb showed a strong tendency to oxidation already in state A. A very 
fine oxide layer of MgO was found by XRD in samples in state C. The diameter of diffracting MgO 
crystallites, d R  10 nm, was estimated from the full width at half maximum (FWHM) of respective 
diffraction peaks, using the Scherrer’s method [25]. Al and Ga formed very stable binary compounds NiX. In 
alloys with X = Ge and Pb, a very small amount of Mg(OH)2 was observed. The volume fraction of Mg2Ni3Si 
and Mg2Ge was about 10 vol.%, the fraction of other minority phases was about 5 vol.%. 
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 Tab. 1 Phases observed in experimental alloys Mg-Ni-X 

Group X Phase 

XIII 

Al (Mg), I, NiAl, MgO 

Ga (Mg), I, MgGa2, NiGa, MgO 

In (Mg), I, MgO 

XIV 

Si (Mg), I, Mg2Si, Mg2Ni3Si  

Ge (Mg), I, Mg2Ge, MgO, GeO2, Mg(OH)2 

Sn (Mg), I, Mg79Ni13Sn8, MgO, SnO 
 

Pb (Mg), I, Mg2Pb, Pb, MgO, PbO, Pb3O4, Mg(OH)2 

3.2. Segregation of X  

Concentration of X in majority phases (Mg) and I, cIX and 
c(Mg)X, respectively, was measured by SEM/EDAX in state A 
and state B. In state A, it was observed that X preferred phase 
I slightly to phase (Mg) – see Fig. 1. Hydrogen charging 
changed the elements’ distribution, which was more obvious 
for elements X13 than for elements X14: the concentration 
ratio (cIX :c(Mg)X) increased significantly during hydrogen 
charging (state B). Hydrogenation led to recrystallization of 
both phases and to formation of new hydride structures. 
Hence, enrichment of I in X may be related to a change of 
respective formation enthalpies �Hf. It was shown [26, 27] 
that admixture of Al enhanced the total energy per formula 
unit considerably, both for Mg2Ni and for its hydride – 
Mg2NiH4 (Al made the total energy more positive, i.e. the 
relevant compound was less stable). Similarly, the presence of 
Al in MgH2 [28] substantially decreased its formation 
enthalpy, which is known to influence the hydrogen 
desorption capacity [28]. Unfortunately, relevant data on �Hf 
for other elements X in MgH2 and Mg2NiH4 are not available in 
the literature.  

In Fig. 2, the measured values of concentration ratio (cIX:c(Mg)X) were plotted in dependence on the 
ionization potential of X, which scaled the readiness of atoms X to enter the crystal lattice and to form 
bonds with matrix atoms. It was obvious that elements X13 with a lower ionization potential showed 
significant preference for Mg2NiH4. Values for Al in both states and for Si, Sn in state A were not plotted 
because of the tendency to form minority phases. Al atoms entered NiAl precipitates rather than majority 
phases. Hence, the Mg-Ni-Al alloy behaved as without any admixture element (cIAl ~ c(Mg) << 1).  

 

Fig. 1 Concentration ratio of X in phases I 
and (Mg), cI

X / c(Mg)
X , at states A and B. E13 

and E14 are elements from the XIII and XIV 
group, respectively. Dashed horizontal - cI

X 
/ c(Mg)

X = 1 (no preference) 
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Fig. 3 Hydrogen storage capacity of 
alloys Mg-Ni-X as a function of relative 
concentration of X in phase I. Dashed 

vertical - cI
X / c(Mg)

X = 1 

3.3. Hydrogen storage capacity 

It was shown [28, 29] that the alloying effects that influenced 
hydride formation might be correlated with a change in 
hydrogen storage properties. In Fig. 3, the gravimetric 
hydrogen storage capacity m was plotted as a function of 
concentration ratio (cIX:c(Mg)X). It can be seen that there was 
a monotonous relationship between m and cIAl /c(Mg)Al: the 
stronger the affinity of X to phase I, the greater hydrogen 
storage capacity of Mg-Ni-X. Al entered neither of the two 
principal phases influencing the hydrogen storage properties 
and, hence, the storage capacity of Mg-Ni-Al was close to 
that of eutectic binary Mg-Ni alloy. On the other hand, In 
significantly preferred phase I to the phase (Mg), forming no 
minority phases with Mg and Ni, and increased the hydrogen 
storage capacity, compared to the practically attainable 
value for non-alloyed eutectic Mg-11.3 at.% Ni.  

4. SUMMARY 

In the present paper, the structure and chemical composition 
of cast Mg-8.5 at.% Ni-2.7 at.% X alloys (X – elements of the 
groups XIII and XIV) was investigated. The results can be 
summarized as follows: 

The main observed phases were primary solid solution (Mg) 
and eutectic mixture (Mg)+I. Except for In, all alloying 
elements X formed other minority phases listed in Tab. 1. As 
regards Si and Ge, the fraction of these phases was about 10 
vol.%, in other cases the fraction was close to 5 vol.%.  

All experimental alloys were studied in three states: after 
stabilization annealing at 530 K/18 h/ Ar (state A), after 
stabilization annealing and hydrogen charging (state B), and 
after stabilization annealing, hydrogen charging and hydrogen 
desorption (state C). All detected phases were identified by 
XRD. It was confirmed that, with the exception of Pb, no 
observed minority phase entered the hydrogen charging / 
decharging process significantly. The Mg-Ni-Pb alloy also 
easily reacted with residual oxygen. 

The relative concentration of X in I and (Mg) was measured by SEM/EDAX. It was found that X slightly 
prefers phase I, which is more pronounced in state B. This tendency was especially strong for elements 
from the group XIII. The concentration ratio (cI

X/c(Mg)
X) of X in phases I and (Mg) seemed to be correlated 

with the first ionization potential of X – the higher was the ionization potential, the lower was the 
concentration ratio. 

Fig. 2 Relative concentration of X in phases 
I and (Mg), cI

X / c(Mg)
X at states A and B as a 

function of the first ionization potential of 
X. Dot-dashed horizontal - cI

X / c(Mg)
X = 1 
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It was found that the stronger the affinity of X to phase I, the higher the hydrogen storage capacity of Mg-
Ni-X alloy was. For X = In, the hydrogen storage capacity was higher than the capacity of an un-alloyed 
binary eutectic Mg-Ni alloy. Of course, the presence of X influenced also the resistivity of the alloy against 
oxidation as it was shown in our previous paper [30]. 
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Abstract 

The paper is devoted to study of the influence of alloying the eutectic Mg/Mg2Ni with elements from the 
XIII and XIV group and alloying the intermetallic Mg2Ni with In upon the hydrogen storage characteristics. It 
was found that indium increases considerably hydrogen desorption rate from Mg2NiH4. Addition of In to 
eutectic Mg/Mg2Ni alloy improves hydrogen storage capacity and preserves relative good resistance against 
poisoning by air.  

Keywords: Hydrogen storage; magnesium hydride; dehydrogenation; intermetallic compounds. 

1. INTRODUCTION 

Mg-xNi alloys are known as perspective hydrogen storage materials [1, 2]. Hydrogen storage capacity and 
hydrogen desorption rate of binary alloys Mg-Ni are, however, still unsatisfactory and therefore, 
improvements are sought, e.g., by introduction of a proper catalyst [3]. As candidate elements, transition 
metals [4] are often used that attract bonding valence electrons and, hence, destabilize the hydrides. 
However, also elements with weaker bond to H than that of Mg, or even non-hydride forming elements 
show a beneficial effect upon the hydrogen desorption rate [5, 6]. 

The present investigation continues our previous work [7, 8]. Here we investigate the resistance of eutectic 
Mg/Mg2Ni against the poisoning by residual air and possible ways how to improve the hydrogen desorption 
kinetics of Mg2NiH4 by doping. As dopants, elements of the XIII and the XIV group were tested that do not 
form stable hydrides.  

2. EXPERIMENTAL 

Binary alloy with the average composition Mg-11.3 at.% Ni and seven ternary alloys of Mg – 8.5 at.% Ni – 
2.8 at.% X (X = Al, Ga, In, Si, Ge, Sn, and Pb) were prepared from pure materials. Purity of elements X was 
better than 99.99 %, purity of Mg and Ni was 99.98 % and 99.96 %, respectively. Ball-milling was performed 
in Fritsch-Pulverisette6. Ball-to-powder-ratio was about 60:1, rotation speed was 450 rpm and powders 
were prepared in 20 cycles: 10 min of milling/50 min of cooling. The milled powder blend was compacted at 
room temperature into pellets (diameter 20 mm, height 4 mm) and annealed in Ar (6N purity) at 620 K for 
20 h. 

Hydrogenation of the samples was done at 620 K/ 3 MPa of H2 (6N purity) for 20 h. Phase composition was 
checked by XRD after the hydrogenation. It revealed that two main phases (prevailing volume content) 
MgH2 and Mg2NiH4 were present in the samples. Hydrogen storage capacity, cmax, was measured by precise 
weighing of samples before and after the hydrogen charging, since no oxides were detected by XRD in 
experimental alloys with the only exception of X= Pb, which proved to be unsuitable additive to Mg-based 
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hydrogen storage alloys. This element was, however, still involved in the present consideration to keep the 
systematics of XIII and XIV groups complete. 

To assess the influence of rest air during the hydrogen charging upon the hydrogen storage characteristics, 
hydrating of samples was done in two ways: (i) Pressure vessel of the hydrating furnace with samples was 
filled by hydrogen and pressurized to total pressure of 3 MPa. Hence, the samples were hydrogen charged 
in a mixture of air/hydrogen = 1/30. This way of hydrating is referenced as “charging with air” hereafter. (ii) 
Pressure vessel was three times evacuated to total pressure 10-5 MPa and pressurized up to 0.1 MPa. 
Finally, it was pressurized to total pressure of 3 MPa of H2 and then annealed. This way of hydrogenation is 
referenced as “charging in H2” hereafter. 

Desorption curves, p(t) (p, t – pressure of desorbed H2 and time of desorption, respectively), were 
measured at three temperatures T = 501, 517 and 535 K. It was assured that p after total desorption of 
each sample was lower than equilibrium plateau pressure of MgH2 and Mg2NiH4 respectively [9]. 
Desorption apparatus and further experimental details are described elsewhere [10]. 

3. RESULTS AND DISCUSSION  

3.1. Poisoning resistance of modified eutectic alloys (Mg/Mg2Ni)-X 

Results obtained with eutectic samples (Mg/Mg2Ni)-X are listed in Tab. 1. Alloying elements X and air 
residuals in hydrogen change the charge density and, hence, binding of H-atoms with lattice atoms [4-6]. It 
can be seen that (i) alloys with In show the highest hydrogen storage capacity and (ii) the presence of air 
lowers significantly the hydrogen storage capacity of all experimental alloys. It suggests itself to introduce 
an index of corrosion resistance, ICR = 1 – {(cmax

H2- cmax
air) / cmax

H2}, that scales the sensitivity of the 
respective hydrogen storage alloy to the presence of air during the hydrogen charging. It is obvious in Tab. 
1 that In shows the optimal results: Compared to non-alloyed material, it increases cmax

H2 and keeps relative 
high poisoning resistance.  

 

 Tab. 1 Concentration of hydrogen cmax in wt.% and index of corrosion resistance ICR. cmax
H2 – measured 

after treatment in H2, cmax
air – measured after treatment with air. Average relative error of cmax is 2 wt.% 

group X 
cmax 

ICR 
cmax

air cmax
H2 

XIII Al 0.76 5.2 0.15 

Ga 0.68 4.6 0.15 

In 2.3 5.3 0.43 

XIV Si 0.55 2.9 0.19 

Ge 0.45 3.6 0.13 

Sn 1.4 4.6 0.30 

Pb 0.70 4.0 0.18 

non-alloyed 2.7 5.0 0.54 
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3.2. Hydrogen desorption from Mg2NiH4 

It was reported in [8] that Mg2NiH4 is an effective catalyst of 
the hydrogen de-charging and that indium concentrates 
preferentially in Mg2NiH4. In the light of these facts, it seems 
as useful to elucidate, how the In influences the rate of 
hydrogen desorption from Mg2NiH4.  

It is known [11, 12] that there is a cubic high-temperature 
phase (HT) of Mg2NiH4 and two monoclinic low-temperature 
phases (LT). The phase transition between the HT and the LT 
was reported close to Ttr=510 K [10] . Difference between the 
two LT’s is very small only: one of them (LT1) contains no 
micro-twins whereas the other (LT2) is micro-twinned. 
Nevertheless, the both LT modifications behave as fully 
distinguished phases with their own peaks in XRD pattern and 
differ also in hydrogen diffusivity [10], catalyst ability [8] and some other characteristics [13].  

Various types of desorption curves can bee obtained (see 
e.g. [14]) with hydrogen storage Mg-Ni alloys prepared 
under different conditions (hydrogenation temperature 
and pressure) and moreover, different desorption behavior 
was observed even for the same hydrogen charged 
material in dependence on ageing time at room 
temperature. Differences in desorption behaviour can be 
rationalized by differences of phase topology and by 
different nucleation rate. It can be expected that both LT 
phases of Mg2NiH4 can be present either in continual form 
(i.e., macroscopically long path can be found in respective 
phase) or in dispersion form (i.e., in form of small particles) 
– see Fig. 1. In dependence on fraction LT1/LT2, structure 
subtype A or B can prevail (prevailing phase tends to be in 
a continual form). The fraction LT1/LT2 can be controlled, 
e.g., by the H2 pressure during hydrogen charging – the 
higher is the H2 pressure the higher is the fraction of 
LT1/LT2. 

In Fig. 2, simulated desorption curves for all three limiting 
structure subtypes, A, B and C, are shown for the fraction 
LT1/LT2 = 3/2. The curves are plotted in coordinates 
fraction of released H2 vs. time of desorption, t.  

Fraction of released H2 is a ratio of hydrogen pressure in 
time t and ultimate hydrogen pressure in the desorption chamber obtained after the complete hydrogen 
desorption from the sample, p(t)/pmax. It is illustrated that the onset of desorption from the dispersed 
phase is delayed due to the incubation needed for its coalescence into more or less continual form. 
Incubation period depends also on hydrogen diffusivity [10].  

Fig. 1 Model of phase topology of low-
temperature Mg2NiH4 – schematically. 

Upper type – the general structure, A, B 
and C – limiting structure subtypes 

Fig. 2 Desorption curves simulated for 
structure subtypes A, B and C all with 

LT1/LT2 = 3/2 and hydrogen diffusivity in 
LT1 higher than in LT2 
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Differences in desorption behaviour of the same hydrogen-charged material were observed in dependence 
on ageing time elapsed from the hydrogen charging. The samples were aged at room temperature. It was 
observed that incubation period of the hydrogen desorption from LT1 shortens significantly (about 2 orders 
of magnitude) in the course of several days after the charging. This can be explained by finite time needed 
to form nucleation centres of hydrogen de-charged phase. The difference between the nucleation rate in LT 
(nucleation rate in LT1 is much less than in LT2) contributes to the observed ageing effect. It was found that 
(i) the ageing does not change substantially the phase ratio LT1/LT2 and (ii) after several days, the 
desorption curves reach their almost stationary shape, which does not change after eventual further 
ageing. The latter feature can be explained by the fact that after a certain ageing time, nucleation is no 
more the exclusive controlling process of desorption (in LT1, number of nucleation centres is close to its 
equilibrium whereas in LT2, still almost no nucleation runs) and the phase topology starts to play an 
exclusive controlling role.  

3.3. Influence of indium upon hydrogen desorption kinetics from Mg2NiH4 

In was tested as a unique element, since the other 
elements X did not led to satisfactory results in corrosion 
resistance tests. To assess the influence of In, desorption 
curves were measured at three temperatures close to 
expected transition temperature Ttr. The curves plotted 
in Fig. 3 were measured in approximately equal stage of 
ageing (several days after the hydrogen charging) with 
Mg2Ni charged under the H2 pressure  

of 3 MPa. It can be seen that the measured desorption 
curves are similar to those simulated for structure 
subtype C.  

This could be expected, since the amount of both LT 
phases is about the same (sufficient amount of both LT 
phases is in a continuous form) and the measurement 
was carried out with aged material (almost stationary 
density of nuclei in LT1 was available). It is obvious that 
In does not change the phase ratio LT1/LT2, since the 
break point between the two branches keeps its 
coordinate LT1/LT2 = 0.5 – 0.6 approximately constant. 

It can be also seen in Fig. 3 that desorption curves with 
two branches were observed – similarly as in [10] – both 
below and above equilibrium transition temperature Ttr = 
510 K and that an expressive accelerating effect of In was detected for both phases LT at all three 
desorption temperatures. Acceleration of the hydrogen desorption from LT1 and LT2 caused by the 
presence of In is due, most likely to an increase in nucleation rate in In-doped material. 

 

 

Fig. 3 Desorption curves measured with 
Mg2NiH4. Dashed line – without In, solid line 

– with In 
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4. SUMMARY 

It can be summarized that indium acts as a beneficial additive in hydrogen storage eutectic Mg/Mg2Ni. It 
accelerates significantly the hydrogen desorption rate from the hydride Mg2NiH4, which acts as gate for 
hydrogen in eutectic alloy Mg/Mg2Ni [15], slightly increases the hydrogen storage capacity in eutectic 
Mg/Mg2Ni and preserves its resistance against the poisoning by residual air in hydrogen. 
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Abstract  

The aim of this work is an experimental study of lead-free solders. Ternary and binary alloys with different 
ratios of individual elements Ag, Al, Bi, Cu, In, Mg, Sb, Sn and Zn were prepared experimentally. The study 
of low-fusing solder alloys was performed with the aspect of observing their selected physical, chemical, 
structural and technological properties. The following characteristics were studied: temperatures and 
enthalpies of phase transformations (DTA, TG, DSC) of individual solders at the rates of re-heating and 
cooling of specimens of about 4 °C/min, macro- and micro-structural analysis (optical metallography), 
micro-hardness, chemical analysis: ICP-AES, optical emission spectrometry (OES), X-ray micro-analysis of 
individual phases in the structure of solders (WDX, EDX), measurement of density and electrical resistivity 
of selected solders in dependence on the temperature, test of wettability with or without use of fluxes, 
measurement of corrosion properties.  

Keywords: Lead-free solders, tin alloys; DTA analysis; microstructure; corrosion; electrical resistivity. 

1. INTRODUCTION 

The international European project COST Action MP0602 „Advanced Solder Materials for High Temperature 
Application“ was focused, in the period 2008-2011, on the basic scientific research of materials suitable for 
lead-free solders and on the problem of their practical application, reliability during long-term utilization in 
all types of equipment and their recycling. The main objective of the COST Action MP0602 was to increase 
the fundamental basic knowledge on possible alloy systems that can be used as lead-free solder materials 
and to provide a scientific basis for deciding which of these materials should be used for different soldering 
purposes in order to replace the currently used lead-containing solders in future. 

Low-fusing lead-free solders find two main fields of applications: electronic assemblies and heat 
exchangers. In both cases, replacement of lead causes problems, which are of entirely different kinds. The 
electronic industry sees a change in melting temperature and processing ability to be major problems, 
while manufacturers of heat exchangers are much more sensitive to cost and strength. There are a 
numerous lead-free solders with varying properties available today. The problem is not only a question of 
developing solders with the right properties, but also a lack of knowledge about the existing alternatives 
and their properties. In this stage some of the most important properties, such as electrical and heat 
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conductivity, wettability, mechanical properties and melting temperature should be studied for the basic 
alloys considered in the survey. These properties are examined and compared to tin-lead solders [1-4]. 

In this work we present an experimental study of selected physical, chemical, structural and utility 
properties of lead-free alloys on the base of tin with different ratios of individual elements.  

2. EXPERIMENTAL SAMPLES 

Binary and ternary alloys with different ratios of individual elements Ag, Al, Bi, Cu, In, Mg, Sb, Sn and Zn 
(see Tab. 1) were prepared experimentally. The purity of the starting metals was 3N5 minimally. The alloys 
were prepared by smelting of input metals in a resistance furnace in evacuated quartz ampoules. After 
smelting and homogenisation of the melt, the alloys were slowly cooled in the furnace to room 
temperature.  

 Tab. 1 Nominal chemical composition of alloys (charge), ICP-AES and OES chemical analyses 

No. Charge [at.%] ICP-AES [at.%] OES [at.%] EDX (area) [at.%] 
1 2.5 Al, 85 Sn, 12.5 Zn 1.6 Al, 82.3 Sn, 16.1 Zn 1 Al, 88.6 Sn, 10.4 Zn  
3 4.9 Al, 70.4 Sn, 24.7 Zn 1.5 Al, 79.6 Sn, 18.9 Zn 1.4 Al, 75.3 Sn, 23.3 Zn  
4 10 Al, 10 Sn, 80 Zn 12.8 Al, 16.5 Sn, 70.6 Zn 10.2 Al, 13.5 Sn, 76.3 Zn  

10 10 Al, 70 Sn, 20 Zn 2.3 Al, 76.9 Sn, 20.8 Zn 2.5 Al, 79.4 Sn, 18.1 Zn  
12 7 Al, 60 Sn, 33 Zn 1.7 Al, 64 Sn, 34.3 Zn 3.8 Al, 67 Sn, 29.2 Zn  
15 9 Al, 39 Sn, 52 Zn 5.5 Al, 54.3 Sn, 40.2 Zn 7.3 Al, 44 Sn, 48.7 Zn  
16 7 Al, 50 Sn, 43 Zn 7.1 Al, 51.2 Sn, 41.7 Zn 6.8 Al, 54.2 Sn, 39 Zn  
21 15 Al, 20 Sn, 65 Zn 22.3 Al, 29.2 Sn, 48.5 Zn 14.5 Al, 36.2 Sn, 49.3 Zn  
22 25 Al, 40 Sn, 35 Zn 20 Al, 45.2 Sn, 37.8 Zn 20 Al, 45.2 Sn, 34.8 Zn  
23 18 Al, 40 Sn, 42 Zn 15.6 Al, 43.7 Sn, 40.7 Zn 8.9 Al, 51.3 Sn, 39.8 Zn  
25 51.5 Al, 18.7 Sn, 29.8 Zn 48 Al, 20.5 Sn, 31.5 Zn  50.9 Al, 20.1 Sn, 29 Zn 
26 40.5 Al, 20.5 Sn, 39 Zn 40 Al, 21.3 Sn, 38.7 Zn  37.8 Al, 8.2 Sn, 54 Zn 
31 2.3 Bi, 3.4 Mg, 94.3 Sn 3.2 Bi, 0.4 Mg, 96.4 Sn  4.5 Bi, 0.1 Mg, 95.4 Sn 
32 3.3 Mg, 7.7 Sn, 89 Zn 1.6 Mg, 7.2 Sn, 91.2 Zn  0.9 Mg, 11 Sn, 88 Zn 
33 7.4 Mg, 81.1 Sn, 11.5 Zn 3.2 Mg, 84.9 Sn, 11.9 Zn  6.2 Mg, 84.7 Sn, 9.1 Zn 
34 9.6 Mg, 90.4 Sn 4.5 Mg, 95.5 Sn  2.7 Mg, 97.3 Sn 
35 3.8 Ag, 96.2 Sn 3.3 Ag, 96.7 Sn 4 Ag, 96 Sn 3.6 Ag, 96.4 Sn 
36 4 Ag, 7.1 Sb, 88.9 Sn 3.6 Ag, 7.4 Sb, 89 Sn  3.8 Ag, 8 Sb, 88.2 Sn 
37 4 Ag, 94.4 Sn, 1.6 Zn 3.8 Ag, 95 Sn, 1.2 Zn  4.7 Ag, 93.7 Sn, 1.6 Zn 
38 2.8 Ag, 94.7 Sn, 2.5 Zn 2.7 Ag, 94.7 Sn, 2.6 Zn 3.9 Ag, 94.7 Sn, 1.4 Zn 3.1 Ag, 95.3 Sn, 1.6 Zn 
39 5.4 Ag, 92.4 Sn, 2.2 Zn 3.9 Ag, 94.1 Sn, 2 Zn 4 Ag, 94.8 Sn, 2.2 Zn 7 Ag, 90.2 Sn, 2.8 Zn 
40 4 Ag, 92.4 Sn, 3.6 Zn 2.6 Ag, 95.2 Sn, 2.2 Zn 4 Ag, 96.7 Sn, 1.4 Zn 3.5 Ag, 94.5 Sn, 2 Zn 
41 4.9 Ag, 1.7 Cu, 93.4 Sn 2.4 Ag, 0.6 Cu, 97 Sn 4 Ag, 1.9 Cu, 94.1 Sn 4 Ag, 1.2 Cu, 94.8 Sn 
42 4.7 Ag, 94.8 Bi, 0.5 Cu 5.4 Ag, 94 Bi, 0.6 Cu  7 Ag, 92.9 Bi, 0.1 Cu 
43 1.6 Ag, 2.2 Al, 96.2 Sn 1.3 Ag, 2.4 Al, 96.3 Sn  3 Ag, 4.4 Al, 92.6 Sn 
44 3.3 Ag, 0.9 Al, 95.8 Sn 3.9 Ag, 1.5 Al, 94.6 Sn 3.6 Ag, 0.1 Al, 95.3 Sn 3 Ag, 2.4 Al, 94.6 Sn 
45 0.3 Cu, 93.5 Sn, 6.2 Zn 0.8 Cu, 96.5 Sn, 2.7 Zn  2.2 Cu, 94.2 Sn, 3.6 Zn 
46 10 Cu, 85 Sn, 5 Zn 8 Cu, 89 Sn, 3 Zn  11.3 Cu, 84.2 Sn, 4.5 Zn 
47 1.8 Cu, 7.4 Sb, 90.8 Sn 2 Cu, 6.9 Sb, 91.1 Sn  2 Cu, 7.4 Sb, 90.6 Sn 
48 3.7 Cu, 20.2 Sb, 76.1 Sn 5.3 Cu, 16.4 Sb, 78.3 Sn  2.3 Cu, 20.2 Sb, 77.5 Sn 
49 1.2 Cu, 5.2 In, 93.6 Sn 1.4 Cu, 4.9 In, 93.7 Sn 1.2 Cu, 6.1 In, 92.7 Sn 1.7 Cu, 3 In, 95.3 Sn 
50 0.9 Al, 9 Mg, 90.1 Sn 0.9 Al, 4.9 Mg, 94.2 Sn  2.4 Al, 3.9 Mg, 93.7 Sn 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1457 

3. EXPERIMENTAL METHODS 

The following characteristics of prepared experimental solders were studied: 

� Temperatures of phase transformations (DTA, TG, DSC) of individual solders at the rates of re-heating 
and cooling of specimens of 4 °C/min – Tab. 2. 

� Microstructural analysis (optical metallography) – Figs. 1 to 6 and microhardness of alloys – Tab. 2. 

� Chemical analysis (ICP-AES and Optical Emission Spectrometry OES) – Tab. 1, micro-structural 
analysis (SEI, BEI) and chemical microanalysis of individual phases in the microstructure of solders (X-
ray spectrometry WDX, EDX) – see Figs. 1 to 6. 

� Tests of wettability of solders with copper, nickel or brass wires using fluxes or without them - see 
Fig. 7 and Tab.s 3, 4. 

� Measurements of electrical resistivity and density of solders in dependence on the temperature – 
Tab. 5, Figs. 8a, 8b. 

� Corrosion behaviour of individual alloys in various chemical corroding mediums – Tab. 5, Figs. 9a, 9b. 

 Tab. 2 DTA analysis (heating and cooling rate 4 °C/min) and micro-hardness HV0.01 of alloys 

Specimen Charge - chemical 
composition [at.%] 

TE 
[°C] 

TU 
[°C] 

T2 
[°C] 

T3 
[°C] 

TL 
[°C] 

HV0.01 Sn 
eutectic 

HV0.01 

phases 
1 2.5 Al, 85 Sn, 12.5 Zn 198.8     15  
3 4.9 Al, 70.4 Sn, 24.7 Zn 197.6    253.8 16  
4 10 Al, 10 Sn, 80 Zn 196.7 277.3 327.1  358.8 19 64 Al–Zn 

10 10 Al, 70 Sn, 20 Zn 197.6    239.0 16 94 Al–Zn 
12 7 Al, 60 Sn, 33 Zn 197.9    296.5 16 96 Al–Zn 
15 9 Al, 39 Sn, 52 Zn 197.3 277.5   325.0 17 83 Al–Zn 
16 7 Al, 50 Sn, 43 Zn 197.9 277.5   313.6 16 73 Al–Zn 
21 15 Al, 20 Sn, 65 Zn 197.5 277.6 325.3 363.4 439.6 17 87 Al–Zn 
22 25 Al, 40 Sn, 35 Zn 197.5 277.8 297.0 318.6 406.0 18 90 Al–Zn 
23 18 Al, 40 Sn, 42 Zn 197.6 277.8 311.6  337.0 16 77 Al–Zn 
24 32.3 Al, 9.8 Sn, 57.9 Zn 196.9 277.4 344.5 ~412 446.9   
25 51.5 Al, 18.7 Sn, 29.8 Zn 197.4 277.4 333.8 ~439 536.4   
26 40.5 Al, 20.5 Sn, 39 Zn 197.8 277.4 302.9 ~332 506.5   
31 2.3 Bi, 3.4 Mg, 94.3 Sn 215.7     21 1170 Mg3Bi2 
32 3.3 Mg, 7.7 Sn, 89 Zn 180.0 355    26 69 Zn; 334 Mg2Sn 
33 7.4 Mg, 81.1 Sn, 11.5 Zn 182.1     13  
35 3,8 Ag, 96,2 Sn 220.3     13  
36 4 Ag, 7.1 Sb, 88.9 Sn  230.7    24 87 Ag3Sn 
37 4 Ag, 94.4 Sn, 1.6 Zn 217.9     14 318 Ag–Zn 
38 2.8 Ag, 94.7 Sn, 2.5 Zn 217.9     15 446 Ag–Zn  
39 5.4 Ag, 92.4 Sn, 2.2 Zn 217.8     10 56 Ag–Zn–Sn 
40 4 Ag, 92.4 Sn, 3.6 Zn 218.2     14 350 Ag–Zn 
41 4.9 Ag, 1.7 Cu, 93.4 Sn 216.5     15  
42 4.7 Ag, 94.8 Bi, 0.5 Cu 261.1     14  
43 1.6 Ag, 2.2 Al, 96.2 Sn 226.1     18 156 Ag–Al 
44 3.3 Ag, 0.9 Al, 95.8 Sn 221.4     14  
45 0.3 Cu, 93.5 Sn, 6.2 Zn 198.4 224.3    13 527 �� Cu–Zn 
46 10 Cu, 85 Sn, 5 Zn  225.4    9 468 �� Cu–Zn 
47 1.8 Cu, 7.4 Sb, 90.8 Sn  236.4    21  
48 3.7 Cu, 20.2 Sb, 76.1 Sn 238.0 316.0   336.1 17 150 Sn–Sb; 470 Cu6Sn5 
49 1.2 Cu, 5.2 In, 93.6 Sn  216.6    14 360 Cu6Sn5 
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The measurements of individual characteristics of solders were carried out at the Faculty of Metallurgy and 
Materials Engineering (VSB – Technical University of Ostrava), Department of Non-ferrous Metals, Refining 
and Recycling; Department of Physical Chemistry and the Theory of Technological Processes; Department 
of Materials Engineering; Nanotechnology Centre; Institute of Physics of Materials AS CR in Brno; Czech 
Technical University in Prague, Faculty of Electrical Engineering; Charles University, Prague; Ural State 
Pedagogical University, Ekaterinburg. 

4. EXPERIMENTAL RESULTS 

4.1. Differential thermal analysis 

The differential thermal analysis (DTA) and the thermo-gravimetry & differential scanning calorimetry 
(DG/DSC) were carried out in the device SETARAM SYSTEM 18TM. The results of the measurements of the 
temperatures TE (eutectic reaction), TU (invariant reaction), and TL (liquid) were acquired at the heating rate 
4 °C/min, see Tab. 2. 

4.2. Metallographic study 

Microstructures of specimens acquired by the microscope Neophot 32 using the camera Olympus DP 11 
differed very slightly with respect to the history of their preparation. Metallographic analyses discovered 
practically fine-grained structure, mostly of a eutectic type, often with present dendritic formations. 
Microstructures of selected specimens of solders are shown in Figs. 1a to 6a. Results of microstructure and 
chemical microanalysis of phases found in selected alloys are shown in Figs. 1b to 6b by using of EDX 
analysis. Vickers microhardness was measured in all the specimens by the microhardness tester LECO 
applying the load 0.01 N. The measurement results are presented in Tab. 2. 

4.3. Measurement of wettability 

Wettability is a property of metal surface that expresses the material diffluence. Formation of an 
intermetallic compound is a necessary condition of good wetting and linking of the solder and wetted 
metal. A tested component is suspended on the dynamometer above the vessel with the molten solder. 
The measurement itself was carried out on the meniscograph solderability tester. The device consists of a 
measuring head with a spring micro-balance, a holder for gripping the measured object, a soldering bath 
and electronic control unit. The tested specimens of copper or nickel wires had the diameter of 1 mm. 
Rinsing-less fluxes were used for Al–Sn–Zn solders: types RX and RXZ. The wettability test was carried out at 
ČVUT in Prague. Cu and Ni wires were tested at the temperature 50 °C above the liquid temperature 
applying various fluxes or without any flux. The mean values of wetting forces [mN] corresponding to the 
“plateau” are summarized in the Tab. 3. An example of the curves of wettability measurements is 
presented in Fig. 7.  

Copper, nickel and brass wires (ø 1 mm) were tested at the soldering temperature 250 °C applying various 
fluxes too. All the combinations of the solders, fluxes and test specimens were measured. Several 
measurements were performed for each combination solder-flux-test specimen. The wettability tests were 
marked from 1 (best wettable combination) to 10 (worst wettable combination). The classification was 
carried out on the basis of the measured courses of the wetting force and on the basis of the visual control 
of the measured specimens under the microscope. The results are summarized in the Tab. 4. 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1459 

4.4. Measurement of electrical resistivity 

The electrical resistivity is an important property when determining suitable types of lead-free solders. To 
be able to measure the resistivity of solders, it was necessary to roll the specimens into the form of film 
with thickness of 0.2 mm. Stampings of a required shape, 50 mm long, 5 ± 0.1 mm wide, with notches of 5 x 
1 mm on both sides, were prepared by means of a special cut jig with a flat stamping die. The 
measurements were carried out at the Department of Physics of Materials, Charles University and at the 
Faculty of Electrical Engineering of the Czech Technical University in Prague (ČVUT). The conventional four-
point method at room temperature (23 °C) was used for the resistivity measurement (Tab. 5). The electrical 
resistivity of metals is dependent on the purity of individual elements and on the structural perfection of 
materials. 

The electrical resistivity of Al–Sn–Zn alloys was measured from the room temperature to 500 °C at the Ural 
State Pedagogical University, Ekaterinburg. The electrical resistivity was determined by contactless method 
in rotating magnetic field. The total uncertainty in the measuring of resistivity values was ± 5 %. The 
temperature dependencies of resistivity were linear and fitted with linear function in solid and liquid states 
for all Al–Sn–Zn alloys – Fig. 8a. 

 

 

 

 

 

 

 

 

 

 

Fig. 1a Microstructure of Al–Sn–Zn alloy No. 3  Fig. 1b EDX analysis of Al–Sn–Zn alloy No. 3 

 

 

 

 

 

 

 

 

 

 

Fig. 2a Microstructure of Al–Sn–Zn alloy No. 16  Fig. 2b EDX analysis of Al–Sn–Zn alloy No. 16 
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Fig. 3a Microstructure of Ag–Sb–Sn alloy No. 36  Fig. 3b EDX analysis of Ag–Sb–Sn alloy No. 36 

Fig. 4a Microstructure of Ag–Sn–Zn alloy No. 40  Fig. 4b EDX analysis of Ag–Sn–Zn alloy No. 40 

Fig. 5a Microstructure of Ag–Bi–Cu alloy No. 42  Fig. 5b EDX analysis of Ag–Bi–Cu alloy No. 42 
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Fig. 6a Microstructure of Cu–Sb–Sn alloy No. 47  Fig. 6b EDX analysis of Cu–Sb–Sn alloy No. 47 
 

 Tab. 3 Mean values of wetting forces F [mN] corresponding to the plateau for Sn-Zn-Al alloys 

Alloy [wt.%] Wire 
ø 1 mm 

Without 
flux 

Flux 
RX 

Flux 
RXZ 

91 Sn, 9Zn Cu -2.22 -2.56 -2.64 
91 Sn, 9Zn Ni -2.03 -2 -2.36 
85 Sn, 15 Zn Cu -2.347 -2.652 -2.451 
85 Sn, 15 Zn Ni -2.089 -1.714 -2.36 
70 Sn, 30 Zn Cu -2.68 -2.61 -2.54 
70 Sn, 30 Zn Ni -2.18 -2.27 -2.32 
90.4 Sn ,9 Zn, 0.6 Al Cu -2.295 -3.05 -2.851 
90.4 Sn, 9 Zn, 0.6 Al Ni -1.93 -2.571 -2.427 
75 Sn, 23 Zn, 2 Al Cu -2.183 -3.031 -2.941 
75 Sn, 23 Zn, 2 Al Ni -1.793 -2.56 -2.652 
70 Sn, 27 Zn, 3 Al Cu -3.64 -3.6 -3.38 
70 Sn, 27 Zn, 3 Al Ni -2.8 -2.86 -3.27 
56 Sn, 41 Zn, 3 Al Cu -2.96 -2.83 -2.9 
56 Sn, 41 Zn, 3 Al Ni -2.27 -2.77 -2.84 
18 Sn, 78 Zn, 4 Al Cu -3.82 -3.922 -4.134 
18 Sn, 78 Zn, 4 Al Ni -2.571 -3.59 -3.48 
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 Tab. 4 Summary results of the wettability test 
Solders [wt.%]: 
P1 Sn–1 Cu 
P2 Sn–5 Sb 
P3 Sn–4 Ag 
P4 Sn–3.5 Sb–1.5 Cu  
P5 Sn–3.8 Ag–0.7Cu  
P6 Sn–37 Pb  
P7 Sn–3 Cu  
P8 Sn 99.75  
P9 Sn–2 Bi–1 Cu  
 
Fluxes – producer SLUVIS Prague. 

 

4.5. Measurement of density of Al-Sn-Zn alloys in liquid state 

Density of the Al-Sn-Zn melt was measured by absolute variant of gamma-absorption method at the Ural 
State Pedagogical University. All the experiments were performed during the heating and the following 
cooling with the rate of 1 K/min in helium atmosphere (the chamber was preliminary outgased up to 10-2 
Pa) and in Al2O3 crucibles. Fig. 8b represents the temperature dependences of the melt density of five Al–
Sn–Zn alloys. It is obvious that the melt density decreases linearly with the temperature.  

 

 

 

 

 

 

 

 

a)       b) 

Fig. 8 Temperature dependences of the density a) and electrical resistivity b) for alloys: No. 1. Sn–6.5 Zn–
2.5 Al, No. 2. Sn–12 Zn–8 Al, No. 3. Sn–25 Zn–5 Al, No. 4. Sn–43 Zn–7 Al, No. 5. Sn–65 Zn–10 Al [at.%] 

4.6. Corrosion tests of lead-free solders 

Electrochemical corrosion properties of selected lead-free solders were studied on the base of 
potentiodynamic polarization method using 0.1 mol/l aqueous solution of NaCl at 25 °C. Relatively high 
differences were found out among the values of corrosion potentials, critical current densities (Tab. 5) and 
other measured parameters for lead-free solders. Lead-free solders containing Ag showed to be more 
resistant to pitting corrosion in the neutral NaCl solution comparing to solders containing Mg or Zn – see 
Fig. 9b. On the basis of accelerated corrosion test in salt spray, relatively small differences of corrosion 
losses were found for selected lead-free solders on the base of tin. Considerable differences were 

Wire 
ø 1 mm Flux 

Solder 
P1 P2 P3 P4 P5 P6 P7 P8 P9 

 
Copper 

without flux 10 10 10 10 10 10 10 10 10 
Epsilon M5 8 10 9 10 8 5 9 9 9 
Epsilon 5 8 10 8 10 6 4 9 9 8 
Epsilon 2 8 10 4 10 4 1 9 9 7 

 
Nickel 
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Epsilon M5 7 7 2 9 2 2 8 7 5 
Epsilon 5 5 6 2 8 2 2 5 5 3 
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Cu 
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discovered in the corrosion products appearance. Corrosion in the form of dark points or spots in lead-free 
solders was determined by the occurrence of phases with higher contents of Ag and Cu 

 

 Tab. 5 Results of polarization measurements of lead-free solders using 0.1 mol/l NaCl solution,  

salt spray test and electrical resistivity ρ of solders (23 °C) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Note:  

Ecor – corrosion potential  

Jp – critical passivation 
current density 

N – polarization curves 
without peak  

Δmc – corrosion loses on 
samples after salt spray 
test (exposition 240 h)  

ρ – electrical resistivity 

Alloy 
 No. 

Solder [wt.%] 
Ecor  Jp Δmc ρ 

[mV] [mA/cm2] [g/cm2] [�Ω.cm] 

E3 Sn–3 Ag–2 Bi–2 Sb -1064 2.18 2.4 15.4 
E19 Sn–2.5 Ag–11.2 Bi–5.5 In -497 0.011 4.03  
F1 Sn–2 Ag–7.5 Bi–5.5 In -585 N 3.98 20.9 
F23 Sn–0.5 Ag–1.5 Bi–3 Sb -1054 2.79 4.65 15.3 
F25 Sn–0.5 Ag–56 Bi -1043 2.21 2.67  
F47 Sn–5 Bi–1 In -1001 0.799 3.5 17.2 
E5 Sn–2.5 Ag–2 Bi -1059 2.86 9.86 13.8 
E11 Sn–5 Ag–8,6 In -502 N 11.8 17.3 
E14 Sn–3,1 Ag–6,1 Bi -1048 2.704 4.24 15.6 
F9 Sn–2 Ag–7,5 Bi–0,5 Cu -1058 3.014 3.58 15.8 
F17 Sn–3,4 Ag–4,8 Bi -1078 2.67 4.8 15.1 
F34 Sn–3.33 Ag–4.76 In -570 0.135 4.65 16.1 
F36 Sn–2.91 Ag–1.94 Bi–2.91 In -469 0.27 7.96 16.0 
F41 Sn–3.5 Ag–7 Bi -1060 3.49 7.61 15.6 
F42 Sn–3.5 Ag–10 Bi -1035 2.32 3.42 15.9 
F44 Sn–1.5 Ag–3 Cu–5 In -533 0.061 9.67 17.3 
F45 Sn–0.5 Ag–3 Cu–5 In -540 0.085 8.48 16.4 
F51 Sn–0.5 Ag–1 Cu–5 In -495 0.099 9.5 16.8 
F52 Sn–1.5 Ag–1 Cu–5 In -590 0.119 10.2 16.4 
F55 Sn–0.5 Ag–5 In -640 0.116 8.67 16.7 
F56 Sn–1.5Ag–5In -850 0.128 20.2 16.8 
Q1 Sn–3.33 Ag–4.83 Bi -1054 2.22 3.18 15.1 
P1 Sn–1Cu -1086 3.61 0.547 12.2 
P2 Sn–1.5 Cu–3.5 Sb -1071 3.84 0.795 15.8 
P3 Sn–4 Ag -1085 3.75 0.503 13.8 
P4  Sn–5 Sb -1079 2.78 1.71 15.6 
P5 Sn–3.8 Ag–0.7 Cu -1082 3.4 2.32 12.0 
P6 Sn–37 Pb -490  2.32 15.3 
 Sn–2.7 Al–13 Zn -1074   10.8 
 Sn–3 Al–41 Zn    9.3 
 Sn–0.6 Al–7.4 Zn    9.8 
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a) Al–Sn–Zn solder alloys    b) solder alloys No. 31 to No. 50 

Fig. 9 Comparison of potentials of pitting corrosion in 0.1 M NaCl solution 

Ecor – corrosion (free) potential, Edk – potential of depassivation, Erk – potential of re-passivation 

5. DISCUSSION 

In fact, metallographic analyses discovered practically in all the cases fine-grained two- or three-phase 
structures, mostly of the eutectic type. Three phases, pure Zn, pure Sn and Al–Zn alloy, were found in Al–
Sn–Zn alloys. The alloys were relatively inhomogeneous in the volume of specimens due to different 
histories of the heat treatment. Dendrites were observed in some cases at the surface of alloys. The 
eutectic structure containing tin as a matrix, in which fine lamellae of zinc were segregated, was confirmed 
in all the alloys.  

Furthermore, 20 different lead-free solders were prepared (specimens No. 31 to No. 50) – see Tab. 1. The 
chemical compositions of these alloys were selected so that the eutectic or invariant reaction could happen 
at the crystallization. The matrix of alloys was mostly formed by tin. Conventional methods of evaluation of 
macro- and microstructural characteristics, chemical and thermodynamic properties of alloys were used for 
the complex study of specimens, such as metallography, micro-hardness measurement, DTA, chemical 
macro- and microanalysis (ICP AES, OES, EDX, WDX). Structures of all the alloys after crystallization in 
evacuated SiO2 ampoules were mostly fine-grained except the alloy No. 48. Individual phases in structures 
of alloys were identified by X-ray microanalysis (EDX). Demonstrations of microstructural analyses for four 
types of solders are as an example shown in Figs. 3 to 6. 

From the microhardness point of view, the solders of eutectic type exhibited a relatively low micro-
hardness (HVm = 11 to 18), while individual phases found in the alloys No. 31 to No. 50 had high values of 
micro-hardness – see Tab. 2.  

It follows from the differential thermal analysis that our measured temperatures were almost in 
accordance with the literature or differed only slightly. Some phase transformations were observed in 
alloys of Al–Sn–Zn type, especially in specimens with high content of zinc. Two significant temperatures 
were ascertained in this ternary system: eutectic TE = 197.4 °C and invariant temperature TU = 277.5 °C, 
which is in very good agreement with the literature [5-7].  

The wettability test was determined for the Al–Sn–Zn alloys. The tested Cu and Ni wires are not wetted for 
all types of the solders if fluxes are not used. The better results of wettability were reached for nickel – Tab. 
3. It should be noted that the Al–Sn–Zn alloys embody relatively bad wettability for used types of fluxes. 
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The wettability was determined for the other solders – see Tab. 4. The wires of Cu, Ni and brass Ms66 were 
used for the wettability and commercial rinsing-less fluxes Epsilon 2, Epsilon 5 and Epsilon M5 were applied 
on their surface, in some cases no flux was used. All the materials of test specimens (Cu, Ni, Ms66) are not 
wetted for all types of the solders if fluxes are not used. The best results were reached for nickel. The Sn–37 
Pb solder (sample P6) and from the lead-free solders the P5 solder had the best wetting properties. The 
solder P4 is not wetted with all the fluxes mentioned above. The Epsilon 2 flux appears to be the most 
universal flux. The fluxes Epsilon 5 and in particular Epsilon M5 have a considerably greater dispersion 
variance among the measured courses of wetting forces compared to the flux Epsilon 2. These fluxes are 
obviously much more volatile and can be recommended especially for manual soldering. 

Electrical resistivity appeared constant vs. temperature for the samples 4 and 5 (Al–Sn–Zn alloys) in liquid 
state. The sample 4 had the highest resistivity of all samples, in solid and especially in liquid state – see Fig. 
8a. The heating and cooling curves coincided with each other in liquid state. But they didn’t quite coincide 
with each other in solid state for samples 1 and 2, or one may say there is a hysteresis between them. It is 
evident that irreversible transition took place in the melt after it had been heated up to 500 °C. 

Corrosion tests. It was found out on the base of the potentiodynamic polarization method that the 
resistance to pitting corrosion of lead-free solders Sn–Zn and Al–Sn–Zn markedly decreased at the content 
10÷15 at.% Zn. At further increasing of the Zn content only slightly declining trend of reducing potentials of 
corrosion, depassivation and re-passivation was recorded. The influence of aluminum on corrosion 
resistivity in terms of the performed tests appears to be slightly negative. Attention has to be given to 
solders with zinc considering their lowered corrosive resistance. 

Potentiodynamic cyclic polarization methods and accelerated corrosion tests in salt spray were used for 
evaluation of corrosive resistance of lead-free ternary solders: 9 alloys Sn–Zn–(Ag, Cu, Mg), 3 alloys Sn–Sb–
(Ag, Cu) and other 6 solders Sn–(Ag, Al, Bi, Cu, In, Mg), including alloys on the base of zinc and bismuth. 
Doping with Ag and Bi has a favourable influence on the corrosive resistance increase of examined solders. 
On the contrary, a decrease of corrosive resistance was proved at doping with Zn and especially with Mg. 
An abnormally high corrosion was discovered for Sn–Zn–Mg solders. No essential differences were 
ascertained for solders doped with Al, Cu, In and Sb. Solders with the addition of Sb and Cu showed a small 
improvement of the corrosive resistance. Further investigation (influence of doping) is necessary for tin 
solders doped with Mg and Zn in order to improve their corrosive resistance.  

5.1. Overall evaluation of alternative solders 

It seems from the performed analyses of Al–Sn–Zn alloys that an optimal candidate for alternative lead-free 
solder is alloy No. 1, which has the relatively low eutectic temperature TE = 197 °C and its structure is 
eutectic. This alloy has the aluminium content less than 1 wt.%. The alloy 16N, TL = 314 °C, can be 
recommended for high-temperature applications of soldering, which is caused by the higher content of 
zinc. The image analysis determined 9.6 vol.% of Zn in the eutectics. To enable a wider use of Al–Sn–Zn 
alloys, it is necessary to prevent the aluminium oxidation during the melting and soldering itself, i.e. to find 
suitable covering salts or soldering fluxes. 

All the selected substitutions of lead solders No. 31 to No. 50 with different ratios of individual elements 
Ag, Al, Bi, Cu, In, Mg, Sb, Sn and Zn have melting temperatures in the range 198 to 236 °C. The best 
candidates are the following solders: No. 36: Sn–3.6 Ag–7.3 Sb, No. 41: Sn–4.5 Ag–0.9 Cu, No. 44: Sn–3 Ag–
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0.5 Al and No. 49: Sn–0.6 Cu–4.9 In [at.%]. They have good structure characteristics, wettability, corrosion 
properties and electrical conductivity too. 

6. CONCLUSION 

The study of low-fusing solder alloys was performed with the aspect of observing their selected physical, 
chemical, structural and technological properties. The experimental specimens of lead-free solders were 
submitted to the following examinations: metallography, chemical and structural microanalysis, micro-
hardness, differential thermal analysis, wettability, corrosion tests and resistometry. In the further stage, 
the chosen types of alternative solders will be tested in working conditions. 
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Abstract  

The important parameter for using heat-resistance alloys in the glass industry is the corrosion resistance of 
alloys in molten glass. The corrosion resistance of the alloy depends on the chemical composition of the 
glass and alloy and the temperature. The corrosion tests of iron aluminide Fe14Al5Cr, austenitic steel EN 
X8CrNi25-21 and nickel alloy were carried out in a lead crystal at 1200°C. The corrosion kinetic of the test 
alloys was determined by the measurement of weight loss. The changes of sample surface layers were 
quantified by the surface roughness. The most suitable alloy for application in molten lead crystal is the 
iron aluminide Fe14Al5Cr. The alloy Fe14Al5Cr has had the lowest weight loss and parameters of 
roughness, tinted the molten glass at the least. The corrosion resistance of the austenitic steel against the 
molten lead crystal is also very good. 

Keywords: Iron aluminide (Fe3Al type), austenitic steel, nickel alloy, corrosion resistance, molten lead 
crystal. 

1. INTRODUCTION 

Metals and their alloys are used increasingly for applications in molten glasses [1]. Electrodes, holders of 
electrodes, parts of feeders (like plungers), parts of gatherer and elements of mechanical homogenizing of 
molten glass are often produced from metal materials for example stainless steels (austenitic, feritic steels), 
precious metals (platinum), nickel alloys etc. Fe3Al-based alloys, which are characterized by an excellent 
corrosion resistance at high temperatures in a variety of aggressive environments [2, 3], have been also 
studied as materials for high-temperature structural applications in the glass making [4]. 

Corrosion resistance of heat-resistance alloys against a molten glass depends on type of glass (chemical 
composition of glass) and temperature. Therefore laboratory tests in molten glass are necessary for choice 
the most suitable heat-resistant alloy. 

The aim of the present paper is to describe and compare the corrosion resistance of the iron aluminide 
Fe14Al6Cr, the austenitic steel EN X8CrNi25-21 and the nickel alloy in the molten lead crystal at 1200 °C. 
Very good corrosion resistance of the iron aluminide Fe14Al6Cr and the austenitic steel EN X8CrNi25-21 
was already observed in a soda-lime glass and a lead crystal with different composition [4].   

2. EXPERIMENTAL 

Three types of metal materials were tested in the molten lead crystal (Tab. 1). Chemical compositions of 
the test alloys are reported in Tab. 2. Cuboid samples of the iron aluminide and the nickel alloy were cut by 
electro-discharge machining. Surface layers of samples were manually removed using SiC abrasive papers, 
down to grit 1200 (five steps).  In case of the austenitic steel, samples were machined from bars and the 
sample surface was also ground using SiC abrasive papers (same grit as cuboid samples). Then sample 
dimensions and the weight were measured. 
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Corrosion tests were carried out at 1200 °C for up to 96 h. Samples put into alumina crucibles, which 
subsequently filled with cullet. After alumina crucibles with the samples and cullet were placed in a 
furnace. After each test crucibles were cooled down in the furnace. Cold crucibles were carefully broken 
and the glass separated from the surface of alloys. The corrosion resistance was evaluated using of the 
weight change and the change of surface roughness. Changes of the surface were observed on the sample 
cross-sections and were quantified using fractal geometry and statistic tools (a compass dimension – DC1000, 
standard deviation – STD and an average maximum roughness of all the curves – Rt). The surface roughness 
of samples was measured before and after the corrosion test in the molten glass.  In addition, the tinting of 
glass and the change of sample surface were visually described.  

Tab. 1 Chemical composition of the lead crystal before corrosion tests [5] 

[wt.%] SiO2 PbO ZnO Al2O3 B2O3 CaO Sb2O3 K2O Na2O Er2O3 Nd2O3 

Lead crystal 51.36 32.00 0.71 0.1 0.77 1.96 0.21 6.58 6.31 0.2 0.002 

Tab. 2 Chemical composition of alloys  

Samples of the nickel alloy (141 I) and the chemical composition were supplied by PBS Velká Bíteš – the 

producer. The chemical composition of Fe14Al6Cr was determined by the wet chemical analyse. 

The chemical composition of austenitic steel is according to European Norm. 

3. RESULT AND DISCCUSION 

Fig. 1 Samples (with original dimensions) after the corrosion test in the molten lead crystal at 1200 °C for 96 
h. 

Due to interaction between the molten glass and alloys the molten lead crystal was tinted and sample 
surface and eventually shape was changed. Fig. 1 shows samples after 96 h in the molten lead crystal. 
Samples of the iron aluminide and the austenitic steel keep their original shape and dimensions. 

Alloy  
Chemical composition [wt.%] 
C Al Mn Si Cr Fe Nb Ta W Co Cu Ni 

141 I 
Nickel alloy 

0.34 - 0.58 0.55 26.9 7.97 0.99 0.93 4.94 4.47 0.05 Bal. 

Fe14Al6Cr 0.02 14.20 max. 0.45 - 5.63 Bal. - - - - - - 

X8CrNi25-21 max. 0.10 - 2.00 1.50 24 – 26 Bal. - - - - - 19 – 22 

       Fe14Al6Cr                   EN X8CrNi25-21                              141 I 
 10.1x8.4x17.8 mm                �16x12.3 mm                          13.3x11x15 mm 
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However residuals of a dark green glass on the surface of the steel are observed. On the other hand, the 
sample of the nickel alloy is covered by metal phases, which probably has high content of lead.   

The tinting of the glass after 96 h is obvious in Fig. 2. The iron aluminide tinted the molten glass less 
intensively; the glass is only lightly grey near the sample (lower right corner).  The glass is green after 
interaction with the austenitic steel. Dark green up to black color of the glass is caused by interaction 
between the molten lead crystal and the nickel alloy. 

 

Fig. 2 The tinting of the lead crystal after interaction with test alloys at 1200 °C, time interval 96 h. Samples 
were situated in lower right corner; dimension of squares is 5 mm. 

The corrosion resistance of the test alloys was determined by measurement of weight change. The results 
reveal Tab. 3. For the iron aluminide and the austenitic steel up to 48 h weight loss the after corrosion test 
are characteristic. The iron aluminide has lower weight loss than the steel. The weight gains of austenitic 
steel were caused by residuals of glass on the samples (Fig. 1) for time periods 72 and 96 h. In case of the 
nickel alloy weight of samples significantly increased due to a metal phases on the sample therefore the 
results cannot be compared. 

Tab. 3 Weight change of samples after corrosion tests in lead crystal at 1200°C; + weight gain, - weight loss. 

Time 
intervals [h] 

Fe14Al6Cr 
[mg/cm2] 

EN X8CrNi25-21 
[mg/cm2] 

141 I 
[mg/cm2] 

0 0.00 0.00 0.00 
5.5 - - +144.77 
13 - 3.07 - 6.75 - 
24 - 4.69 - 7.49 +888.35 
48 - 4.70 - 10.32 +1282.92 
72 - 15.49 + 0.37 +1433.68 
96 - 16.22 + 7.32 +1484.05 

The similar behavior of the iron aluminide and the steel was observed in [4]. Same iron aluminide and same 
austenitic steel were tested in the lead crystal with different chemical composition. The austenitic steel has 
also the lower corrosion resistance than the iron aluminide (Fig. 3). Fig. 3 shows that test alloys have better 
corrosion resistance against the lead crystal in [4].  

Tab. 4 reveals surface parameters of test alloys. The iron aluminide and the austenitic steel are less damage 
due to corrosion reactions with the molten glass. The iron aluminide surface has a more complex structure, 
whereas the austenitic steel is wavier. On the other hand the surface of the nickel alloy is very damage 
therefore it cannot be quantified. 

Fe14Al6Cr                           EN X8CrNi25-21                             141 I 
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Fig. 3 Weight change of the iron aluminide and the austenitic steel after interaction with the lead crystals at 
1200 °C for time 48 h. 

Tab. 4 Roughness parameters of boundaries between alloys and the lead crystal, DC 1000 average compass 
dimension (multiplied by 1000), STD average standard deviation and Rt average maximum roughness 

 
Fe14Al6Cr EN X8CrNi25-21 141 I 

DC 1000 
[ - ] 

STD 
[��m] 

Rt 
[��m] 

DC 1000 
[ - ] 

STD 
[��m] 

Rt 
[�m] 

DC 1000 
[ - ] 

STD 
[�m] 

Rt 
[�m] 

Before tests 1023 0.56 3.55 1017 0.43 2.92 1007 0.29 1.99 

Lead crystal 
after  96 h 

1038 0.88 4.65 1020 2.51 10.56 
Cannot be 
quantified 

Cannot be 
quantified 

Cannot be 
quantified 

4. CONCLUSIONS 

� The iron aluminide Fe14Al6Cr has the best corrosion resistance against the molten lead crystal than 
comparable alloys. The alloy Fe14Al6Cr tinted less intensively the glass, and the rate of solution and 
damage of the surface are lowest. 

� The good corrosion resistance of the austenitic steel was also observed in the molten lead crystal. 

� The nickel alloy is not suitable for applications in molten lead crystal.   
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Abstract  

Porous metals and metallic foams are metallic materials containing pores in their structure that are 
intentionally created. Their specific structure then gives them a very advantageous combination of physical 
and mechanical properties, such as low density and high rigidity along with high capability of absorption of 
impact energy. Since the discovery of porous metallic materials numerous methods of production have 
been developed. According to the state, in which the metal is processed, the manufacturing processes can 
be divided into four groups. Porous metallic materials can be made from liquid metal, from powdered 
metal, metal vapours, or from metal ions. Porosity may achieve 30 % to 93 % depending on the method of 
production and material used. The aim of the experiment was to verify the possibilities of production of 
metallic foams by conventional foundry processes and to study the process conditions. The work is focused 
on the production of cast metallic foams with open structure by use of various types of filler material. 
Mastering of production of metallic foams with defined structure and properties using gravity casting into 
sand or metallic foundry moulds will contribute to an expansion of the assortment produced in foundries 
by completely new type of material, which has unique service properties thanks to its structure, and which 
fulfils the current demanding ecological requirements. In Czech Republic cast metallic foams are not yet 
produced. 

Keywords: Metal foam, porous metals, filling materials, casting methods 

1. INTRODUCTION 

Porous metals and metallic foams are metallic materials containing pores in their structure that are 
intentionally created. Their specific structure then gives them a very advantageous combination of physical 
and mechanical properties, such as low density and high rigidity along with high capability of absorption of 
impact energy. The term porous metal is a general term describing a material with high porosity, while the 
terms foam metal or metallic foam are used for porous metal produced by foaming of the melt, in which 
the pores are not interconnected ("structure with closed pores"). In addition, we have the term metal 
sponge. This is used for highly porous materials, in which the pores are connected in a complicated manner 
and the structure cannot be divided into individual cavities (“structure with open pores”) [1]. The term 
metallic foam is, however, very often used even in professional literature as a general designation of 
porous material. 

2. PRODUCTION METHODS 

Since the discovery of porous metallic materials numerous methods of production have been developed. 
Some technologies are similar to those for polymer foaming, others are developed with regard to the 
characteristic properties of metallic materials, such as their ability to sintering or the fact that they can be 
deposited electrolytically. 
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According to the state, in which the metal is processed, the manufacturing processes can be divided into 
four groups. Porous metallic materials can be made from liquid metal, from powdered metal, metal 
vapours, or from metal ions [2]. 

Porosity may achieve from 30 % to 93 %, depending on the method of production and material used. By 
changing the process parameters it is possible to obtain a porous structure with various sizes and shapes of 
pores and with different types of arrangement (regular or stochastic). 

2.1. Production of porous metal from liquid metal  

2.1.1. Direct foaming of the melt 

Currently two ways of direct foaming of the liquid metal exist: 

� Injection of gas into the molten metal: The simplest method of liquid metal foaming consists in 
blowing of gas bubbles into the melt. The main condition is the creation of fine bubbles uniformly 
dispersed in the melt volume and preservation of these bubbles in the melt till its solidification. This 
method is used by the Canadian company Cymat Aluminum Corp. on the basis of patents acquired 
from the companies Alcan International Ltd. and Norsk Hydro [3]. 

� Addition of foaming agent releasing gas into metal: Foaming agent is formed by powder material or 
by compound, which is stable at room temperature, but which releases at thermal decomposition a 
gas that forms pores in the melt [2]. This technology, registered under the trade name ALPORAS, is 
used by the Japanese company Shinko Wire Company already since 1986 [4]. 

2.1.2. Directed solidification of gas over-saturated melt 

The method was developed in 1980 in the former Soviet Union [5] and it is known as GASAR. GASAR in 
Russian acronym means "stiffened by gas". It is based on the eutectic reaction of gas, which takes place 
during crystallization of metals or alloys over-saturated by gas (mostly by hydrogen). 

2.1.3. Powder metallurgy 

Production of metallic foams from powdered metal (usually aluminium and its alloys) and from powdered 
foaming agent (TiH2, ZrH2 or CaCO3) was patented as early as 1963 [6]. Powdered metal is mixed with 
foaming agent and cold compressed into the blank. The next step is melting of the base material, during 
which the foaming agent, evenly distributed in the matrix, decomposes. Under the influence of released 
gas the material expands, and thus highly porous structure is formed. This technology is used for 
production of sandwich panels or structural parts with a solid surface layer and with inner porous structure 
– technology ALULIGHT. 

2.1.4. Foundry methods 

� Investment casting: Investment casting with use of pattern made of polymeric foam is used for 
production of metallic foam with open pores, which copies the shape of the polymer foam. The 
company ERG, Inc., California, produces with use of this technology metallic foam with the trade 
name Duocel already since 1967 [7]. Foam porosity ranges from 80 to 97 %, with pore sizes of 4.3, 2, 
1 and 0.5 mm. Foams Duocel are of high quality, however, the disadvantages of the production 
process are the high costs, complexity of the manufacturing process and low production volumes. 
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� Casting on the filler material: Porous metals can be produced by the method, at which the liquid 
metal is poured into a mould filled with inorganic or organic particles, which may remain in the 
casting, or which are removed by leaching or annealing [8]. 

2.2. Production of foam from the solid phase 

Metals with a porous structure can be made not only from the melt (liquid phase), but also from the 
powdered metal, when the powder remains during the entire production process in the solid state. 

� Sintering of metallic powders and fibres 

� Sintering of hollow metallic balls 

� Reaction sintering [2, 9] 

� Capture of gas – Low Density Core Process (LDC) 

� Foaming of suspension 

� Use of filler material 

2.3. Production of foam from ionized metal 

This method uses electric plating of polymer foam with open pores, which are afterwards removed. In 
order to perform electroplating, the polymer foam must be electrically conductive [2]. 

2.4. Production of foams from the gaseous phase of metal alloys 

Metallic foams can be made from metal vapour or from gas metallic compound. Metal vapours are formed 
in a vacuum chamber and they condensate on the cold precursor. Solid porous structure, such as 
polyurethane foam or polymeric material with lattice structure, serves as a precursor [10]. 

3. PROPERTIES AND APPLICATIONS OF METALLIC FOAMS 

The material offers particularly the following properties and possibilities of application: 

� Reduction of weight: porous metals themselves are lightweight and when connected with thin ribs, 
they can achieve the same values of mechanical strength as it is required for conventional heavy 
structures 

� Absorption (damping) of energy, the most promising feature: it uses the ability of this type of 
material to deform under a constant and relatively low stress, and thus to absorb in the relatively 
small volume large amounts of energy. This property can be used in transport, especially in personal 
vehicles for protection of the interior in the case of car crash (e.g. aluminium foam materials, 
produced in small series for the Audi Q7, and dampers for railway production [14]). 

� Absorption of sound and vibrations: substitute of organic foam materials in an environment with 
extreme thermal and mechanical stress; 

� Thermal insulation: metallic porous materials retain high mechanical properties even at high 
temperatures and even when exposed to flames they do not release any organic vapours; 

� Protection against explosions and impacts: both for non-military and military purposes  

� Exchange of heat or electricity: metallic porous materials with open structure have very large 
specific surface area, which gives them better exchange capabilities. Nickel foam material, used as 
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electrodes in rechargeable batteries for portable devices (mobile phones, laptops), are manufactured 
in series production. 

� Medicine: which uses porous metals for bone and dental implants – (titanium metallic foams), their 
structure is closer to the structure of human bone, and titanium is well tolerated by the organism. 

Despite the uniqueness of properties and wide range of possibilities of use, the examples of practical 
permanent applications are only few. The reasons are primarily economic. That is why the current interest 
(as reflected by a growing number of new published studies and possibilities of industrial applications [11, 
12, 13, 14] is focused mainly on the development of technologies enabling production of foam materials at 
the costs, which would allow their widespread use. 

Automotive industry seems to be one of the most promising fields of application in the Czech Republic. 
Since the effort in the recent years was aimed at reduction of the weight of automobile parts in order to 
reduce fuel consumption and emissions, the porous metallic material fully complies with these 
requirements and it provides also other unique properties (energy absorption). 

4. EXPERIMENTAL PART 

The aim of the experiment was to verify the possibilities of production of metallic foams by conventional 
foundry processes and to study the process conditions. The work was focused on the production of cast 
metallic foams with open structure by use of various types of filler material.  

4.1. Use of ceramics particles 

Precursors made of ceramic material with fractions of 8-16 mm (Fig. 1) and 3-4 mm, were tested, which 
were inserted into the cavity of the mould made from bentonite bonded mixture. Apart from different 
granulometry also different design of the gating system was used, and the temperature of the filler 
material was also changed (in order to affect positively filling capability of the molten metal). Materials 
used for casting was AlSi10MgMn alloy (Fig. 2 and Fig. 3) and cast iron with lamellar graphite – according to 
EN GJL-200. 

The experiment did not prove an influence of the inlet design of the gating system, or of the temperature 
of the filler material on fluidity of the given alloy. Size of particles of the filler material had substantial 
influence on filling capability of the molten metal, when in case of the fraction 3-4 mm in dependence on 
the amount of the filler the produced castings were not fully cast by some 20-60 % (rated by weight). 
Although annealing of precursors to the temperature of 150 °C resulted in reduction of material moisture 
from 1.2 to 0.28 %, however, compared to expectations, it did not lead to significant improvements of 
filling capability, and temperatures of 80-100 °C, at which the material was inserted into the mould cavity, 
complicated the handling. Due to the relatively low pouring temperatures of the alloy AlSi10MgMn (690-
705 °C) the filler material remained in the casting (syntactic foam [2]) and its removal would require an 
additional annealing of castings, which would increase the energy consumption of such production. These 
problems did not occur at pouring of castings from cast iron, in which it was possible to easily remove the 
used filler material from the castings and to obtain thus porous castings with open pores in chaotic 
arrangement. 
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Fig. 1 Ceramic particles (fractions 8-16 mm) Fig. 2 Casting made of the alloy AlSi10MgMn with 
ceramic particles (fractions 8-16 mm) 

4.2. Use of core particles 

Core particles were then manufactured from moulding mixture (3 % Novanol resin, curing time 90 s) using 
conventional core making techniques (i.e. moulding mixture compaction in the prepared core box and CO2 

curing). The special attachment to the supply of allowed the more uniform curing of the whole core volume and thus 
also better mechanical properties of the core. Final globular shape of core precursors was achieved by spliting in to 
small pieces and followed by tumbling. So produced the precursors was inserted in a mould cavity. Mould was made 
from commonly used green sand (ie. bentonite bonded moulding mixture) – Fig. 4.  

Material used for casting was cast iron with lamellar graphite – according to EN GJL-200 – Fig. 5 and Fig. 6. 

4.3. Use organic filler material 

For the alloy AlSi10MgMn use of different types of organic fillers, allowing easier removal from the casting, 
was verified (Fig. 7). During pouring, however, some substances produced big evolution of gas (depending 
on the type of material, temperature of its thermal destruction and gas evolution properties) and in this 
case either the metal did not fill fully the mould cavity in case of materials with particle size below 3 mm. 

The pores in the castings were distributed unevenly throughout the volume of material. 

 

  
Fig. 3 Casting made of the alloy AlSi10MgMn with 

ceramic particles (fractions 3-4 mm) 
Fig. 4 Core particles in mould 
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Fig. 5 Casting made of the cast iron (EN GJL-200) 

with core particles 
Fig. 6 Casting made of the cast iron (EN GJL-200) 

with core particles 

5. DISCUSSION OF RESULTS 

The main drawback of the method using a filler 
material is irregular structure and random distribution 
of pores throughout the volume of the casting, and 
therefore impossibility to achieve reproducible results 
[15]. That is why next experiments were focused on 
the preparation of porous materials with regular 
structure. 
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Abstract 

A pipe of Aluminium Alloy 5083 for Liquefied Natural Gas (LNG) transport has been welded by the Gas 
Tungsten Arc Welding process (GTAW). The welding was conducted following the welding parameters in 
four passes and using an ER 5356 filler metal according to standard American Welding Society (AWS) and 
Argon as shield gas. 

A Metallographic studies (Optical Microscopy and Scanning Electron Microscopy) and mechanical tests 
(Microhardness Vickers test and tensile test) were made to determine microstructure evolution and 
mechanical properties of weld joint.  

Keywords: Aluminium alloys welding, HAZ, hardness, tensile strength & yield strength, microstructures 

1. INTRODUCTION 

The necessity to reduce weight and exhaust emissions, improve fuel economy has led to increased use of 
lightweight materials such as aluminium alloys. Among the alloys, AA 5083 is used in many fields of 
liquefied natural gas (LNG) transport and storage tanks, ships, vehicles, and high pressure vessels for his 
good strength and welding properties, etc. 

Welding is an important manufacturing technology in aluminium alloy application. The optimisation of the 
welding process requires a good understanding of the microstructures generated by the rapid temperature 
rise in the heat affected zone. Improvements to welding technique are desirable as it is one of the methods 
showing greatest potential for application in industry. 

2. EXPERIMENTAL PROCEDURE 

2.1. Material and Gas Tungsten Arc Welding (GTAW) 

The studied material, 5083 aluminium alloy pipe, 152.4 mm (6 inch) diameter and 8 mm thickness, used in 
LNG transportation for low temperature. The chemical compositions of base and filler metal are given in 
Tab. 1.  

 

 Tab. 1 Chemical composition of the Aluminium base material and filler metal [wt.%] 

Materials Al Si Mg Ti Cr Mn Fe Ni Cu Zn Sn Pb S 

AA 5083 94.3 0.45 3.95 0.03 0.41 0.48 0.22 0.01 0.03 0.03 <10-3 <10-3 0.01 

ER 5356 94.58 0.25 4.5 0.06 0.05 0.05 0.40 / 0.10 / / / / 
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Weld was made by joining two pipe coupon tests by means of Gas Tungsten Arc Welding (GTAW). The 
configuration of the joint groove was V-shaped and the weld was completed in four passes using ER 5356 
filler metal in position 5G (pipe with its axis horizontal and with welding groove in vertical plane. Welding 
was done without rotating the pipe) [2] (Fig. 1). Cracking and porosity are major concerns in welding 
Aluminium alloys. To reduce the defects and to have good weldability, argon as shield gas have used, which 
play an important role in reduction of generation of defects and protection of weld pool from oxidation 
(aluminium being very reactive with oxygen contained in the atmosphere). Additional requirements of the 
shielding gas are a stable arc root mechanism, efficient shielding of the weld pool and adjacent area, and 
good weld penetration with a smooth weld bead profile. But they have very different characters [1]. 

   
Fig. 1 Dimension and pass of work piece 

 

The welding parameters used are on Tab. 2. 

 Tab. 2 Welding parameters 

 Layers Root  Fill  Cap  

 Welding Process GTAW GTAW GTAW 

 Welding position 5G 5G 5G 

 Current & polarity AC AC AC 

 Filer metal ER 5356 ER 5356 ER 5356 

:  Electrode  [mm] 2.4 2.4 2.4 

:  Rod     [mm] 1.6 – 2.0 1.6 – 2.0 1.6 – 2.0 

 Amp. Range  [A] 60 – 90  80 – 160  80 – 160 

 Volt. Range  [V] 11 – 18  11 – 18  11 – 18  

 Gas Ar Ar Ar 

 Flow Rate   [l/min] 10 - 20 10 - 20 10 – 20 

2.2. Specimens and Experiment 

Laboratory investigations including microstructure examination, mechanical properties and Scanning 
Electron Microscopy (SEM) were performed. A radiographic examination (X-ray) was used after welding to 
see if the joint does not contain defects (bubbles, cracks and inclusions). Samples from the parent metal 
and the welded region were prepared for optical Microscopy. They were polished and etched with Keller’s 
reagent. Microhardness Vickers test was performed on the welded sample under a load of 300 g. The micro 

1 
2 

3 

4 
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hardness was measured on an interval of 0.5 mm through the weld, 1 mm through the Heat Affected Zone 
and 1.5 mm through the base metal according to 3 profiles (Fig. 2).  

 
Fig. 2 Microhardness tests 

The last part of the experimental work included tensile testing of the welded specimens and fracture 
analysis. Tensile test specimens were machined out of the welded pipe according to ASME Sect. IX standard 
as shown in Fig. 3.  

 
 
 
 
 
 
 
 

 
 
 

 
Fig. 3 Tensile test specimen 

3. RESULTS AND DISCUSSION 

The AA 5083 is an aluminium alloy that relies solely upon cold work and solid solution strengthening for his 
strength properties. It differs from heat treatable alloys in that it is incapable of forming second-phase 
precipitates for improved strength. 

Before examining the weld, a metallographic examination of the base metal presents a granular structure 
slightly stretched out (Fig. 4). The size of the grains varies between 20 and 40 μm. The second phase has a 
same size that the matrix. Analyses performed with Energy Dispersed Spectrum (EDS) indicate that some 
are rich in magnesium and others contain iron and manganese (Fig. 4). These second phases are the Al3Mg2 
and an intermetallics were either Al6(Fe,Mn) or Al6Mn and Al3Fe [3]. 

HV3 

HV2 
HV1 
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Fig. 4 Microstructure of base metal (X500) and EDS analyses 

Applying the welding parameters, weld was performed by GTAW process, shielded argon for four passes. 
Visual aspect was good and the NDT control (X-ray) made on the welded joint to verify the welding defects 
did not reveal anything. 

Metallographic study of the different regions of the weld shows that the Heat Affected Zone (HAZ) has a 
coarse grain structure than the base metal (Fig. 5). This is due to thermal cycle caused by welding. While, 
the weld metal microstructure consists of columnar, epitaxial grains with a cellular or columnar-dendritic 
substructure that has inter-dendritic eutectic constituents primarily Al3Mg2 and an the same intermetallics 
like a base metal Al6(Fe,Mn) or Al6Mn and Al3Fe. In Fig. 6 EDS-SEM analysis revealed the same chemical 
elements as the base metal. 

 

      
Fig. 5 Microstructure of Heat Affected Zone (x500) and EDS analyses 

      
Fig. 6 Microstructure of the weld metal (x500) and EDS analyses 

Selecting the best filler alloy for a given application depends on the desired performance relative to 
weldability, strength, ductility, and corrosion resistance. In general, the filler alloy selected should be 
similar in composition to the base metal alloy. Similarly, 5xxx filler alloys are used to join 5xxx-series base 
metal alloys. An exception to this rule is encountered when weldability becomes an issue.  

Others problems are with hot cracking encountered when welding under highly constrained conditions or 
when welding certain alloys that are highly susceptible to cracking. Such is the case when welding the alloys 
that have low range magnesium content. To avoid cracking, use of a high-magnesium filler alloy is 
recommended [4]. 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1482 

These aluminium alloys are susceptible to hydrogen-induced weld metal porosity, as are all aluminium 
alloys in general. This porosity forms during solidification due to the abrupt drop in hydrogen solubility 
during solidification. Porosity can best be avoided by minimizing hydrogen pickup during welding. This can 
be accomplished through proper joint preparation, use of high-grade shielding gas as argon with low-dew-
point, and careful storage of filler wire (that is, protection from exposure to moisture and oil). It has been 
determined that welding filler wire is often the primary source of hydrogen contamination. The 5xxx-series 
filler alloys, in particular, are susceptible to the hydration of surface oxides, which can result in porosity [4]. 

In Fig. 7 can be observed that the values of micro hardness tests varied between 80 and 100 HV and a 
softening is apparent for the HAZ area. The hardness values are generally scattered, so that it is very 
difficult to discern a HAZ. This can be attributed mainly to recrystallisation in the weld and HAZ that had 
taken place during welding.  

   
 

 
Fig. 7 Microhardness profiles as shown in Fig. 2 

 

Fig. 8 shows tensile strength vs. deformation. It is known that with mild steel there is a clearly defined point 
on the stress strain curve at which the elastic limit is reached; this ″yield point″ is followed by a sharp 
reduction in the stress before the metal exhibits a plastic flow region with stress again increasing with 
strain until the ultimate stress is reached and the stress reduces to the point of failure. 

In most cases, the elastic limit or yield point is not clearly defined on the stress/strain curves for aluminium 
alloys, this is apparent by looking at Fig. 8. For this reason the point of departure from the elastic range has 
to be defined arbitrarily. Today, however, 0.2 % is the international norm. The failure for the tensile test 
occurred at the welded joint. The tensile strength value is 258 MPa, a yield strength is 247 MPa and a 
deformation about 17 %. Furthermore, the tensile test can ensure that the minimum strength 
requirements, as there are defined by the ASME Sec IX standards [2], are met after welding. For AA welds, 
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the minimum strength prerequisite is the same with that of the parent metal, set at 270 MPa for the AA 
5083. The obtained value is less about 4.5 % of the limit value.  

The weld metal of these aluminium alloys is typically the weakest part of the joint and is the location of 
failure when the joint is loaded in tension. This is in contrast to most heat-treatable aluminium alloys, 
where the heat affected zone often is the weakest 
link.  

The absence of precipitate-forming elements in this 
alloy becomes a positive attribute when 
considering weldability, because many of the alloy 
additions needed for precipitation hardening can 
lead to liquation or hot cracking during welding. In 
addition, joint efficiencies are higher in this alloy 
because the heat-affected zone (HAZ) is not 
compromised by the coarsening or dissolution of 
precipitates. When these alloys are welded, 
microstructural damage is incurred in the HAZ. 
Unlike the case of heat treatable alloys, whose 
strengthening precipitates may dissolve or coarsen, the HAZ damage in non-heat-treatable alloys is limited 
to recovery, recrystallisation, and grain growth. Thus, loss in strength in the HAZ is not nearly as severe as 
that experienced in heat-treatable alloys.  

 
Fracture analysis of the tensile specimen revealed a surface usually consisted of elongated dimples, a 
pattern indicating failure via ductile fracture mechanisms (Fig. 9). 

   
Fig. 9 SEM micrograph of the fracture surface 

4. CONCLUSION 

In this paper, the effect of the microstructural changes that accompany a common welding technique, on 
the mechanical properties is investigated. Based on the analysis described above, the following conclusions 
are drawn: 

� Metallographic examination of the base metal presents a granular structure a slightly stretched out 
with a grains size varies between 20 and 40 μm. 

� Applying the welding parameters, weld was performed by GTAW process, shielded argon gas. 

� Argon as shielding and purging is the most common gas, which play an important role in reduction of 
generation of defects and protection of weld pool. 
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Fig. 8 Tensile test curve 
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� The HAZ has a coarse grain structure than the base metal. 

� The microstructure observed in the HAZ was the successive thermal cycle of multi-pass. 

� Cumulative effect of thermal cycles after each passes resulted in softening of the lower pass and of 
the adjacent parent metal. 

� Hardness tests values vary between 80 and 100 HV, and a softening is apparent for the HAZ area. 

� The weld metal is the weakest part of the joint and is the location of failure when the joint is loaded 
in tension. 

� The as-welded specimens were subjected to uniaxial tensile tests. The UTS value is 258 MPa. 
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Abstract 

Study of hydrogen effect on microstructure change after different heat treatment under argon or hydrogen 
was carried out. Experimental alloys Ti45Al10Nb and Ti40Al15Nb were prepared from TiNb master alloy 
(55/45 wt.%) and pieces of elemental Al and Ti using plasma melting. Ingots were vacuum induction 
remelted. Both as-cast alloys were annealed at 700 °C for 8 hours under argon or hydrogen in order to 
compare influence of annealing atmosphere on microstructure changes. Heat treatment at 1300 °C for 4 
hours in flowing hydrogen followed by quenching in water from 700 °C allowed to observe influence of 
hydrogen as phase-stabilizer in the microstructure.  

Based on microhardness values the influence of various parameters, such as Nb content, presence of 
hydrogen in the structure or thermal history of the alloys on the microstructure feature, was evaluated. The 
lamellar microstructure (32 + �) was found for both alloys in as-cast condition. Hydrogen effect on 
increasing microhardness was observed only for samples hydrogenated at 700 °C.  

Microstructure change associated with drop of microhardness after hydrogenation at 1300 °C indicated the 
role of hydrogen as phase-stabilizer for both TiAl based alloys. Lamellar microstructure was formed of 
different fraction of (32+�+Nb2Al) phases.  

Keywords: TiAl, hydrogen effect, lamellar microstructure, microhardness 

1. INTRODUCTION 

Intermetallic alloys based on TiAl represent important group of alloys providing a unique set of physical and 
mechanical properties and constitute substantial contribution to automotive or aircraft materials. After 
more than 20 years of highly intensive research sufficient progress was achieved in TiAl alloys, which 
enables use of these materials for rotary components of commercial jet engines [1]. These alloys have 
outstanding thermal and physical properties particularly thanks to strongly ordered structure, which 
comprises: high melting point at low density of 3.9-4.2 g/cm3, high Young’s modulus, low diffusion 
coefficient, good resistance to oxidation and corrosion. TiAl alloys demonstrate an excellent specific 
strength and temperature properties, in comparison with common alloys of titanium, steel and nickel 
superalloys in temperature range from 500 to 900 °C [2, 3]. It is clear that intermetallic TiAl alloys show the 
highest potential for future applications in aircraft engines. While their specific strengths are higher than in 
competitive materials, their ductility at room temperature is low – around 1%. Low ductility is the biggest 
problem for use of these alloys as structural elements, since ductility of 1% is generally accepted as a 
minimal acceptable level. Another serious problem consists in their difficult preparation into the shape of 
final products or components. 

It is well known that hydrogen acts as 1-stabilizer in Ti based alloys what is exploited in thermal hydrogen 
processing during treatment of (3+1) alloys. The aim of this work was to observe influence of hydrogen on 
microstructure feature and microhardness values for TiAl alloys with 10 and 15 at.% Nb. We studied 
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efficiency of hydrogen to stabilize 1- or another high temperature phases after hydrogenation at higher 
temperatures when (32+�) phases exist. 

2. EXPERIMENTAL  

Experimental alloys Ti45Al10Nb and Ti40Al15Nb (in at.%) were prepared with use of TiNb master alloy 
(55/45 wt.%) (proceed from Plansee) and pieces of elemental Al (5N) and Ti (3N8). Backfills were first 
melted in plasma furnace with following parameters: melting time of 1 hour, feed rate of tray of 1 cm.min-1, 
argon flow rate of 27 l.min-1, current of 590A, voltage of 65V. Ingots were remelted in alumina crucible 
using vacuum induction furnace LEYBOLD type IS3/1 and poured into graphite mould with 3 fingers with 
diameter of 12 mm and height of 100 mm. 

Both alloys in as-cast state were heat treated (HT) in high temperature furnace Linn at 700 °C for 8 hours in 
argon or hydrogen flowing gases in order to compare influence of annealing atmosphere on microstructure 
changes. Hydrogen action as phase-stabiliser on microstructure was investigated on the samples after 
annealing at 1300 °C for 4 hours followed by quenching in water from 700°C. Heat treated samples were 
submitted to metallographic study using optical (OM) and scanning electronic (SEM) microscopes. 

Measurement of microhardness was performed across the sample diameter with a step of 1 mm under the 
load of 0.2 kg by means of LECO LM-100 instrument. Hydrogen content in both alloys were measured using 
LECO RH600 determinator. Phase analysis was realized using SEM JEOL JSM - 6490LV equipped by EDS 
micro-probe. 

3. RESULTS AND DISCUSSION  

Microstructure of both alloys after plasma melting was formed by large 
phases. After annealing at 1100 °C for 12 hours under argon followed by quenching in water from 700 °C 
the microstructure of both alloys appeared to consist of finer grains. Homogeneity of alloys after plasma 
melting was enhanced by vacuum induction melting with subsequent pouring into a graphite mould. The 
resulting microstructure of both alloys after vacuum induction melting (VIM) was fully lamellar, as seen in 
Fig. 1. 

 

 

 

 

 

 

Fig. 1 OM micrographs of VIM microstructure of alloys Ti-45Al-10Nb (a) and Ti-40Al-15Nb (b) 

 

Influence of atmosphere during heat treatment at 700 °C for 8 hours under flowing hydrogen or argon on 
microstructure feature of both alloys is represented in Figs. 2 and 3 and related to measured 
microhardness. Grains in both alloys after annealing at 700 °C for 8 h in Ar were lamellar (Figs. 2a,c and 
3a,c). For annealed alloys with 10 at.% Nb, higher microhardness values (520 HV0.2) as compared with that 
ones for as-cast microstructure (472 HV0.2) may be related to the occurrence of smaller amount of 

a 

 b 

b 
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subgrains. Microstructure of annealed alloy with 15 at.% Nb remained fully lamellar and microhardness 
values also increased from 509 to 572 HV0.2. Annealing at 700 °C under hydrogen gas led only to grain 
coarsening (Figs. 2b,d and 3b,d), no hydride phases were observed. However, microhardness increased up 
to 572 and 588 HV0.2 due to presence of hydrogen in the structure, for both alloys respectively. 

 

 

 

  

 

 

 

 

 

 

 

 

 

Fig. 2 OM and SEM micrographs of the alloy Ti45Al10Nb after annealing at 700 °C . 
a) c) in Ar and b) d) in H2 

 

 

 

 

 

 

 

 

 

 

 

  

 
Fig. 3 OM and SEM micrographs of the alloy Ti40Al15Nb after annealing at 700 °C. 

a) c) in Ar and b) d) in H2 

Moreover, annealing performed at 1300 °C for 4 hours under hydrogen followed by quenching in water 
from 700 °C allowed investigation of influence of hydrogen as phase-stabiliser. Microstructures of both 
alloys show finer grains with fully lamellar feature (Fig. 4). Nevertheless, microhardness values displayed 
dramatically drop for both alloys to 429 HV0.2 and 521 HV0.2, respectively, as compared with microhardness 
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after hydrogenation at 700 °C. Role of hydrogen in decreasing microhardness require further phase EDS 
microanalyses and X-ray analyses. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 OM and SEM micrographs after annealing at 1300 °C for 4 hours in flowing hydrogen. 
a) c) Ti45Al10Nb and b) d) Ti40Al15Nb 

 
Fig. 5 Microhardness in dependence on heat treatment conditions for both compositions of TiAl-Nb alloys 

Systematic higher values of microhardness of the alloy with 15 at.% Nb for various heat treatment (Fig. 5) 
proved that higher Nb content in the alloy increases microhardness independently on the kind of heat 
treatment or hydrogen presence in the microstructure. 

Content of hydrogen in Ti45Al10Nb and Ti40Al15Nb hydrogenated at 1300 °C was more than twofold and 
fivefold higher, respectively, as for as-cast alloys. Average values of amount of hydrogen determined from 
three measurements are shown in Tab. 1.  

Results of EDS microanalysis (Tab. 2) revealed that microstructures of both alloys were homogeneous and 
corresponded to demanded compositions in Nb and Al. Concerning lamellae microstructure it is not easy to 
conclude which phases were formed or stabilised by hydrogen in alloys. Based on results of EDS phase 
microanalysis summarized in Tab. 3 and in consideration of ternary Ti-Al-Nb diagrams for temperatures 
from 1200 to 700 °C [4] it could be supposed that differences in concentrations of Ti, Al and Nb for analysed 

a b 

c d 
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spots 1 to 4 are related to different fraction of lamellae of (32 + � + Nb2Al). Indeed, higher contents in Nb 
found for spots 1 and 2 correspond to occurrence of Nb2Al phase as it is reported in the ternary diagrams. 

 

 Tab. 1 Values of hydrogen content measured after VIM and heat treatment at 1300 °C in H2 for Ti45Al10Nb 
and Ti40Al15Nb alloys. 

 

 

 

 

 

 

  

 Tab. 2 Results of general microanalysis after different heat treatment for both alloy composition. 

Heat treatment HT 700 °C Ar HT 700 °C H2 HT 1300° C H2 

Elements [at. %]  

Alloys 
Ti Al Nb Ti Al Nb Ti Al Nb 

Ti45Al10Nb 44.40 44.57 11.02 45.16 43.54 11.30 44.75 44.32 10.92 

Ti40Al15Nb 43.84 40.02 16.14 44.07 39.74 16.19 44.55 39.73 15.72 

 

 Tab. 3 Results of spot EDS microanalysis of the alloyTi40Al15Nb after HT at 1300 °C under H2. 

 Elements [at.%] 

Spots Ti Al Nb 

1 41 33 26 

2 38 34 27 

3 36 44 19 

4 44 40 16 

 

 

4. CONCLUSION 

The effect of heat treatment atmosphere on the microstructure of intermetallic TiAl-Nb based alloys with 
compositions of Ti45Al10Nb and Ti40Al15Nb were studied. Microstructures observed after plasma melting 
as well as after vacuum induction remelting were fully lamellar and formed of (32+�� laths. Results obtained 
from microstructure observation, measurement of hydrogen amount and microhardness allowed to drawn 
following conclusions:  

� Heat treatment at 700 °C under argon or hydrogen led to increase of microhardness.  

� Higher microhardness values for the samples with higher niobium content was systematic 
independently on heat treatment. 

 Hydrogen content [wt. ppm] 

Alloy 

Treatment 
Ti45Al10Nb Ti40Al15Nb 

VIM 55 35 

HT 1300 °C 131 186 

1 

2 

3 

4 

Fig. 6 Microstructure of the Ti40Al15Nb 
alloy after HT at 1300 °C under H2 
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� Hydrogenation at 1300 °C showed the role of hydrogen as phase-stabilizer. According to ternary 
diagrams is could be assumed the occurrence of (32 + � + Nb2Al) lamellae. Changes in the 
microstructure of both alloys corresponded in drop of microhardness. 

More detailed phase and microstructure analysis are needed to specify the hydrogen role in the influence 
of heat treatment on the structure of TiAl-Nb based alloys.  
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Abstract  

Phase transformations during isochronal annealing were investigated in squeeze cast Mg2Y1Zn and 
Mg2Y1Nd1Zn alloys. Electrical resistivity measurements at 77 K and room temperature, differential 
scanning calorimetry and microhardness measurements were performed. Transmission electron 
microscopy and optical microscopy revealed intermetallic phases at grain boundaries and in their vicinity 
and a relatively high density of stacking faults in grain interiors of both alloys. Resistivity annealing curves 
show matrix enrichment by solutes in both alloys during isochronal annealing up to 440 °C. Only a weak 
precipitation proceeds during isochronal annealing of both alloys. Mechanical properties tested by 
microhardness measurements do not deteriorate due to the isochronal annealing. If a repeated isochronal 
annealing of both alloys previously isochronally annealed up to 440 °C is performed, an early precipitation 
stage appears in both alloys at 80 °C – 200 °C. Thermal stability of microhardness remains very good also in 
the repeated heat treatment. Heat flow connected to the phase transformations up to 440 °C is only 
moderate, but a partial liquefaction was observed near to 500 °C in calorimetrical curves. The melting 
temperature shifts to lower temperatures in repeated isochronal annealing only in the Mg2Y1Zn alloy. 

Keywords: Mg-Y-Zn alloys, phase transformations, electrical resistivity, microhardness, heat flow 

1. INTRODUCTION 

Mg alloys with rare earth (inclusive Y) are constantly in a research focus due to a possibility of their aging 
and a very good thermal stability of mechanical properties. Economical reasons aim to suppress 
concentrations of rare earth to a minimum combining the rare earth additions with other elements and 
maintaining so proper properties caused by tailored microstructures. Recently Mg-Y-Zn alloys have 
attracted attention due to their unusual microstructures including quasicrystalline secondary phases (e.g. 
[1]). Phases denoted as X-phase (Mg12ZnY composition, hcp structure), W-phase (Mg3Zn3Y2 composition, 
fcc structure) or I-phase (Mg3Zn6Y composition, icosahedral phase) can be found in the Mg-Y-Zn phase 
diagram rigorously depending on the concrete concentrations of Y and Zn and on their ratio [2]. The Mg-Y 
alloys with low Zn content contain either in the as cast state or after a heat treatment secondary phase 
particles or regions of ordered structures that exhibit a variety of long period stacking. High resolution 
electron microscopy enables very recently to study ordering, stacking, composition or arrangement of the 
alloying elements in these ordered structures. The 18R and 14H long period ordered structures frequently 
constitute in Mg-Zn alloys as Mg-Y-Zn [2], Mg-Gd(-Y)-Zn [3, 4], Mg-Dy-Zn, Mg-Ho-Zn and Mg-Er-Zn alloys [5]. 
A very detailed study was needed to establish differences in composition and structure of the 18R 
(Mg10YZn, ordered base centred monoclinic lattice) found in the as cast state and of the 14H [(Mg12YZn, 
ordered hexagonal structure] developed during heat treatment in Mg-Y-Zn alloys [6].  

It was proven that a small addition of Zn to Mg-Y alloys decreases the stacking fault energy in the Mg-
matrix considerably and split dislocations or many planar faults formed on (0001) matrix plane were 
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observed [7]. Segregation of Y and Zn at higher temperatures stabilizes and extends the separation of these 
extended dislocations; the faulted parts become their own microstructure and are observed as basal plates 
[8]. It leads to an enhanced creep resistance of these alloys up to high temperatures [9, 10].  

The aim of this work was to investigate phase transformations during isochronal annealing in squeeze cast 
Mg2YZn and Mg2YNd 

Zn alloys. Electrical resistivity measurements at 77 K and room temperature, differential scanning 
calorimetry and microhardness measurements were performed. Transmission electron microscopy and 
optical microscopy was used in microstructure investigation. 

2. EXPERIMENTAL PROCEDURE 

Two alloys were squeeze cast under a protective gas atmosphere of Ar + 1 % SF6. Their nominal 
composition is listed in Tab. 1. The isochronal annealing response of relative electrical resistivity changes 
was determined in the range 20 – 440 °C in both as cast materials. Isochronal annealing was carried out in 
steps of 20 oC/20 min followed by quenching. This treatment was performed in a stirred oil bath up to 240 
°C and the specimen was quenched into liquid nitrogen after each annealing step. Specimens wrapped in a 
steel foil were heat treated in a furnace at higher temperatures and each heating was followed by water 
quenching. The H-shaped specimens machined to dimensions of 1x8x75 mm3 were used for resistivity 
measurements at 77 K after each heating step. The value of the length represents the gauge length for the 
resistivity measurements. Relative electrical resistivity changes �-/-0 were obtained within an accuracy of 
10-4. The resistivity was measured by means of the dc four-point method with a dummy specimen in series. 
The influence of parasitic thermoelectromotive force was suppressed by current reversal. Selected states of 
material were controlled by measurements at two temperatures (77 and 293 K). The ratio RRR = -293 K/-77 K 
does not depend on the specimen form-factor and increases with increasing effective material purity. 

The stability of mechanical properties was measured by Vickers microhardness HV0.5 at room temperature 
in Wilson Wolpert 401 MVD microhardness tester. Ten indentations were evaluated and the average 
together with its standard deviation was determined. The same isochronal heating procedure as in the 
resistivity study was used for obtaining microhardness annealing curves.  

The microstructure investigation of the as cast state was realized using transmission electron microscopy 
(TEM) and electron diffraction (JEOL JEM 2000FX electron microscope). An analysis of phases precipitated 
out was also supported by energy dispersive X-ray microanalysis (EDS) by BRUKER microanalyzer. The 
optical microscopy in Olympus microscope BX 51 was used in structure studies.  

Calorimetrical measurements were performed in the NETZSCH DSC 200 F3 Maia calorimeter at the constant 
heating rate of 10 K/min under a flowing N2 gas atmosphere. After heating up to 520 °C, specimens were 
cooled without regulation in the calorimeter and repeatedly heated with the same constant heating rate. 

 Tab. 1 Nominal composition of investigated alloys 

Alloy Y [wt.%] Nd [wt.%] Zn [wt.%] Mg 

WZ21 2 - 1 balance 
WEZ211 2 1 1 balance 
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3. RESULTS AND DISCUSSION 

3.1. As cast alloys 

The as cast structure of both alloys investigated is shown in Figs. 1 and 2. Grains are almost equiaxed in 
both alloys with the grain size (50 ± 8) μm and (70 ± 11) μm in the WZ21 alloy and in the WEZ211 alloy, 
respectively. A layer of a secondary phase or phases along grain boundaries is observed in both materials. 
Its volume fraction determined by usual stereological methods is little larger in the WZ21 alloy (U 0.25) than 
in the WEZ211 alloy (U 0.18). 

Microstructure investigation has revealed a complicated phase composition in the grain boundary layer of 
the WZ21 alloy. It consists of ribbons of a Mg-(Zn,Y) phase having a long-period ordered structure and of 
very thin plates between, both embedded parallel to 3-matrix basal planes – see Fig. 3. The aspect ratio of 
the thin plates is very high. The long period stacking structure phase is known as the X-phase in MgYZn 
alloys [2, 11]. 

   

Fig. 1 Structure of cast WZ21 
alloy 

Fig. 2 Structure of cast WEZ211 
alloy 

Fig. 3 Microstructure of GB layer 
in cast WZ21 alloy 

Various periodicity types of the ordered structure were reported in these alloys (e.g. [10, 12, 13]) 
depending on the Zn/Y ratio, but the exact type of periodicity could not be determined here. Thin basal 
plates were already observed in other Mg-Zn alloys (e.g. Refs. [9, 14]) and contrary to the long period 
stacking structure phases they can be found also in alloys without Zn additions (e.g. [15]). The characteristic 
feature of grain interiors is a high density of stacking faults (Fig. 4) rarely observed in Mg alloys due to high 
stacking fault energy of Mg [8]. 

Fig. 4 Stacking faults in grain 
interior of cast WZ21 alloy 

Fig. 5 Grain boundary eutectics in 
cast WEZ211 alloy 

Fig. 6 Stacking faults in grain 
interior of cast WEZ211 alloy 
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 Tab. 2 Microhardness HV0.5 and RRR values of investigated alloys after isochronal annealing up to selected 
temperatures 

Alloy  initial state 180 °C 280 °C 340 °C 440 °C 

WZ21 
HV0.5 53 ± 1 48,9 ± 0,4 48 ± 1 51 ± 1 52 ± 1 
RRR 2.382 2.381 2.283 2.330 2.192 

WEZ211 
HV0.5 51 ± 1 49 ± 1 55 ± 1 54 ± 1 49 ± 1 
RRR 2.164 2.138 2.073 2.116 1.968 

WZ21 - repeated 
annealing 

HV0.5 49 ± 1 52 ± 1 54 ± 1 51 ± 1 47 ± 1 
RRR 2.193 2.346 2.294 2.371 2.136 

WEZ211 - repeated 
annealing 

HV0.5 49 ± 1 55 ± 1 54 ± 1 50 ± 2 48 ± 2 
RRR 1.976 2.096 2.067 2.158 1.916 

Grain boundaries are decorated by grain boundary eutectic in the WEZ alloy – Fig. 5. The structure of the 
eutectic phase is of Mg3Nd type (fcc structure) with lattice parameter approximately equal to 0.74 nm. No 
ordered long period phase or basal plates were revealed by TEM in grain boundary layers of the WEZ211 
alloy, but their existence can not be excluded in a limited extend. Number density of stacking faults 
observed in grain interiors – Fig. 6 seems to be unaffected by Nd addition as no significant difference was 
found compared to the WZ21 alloy. Dislocation splitting with similar features was observed in the Mg-4Y-
3Nd-1Zn-1Mn alloy, too and causes an outstanding creep resistance of this alloy [9].  

The described as cast microstructure produces an intermediate alloy strengthening as demonstrated by 
microhardness values – Tab. 2. The values of both alloys are very similar, the secondary grain boundary 
phases as well as the split dislocations are most probably the cause for the measured values.  

3.2. Heat treated alloys 

 

Isochronal annealing curves of relative resistivity changes (Fig. 7) in both as cast alloys show a matrix 
enrichment with solutes during isochronal annealing up to 440 °C. The resistivity increase in the WZ21 alloy 
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Fig. 7 Relative resistivity changes due to isochronal 
annealing in as cast WZ21 and WEZ211 alloys and 

in those repeatedly heat treated 

Fig. 8 a) Thermograms of WZ21 and WEZ211 cast 
alloys at constant heating rate 10 K/min, b) shift of 

secondary phase melting temperature with repeated 
heating is shown for both alloys 
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is preceded by an insignificant early precipitation process in the temperature range 120–180 °C. The 
dissolution of phases existing in the as cast state of both alloys is modified only by a precipitation process 
situated between annealing temperatures 280 °C and 340 °C. The resistivity response of both alloys to this 
matrix purification is only moderate and does not exceed U 3 % of the initial value. Dissolution of 
precipitates existing in both as cast alloys as well as those developed during the isochronal annealing up to 
340 °C exhibit some complex features in the range 340 – 440 °C. The RRR and microhardness values of the 
specimens annealed up to the selected temperatures are listed in Tab. 2. The RRR values agree very well 
with the resistivity response to the annealing. Phase transformations proceeding during the isochronal 
annealing up to 440 °C do not deteriorate mechanical properties; microhardness exhibits very stable values 
in the course of annealing, as can be seen in Tab. 2. Heat flow response to the annealing with the constant 
rate of 10 K/min is very poor up to ~ 460 °C. A significant endothermic reaction shown in thermograms in 
Fig. 8a appears in both heated as cast alloys above this temperature and it is typical for a partial 
liquefaction of secondary phase in both investigated alloys. Optical microscopy of WZ21 and WEZ211 alloys 
annealed isochronally up to 480 °C, which is presented in Figs. 9 and 10, show no grain growth. The layers 
along grain boundaries sharpen and their volume fraction decreases.  

 

  

Fig. 9 Structure of the WZ21 alloy annealed 
isochronally to 480 °C 

Fig. 10 Structure of the WEZ211 alloy annealed 
isochronally to 480 °C 

3.3. Repeatedly heat treated alloys 

If a repeated isochronal annealing of both alloys previously isochronally heat treated up to 440 °C is 
performed, the early precipitation stage starts already at 80 °C in both alloys, the resistivity decreases by 
annealing up to 200 °C and its absolute value is close to that of the previously annealed state – Fig. 7. The 
resistivity increase in the range 200–280 °C is very similar to that in the first annealing procedure and the 
main precipitation process at 300–340 °C having a less complicated character is more pronounced. 
Resistivity values after annealing at 440 °C exceed those resulted from the first annealing procedure. The 
development of the RRR values agrees very well with results of the resistivity annealing curves – see Tab. 2. 
Despite phase transformations dissimilarities in the first and in the repeated heat treatment, no significant 
microhardness changes were found – Tab. 2. It is probable that either some form of short-range order or 
submicroscopic precipitates develop in the temperature range up to 200 °C. Enrichment of solid solution 
during the first annealing at high temperatures and quenching enhances this process during the second 
heat treatment in the WZ21 alloy and enables it in the WEZ211 alloy. Similar features of resistivity 
annealing curves were found in a Mg 2.8 wt.% Nd 1.3 wt.% Zn alloy [16] without any evidence of phase 
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transformations by TEM; activation energy of this precipitation process was close to the activation energy 
for the movement of vacancies in magnesium and kinetics exponent equaled 0.5. 

Melting temperature of the liquefying phase in the WZ21 alloy shifts considerably to lower temperatures 
during the repeated heat treatment in the calorimeter (see Fig. 8b), but remains already constant, if this 
heat treatment is repeated again. It seems that the liquefying is not exactly the eutectic but more likely a 
peritectic reaction as supposed for the X-phase in [11]. No shifting in melting temperature of the liquefying 
phase in the repeated heat treatments was found in the WEZ211 alloy. This allows supposing, that the 
phase behaves as eutectic, which is also supported by the microstructure form of the grain boundary phase 
in this alloy – Fig. 5. 

4. CONCLUSIONS 

Squeeze cast Mg2YZn and Mg2YNdZn alloys (nominal composition in wt.%) are characterized by a 
homogeneous grain structure with relatively thick grain boundary layers. Regions of ribbons of a Mg-(Zn,Y) 
phase having a long-period ordered structure and regions of very thin basal plates were found in the 
Mg2YZn grain boundary layers. Grain boundaries are decorated by grain boundary eutectics in the 
Mg2YNdZn cast alloy. Unusually high density of stacking faults was observed in grain interiors of both alloys. 
Relatively low electrical resistivity changes due to phase transformations resulting from isochronal 
annealing up to 440 °C were revealed, dissolution of phases present in the as cast state proceeds above 340 
°C in both alloys. If the repeated isochronal annealing is performed, an early precipitation stage at 80–200 
°C appears in both alloys. Thermal stability of microhardness is very good up to annealing temperature 440 
°C and is not influenced by heating repetition. A partial liquefaction was observed in 10K/min linear heating 
procedure near 480 °C. The melting temperature of liquefying phase in the Mg2YZn alloy decreases in the 
repeated heating run showing a peritectic reaction. No melting temperature shift was found in the 
Mg2YNdZn alloy.  
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Abstract  

Microsegregation behaviour of main alloying elements was studied in intermetallic Ti-44Al-5Nb-0.2B-0.2C 
[at.%] alloy prepared by quenching during directional solidification (QDS) technique. Directional 
solidification was performed in dense cylindrical Y2O3 moulds in a modified Bridgman-type apparatus at two 
constant growth rates and two constant temperature gradients in liquid at the solid-liquid interface. Using 
optical microscopy (OM), backscattered scanning electron microscopy (BSEM), energy-dispersive 
spectrometry (EDS) and X-ray diffraction (XRD) coexisting phases in QDS samples were identified and 
concentration profiles of main alloying elements (Ti, Al and Nb) were measured. Microsegregation 
behaviour of Ti, Al, Nb and B is described. Evolution of the content of Al, Ti and Nb with the cumulative 
fraction of solid is outlined. Quantitative values of distribution coefficients ks/l for Ti, Al and Nb are 
estimated. The alloy solidifies with β primary solidification phase and undergoes L + β → α peritectic 
transformation. The EDS analyses reveal that the alloying elements such as Ti and Nb segregate 
predominantly into the β dendrites and Al into the interdendritic liquid during directional solidification. 
Formation of the peritectic α-phase leads to an intensive back-diffusion of the alloying elements. Boron 
segregates into interdendritic liquid where it forms boride (Ti,Nb)B particles with ribbon-like morphology. 

Keywords: Titanium aluminides, TiAl, microsegregation, solidification, phase transformation. 

1. INTRODUCTION 

Intermetallic TiAl-based alloys belong in the recent years to the most promising materials for processing of 
low pressure turbine blades for stationary gas turbines and aircraft engines [1]. Aluminium lean and Nb-rich 
TiAl-based alloys with nominal compositions Ti-(44-45)Al-(5-10)Nb (at.%) attract attention as promising 
materials for structural applications that demand high temperature strength, good structural stability and 
good oxidation and creep resistance [2]. The properties of the basic ternary systems can be further 
improved by low additions of carbon and boron, which improve creep resistance and promote grain 
refinement, respectively [3]. Microsegregation phenomena significantly affect the microstructure 
formation during solidification [4]. Therefore, microsegregation behaviour of alloying elements is the 
essential tool for the understanding of the columnar to equiaxed transition during solidification of the 
alloys [5] and thereby plays an important role in the controlling of grain formation during casting and 
microstructure formation during heat treatments of the alloys. 

The aim of the paper is to characterize microsegregation evolution of main alloying elements in 
intermetallic Ti-44Al-5Nb-0.2B-0.2C [at.%] alloy during directional solidification. Quench during directional 
solidification (QDS) experiments were carried out to identify primary solidification phase, solidification path 
and describe segregation behaviour of main alloying elements such as Ti, Al and Nb in this alloy during 
solidification.  
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2. EXPERIMENTAL PROCEDURE 

The intermetallic alloy with the nominal composition Ti-44Al-5Nb-0.2B-0.2C [at.%] and oxygen content of 
about 500 wt. ppm was supplied in the form of vacuum arc remelted conical ingot with a diameter 
changing from 35 to 60 mm and length of 310 mm. The samples for QDS experiments were prepared by 
electro spark machining of the ingot to small rectangular blocks with dimensions 10x10x95 mm3. The blocks 
were lathe machined to the cylindrical rods with a diameter of 8 mm. Directional solidification was 
performed in dense cylindrical Y2O3 moulds with the inside/outside diameter 8/11 at two constant growth 
rates V and two constant temperature gradients in liquid at the solid-liquid interface GL, as summarized in 
Table 1. Directional solidification was performed in a modified Bridgman-type apparatus described 
elsewhere [6]. After directional solidification to a constant length of 40 mm the samples where quenched 
by a rapid displacement of the mould into the water-cooled crystallizer. 

Microstructural investigations were performed by optical microscopy (OM), backscattered scanning 
electron microscopy (BSEM) and X-ray diffraction (XRD). As the most suitable method for the 
microsegregation investigations the energy-dispersive spectrometry (EDS) was selected. OM, BSEM and 
EDS samples were prepared using standard grinding and polishing metallographic techniques. After 
mechanical polishing the specimens for optical microscopy (OM) were chemically etched in a reagent of 
150 ml H2O, 25 ml HNO3 and 10 ml HF to reveal the microstructure of the studied material. 

Tab. 1 Parameters of the directional solidification. 
Sample Set-up temperature [K] Growth rate V [m.s-1] Temperature gradient GL [K

.m-1] 
948 1993 2.78 x 10-5 5000 
951 1993 11.8 x 10-5 5000 
952 1953 2.78 x 10-5 4000 

3. RESULTS AND DISCUSSION 

3.1. Macro - and microstructure of the cast alloy 

Two different types of microstructure were observed in the as-cast alloy Ti-44Al-5Nb-0.2B-0.2C (at.%). After 
a very thin chill zone (thin layer of the equiaxed grains) the columnar grains grow from the surface to the 
depth of around 10 mm (Fig. 1a). In the central part of the ingot, equiaxed grains with the average size of 
about 200 μm are visible. All grains consist of the lamellar microstructure. According to the TiAl phase 
diagram, EDS and XRD analyses, lamellae (white coloured in Fig. 1b) are formed by α2(Ti3Al)-phase, while 
the interlamellar regions (grey coloured in Fig. 1b) consist of the γ(TiAl)-phase. γ-phase is also present at 
the grain boundaries and in the residual interdendritic areas, which remained in the structure after casting. 

   

Fig. 1 Macro- and microstructure the cast Ti-44Al-5Nb-0.2B-0.2C (at.%) alloy: (a) transversal section of as-
cast ingot (OM), (b) lamellar microstructure of the grains (BSEM), (c) ribbon-like particles (OM). 
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Ribbon-like particles (Fig. 1c) with high content of boron, present in the structure mostly in the areas where 
the interdendritic regions are formed during the solidification of the alloy, are borides. According to 
Kitkamthorn et al. [7], four types of borides could be formed in the TiAl-based alloys alloyed with Nb and B 
– TiB with B27, (Ti,Nb)B with Bf, Ti3B4 with orthorhombic and TiB2 with hexagonal crystal structure. 

3.2. Microstructure of directionally solidified alloy 

The QDS experiments used in the present work allowed freezing of high temperature phases and preserved 
the most remarkable microstructure features along the solidification path of the studied alloy, as seen in 
Fig. 2. Fig. 2a shows the typical microstructure on the longitudinal section of the QDS samples.  

 

   

   
Fig. 2 OM(a, b, f, g) and BSEM(c, d, e) micrographs taken from the longitudinal section of the QDS samples. 

Fig. 2b shows an example of the dendritic microstructure on the quenched solid-liquid interface. Despite of 
the fact that the dendrites are slightly disoriented from the direction parallel to the growth direction and 
show the typical “seaweed” morphology, orthogonal orientation of the secondary dendrites arms to the 
primary arms indicates that the primary solidification phase has a cubic crystal structure. This is in a good 
agreement with Ti-Al phase diagram [3], where the primary solidification phase in the composition range 
around 44 at.% Al is the β-phase (Ti-based solid solution with A2 crystal structure). The β dendrites are 
enriched by Nb and Al is rejected to the interdendritic liquid where γ(TiAl)-phase forms during quenching 
(Fig. 2c). As the solidification continues, formation of α-phase (Ti-based solid solution with hexagonal 
crystal structure) envelope around the β dendrites through a peritectic reaction L + β → α is observed (Fig. 
2d). Evidence for the formation of the α-phase around the β dendrites is found at the distance of about 4-6 
mm (in dependence of the QDS parameters) from the quenched solid-liquid interface. The peritectic α-
phase forms at the expense of the β dendrites and the interdendritic liquid and can be distinguished on 
BSEM micrographs as a darker grey layer delimited by the network of the β-phase on the dendrite site and 
black coloured interdendritic γ-phase. However, the β-phase within the dendrites is highly unstable during 
quenching and transforms to the α-phase with a network of β-phase enriched by Nb (white coloured phase 
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in Fig. 2d). At lower temperatures, the microstructure undergoes fast homogenization and consists of the α 
matrix, residual β-phase [R(β)], and some γ lamellae (Fig. 2e). From the distance of 15-17 mm (in 
dependence of the QDS parameters) from the quenched solid-liquid interface the fully lamellar α2 + γ 
microstructure can be observed, as shown in Fig. 2f. During solidification boron intensively segregates into 
interdendritic liquid where borides with the ribbon-like morphology form, as seen in Fig. 2g. XRD 
measurements in the QDS samples proved the presence of (Ti,Nb)B particles with the metastable oC8 (Bf) 
structure, what is in the agreement with Hecht et al. [2]. 

Based on the microstructural observations the following solidification and solid phase transformation 
sequences are proposed for the studied alloy: 

L → L + β → L + β + α → α + (Ti,Nb)B + R(β) → α + γ + (Ti,Nb)B → α2 + γ + (Ti,Nb)B 

3.3. Microsegregation of main alloying elements during directional solidification 

Microsegregation behaviour of main alloying elements (Ti, Al and Nb) was investigated on the longitudinal 
section of the QDS sample prepared at V = 2.78.10-5 m.s-1 and  GL= 5000 K.m-1 at four distances of 1, 3.5, 4.5 
and 9.5 mm from the dendrite tip, marked as positions I, II, III and IV in Fig. 2a, respectively. All four 
semiquantitative EDS profiles, each of them consisting of 100 points separated by 20 μm, are shown in Figs. 
3a, b, c, d. 

(a)  (b)  

(c)  (d)  
Fig. 3 Semiquantitative EDS profiles of main alloying elements Ti, Al and Nb at four distances from the 
dendrite tip: (a) I - 1 mm, (b) II - 3.5 mm, (c) III - 4.5 mm and (d) IV - 9 mm. QDS sample prepared at V = 

2.78.10-5 m.s-1 and GL= 5000 K.m-1. 

Distribution of Al vs Nb, Al vs Ti and Nb vs Ti presented in Figs. 4a, 4b and 4c, indicate strong relationships 
between main alloying elements, i.e. Al vs Nb, Al vs Ti and Nb vs Ti, respectively. The negative slopes of 
regression lines for Al-Nb and Al-Ti imply that Nb and Ti segregate preferentially into the β dendrites. The 
positive slope of the regression line for Nb-Ti indicates also segregation of Nb into the β dendrites.  

Data from EDS profiles at the positions I, II, III and IV were sorted using single-element sorting scheme 
described in [8] with Al as the main sorting element. Then to each measured point the cumulative fraction 
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of solid was assigned, for each analyzed element individually. Figs. 4d, 4e and 4f show evolution of the 
content of Al, Ti and Nb with the cumulative fraction of solid. The solidification between the positions I and 
II leads to the pronounced segregation of the alloying elements. A strong back-diffusion between positions 
II and III indicates the beginning of the peritectic transformation. The concentration profiles in the position 
IV reflect intensive homogenisation of the alloy during solidification caused by several liquid-solid and solid-
solid phase transformations. 

  

  

  
Fig. 4 Distribution of Al vs Nb (a), Al vs Ti (b) and Nb vs Ti (c). Evolution of the concentration of Al (d), Ti (e) 
and Nb (f) as a function of the cumulative fraction for four profiles along the longitudinal axis of the QDS 

samples. 

 

Distribution coefficients ks/l for Ti, Al and Nb estimated as the ratio of the first 10 points of the curve 
corresponding to the profile measured at the dendrite tip, to the average composition, are summarized in 
Table 2 and compared with distribution coefficients estimated from electron probe micro-analyzer (EPMA) 
multipoint analysis grids of TiAl based alloy alloyed with Nb and Cr [9]. The highest value of the distribution 
coefficient for Nb confirms the strong partitioning of niobium to the solid phase during directional 
solidification. 

Table 2 Distribution coefficients ks/l for Ti, Al and Nb. 
 ks/l

Ti ks/l
Al ks/l

Nb 
Ti-44Al-5Nb-0.2B-0.2C (at.%) 1.02 0.95 1.17 
Ti-48Al-2Cr-2Nb (at.%) [9] 1.14 0.86 1.42 
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4. CONCLUSIONS 

The investigation of microstructure evolution and microsegregation of main alloying elements during 
directional solidification of Ti-44Al-5Nb-0.2B-0.2C (at.%) alloy leads to the following conclusions:  

� The alloy solidifies with the β primary solidification phase with “seaweed” type of dendritic 
morphology. The proposed solidification path includes the L + β → α peritectic transformation and 
formation of boride particles.  

� The main alloying elements such as Ti and Nb segregates preferentially into the β dendrites and Al 
into the interdendritic liquid during directional solidification. Formation of the peritectic α-phase 
leads to an intensive back-diffusion of the alloying elements. Boride particles with ribbon-like 
morphology and preferred metastable oC8 (Bf) crystal structure are formed predominantly in the 
interdendritic regions.  
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Abstract 

Article focuses on repair welding of precipitation hardenable Al alloy EN AW 6082-T6. During GMAW 
welding it occurs that welds need repair because of presence of unacceptable weld defects, such as cracks 
and porosity. These defects need to be removed and welded again to be repaired. Such repair welding 
procedure is believed to have detrimental influence on weld joint quality because of multiple heat cycle, 
especially if the repair welding is done repeatedly. To objectively estimate this influence, V joint butt welds 
of 10 mm thick sheet were done. Then weld has been removed by grinding and welded again. This process 
was repeated up to 4 times. After each repair weld, the weld quality was assessed by visual and 
penetration tests and by tests of mechanical properties. Theoretically expected premises that repeated 
heat input would lower every time mechanical properties have been proven. The most serious decline in 
properties is caused by first welding, further repair welds lower mechanical properties even more, but no 
so seriously. It can be concluded that repair welding is possible, but should be minimized. Results of the 
research were used to create WPS for repair welding of butt weld of EN AW 6082-T6. 

Keywords: Welding, GMAW, Al alloy, 6082, repair welding. 

1. INTRODUCTION 

In welding praxis, there is sometimes need of repair welding, especially when manual and semiautomatic 
welding is used and exist probability of creation of welding defects. When weld joint has not perfect 
properties and contains some welding defects that render the weld, i.e. welded structure unacceptable, 
repair welding must be done. In context of this article repair welding means repair of welding defects by 
removal of defects and welding again. This repair welding causes multiple reheating of base material and 
often causes degradation of metal structure and mechanical properties. 

Gas Metal Arc Welding (GMAW) is widely used for aluminum alloys. Because of combination of welding 
method and material properties, welding defects as solidification cracks and porosity can occur easily. In 
such case repair welding is necessary. Generally for precipitation hardenable Al alloys is known that 
material transformations occurring during welding are detrimental and strongly dependent on 
temperature, i.e. welding parameters. To limit decrease of mechanical properties to minimum and reach 
acceptable weld, lowering heat input, multiple layer welding and keeping low interpass temperature are 
advisable. It was stated [1] that welding of precipitation hardened Al alloys lowers very significantly weld 
joint mechanical properties, but this research does not state concrete values. Research of influence of 
repair welding, where multiple heat input is applied, on weld quality and properties of Al alloys is missing 
completely. Because of this absence we have focused on clarification of lowering of mechanical properties 
by repair welding. 

This research focuses on aluminum alloys grade 6xxx and their behavior under repeated heating caused by 
repair welding. Tests of mechanical and material characteristics of weld joint are done. Observation of size 
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and properties of weld metal (WM), heat affected zone (HAZ) and degradation of metallographic structure 
by repair welding is researched. These data are valuable for assessing possibility of multiple repair welding 
of Al alloys that is often needed during semiautomatic GMAW or manual welding of Al alloys, because 
solidification cracks and porosity occurs quite often and the weld is unacceptable and needs repair welding. 

2. EXPERIMENTAL 

Experiment was designed to serve for transportation industry, concretely for railway vehicles production in 
the company Siemens. Majority of process variables were selected accordingly to needs of company to 
serve as data for creation of Welding Procedure Specification (WPS), document that is needed for 
standardizing welding procedure according to ČSN EN ISO 15614-2. 

GMAW welding was selected as welding method, because it is the most widely used semiautomatic welding 
method for Al alloy rolling stock by Siemens and is often used for welding thick sheets (thickness over 4 
mm) or repair welding of occurring weld defects. Welding was executed in Siemens by skilled welder 
qualified for this operation according to norm ČSN EN ISO 9606-2. 

Repair welding was simulated by welding of the sample followed by weld removal by grinding and repeated 
welding. Overall four samples (denominated as 1M, 2M, 3M and 4M) were tested. Sample 1M was welded 
only once and tested, so this sample serves as reference of non-repaired weld, weld was not subjected to 
reheating cycle. Welds in samples 2M to 4M were after first welding ground out till root layer and welded 
again. Sample 2M was welded twice, 3M three times and 4M four times. The number in sample 
denomination actually means number of welding, i.e. heat cycles that material underwent. 

2.1. Base metal 

As base metal precipitation hardenable Al alloy EN AW 6082 [AlSi1MgMn] was selected. This material is 
often used in transportation industry for production of vehicle bodies, rolling stock and so on. Material is 
usually fusion welded by GMAW. Mechanical properties are stated in Tab. 1. Material was used in heat 
treated T6 condition. 

 

Tab. 1 Mechanical properties of EN AW 6082 without and after heat treatment [2]. 

Heat treatment (HT) Tensile strength 
[MPa] 

Yield strength 
[MPa] 

Ductility  
A50 [%] 

Hardness  
[HB] 

Young modulus 
[MPa] 

Without HT 110 - 150 50 - 80 Min. 18 105 64 000 

With HT-T6  295 - 350 240 - 305 8 - 11 30 - 40 69 000 

 

2.2. Welding setting – sample size, equipment, source setting 

Single V beveled butt joints were prepared from 10 mm thick sheets. Size of each beveled piece was 
300x150x10 mm (acc. to ČSN EN ISO 15 614-2). Samples had groove angle 70° (bevel angle 35°), beveled 
depth 8 mm (2 mm non-beveled), and root opening 3 mm.  

Welding source Cloos GLC 353 MC3 with direct current electrode positive (DCEP) wiring was used. Inert gas 
is Ar 4N8 purity with flow of 15-17 l/min. Filler metal is OK Autrod 5087 [AlMg4.5MnZr]. Chemical 
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composition of filler wire and properties are reported in [3]. Filler material was selected as optimal on basis 
of previous research [4].  

To weld 10 mm thick plates 3 layer welding was necessary. Welding parameters are stated in Tab. 2. 
Welding was done without clamping, run-in and run-out plates were used. Forward welding with torch 
angle 10º in flat horizontal welding position PA (ČSN EN ISO 6947) was done. Stitch welds were welded over 
in all length. According to recommendation of norm ČSN EN 1011-4 preheating (80-120) °C was applied and 
interpass temperature was kept below 200 °C. Heat input into the weld was in root pass (110-121) J.mm-1, 
for filling and capping layers (111-131) J.mm-1. Repair welding of sample 2M, 3M, 4M was done by 
repeating the filler and capping pass with the parameters at Tab. 2. 

 

Tab. 2 Welding parameters. 

 Root pass Filler pass Capping pass 

Welding current  [A] 185 - 190 200 - 210 200 - 210 
Arc voltage [V] 23.2 - 23.5 24.1 - 24.3 24.1 - 24.3 

Wire feed speed 11.1 m/min 11.5 m/min 11.5 m/min 

2.3. Weld testing 

Created weld joints were tested according international norm ČSN EN ISO 15614-2 and German norm DIN 
6700-5 (now replaced by EN 15085) for welding railway vehicles. All tests were examined and evaluated 
according to valid European norms. Tests executed are: 

1. Visual testing 100%  

2. Penetrant testing 100%  

3. Transverse tensile strength test – three specimens  

4. Transverse bend test – two root, two face specimens  

5. Macroscopic and microscopic examination – two specimens  

6. Hardness measurement of metallographic samples  

Description of all executed tests and their results are reported in detail in [5]. 

3. RESULTS 

Welded samples were at first tested by NDT testing methods. After these, specimens were cut to create 
samples for destructive testing and DT was done.  

3.1. NDT testing – visual and penetration test 

All welds did pass visual test for the highest weld quality degree B according to ČSN EN ISO 10042. At some 
samples weld end crater shrinkage was found (defect 2025-acc. EN 6520-1) but this defect was placed at 
the end of the welded sample which was excluded from visual testing  

Penetration test with color penetrant did discover small porosity at the weld root of sample 1M and 3M. 
These defects would pass the strictest evaluation by ČSN EN 1289 acceptance criteria 1, so they are not 
serious defects. In cap welds no indications were found at all. 
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3.2. Destructive testing - Transverse bend test 

From 16 tested samples (4 for each welded specimen - 2 cap side + 2 root side), 13 have passed, 3 samples 
have failed. Two samples from 3M specimen and 1 sample from 2M specimen did fail. After adding testing 
1 more sample for 2M specimen that passed, 2M specimen did pass the bend test (adding 1 sample to 
repeat the bend test is option for this method, if 1 specimen out of 4 fails to decide to acceptance or 
rejection of weld). Overall 1M, 2M and 4M did pass bend test, 3M specimen did fail. From these results we 
can conclude that first welding and first repair (2nd welding) has acceptable results and can be used in 
praxis. Because 3M specimen did fail this test, 2nd repair welding (3rd welding) and any further repairs are 
not acceptable. 

3.3. Destructive testing - Transverse tensile test 

Results of tensile strength test are shown 
graphically at Fig. 1and in Tab. 3 

Tested specimen had fractured in all cases in 
HAZ, which is not optimal, but often happens for 
welded Al alloys. Decrease of tensile strength 
compared to base metal is obvious. The sharpest 
decline in mechanical properties is caused by 1st 
welding, where it has maximum decline by 85 
MPa (by 29% from original BM). By 1st repair 
welding (2nd welding) almost negligible decline 
compared to 1st welding was found, only 1 MPa 
(86 MPa / 30% from original BM). In 2nd repair 
welding the decrease to 1st repair welding is 15 
MPa, rather significant value, and 3rd repair 
welding to 2nd repair welding decrease is 10 MPa. 
Four heat cycles has caused total decrease of tensile strength by 110 MPa to 185 MPa, i.e. decrease by 37% 
from original BM value. 

Tab. 3 Tensile strength test results. 

Specimen 
Average Rm 

[MPa] 

Difference 
from Rm of 
BM 

Average 
A [%] 

1M 210 
85 MPa 
/29% 

12.2 

2M 209 
86 MPa 
/30% 

12.7 

3M 195 
100 MPa 
/34% 

9.5 

4M 185 
110 MPa 
/37% 

8.3 

Base metal 
Min. 295 

 
Min. 8 

Fig. 1 Graph of tensile strength test results. 
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3.4. Hardness measurement 

In 4 cross sections of samples 1M-4M hardness profile across weld joint were measured. Two typical 
profiles are shown at Fig. 2, Fig. 3. For the samples 1M and 3M rather symmetrical hardness profile was 
found, shown at Fig. 2. Asymmetrical hardness profiles were found for specimens 2M and 4M. This 
asymmetry is visible also at macrographs. This asymmetry is most probably caused by misalignment of 
material removal and subsequent repair welding. Manual operations, grinding and welding, are difficult to 
be perfectly positioned in regard to the weld axis. As is shown in Tab. 4, sharp decrease of hardness is 
observable at WM and HAZ compared to BM hardness. This decrease is even aggravated by repair welding, 
by which hardness values decrease even more. Original hardness of base material is 110 HV and minimum 
hardness measured in WM and HAZ was only 50 HV after four heating cycles (4M sample). 

 

 

 

 

 

 

 

 

  

Fig. 2  Hardness profile 1M macrograph. Fig. 3 Hardness profile 4M macrograph. 

3.5. Macroscopic and microscopic examination 

In this research only data of macroscopic evaluation are shown, from Fig. 4 to Fig. 7. It can be noted that 
with multiple heat input the distortion of the weld piece is significantly increasing, shown at  

Tab. Tab. 5. At macrographs, Fig. 6, Fig. 7, severe weld asymmetry can be observed. This weld asymmetry is 
probably caused by misalignment of manually done operations of grinding and welding, which is necessary 
for repair. Microscopic examination was in detail noted in [6], so is only shortly summarized here. Heat 
input into the weld changes morphology of intermetallic phases. By repeated heat cycle intermetallic 
phases increase in volume and create grain boundary networks along Al grains. This is most well noted for 
voluminous grain boundary networks of Mg2Si precipitates. This phenomenon is causing softening of base 
metal. Using filler wire with Zr can to certain extent decrease detrimental base metal softening by grain 
refinement and ZrAl3 precipitates, proved by research [4]. 

Tab. 4  Minimum hardness measured at WM and HAZ. 

Specimen Minimum hardness [HV10] 

BM hardness 110 
1M 59 
2M 53 
3M 53 
4M 50 
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Fig. 4 Macrograph 1M. Fig. 5 Macrograph 2M. 

  
Fig. 6 Macrograph 3M. Fig. 7 Macrograph 4M. 

 

Tab. 5 Measurement of weld bead width and angular distortion. 

Specimen 
Weld bead 
width [mm] 

Root width 
[mm] 

Angular 
distortion [°] 

1M 17.2 6.4 1 
2M 14.8 7 4 
3M 16 7.8 5 
4M 18.4 4.5 6 

4. DISCUSSION 

Interesting results were found by bend test, where sample 1M, 2M, 4M (welded once, twice and four 
times) did pass the bend test, but the sample 3M (welded three times) did not pass the test. It seems 
obvious, that each welding, each heat input has detrimental influence on weld structure quality, but there 
is also some unrecognized factor influencing importantly mechanical behavior of the repair welds. May be 
it is human factor, skillfulness of welder. 

From the stated values of tensile strength test it is obvious that first welding and then each repair welding 
lowers significantly the base metal properties. The sharpest decline of strength, ductility and hardness is 
caused by first welding. Following repair welds did not have such a big influence. Decrease by welding is 
typical for precipitation hardenable Al alloys so our data are in concordance with literature [1]. 

Because sample was welded in non-clamped condition, angular distortion did increase with each heat cycle. 
If the clamping would be applied each heat cycle would increase tension into the weld, as well as 
probability of welding defects occurrence, e.g. cracks. 

As was noticed at macrographs, there can be a big influence on weld quality caused by skillfulness of the 
welder, because repair welding is quite difficult, especially multiple repair welding. To reach symmetric 
weld, it is necessary to grind and weld perfectly aligned to weld axis. This is difficult. Asymmetry of the weld 
causes asymmetry of mechanical properties, increases risk of weld defects and weld joint failure. From this 
point of view, number of repairs should be limited. 

10 mm 10 mm 

10 mm 
10 mm 
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5. CONCLUSION 

From research result it is obvious that repeated heat input into the weld is causing serious decrease of base 
metal mechanical properties. The serious decrease in tensile strength, ductility, hardness has been proven. 
The most serious decline is caused by 1st welding cycle, decrease caused by 2nd, 3rd and 4th weld cycle is not 
so grave. Tensile strength data show base metal RmBM = 295 MPa, welding Rm1M = 210 MPa, Rm2M = 209 MPa, 
Rm3M = 195 MPa, Rm4M = 185 MPa. This decrease was also visible in decrease of hardness when BM hardness 
110 HV decreased by first welding to 59 HV10. Further hardness decreased, but not so fast. By repeated 
heat input into the weld ductility of the weld decreases as well. 

Any heating cycle caused by welding of precipitation hardenable Al alloys is connected with serious 
decrease of mechanical properties, e.g. strength and ductility. If in welds weld defects are found and repair 
welding is necessary, it can be done, but it further lowers material mechanical properties. Influence of 
repair welding is not so grave compared to that of first welding. It is advisable to limit number of repairs to 
one repair, to limit the risk of weld failure as much as possible. This research has served to create Welding 
Procedure Sequence for repairing of GMAW welds of rolling stock made from Al alloy 6082 at company 
Siemens. 
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Abstract 

The paper presents the results of the structural phase analysis of the nickel superalloy MAR-M247 after 
casting and different modes of dissolving annealing in the range of 900 – 1240 °C with cooling in water. The 
alloy in question presents a polycrystalline nickel creep resisting alloy usable especially for highly stressed 
components in aerospace and rocket industries. The analysis was performed using the scanning electron 
microscope JEOL JSM 6490LV with the x-ray microanalyser Oxford Inca x-act. Presence of minority phases 
was identified. Attention was paid to their eventual changes after application of different modes of 
dissolving annealing. 

Keywords: Superalloy, phase analysis, annealing 

1. INTRODUCTION 

High requirements to materials working in extreme conditions create a space for use of nickel based 
superalloys. Significance of these superalloys for these demanding applications lies namely in their ability to 
preserve almost unchanged strength even after long-term exposition to temperatures exceeding 650 °C. 
One of the most demanding applications is use of these materials for hot parts of turbines. Important 
position of superalloys in this area is reflected by the fact that they currently present more than 50 % of 
mass of modern aircraft engines. Widespread use of superalloys in turbines, supported by the fact that 
thermodynamic efficiency of turbines increases with increasing temperatures at the turbines inlet, became 
partial reason of the effort to increase the maximum usable temperature of high-alloyed alloys [1, 2]. 

This increase was enabled particularly by advanced processing techniques, which led to an increase of 
purity of alloys and thus to increase of their reliability, together with mastering of technique of directional 
crystallisation and subsequent technology of production of products based on single crystals. No less 
important factor consisted in development of alloys with higher usable temperatures, achieved mainly by 
alloying, especially by Re, W, Ta and Mo [3]. 

The presented paper is devoted to detailed structural phase analysis of the cast nickel superalloy 
MAR-M247 in as-cast condition and after dissolving annealing within the temperature interval of 900 – 
1240 °C for 2 hours with cooling in water.  

Higher level of alloying of the analysed nickel superalloy shows higher level of segregation activities, which 
may lead in industrial application to the development of specific micro-segregation processes connected 
with possible precipitation process and with formation of either carbidic or some variants of inter-metallic 
phases. 

The objective of the presented structural phase analysis was more detailed understanding of this nickel 
superalloy from the viewpoint of its technical applicability. 
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2. MATERIAL AND EXPERIMENTAL TECHNIQUE 

Structural phase analysis was performed on the nickel superalloy MAR-M247 in as-cast condition and then 
after dissolving annealing at the temperatures within the interval of 900 – 1240 °C. Tab. 1 gives chemical 
composition of the alloy and Tab. 2 contains modes of dissolving annealing. 

 

 Tab. 1 Chemical composition in wt.% 

C Cr Mo Al Ti Fe W Ta Zr Co Hf B Ni 

0.16 8.60 0.80 5.60 1.00 0.20 10.00 3.00 0.06 10.00 1.50 0.02 rest 

 

 Tab. 2 Modes of dissolving annealing. 
sample temperature / duration of annealing  cooling  
MA VS as cast state water 
2MAW 900 °C/2h water 
4MAW 1040 °C/2h water 
13MAW 1200 °C/2h water 
15MAW 1240 °C/2h water 
 

Microstructural analysis of the nickel superalloy was performed on the samples in initial state and after the 
mentioned modes of heat treatment after chemical etching. Micro-structure was analysed with use of light 
metallographic microscope Olympus GX51.  

Electron-microscopic investigation was made with use of the scanning electron microscope JEOL 
JSM-6490LV equipped with energy dispersive spectral analyser INCA x-act. Microstructure was documented 
in the mode of secondary electrons (SEI) and back-scattered electrons (COMPO - material contrast). 
Individual phases were identified with use of high quality X-ray micro-analysis. Semi-quantitative X-ray 
micro-analysis was performed only for the particles bigger than 1�m, when the results were not distorted 
significantly by an X-ray signal from the surrounding matrix. 

3. RESULTS AND DISCUSSION 

The analysed nickel superalloy MAR-M247 represents typical polycrystalline alloy, which is strengthened by 
�´ phase in basic austenitic matrix (�). The basic type of this alloy contains in � matrix approx. 60 vol.% of 
the phase �´. Alloying by Co, W, Mo, Ti and by other admixtures leads to further substitutive of 
precipitation strengthening of the matrix and thus to reinforcing effect of the phase �´. Addition of C within 
the interval of 0.05 – 0.2 % leads to formation of carbides of the type M23C6, MC and M6C [7]. These 
carbides are not stable phases. Under influence of working temperature they may change, including their 
size and morphology, and by this they influence properties of the alloy at high-temperature exposition.  

Microstructure of the as-cast sample (MA VS) was characterised by typical dendritic character. Segregation 
processes lead in micro-structure during solidification to formation of distinct chemical heterogeneities. 
Very frequent formations of eutectics � + �´ were segregated in inter-dendritic spaces – see Fig. 1. These 
spaces contain also “pseudo-eutectics” that are richer in tungsten. In the areas of eutectics, which solidified 
as last ones, large particles of �´ richer in hafnium were formed. The particles �´ form regular cubes, which 
are somewhat larger in inter-dendritic spaces (Fig. 2). Fig. 3 shows detailed picture of this area. 
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Fig. 1 Microstructure – sample MA VS (BEC) Fig. 2 Phase �´ in matrix (SEI) 

Particles if primary carbides of the MC type were also identified in the basic matrix, which contained 
variable quantities carbides of tantalum, titanium, tungsten and hafnium. These carbides are created in 
structure as a result of eutectic reaction in the form of larger irregular particles with cubic morphology, and 
they can be situated randomly both inside the grains and at their boundaries. At high-temperature 
exposition these carbides tend to change carbides of the type M23C6 or M6C, in case of higher content of 
molybdenum, tungsten and chromium in the alloy. Influence of higher content of niobium, which stabilises 
MC carbides up to the temperature of 1260 °C, does not play any role in this case, since this element is not 
present in the given alloy – see Tab. 1. 

  

Fig. 3 Formation of eutectics (SEI). Fig. 4 Microstructure – sample 2MAW (BEC). 

MC carbides are during solidification formed into the structure of “Chinese characters“, composed of three 
different parts [4, 5]. The central part and extended arms contain carbides of the type MC (Ti, Hf, Ta, W )C. 
Ends of extended arms (Chinese character) are broadened and they form angular “heads“. The heads 
contain carbides of titanium, hafnium, tantalum and tungsten, and they have an increased content of 
hafnium in comparison with the central part and the arms. Due to the fact that hafnium strongly segregates 
to the rest of solidifying inter-dendritic melt, inter-dendritic carbides contain more hafnium than intra-
dendritic carbides [6]. Volume fraction of carbides, their fixation and behaviour during growth are related 
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to their growth rate. Their volume fraction drops with the slower growth rate [8], which is caused by lower 
ability of their fixation to the interface solidus – liquidus. At slow growth rates the growing carbides get 
enriched by hafnium and titanium, while at rapid growth their diffusion is suppressed and carbides contain 
more tungsten. 

 

 Tab. 3 below gives chemical composition of identified minority phases. 

 

 Tab. 3 Chemical composition of individual phases in wt. % 
Name Al Ti Cr Co Ni Hf Ta Mo W 
gamma prime 7.9 2.0 4.2 7.0 64.5 5.5 4.4  4.6 
gamma prime Hf-rich 7.1 1.7 3.5 6.4 62.6 10.3 3.8  4.5 
eutectics 7.7 1.8 5.6 7.3 64.9 3.3 3.9  5.4 
pseudo-eutectics 6.9 1.1 6.2 8.5 60.3 2.2 3.0  11.7 
MC (Ta Hf W Ti)  10.3 0.9 0.6 3.6 16.8 53.7  14.1 
MC (Hf Ta)  2.7 0.5 0.7 3.9 56.6 32.0  3.6 
M23C6  0.7 36.0 3.3 8.1   9.9 41.9 

 

After application of dissolving annealing in the mode of 900 °C/2h/water (sample 2MAW) no important 
changes occurred in microstructure, as it can be seen from Fig. 4 above. 

During the modes working with higher temperatures of dissolving annealing more significant changes in 
composition, distribution and morphology of minority phases take place. 

After dissolving annealing in the mode of 1040 °C/2h/water – sample 4MAW the hafnium carbides begin to 
precipitate in the area of eutectics, between large particles of �´. Minority phase rich in Mo, W, Cr, probably 
carbides M23C6, is also present. At the same time particles in inter-dendritic spaces begin to coagulate and 
to become coarser (Fig. 5). 

  

Fig. 5 Microstructure – sample 4MAW (BEC). Obr. 6 Microstructure – sample 13MAW (BEC). 

It is possible to see in structure of the sample 13MAW, treated by the mode 1200 °C/2h/water already a 
significant precipitation of carbides rich in hafnium or tantalum. In the areas of large particles �´ a 
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dissolution of eutectics takes place, as well as change of size of particles �´ both inside dendrites and in 
inter-dendritic spaces. Bi-modal distribution is here evident. Areas containing segregated very fine particles 
�´ are present in the matrix around the residues of eutectics - Fig. 6. 

In the case of the highest temperature of dissolving annealing, namely at the mode of 1240 °C/2h/water in 
the sample 15MAW, all the particles �´ in the matrix are fine, no bi-modal distribution is observed here. 
Eutectics are almost dissolved and areas with small carbides of hafnium and tantalum are present at their 
places. In a few isolated cases residues of eutectics are present, in the centre of which are particles of the 
carbides M23C6 . Large primary carbides disintegrate, and new sharp-edged carbides rich in hafnium and 
tantalum grow – see Figs. 7 and 8.  

  

Fig. 7 Microstructure – sample 15MAW – carbides 
M23C6 in the centre of residue of eutectic formation 

(BEC) 

Fig. 8 Microstructure – sample 15MAW – 
disintegrating primary carbides (BEC) 

4. CONCLUSIONS 

The paper presented structural phase analysis of the nickel superalloy MAR-M-247 in as-cast condition and 
after various modes of dissolving annealing within the temperature interval of 900 – 1240°C with dwell of 2 
hours and cooling in water. It may be stated that changes in structure of the investigated alloy took place 
from the temperature of dissolving annealing of 1040°C. 

Increasing temperature of dissolving annealing brought gradually precipitation and increasing frequency of 
occurrence of hafnium carbides, dissolution of eutectics, change of shape and size of particles �´ both in 
inter-dendritic spaces and also inside dendrites. Bimodal distribution was gradually suppressed. 

On the basis of X-ray micro-analysis (see Tab. 3) it was possible to observe changes in percentual 
representation of individual alloying elements in minority phases. 

Quite important was the fact that structural phase analysis did not prove presence of undesirable TCP 
phases, namely of the phase σ, which significantly contributes to degradation of this alloy. 

The presented analysis may serve for completion of data and expansion of knowledge about the 
investigated alloy for industrial practice. 
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Abstract  

MgNi-based hydride was prepared by mechanical alloying. Powders of elemental Mg and Ni were milled 
together under hydrogen atmosphere using planetary ball mill. Influence of grinding parameters on particle 
morphology and hydrogen content in alloy were studied. The SEM observation, microanalysis, particle and 
hydrogen analysis were performed on the formed MgNi-based hydride. 

Keywords: Hydrogen storage materials, mechanical alloying, metal hydride 

1. INTRODUCTION  

Magnesium and magnesium alloys are attractive materials for hydrogen storage applications because of 
their high gravimetric capacity of hydrogen absorption and relatively low cost. Binary hydride MgH2 is a 
subject of extensive research due its high storage capacity (7.6 wt.% of hydrogen) [1] but its sluggish 
kinetics of hydrogen absorption/desorption is one of main disadvantages and necessitate to find a way for 
improving hydrogenation/dehydrogenation process.  

The kinetics could be improved by addition appropriate catalysts as well as by reducing size of powder 
particles [2]. Alloying magnesium with Ni leads to the formation of Mg2Ni compound which absorb and 
desorb the hydrogen reversibly. However, the low desorption pressure (0.2–0.3 MPa) at a high 
temperature of 300°C is the main reason for the research of new compositions and/or new microstructural 
states for this system. The amount of hydrogen in Mg2Ni compound could be as high as 3.6 wt.%. Ball 
milling introduces structure defects serving as new diffusion paths and improves surface properties that is 
important to accelerate metal hydride formation [3]. Nevertheless, hydrogen absorption in powder Mg2Ni 
is depending on the size and morphology of particles, so nanocrystalline structure would be more efficient 
to react with hydrogen to form the Mg2NiH4 hydride.  

In this work, mechanical alloying has been used to produce hydride on the base of Mg2Ni with submicron 
size of particles. The aim was to compare the effect of the milling time on hydrogen content and particle 
size evolution during mechanical alloying.  

2. EXPERIMENTAL 

The mixture of elemental metal powder of Ni (nearly 37 μm powder size) and Mg (nearly 100 μm powder 
size) with nominal composition of Mg2Ni phase were mechanically alloyed in hardened Cr-steel vial (500 
ml) with Cr-steel balls of different size (20 and 30 mm in diameter) at room temperature using planetary 
ball mill Pulverisette 6 under hydrogen atmosphere with a 5N purity. The powders were milled for total 
time of 120 h with a ball-to-powder mass ratio (BPR) of 20:1 and a rotation speed of 170 rpm. Mechanical 
alloying time was subdivided into five periods of 24 hours, after each period the samples were took off 
from the vial for analyses. Before starting mechanical alloying, the charged vial was evacuated, then purged 
with high-purity argon and filled with high-purity hydrogen until a pressure of about 0.16 MPa was 
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achieved. This procedure was repeated for other subsequent operations to take powder samples for 
analyses. During mechanical alloying, the hydrogen pressure in the vial was kept above 0.16 MPa. 

The particle size of the as-milled alloy powder and its statistic distribution were determined using laser 
particle sizer ANALYSETTE 22 COMPACT FRITSCH. The morphology of the alloyed powder and element 
content in powder particles were determined by means of scanning electron microscopy SEM JEOL JSM - 
6490LV equipped by EDS micro-probe. Hydrogen amount in powder samples was measured using LECO 
RH600 analyser.  

3. RESULTS AND DISCUSSION 

Based on SEM study of morphology of milled powder hydride it was found that size of particles was 
significantly reduced with increasing time of mechanical alloying in hydrogen atmosphere. Microstructures 
of powder particles after 24 and 120 hours of mechanical alloying are compared on SEM micrographs in Fig. 
1. However, with prolongated time more big agglomerates consisting of submicron particles are formed, as 
shown in Fig. 2.  

 

Fig. 1 SEM micrographs of Mg-Ni-H powder after mechanical alloying for a) 24 h and b) 120 h 

Fig. 2 SEM micrographs of Mg-Ni-H powder after mechanical alloying for 120 h 

a) big agglomerate,     b) small and submicron particles 

a) b) 

a) b) 
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The high values of particle size in statistic distribution and higher average size of alloyed powder (Fig. 3) 
measured using laser particle size are due to formation of aggregates or cold welded particles. Therefore, 
the average particle size determined after selected alloying periods is more or less of informative feature. 
For more objective evaluation of milling time and hydrogen effect on the morphology and size of particles 
the detailed SEM observation is needed. 

Contents of alloying elements measured by EDS microanalyse revealed that Mg2Ni was formed during first 
period of mechanical alloying as seen for small as well as for large particles in Tab. 1. Unfavourable 
accompanying effect of prolonged alloying time is that particles oxidate are contaminated by elements 
originated from the vial and balls during mechanical alloying. Indeed, lower Mg content in the agglomerate 
after 120 hours of mechanical alloying could be related with higher oxidation of particles (Tab. 2). Oxygen 
amounts in particles reached from 12 to 35 at.% after 120 hours of mechanical alloying. 

Hydrogenation under slight overpressure led to increasing amount of hydrogen in mechanically alloyed 
powder mixture, as presented Tab. 3. Fig. 4 shows the variation of the hydrogen content in the powder 
alloy from 512 to 1690 wt. ppm with the milling time. 

 

 Tab. 1 EDS microanalysis of small and large particles after different periods of mechanical alloying 
 small particle large particle 
element Mg Ni Al Si Ti Mg Ni Al Si Ti 
period [atomic %] 

1 69.81 28.89 1.01 0.30 - 75.34 23.65 1.02 - - 
2 71.08 24.40 3.97 0.55 - 66.17 32.99 0.84 - - 
3 64.28 30.73 1.71 2.55 0.72 72.72 26.10 1.19 - - 
4 68.40 29.61 0.86 0.93 0.20 64.89 33.51 0.88 0.46 0.26 
5 74.16 23.74 2.10 - - 72.39 26.12 0.96 0.36 0.16 

 

 Tab. 2 EDS microanalysis of particle agglomerates after different periods of mechanical alloying 
element Mg Ni Al Si Ti 
period [atomic %] 

1 71.93 27.22 0.85 - - 
2 65.78 32.84 0.80 0.34 0.25 
3 63.19 35.24 1.03 0.35 0.20 
4 69.34 28.92 0.92 0.60 0.22 
5 59.30 37.31 0.83 2.27 0.30 

 

 Tab. 3 Average values of hydrogen content measured for MgNi-H powder after all periods of mechanical 
alloying 

Time of mechanical alloying Content of hydrogen [weight %] 
24 h 0.512 
48 h 0.769 
72 h 1.017 
96 h 1.46 

120 h 1.69 
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4. CONCLUSION 

Mixtures of elemental Mg and Ni powders with nominal composition of Mg2Ni were mechanically alloyed in 
a planetary ball mill in hydrogen atmosphere. Influence of time on morphology, composition of milled 
particles and hydrogen absorbed amount were studied. The morphology of mechanically alloyed Mg2Ni 
powder was observed to change from large particles to small submicron ones agglomerated to big 
aggregates with increasing time. Hydrogen amount reached of 1.69 wt.% after 120 hours of mechanical 
alloying. Prolonged time of milling led to increasing oxidation and contamination of Mg2Ni phase. 
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Abstract 

The given paper is closely connected with the whole process of the manufacturing of zinc white (Zinc oxide 
- ZnO) and specification of various problems which occur during the metallographic process. The purity of 
the given zinc has crucial influence on the final quality of zinc white and occurrence of unused slag which is 
stuck on the casement walls because ZnO is normally prepared in melting furnaces, the part of which is 
casement wall.  

We can assume that the zinc as a raw material has a different composition because of various European 
suppliers and it means that the commercially pure zinc contains various phases in its structure. Considering 
the suppliers, commercially pure zinc can be different with the reference to used zinc ore and the type of 
production technology. On the basis of the occurrence of the residual content of other elements, it is 
possible to make prediction about the material behavior in the metallographic process. 

The melting process is carried out in specific types of furnace aggregates, which can be characterized by 
different selection of ceramics for casement walls. Interaction of the molten zinc together with the 
casement walls will have significant influence on extract of ZnO from commercially pure zinc. 

The input raw materials of zinc were investigated in the given work and this investigation was done from 
the aspect of structural and chemical composition of the material. 

Keywords: Zinc, zinc oxide, casement walls, metallography, phases 

1. INTRODUCTION  

World-wide use of zinc oxide is in excess of 1.2 million tonnes annually [1]. Demand for zinc generally 
follows industrial production or, more generally, global economic growth [2]. To name just a few everyday 
items zinc or zinc compounds are used in paint pigments, plastics and rubbers, cosmetics, pharmaceuticals, 
batteries, textiles. [3].  

The work is focused on production of ZnO, where the primary material is crucial factor for high-quality of 
output product and this primary is the input material for production. It follows work [4]. In this case, the 
character of determination of occurred phases of cast is not such important but on the other hand, the 
chemical composition as well as content of elements seems to be the most important.  
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Zinc is a metal but it never occurs as a pure metal in the Earth’s crust [3]. Nowadays, American standards 
are used for nomenclature of the commercial pure zinc (ASTM B6:07) and it is SHG (Special High Grade). 
According to its chemical composition and additive elements, there are determined other nomenclatures, 
such as: HG (High Grade) with the minimum content of Zn 99.95 % and Prime Western (PW) with the 
minimum content of Zn 98.50 % [5].  

Impure zinc is called “Spelter” and it stands for “Hard zinc” [6]. Today, this nomenclature has been still used 
for secondary or waste zinc. Nowadays, zinc is the most used metal in the galvanising process [3]. 

During the galvanising process, there is the occurrence of a few solid products, waste. The most important 
type of the waste is the hard zinc (ZnH) which is on the bottom dross of the sediment and this sediment 
reflects from 5 to 7 % of zinc usage in this process. The waste can be characterized by high content of zinc 
[7]. During the galvanising processes, the waste is normally obtained and this waste has more than 80 % of 
zinc, it depends whether it is the hard zinc or it can even be in the form of ash [8]. The input raw material 
for production of ZnO can be various types of zinc material.  

2. PROBLEMS WITH PRODUCTION OF ZINC OXIDE  

All the methods for production of ZnO depend on raw material base of zinc. Zinc can form various 
compounds (ZnS, ZnSO4, ZnCO3) but zinc oxide is usually the most common used type [3]. The various 
technological methods are used for its production, e.g.: direct method (American method) or indirect 
method (French method). Slovak production of zinc oxide is based on the indirect method of production 
(French method) in rotary furnace and this method was developed by firm Le Clair in 1840. The production 
process is concerned with evaporation of zinc and its following oxidation with the oxide in air and it is 
according to chemical reaction hereinafter [9]:  

Zn (l) → Zn (g)                           (1) 

Zn (g) + ½ O2 (g) → ZnO (s)                       (2) 

Rotary furnaces were developed with the view of minimal fuel usage. The exothermic combustion of zinc 
vapour can be used to melt and vaporize the zinc. Rotary furnaces use a coke generator which provides a 
high temperature carbon monoxide feed. The combustion of zinc vapour within the furnace provides 
radiant heat to the furnace interior. The furnace must be fed solid zinc on a continuous basis. The 
disadvantage of this furnace is that the yield of product is lower than alternate routes. It is the best suited 
to recovery of bottom dross from hot dip galvanizing [1]. Zinc is used only in metal form in relation to 
French process and it is the most significant factor for quality of zinc oxide. This is the reason why Zn has to 
have a content which is more than 80 %.  

3. EXPERIMENTAL PART  

The attention was paid to the selected sample of zinc alloy for investigation of the microctructural phases 
which occur in the zinc alloys. This given selected sample is different from other input materials as well as it 
is inhomogeneous from the chemical aspect. 

It is commonly fulfilled that the hard zinc created by intermetallic compounds, such as aluminium- 
saturated δ (FeZn7) phase or ζ phase which is determined by x-rays diffraction analysis [7]. It is easy to 
release zinc from its compounds because it is not noble metal [9].  
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Intermetallic compounds in the hard zinc occur when there is the higher concentration of aluminium and 
iron in the molten zinc and it is beyond the melting point at their given temperature. Although there is the 
perfect management of zinc bath, the creation of the intermetallic phases can not be influenced due to 
addition of aluminium during the melting process of iron in relation to galvanising process [7].  

Evaluation of the sample was done on the basis of chemical way (analysis by help of atomic absorption 
spectrofotometric device AA 240 VARIAN, SlovZink) and it is shown in the Tab. 1. The samples were 
removed as well as processed from the ingot which contained hard zinc obtained from the galvanising 
industry (It was the waste).  

 

 Tab. 1 Chemical composition [wt.%] of sample Project 1 
Name of Sample Pb Cu Cd Ni Fe Zn Al 

Project 1 0.0006 0.00041 0.00033 0.0015 1.2 96.14 1.74 
The specific areas of microstructures are shown in the Fig. 1 to 7. Chemical composition was processed by 
help of spectra (obtained with BDS method on JOEL Thermal FE SEM JSM-7600F) and theyare introduced in 
the Tab. 2 to 5. According to evaluation of occurrence of various elements which can create various 
intermediate phases, it can be concluded partially.  

3.1. Project 1A 

 
 

 

 

Observation of the sample microstructure released that there were such areas which did not contain Zn. 
One of such areas is shown in the Fig. 1. It is mosaic structure of grains where there are the carbides 
(content of carbon is 15.35 %) in the chain arrangement (spectrum 6) on the boundaries of the grains. The 
given area in the Fig. 2 was also used for linear and area analysis and it showed that there are the elements 
which are introduced in the Tab. 2. The ratio of pale and dark areas is 5.4/2. The point analysis enabled to 
observe chemical composition of elements relating to spectra from 2 to 5 and they were not different 
therefore they are not presented in the Tab. 2. On the other hand, high content of Cr, Fe and Ni seemed to 
be unusual.  

 Tab. 2 EDAX spectrum analysis of sample Project 1Aa in Fig. 1 [wt.%]. 
Spectrum C O Al Si Cr Mn Fe Ni 

Spectrum No.2 8.32 3.18 0.63 2.12 2.10 0.97 44.85 17.83 
Spectrum No. 6 15.35 3.38 0.60 1.72 21.55 1.03 40.48 15.90 
Sum Spectrum 8.92 3.33 0.63 2.15 22.11 0.92 44.48 17.46 

Fig. 1 Area analysis SEM 
microstructure of sample Project 

 C,  O,  Al, Si, Cr,  Mn,  Fe,  Ni 

Fig. 2 Linear and area analysis of chemical 
elements for sample Project 1Aa 
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The more detailed image of the grain boundaries (Fig. 3) represented the morphological arrangement of 
individual carbides. Next, these carbides were investigated in the more detailed way. The research of the 
structure showed that there is the occurrence of chrome oxides (Fig. 4). The chain arrangement is also on 
the basis of the Cr, Fe, Ni – spectrum 5. Analysis of sample Project 1Ab showed that the particular phases 
are mutually different from the chemical aspect.  

 

 Tab. 3 Chemical composition of the elements for sample Project 1Ab [wt.%] 
Spectrum C Al Si Cr Mn Fe Ni 

Spectrum 2 10.25 0.63 2.24 22.46 0.88 45.75 17.78 
Spectrum 3 8.63 0.61 2.16 22.41 0.95 47.08 18.16 
Spectrum 4 19.51 0.59 0.67 55.83 0.83 18.20 4.37 
Spectrum 5 14.13 0.63 1.16 49.51 0.92 25.96 7.68 

Sum Spectrum 10.27 0.64 2.15 24.92 0.94 44.11 16.98 
 

The area analysis can be used for the much more precise determination of the occurrence of the elements, 
which are in the individual modifications and they are normally created on the boundaries of grains (Fig. 4).  

3.2. Project 1B 

     
Fig. 5 Sample Project 1Ba          Fig. 6 Sample Project 1Bb 

 

Fig. 3 Sample Project 1Ab C,  Al, Si,  Cr,  Mn,  Fe, Ni,  S,  O 

Fig. 4 Area analysis of chemical elements for 
the sample Project 1Ab 
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The detailed observation of the particular areas relating to microstructure (Fig. 5) released that chain 
arrangement obtains sulphur (S = 0.48 wt.%). This area has high weight percentage of Fe, Ni, Cr. The 
chemical composition of spectra from 2 to 5 seems to be the same in the contrast to spectrum 6 (Tab. 4). 

 

 Tab. 4 Chemical composition of the elements for sample Project 1Ba [wt.%]. 
Spectrum C Al Si S Cr Mn Fe Ni 

Spectrum 2 8.18 0.56 2.46 0.11 22.83 1.03 46.07 18.77 
Spectrum 6 14.01 0.47 0.26 0.48 65.42 1.02 14.89 3.45 

Sum Spectrum 8.22 0.56 2.30 0.09 22.88 0.96 46.57 18.42 
 

The detailed image of areas relating to microstructure can be seen in the Fig. 6. The chemical composition 
of elements seems to be the same. Spectrum 5 contains high amount of C (13.93 wt.%) as well as Cr (60 
wt.%).  

3.3. Project 1C 

In the comparison with the investigated sample, it is possible to 
conclude that the chemical composition is different (see Fig. 7 
and Tab. 5) and the given sample has modification which is 
typical for input materials. The given area can be characterized 
that it has non-uniform size of grains where the phase η is 
excluded on the boundaries of grains. Zinc as well as other 
observed metals are presented mostly in the oxide form or even 
in the form of complex oxides. Matrix is mostly formed by zinc 
oxides.            Fig. 7 Sample Project 1C 

 

 Tab. 5 Chemical composition of the elements for sample Project 1C [wt.%] 
Spectrum C O Al P Zn 

Spectrum 2 4.67 0.62 0.20 3.13 91.38 
Spectrum 3 4.22 1.02 0.46 3.03 91.27 
Spectrum 4 4.91 3.56 2.08 2.54 86.91 

Sum Spectrum 4.83 2.13 0.98 2.88 89.18 
 

The given area contains oxides, carbides, phosphorus and a little bit of aluminium. These compounds and 
elements do not have negative influence on the production process of ZnO.  

4. CONCLUSION  

Conclusions can by summarised in the following point: 

� The production of zinc oxide utilizes the pure zinc (SHG) and secondary zinc (ZnH) as input raw 
material. According to study of the technological process, it is possible to conclude that there is the 
continual proportion between the quality of raw material and input material (ZnO).  

� The best choice for other processing of the metallic zinc is closely connected with the usage of 
chemical pure zinc. Because of the prize and technological difficulty, it is necessary to evaluate 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1526 

processing of the waste zing in relation to galvanising process because the French method for 
production of the zinc oxide in rotary furnaces is very effective.  

� During the production of the ZnO, the primary raw material is seriously influenced by the other 
additives. This fact is closely connected with the decrease of lifetime of furnace aggregates as well as 
there is the increase of the fuel. The occurrence of the additive or impurities as well as other 
unsuitable phases will have the significant influence on the whole technological process therefore 
the attention must be paid to the input raw materials. 

� In the case of the occurrence of the structural phases, which do not contain zinc (but they can 
contain the high chemical amount of Cr, Fe and Ni or other elements), it was proved from the 
practical aspect that these phases have the negative influence on the whole process. There will be 
the occurrence of the unwanted and negative chemical reactions and it will have also the negative 
effect in relation to the ceramics of furnace case. 

� In relation to the selected sample which does not contain zinc (but high chemical amount of Cr, Fe 
and Ni or other elements), there is the occurrence of the grains with the different morphology in the 
comparison to grains containing zinc. This morphology reflects the occurrence of stress states I the 
primary structure and these stress states have following influence on the decomposition of solid 
phase. The phase transition of solid phase to gaseous phase will be carried out in the different places 
of furnace at different thermal gradients and it has also negative influence on production process of 
ZnO.   

� There is the recommendation to perform much more detailed analysis of the input material as well 
as research interactions of the molten secondary zinc with the other elements and with aggregates 
of furnace case.  
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Abstract 

Cu and intermetallic Cu-Sn nanoparticles have been synthesized through a borohydride reduction in water 
solution of corresponding chloride salts by NaBH4 using a template technique with a carbon foam as a 
support at room temperature and atmospheric pressure. The Cu nanoparticles have been obtained in the 
carbon foam pores using 1.5M and 2.0M CuCl2

.2H2O solutions, as well as the Cu-Sn nanoparticles have been 
prepared using CuCl2

.2H2O and SnCl2.2H2O solutions with the same concentration at a mass ratio 
Cu:Sn=40:60. The morphology of the synthesized Cu and Cu-Sn nanoparticles using carbon foam as a 
support has been investigated by means of SEM analysis. The XRD analysis carried out has proved the 
existence of Cu, Sn and Cu10Sn3 phases. Thus prepared porous carbon foam/Cu or Cu-Sn nanoparticles 
nanocomposites are new electrode materials for electrochemical power sources. 

Keywords: Cu nanoparticles, intermetallic Cu-Sn nanoparticles, template synthesis, carbon foam 

1. INTRODUCTION 

The synthesis using supports known as a template synthesis is applied for obtaining of nanosized metallic 
particles, wires, fibers, rods, tubules [1-7]. At this method in the pores of a support (template), a metal is 
deposited through a chemical or electrochemical reduction of corresponding metallic ion. Porous materials 
like as SiO2, molecular sieves type MCM-41 etc. are used as supports.  

In our work carbon foam (C-foam) has been used for the first time as a support to realize a template 
synthesis of Cu and Cu-Sn nanoparticles, because the C-foam is characterized by a porous structure [2, 5, 6]. 
The C-foam is a low material cost and light weight. It is characterized by unique properties such as high 
mechanical strength, high electrical conductivity, low thermal conductivity, and low thermal expansion 
coefficient. It can be obtained through a pyrolysis and thermal treatment of cheap precursors such as coals, 
different polymer materials, tar-based mesoporous pitches, olive stones, coffee precipitate, and rice waste. 
The C-foam applications are varied due to its unique properties. Recently the C-foam has an important 
application as porous battery and fuel cell electrodes. Perspective materials for electrodes in contemporary 
energy storage systems are porous nanocomposite materials based on a C-foam and intermetallic (Cu-Sn) 
nanoparticles. The unique properties of C- foam and in the first play its porous structure have initiated our 
idea to use a C-foam as a support for template synthesis of Cu and Cu-Sn nanoparticles through a 
borohydride reduction method to be obtained nanocomposite materials with porous carbon matrix and 
active deposited in its pores Cu and Cu-Sn nanoparticles for electrodes in electrochemical power sources. 

The purpose of this work is to obtain porous C-foam/active Cu or Cu-Sn nanoparticles composite materials 
by template synthesis of metallic (Cu) and intermetallic (Cu-Sn) nanoparticles using C-foam as a support 
through a chemical reduction with NaBH4 (borohydride reduction) in water solutions of chloride salts of Cu 
and Sn (CuCl2.2H2O, SnCl2.2H2O) with different concentrations and different mass ratio Cu:Sn at room 
temperature and atmospheric pressure to be used as electrodes in electrochemical power storage systems. 
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2. EXPERIMENTAL 

2.1. Template synthesis of Cu and Cu-Sn nanoparticles in the pores of a C-foam from CuCl2
.2H2O and a 

mixture of CuCl2
.2H2O and SnCl2

.2H2O at a mass ratio Cu:Sn = 40:60 

A template synthesis of Cu and Cu-Sn nanoparticle is realized using a modified commercial C-foam. In this 
case the nanoparticles have been deposited in the C-foam pores. The Cu-Sn nanoparticles have been 
prepared using a mass ratio Cu:Sn=40:60. The synthesis has been carried out in a reactor ensuring a regime 
of consecutively introducing of the both solution of a reducing agent (NaBH4) and support (C-foam), 
applying during the synthesis a mechanical stirring by a magnetic stirrer. The support used is a commercial 
C-foam product, which is previously wetted with the copper solutions or a mixture of copper and tin salts. 
Solutions of CuCl2

.2H2O and SnCl2.2H2O with different concentrations (from 0.5M to 2.0M) have been used. 
At first 2М CuCl2.2H2O and 2М SnCl2.2H2O solutions have been prepared. The lower concentration solutions 
(1.5М, 1.0М, and 0.5М) have been obtained through a diluting of the 2M CuCl2

.2H2O and 2M SnCl2.2H2O 
solutions. 4.4М NaBH4 in 14М NaOH has been applied as a reducing agent.  

2.2. Investigated techniques used 

The synthesized porous nanocomposite materials based on modified commercial C-foam as a matrix and Cu 
and Cu-Sn nanoparticles as active components were investigated by means of electron microscopy 
(SEM/TEM) analyses including a specific surface area diffraction (SAED) and also by XRD analysis. SEM 
analysis of the synthesized nanosamples was carried out on a scanning electron microscope JEOL JSM 5300 
at accelerating voltage 20 kV. X-ray diffraction patterns of carbon foam were collected within the 2θ range 
from 10о to 95о with a constant step 0.03о and counting time 1 s/step on Philips PW 1050 diffractometer 
using CuKα radiation. 

3. RESULTS AND DISCUSSION 

3.1. SEM investigations of the synthesized nanosized products 

Fig. 1 presents SEM images of Cu nanoparticles synthesized by a template technique using C-foam as a 
support from 0.5М CuCl2

.2H2O solution, while in Fig. 2 are shown SEM images of Cu nanoparticles, 
synthesized from 1.0М CuCl2

.2H2O solution. 

  
 Fig. 1 SEM images of Cu nanoparticles deposited using a C-foam as a support from 0.5M CuCl2.2H2O 
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Fig. 2 SEM images of Cu nanoparticles deposited using a C-foam as a support from 1.0M CuCl2.2H2O 

 

In Fig. 3 are given SEM images of Cu nanoparticles synthesized in the C-foam pores from1.5М CuCl2.2H2O 
solution. Fig. 4 presents SEM images of Cu-Sn nanoparticles obtained using C-foam as a support from a 
mixture of 1.0М CuCl2.2H2O and 1.0М SnCl2

.2H2O solutions at a mass ratio Cu:Sn=40:60. 

From the SEM micrographs, shown in Figs. 1 to 3, can be seen that at the lower concentration of the initial 
copper solution (0.5М CuCl2.2H2O) the synthesized in the C-foam pores Cu nanoparticles are aggregated. At 
the higher concentration (1.5М CuCl2.2H2O) particles with a little dispersion and about equal size have been 
obtained. 

  
Fig. 3 SEM images of Cu nanoparticles deposited using a C-foam as a support from 1.5M CuCl2

.2H2O 

 

  
Fig. 4 SEM images of Cu-Sn nanoparticles deposited from a mixture of 1.0M CuCl2.2H2O and 1.0M 

SnCl2.2H2O using a C-foam as a support 
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In Fig. 5 are shown SEM images of Cu-Sn nanoparticles synthesized using C-foam as a support from 
a mixture of 2.0М CuCl2.2H2O and 2.0М SnCl2

.2H2O solutions at the same mass ratio Cu:Sn=40:60. 

 
a 

 
b 

 
c 

Fig. 5 SEM images of Cu-Sn nanoparticles deposited from a mixture of 2.0M CuCl2.2H2O and 2.0M 
SnCl2.2H2O using a C-foam as a support 

 

The SEM micrographs of the Cu-Sn nanoparticles, presented in Figs. 4 and 5, have shown that with 
increasing of the concentration of the initial salts the quantity of the synthesized Cu-Sn nanoparticles also 
increases. At the highest concentration (2M solutions) it is observed uniformly filling of the C-foam pores 
with particles. Cu-Sn nanoparticles are deposited not only inside the pore, but also on the surface of the 
grains forming the pores. 

3.2. XRD investigations of the synthesized nanosized  

Fig. 6 presents XRD patterns of Cu nanoparticles, synthesized respectively from 1.5М CuCl2
.2H2O and 2М 

CuCl2.2H2O solutions at a mass ratio Cu:Sn=40:60. 

 

 

XRD patterns prove the formation of Cu phase (2θ = 56о, 65о and 98о). It is also observed Cu(OH)2 phase (2θ 
= 20о, 30о, 43о, 45о, 48о, 69о). 

Fig. 6 XRD patterns of Cu nanoparticles 
synthesized from 1.5М CuCl2.2H2O and 2.0М 
CuCl2.2H2O solutions 

Fig. 7 XRD patterns of Cu-Sn nanoparticles 
synthesized from a mixture of 1.5М CuCl2

.2H2O and 
1.5М SnCl2.2H2O and a mixture of 2М CuCl2.2H2O 

and М SnCl2.2H2O at a mass ratio Cu:Sn=40:60 
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In Fig. 7 are given XRD patterns of Cu-Sn nanoparticles synthesized respectively from a mixture of 1.5М 
CuCl2.2H2O and 1.5М SnCl2.2H2O solution and a mixture of 2М CuCl2.2H2O and 2М SnCl2.2H2O solution at 
a mass ratio Cu:Sn=40:60.  

XRD analysis of the Cu-Sn nanoparticles obtained from the both solutions of, CuCl2.2H2O and SnCl2.2H2O 
(1,5М and 2.0М), proves the formation of three phases: Cu10Sn3, Cu and Sn.  

4. CONCLUSION 

Porous C-foam/Cu or Cu-Sn nanoparticles composites have been obtained by a template synthesis of Cu 
and Cu-Sn nanparticles through a wet borohydride reduction method in water solution of the 
corresponding salts with NBH4 in the pores of a modified commercial C-foam. The Cu nanoparticles 
synthesized from CuCl2.2H2O solutions with different concentrations are crystalline by structure and have 
a low dispersion. The Cu-Sn nanoparticles prepared from a mixture of the same solutions at a mass ratio 
Cu:Sn=40:60 have been deposited in the C-foam pores and also on the surface of the grains forming the 
pores. The XRD analysis has proved the existence of Cu, Sn and Cu10Sn3 phases, which predetermine an 
application of these synthesized porous composite materials for electrodes in Li-ion batteries. 
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Abstract  

Recently, isotropic Nd-Fe-B-based nanocomposite hard magnetic alloys have been intensively studied 
because of their high magnetic properties and low material cost [1]. The phase composition, nanocrystallite 
size, crystal lattice microstrains and particle morphology of high-energy milled and annealed 
Nd9.5Fe84B6Cu0.5 powder alloy were investigated by X-ray diffraction and magnetic measurements. X-ray 
diffraction experiments were carried out using Co-Kα radiation. Hysteresis loops were measured in 
a maximum magnetic field of 2000 kA/m using a vibrating sample magnetometer. The influence of phase 
composition and annealing parameters on the structural characteristics and magnetic properties of the 
synthesized powders was analyzed. The as-cast Nd9.5Fe84B6Cu0.5 alloy consists of the Nd2Fe14B (70 %) and α-
Fe (30 %) phases. The X-ray diffraction analysis showed that, during high energy milling, the amorphous 
phase (60 %) results from mechano-chemical reactions and exists along with the Nd2Fe14B (30 %) and 3-Fe 
(10 %) phases. The coercivity of milled samples decreases. The subsequent annealing of the milled powders 
at 600 - 700 °С results in the decomposition of the amorphous phase and formation of the nanocrystalline 
Nd2Fe14B phase (<D> = 40 - 60 nm) and 3-Fe (<D> = 30 - 40 nm). The coercivity of annealed powders 
increases up to Нсi = 104 kA/m, which is higher than that for the as-cast alloy Нсi = 40 kA/m. It should be 
noted that the annealed samples consist of more than 50 % 3-Fe and, therefore, the high level of coercivity 
may be explained by exchange coupling at interfaces separating the nanocrystalline hard magnetic 
Nd2Fe14B and soft magnetic 3-Fe phases.  

Keywords: Nd-Fe-B, high-energy milling, nanocomposite, coercivity 

1. INTRODUCTION  

Modern technologies used to produce composite alloys with nanocrystalline structure are based specifically 
on rapid quenching and high-energy milling. It is known that high-energy milling of Nd-Fe-B alloys, 
especially using surfactants, allows the reduction of powder particle size down to 10-30 nm size of powders 
up to 10 - 30 nm [2]. It was shown [3-5] that alloys with composition Nd2Fe14B and mixtures of powders 
Nd2Fe14B and Fe/Co are in a structure-nonstable amorphous-crystalline state after high-energy milling. 
During the subsequent heat treatment by decomposition of amorphous phase the nanocrystalline structure 
forms in alloys, providing a high level of coercivity. Therefore, this method can be used in the development 
of perspective technologies of nanocrystalline hard magnetic materials obtaining.  

The goal of this work was to obtain a nanostructured state in cast Nd9.5Fe84B6Cu0.5 alloy with two-phase 
structure, consisting of Nd2Fe14B and α-Fe phases, by the high-energy milling technique. Additionally, the 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1533 

mechanisms of phase structure and changes in hysteresis properties were studied with respect to milling 
time and annealing temperature.  

2. EXPERIMENTAL PROCEDURE  

Alloy with nominal composition Nd9.5Fe84B6Cu0.5 was melted in vacuum induction furnace in Ar atmosphere. 
Initial components Nd, Fe, Cu with > 99.5 % purity and ligature Fe-20 % B were used. Alloy ingots were 
grinded mechanically and then milled in high-energy planetary ball mill AGO-2U type. Powder and ball 
masses were in 1:10 ratio. Powder aggregation was limited by the addition of the surfactant, 0.05 ml of 
oleic acid, to each barrel. Oxygen penetration and oxidation was prevented by the addition of 0.5 ml of 
freon, creating a slight excess pressure in the barrels.  

Structure and phase composition of the powders were investigated by XRD diffraction method using DRON-
3M difractometer on Сo Kα-emission (λ = 0.107921 nm) and graphite monochromator. Quantity phase 
analysis was performed using simplified Rietveld method and program Phan% [6]. Average nanocrystallite 
size <D> was investigated from the diffraction line broadening analysis. As an etalon the Ge powder was 
used. Sensitivity of the XRD analysis was 1 vol.%, statistical error of determination of the phase composition 
was 1 - 2 %. The error of the average size determination of coherent scattering fields was 10 - 20 % [7]. 
Methodic [8] was used during the phase analysis of the powders in the amorphous-crystalline state. 
Hysteresis measurements were performed on a VSM in a 2000 kA/m field.  

3. RESULTS AND DISCUSSION  

 Tab. 1 shows the results of a quantity phase analysis obtained by calculating XRD patterns of cast 
Nd9.5Fe84B6Cu0.5 alloy powders and high-energy milled powders during 30 - 120 min.  

 

 Tab. 1 Phase composition of Nd9.5Fe84B6Cu0.5 alloy after high-energy milling 
 

Phase 
Phase volume fraction, vol.% 

Cast alloy High-energy milled alloy 
30 min 60 min 120 min 

Nd2Fe14B 70 28 22 23 
α-Fe 30 14 14 15 

Amorphous phase - 58 64 62 

The cast Nd9.5Fe84B6Cu0.5 alloy is in a two-phase state and contains 70 vol.% of hard magnetic Nd2Fe14B 
phase and 30 vol. % of soft α-Fe phase that is seen in Tab. 1. XRD patterns of high-energy milled powders 
are characterized by an intense line broadening and a wide halo presence, indicating that an amorphous 
phase (Am) forms in the powder’s structure. According to methodic [6] calculations, the quantity of Am is 
58 vol.% after 30 min milling. Comparing to initial cast sample the quantity of hard magnetic Nd2Fe14B 
phase decreased to 28 vol.%, and α-Fe – to 14 vol.%, that is more than in two times. As there is no other 
phases investigated in the alloy powders, the forming of an amorphous phase Am could be as the result of a 
mechano-chemical interaction of Nd2Fe14B and α-Fe phases.  

The composition of formed Am phase must be enriched by Fe in comparison to stoichiometric Nd2Fe14B 
composition. The Increase of milling time to 120 min does not affect the amount of α-Fe (Tab. 1), while the 
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volume of Nd2Fe14B phase decreases and the volume quantity of amorphous phase slightly increases. 
Slight decrease of the α-Fe quantity in Am phase corresponds to these changes.  

The structural transformation mechanism leading to the formation of an amorphous phase in the two-
phase alloy Nd9.5Fe84B6Cu0.5, as reviewed above, fundamentally differs from the Am formation 
mechanism, which was shown in works [6-8]. The formation of Am during high energy ball milling occurs as 
a result of the decomposition of Nd2Fe14B according to the following scheme: Nd2Fe14B → Am + α-Fe. 
Therefore the composition of the amorphous phase is depleted of Fe in comparison with Nd2Fe14B alloy, 
which is also shown in the above-stated works [6-8]. It is shown, by comparing these two mechanisms, 
which the formation of the amorphous phase Am deviates from Nd2Fe14B to the rich state or to the low 
state of Fe in both cases of the compounds.  

The results of the quantitative phase analysis of as-milled alloys after annealing at 600 and 700 °С for 20 
minutes are shown in Tab. 2. It shows that the amorphous phase was absent in the structure of all milled 
alloys after annealing at 600 °С. However, the quantity of the Nd2Fe14B phase increased from 28 to 
35 vol.% for the powder sample milled for 30 min, and from 10 to 25 vol.% for the powder milled for 
120 min. At the same time, the quantity of α-Fe was increased (from 14 ± 1 vol.% to 52 ± 1 vol.%) and new 
phases – oxides NdO and Nd2O3 were formed with a quantity of 14 ± 1 vol.%. The quantitative composition 
of the phases in the samples that were annealed at 700 °С does not differ from the calculated values, which 
were obtained after annealing at 600 °С.  

 

 Tab. 2 Phase composition of mechano-activated powders of Nd9.5Fe84B6Cu0.5 alloy after annealing at 
600 and 700 °С [vol.%] 

Phase 
Milling 

30 min + annealing 
Milling 

60 min + annealing 
Milling 

120 min + annealing 
600 °С 700 °С 600 °С 700 °С 600 °С 700 °С 

Nd2Fe14B 35 34 25 22 25 24 
α-Fe 52 53 63 61 64 63 
NdO 9 10 10 15 10 12.7 

Nd2O3 4 3 2 2 2 0.3 

The results of the calculation of the average size of coherent scattering regions (<D>) for Nd2Fe14B and α-Fe 
after annealing at 600 and 700 °С are shown in Tab. 3.  

 

 Tab. 3 The value <D> that was calculated for Nd2Fe14B and α-Fe phases for mechano-activated samples of 
Nd9.5Fe84B6Cu0.5 alloy after annealing at 600 and 700 °С [nm] 

Phase 
Milling 30 min Milling 60 min Milling 120 min 

600 °С 700 °С 600 °С 700 °С 600 °С 700 °С 
Nd2Fe14B 42 118 51 96 65 102 

α-Fe 39 52 36 86 32 89 

As shown above in Tab. 3, the increase of milling time from 30 to 120 min produces an insignificant 
increase in <D> of the Nd2Fe14B phase from 42 to 65 nm. In contrast, an insignificant decrease in <D> of α-
Fe from 39 to 32 nm was observed. The average size of coherent regions for Nd2Fe14B after annealing at 
700 °С more than twice exceeds the value of <D> after annealing at 600 °С and shows insignificant changes 
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during an increase in milling. The sizes <D> for α-Fe after annealing at 600 °С do not depend on milling time 
(40 - 30 nm), but after annealing in 700 °С there is a noticeable growth from 50 to 90 nm. These obtained 
results confirm that crystalline phases, which were formed as a result of structural transformation (Am → 
Nd2Fe14B + α-Fe), as shown above, are in a nanocrystalline state (<D> = 40 - 60 nm for Nd2Fe14B and <D> = 
40 - 60 nm for α-Fe).  

The dependencies of coercivity of 
Nd9.5Fe84B6Cu0.5 cast, milled and annealed 
alloy powders on high-energy milling time 
are shown on Fig. 1. The cast alloy 
coercivity Hci is just 40 kA/m. This low 
level of Hci of the initial alloy is 
determined by two factors: firstly, 
because of the big size (<100 μm) of the 
grains of the powder that have 
multidomain structure, secondly, because 
of the high volume content of the α-Fe 
soft magnetic particles (~30 vol.%).  

As shown on Fig. 1, Hci increased from 40 
kA/m (for cast alloy) to 64 kA/m after 
milling in 30 min. One of the reasons of 
increasing of the Hci at the first stage of 
milling is decreasing of average grain size 
of Nd2Fe14B particles down to 1 μm. At 
the same time, the smaller fraction of the powder could transform to single-domain structure (which dcrit = 
300 nm). However, monotonous decrease of Hci down to 32 kA/m is observed if milling time increases up to 
120 min. One of the reasons of this decrease of Hci could be the decrease of the volume of the hard 
magnetic Nd2Fe14B phase that can decomposes to the amorphous phase and α-Fe.  

Annealing of the mechano-activated samples during 30 - 120 min at 600 °С leads to the increase of 
coercivity by 32 - 40 kA/m (see Fig. 1). At the same time, coercivity was increased up to the values that 
exceed Нсi of initial alloy. Нсi increase for annealed at 700 °С powders is lower. We can make a proposal that 
visible coercivity increasing for annealed samples is connected to the hard magnetic phase Nd2Fe14B 
volume increase by the result of reverse transformation of amorphous phase Am. It also could be connected 
to the decrease of the quantity of the Nd2Fe14B phase crystal lattice defects – microdeformation value 
decreased from ε = 1.6 for 30 min milled powders to ε = 0.19 for milled and annealed powders (600 °С), and 
from ε = 1.3 to 0.3 for analogous powders milled for 120 min. At the same time, formation of Nd oxides 
during annealing and α-Fe precipitation due to the decomposition of the amorphous phase Am exert 
negative influence on the level of coercive force.  

Despite the fact that there is about 50 vol. % of α-Fe in annealed powders, coercivity is rather high (Нсi = 
104 kA/m). This can be explained by the suggestion that α-Fe precipitations, formed during the high-energy 
milling process and subsequent annealing, are in a nanocrystalline state. This is confirmed by XRD analysis, 
as the coherent scattering region size (CSR) for the Nd2Fe14B phase after annealing (600 °С) is <D> = 40 - 
60 nm, and for the α-Fe <D> = 30 - 40 nm, which exceeds α-Fe critical single-domain value (10 - 20 nm). 
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Fig. 1 The dependencies of coercivity of Nd9.5Fe84B6Cu0.5 
alloy powders on milling time. 

1) cast alloy; 2) after high energy milling; 3) after milling 
and subsequent annealing at 700 °С; 4) after milling and 

subsequent annealing at 600 °С 
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However, such CSR values can make possible the presence of magnetic exchange interactions between 
neighboring nanocrystallites of hard Nd2Fe14B and soft α-Fe phases, that can lead to the increase of 
coercivity of annealed powders comparing to coercivity of mechano-activated milled powders. During 
higher annealing temperatures (700 °С) as during higher milling times (120 min) a coarsening of 
nanostructure occurs that is confirmed by the increased CSR values (Tab. 3). It leads to a lowering of the 
exchange interactions and coercivity Hci.  

4. CONCLUSION  

� The B-rich amorphous phase formed in the alloy structure during high-energy milling is due to 
mechano-chemical interactions between initial Nd2Fe14B and α-Fe phases, resulting in the decrease 
of coercivity.  

� Subsequent annealing of milled samples at 600 - 700 °С initiate decomposition of amorphous phase 
and formation of nanocrystalline Nd2Fe14B and α-Fe phases with average grain size <D> = 40 - 60 nm 
for Nd2Fe14B and <D> = 30 - 40 nm for α-Fe. The increase of alloy coercivity up to Нсi = 104 kA/m, a 
level more than two times the initial coercivity of Hci = 40 kA/m, is caused by these changes.  

� It can be suggested that because of presence of up to 50 vol.% α-Fe in annealed Nd9.5Fe84B6Cu0.5 
powders, high level of coercivity was achieved apparently by exchange interactions between 
neighboring nanocrystalline grains of soft magnetic α-Fe and hard magnetic Nd2Fe14B.  
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Abstract  

The phase transformations of melt-spun Fe3B-based alloys during annealing have been investigated. The 
different nanocomposite structures were realized during first spinning amorphous ribbons at different 
controlled cooling rate and, after that, during subsequent crystallization annealing. The effect of the 
annealing temperature on the phase composition and crystal structure of ribbon was investigated. The 
annealing of the amorphous Fe83B17 ribbon at 400 and 450 °C for 1 h results in the formation of the bct-
Fe3B phase (Ni3P type structure) (60 %) and α-Fe phase (40 %). X-ray diffraction analysis showed that the as-
quenched Fe3B sample comprises 5 % α-Fe phase, 15 % Fe2B and 80 % of Fe3B-type phase, which consists of 
the bct (40 %) and primitive tetragonal (pt) phase (Ti3P type structure) (40 %) structure components. During 
annealing of this nanocomposite ribbons at 510, 530 and 545 °C for 18 h the contents of the Fe2B phase and 
α-Fe increase, whereas the contents of the bct- and pt-Fe3B phase decrease. The Curie temperatures of the 
Fe2B and α-Fe phases determined by measuring the magnetic permeability were 750 and 770 °C and the 
Curie temperatures of the bct- and pt-Fe3B phase modifications were 450 and 520 °C, respectively.  

Keywords: Amorphous and nanocrystalline alloys, Fe3B-based alloys, Curie temperatures, phase 
transformations 

1. INTRODUCTION  

Iron-boron alloys are known to be prepared in the amorphous or nanocrystalline state by rapid quenching. 
The amorphous phase in these alloys is substantially metastable and transformation into the crystalline 
state takes place in the course of annealing. During annealing various kinds of transient crystalline phases 
appear depending on temperature and time of annealing [1]. Structural characteristics of the 
transformations and Curie temperatures of different Fe-B phases were studied but these data are 
contradictory and need to be specified. The crystalline FeB, Fe2B and Fe3B phases of the Fe-B system exhibit 
soft magnetic properties. Ten years ago, the magnetic hardening effect was found for Fe3B-based 
amorphous ribbons with small amounts of rare-earth elements [2], which were subjected to crystallization 
annealing. The nanocomposite Fe-B alloys were shown to consist of the bct-Fe3B-based and α-Fe phases. 
The hard magnetic properties were explained by high effective magnetocrystalline anisotropy of (Fe,Nd)3B 
phase containing a small amount of Nd and exchange coupling between the magnetically hard (Fe,Nd)3B 
and soft magnetic α-Fe phases [3].  

The goal of this work was to investigate the phase transformations of melt-spun amorphous and 
nanocrystalline Fe3B-based alloys during annealing. Additionally, the Curie temperatures of the magnetic 
phases were studied with respect to annealing temperature.  
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2. EXPERIMENTAL PROCEDURE  

The Fe83B17 amorphous ribbon was obtained by melt quenching on a rotating copper wheel at a rotational 
velocity of 45 m/s. Melt spun samples were obtained in the form of a long ribbon usually 0.02 mm thick and 
20 mm wide. The nanocrystalline Fe3B alloy was obtained by melt quenching at a rotational velocity of 35 
m/s. X-ray diffraction analysis was carried out using Co-Kα radiation. Quantitative phase analysis was 
performed using simplified Rietveld method and Phan% program [4]. DSC analysis was performed in an Ar 
atmosphere at a heating rate of 20 K/min using a calorimeter. The Curie temperatures of the magnetic 
phases were determined by measuring the magnetic permeability during heating the samples up to 840 °C. 
Hysteresis loops were measured in a maximum magnetic field of 1200 kA/m using a Faraday balance 
magnetometer.  

3. RESULTS AND DISCUSSION  

X-ray diffraction analysis showed that the as-
quenched Fe83B17 ribbon is completely amorphous 
(Fig. 1).  
The effect of the annealing temperature on the 
phase composition and crystal structure of ribbon 
was investigated. The DSC analysis showed two 
peaks. The first small peak observed at ~ 200 °C 
corresponds to an unknown phase structural 
transformation. The second peak observed at ~ 
450 °C corresponds to the crystallization of the 
amorphous phase, which is accompanied by a 
high thermal effect. 

The annealing of the amorphous ribbon at 400 - 
450 °C for 1 h results in the formation of the 60 % 
bct-Fe3B (Ni3P type structure) phase with 
а = 0.8627 nm and с = 0.4291 nm and 40 % α-Fe 
phase with а = 0.2867 nm (see Fig. 2).  

The magnetic permeability as functions of heating 
temperature for as-quenched amorphous Fe83B17 
ribbon and annealed at 450 °C for 1 h are shown 
in Fig. 3. It can be seen that the Curie temperature 
of the amorphous alloy is ТC = 345 °C. During 
cooling the sample Fe83B17 after heating up to 
610 °C the appearance of the bct-Fe3B phase has 
been observed with ТС ~ 510 - 530 °С.  

The magnetic permeability as a function of 
heating temperature for the Fe83B17 sample annealed at 450 °C for 1 h during heating up to 830 °C and 
cooling are shown in Fig. 3b. The Curie temperature of the bct-Fe3B phase is 510 - 520 °C. Extrapolation of 
(Т) curve above 750 оС gives ТC ~ 770 °C, which corresponds to that of α-Fe.  

Fig. 1 X-ray diffraction pattern of as-quenched 
Fe83B17 ribbon 

Fig. 2 Experimental and calculated XRD patterns of 
Fe83B17 sample annealed at 450 °C for 1 h 
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Fig. 3 Dependences of magnetic permeability on the heating temperature for as-quenched Fe83B17 ribbon 
(a) and ribbon annealed at 450 °C (b) 

 

The influence of the annealing 
temperature on the phase composition, 
crystal structure and magnetic properties 
of nanocrystalline Fe3B alloy obtained by 
melt quenching at a rotational velocity of 
35 m/s are considered. X-ray diffraction 
analysis showed that the as-quenched 
sample comprises 5 % α-Fe phase, 15 % 
Fe2B and 80 % of Fe3B-type phase, which 
consists of the bct- (Ni3P type structure) 
(45 %) and primitive tetragonal pt- (Ti3P 
type structure) (35 %) structure 
components. The coercive force of as-
quenched sample is less than 800 A/m. 
The dependences of magnetic 
permeability on the temperature for as-quenched Fe3B alloy are shown in Fig. 4.  

 

During heating of the sample up to 820 °С 
two peculiarities that can be related to the 
Curie temperature of the Fe3B-type phase at 
450 and 520 °С were observed, wheras 
during cooling only the bct-Fe3B phase with 
ТC ~ 520 °С was confirmed. In accordance 
with X-ray diffraction analysis the Curie 
temperature ТC ~ 450 °С can be attributed to 
the pt- Fe3B type phase.  

During annealing of as-quenched Fe3B 
sample at 510, 530 and 545 °C for 1 - 18 h 

Fig. 4 Variations of the magnetic permeability of as-
quenched Fe3B sample during heating and cooling 

Fig. 5 Phase contents as a function of annealing time for 
as-quenched Fe3B sample, T = 530 °C 
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the contents of the Fe2B phase and α-Fe increase, whereas the contents of the bct- and pt-Fe3B phases 
decrease (Fig. 5).  

 

The dependences of magnetic permeability on the 
heating/cooling temperature for as-quenched Fe3B 
alloy are shown in Fig. 6. The Curie temperatures 
of the Fe2B and α-Fe phases determined by 
measuring the magnetic permeability were 750 
and 770 °С and the Curie temperatures of the bct-
Fe3B phase modification was 520 °С.  

 

 

 

 

4. CONCLUSIONS  

� The annealing of the amorphous Fe83B17 ribbon at 400 and 450 °C for 1 h results in the formation of 
the bct-Fe3B (Ni3P type structure) (60 %) and α-Fe phases (40 %). The Curie temperature of the 
amorphous alloy is ТC = 345 °С. The Curie temperature of the bct-Fe3B phase is ТC = 520 °С. 

� As-quenched Fe3B sample comprises 5 % α-Fe phase, 15 % Fe2B and 80 % of Fe3B-type phase, which 
consists of the bct- (40 %) and pt- Fe3B phase (40 %) components. During annealing at 510, 530 and 
545 °C for 1 - 18 h the contents of the Fe2B phase and α-Fe increase, whereas the contents of the pt- 
and bct-Fe3B phases decrease. The Curie temperatures of the pt- and bct-Fe3B phase modifications 
were 450 and 520 °С, respectively.  

ACKNOWLEDGEMENTS   

The authors are very grateful to Alexander Popov, who analyzes the samples, using the magnetic 
permeability equipment at the Institute of Metal Physics. Financial support from Russian Federal 

Program "AVCP" (project 3.3292.2011) is gratefully acknowledged.  

LITERATURE 

[1] SÁNCHEZ F.H., FERNÁNDEZ Van Raap M.B., BUDNICK J.I. Structural dependence on composition of rapidly 
quenched Fe-B alloys. Physical Review B, 1992, v. 46, no. 21, p. 1381. 

[2] GU, B.X. Structure and magnetic properties of NdxFe83-xB17 alloys. J. Magn. Magn. Mater., 2003, v. 263, p. 332. 

[3] LI, S, BI, H., XIE, G., ZHONG, W., ZHANG,F., GU, B., ZHANG, J., LU, M., DU, Y. Magnetic hardening effect of Fe3B 
alloy by partial substitution of Fe by Nd. J. Magn. Magn. Mater., 2004, v. 282, p. 202. 

[4] SHELEKHOV, E.V., SVIRIDOVA, T.A. Programs for X-ray analysis of polycrystals. Metal Science and Heat 
Treatment, 2000, v. 42, no. 8, p. 309. 

Fig. 6 The dependences of magnetic permeability 
on the heating/cooling temperature of as-
quenched Fe3B sample annealed at 530 °C for 18 h 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1541 

HORN FAILURE ANALYSIS FROM TITANIUM ALLOY USED IN ULTRASONIC CAVITATIONAL 
PROCESS  

Octavian OANCA, Niculai PASCA, Ilare BORDEASU, Ion MITELEA  

“Politehnica” University of Timişoara, Timişoara, Romania, EU, 

 octavian.oanca@yahoo.com, nicu_pasca21@yahoo.com, bordeasu_ilare@yahoo.com, 
imitelea@mec.upt.ro 

Abstract  

This paper present a failure analysis for a horn used in material cavitational testing from titanium alloys 
with Ti 99.2, C max 0.1 [in wt.%] chemical composition and ultimate tensile strength characteristics of 344 
MPa and fatigue limit 300 MPa according ASTM B265 standard. For this material has been performed a 
chemical analysis with an X-ray instrument to compare with the specification standard. The analysis results 
have showed the same chemical composition with Ti 99.1, C 0.1 and Fe 0.25 [in wt.%]. The horn has been 
realized according the ASTM G32-2010 norms. The horn failure analysis from titanium alloy has performed 
with micro and macrostructural material determination, nondestructive testing for cracks in material 
determination and sound propagation speed determination in horn material. In this paper using 
specialization software has been determinate the main parameters of the horn like magnification 
coefficient, amplitude size, stress curve in the horn, dimension and shape of the horn.  

 The fracture surface has been showed the fatigue typical aspect presence in horn fracture surface which 
appear in ultrasonic process. Using the simulation software has been determinate the stress zones 
concentrators in the horn and the maximum stress values.  

The stress results from simulation show the risk zones in horn. This analysis showed that the material used 
in ultrasonic horn has the good characteristics for cavitational testing tool, but is requires a special 
attention in horn manufacturing.  

Keywords: Titanium alloy, cavitation process, stress, strain, horn 

1. INTRODUCTION 

Identifying and developing solutions to increase the life of the machine components operating in cavitation 
regime, functional components with enhanced reliability in the water, has forced researchers to focus their 
studies to analysis of materials both in terms of resistance to cavitational erosion, as well as in terms of 
phenomena that occur in the structure of the material by cavitation attack. Some papers present many 
aspects regarding cavitational erosion [1, 2, 3, 4]. New orientation of cavitation erosion research is to 
identify the mechanisms that cause changes at micro and establishing manufacturing technologies of 
materials component structure and physico-mechanical characteristics are able to confer resistance to 
cavitation attack. 

 

 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1542 

2. MATERIAL, EQUIPMENTS AND INVESTIGATION METHODS 

2.1. Cavitation testing equipment  

The experimental program was focused on the 
development of cavitation erosion tests on 
samples made of stainless steel alloys GX4CrNi3, 
using ultrasonic cavitation test equipment made 
in the ASTM G32 – 10 [5], shown in Fig. 1. 
Mechanical resonator assembly shown outlined 
in Fig. 2, is equipped with a piezo-ceramic 
converter of 500 W, amplitude transformer 
transformation ratio 2:1, horn grade 2 titanium 
alloy sample for test equipment and stainless 
steel alloy, GX4CrNi3. 

Proper functioning of ultrasonic cavitation test 
equipment depends on the conditions of 
technology and the noise. Oscillator system 
ensures compliance regime creation is the 
transmission of ultrasonic 
energy vibration of the 
transducer medium (sample 
required to cavitation). 

The material used to 
manufacture was the 
titanium grade 2 which 
following chemical 
composition determinate 
using the portable X-ray 
Innov X system. The 
titanium composition was 
99.12 %. 

2.2. Horn simulation using specialized software  

Ultrasonic block resonance frequency and microvibration amplitude, requires study and knowledge of 
calibration issues and mechanical ultrasonic resonator assembly modulated interface elements - 
transformer construction amplitude modulated at a frequency of 20 kHz set. 

Simulation software specialized program has allowed knowledge of state parameters horn application 
developed and used in the experimental program, the amplification factor, location and nodes, size of 
amplitude variation curves of losses and the state of stress in horn. Horn characterization elements of 20 
kHz, Titanium grade 2 from the simulation program are presented in Fig. 3. 

 

 

Fig. 2 Mechanical resonators assemble. 

A - convertor piezo-ceramic 500W, 20 kHz; B - amplitude changer; C - 
titanium horn; D - specimen testing 

 

Fig. 1 Cavitational testing equipment. 

A - Mechanical resonator assemble; B - Ultrasound 
generator, 500 W, 20 kHz 
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Fig. 3 The horn elements characterisation 

 

Representation of axial stress, showing a maximum value resulting from simulation of 0.93 MPa at the rate 
X = 97.6 mm to 1 micron amplitude is shown in Fig. 4. 

 

 
Fig. 4 Stress axial from the 20 kHz horn max. 0.93 MPa 

 

The oscillation amplitude variation along horn amplitude presents hub oscillation to coordinate X = 55.2 
mm (Fig. 4). Strain energy accumulated - in volume and linear in the internal structure of the amplitude 
horn piece 20 kHz, has a maximum value of 1.6.10-4 Joules to 1 micron amplitude this is present in Fig. 5. 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1544 

 
Fig. 5 Strain energy for 20 kHz horn, max. 1.6.10-4 Joules 

 

Energy losses in volume and cumulative-linear in the internal structure of the amplitude horn 20 kHz, has a 
maximum value of 7.8.10-4 watts for 1 micron amplitude, is shown in Fig. 6. 

2.3. The failure crack analysis  

Analysis of disposal of the cracking of titanium alloy horn, the first step required in determining the initial 
conditions in horn manufacture quality materials, to investigate the quality of the internal structure of 
materials by micro analysis macro-structural, NDT(non-destructive)-control, and speed sound 
determination and propagation in the material. The test report confirms that the material complies with 
ASTM Grade 2. 

In Fig. 8 is presents the configuration of the mechanical connection between grade 2 titanium horn and 
stainless steel experimental sample, compared with image analysis resulting dye penetrate, NDT control 
the positioning crack tip end 10 mm and a length horn its 14 mm. 

The theoretical characterizations of horn obtained by simulation and used in the experimental program are 
presented in Tab. 1. 

 

 Tab. 1 Horn characteristics, used in experimental program 

Material 
Velocity 
sound 
[m/s] 

Horn 
length 
[mm] 

Frequency 
[Hz] 

Amplification 
factor 

Maximum 
loading 
MPa / X 

Ti 
Grade2 

4865 131.6 20009 2.75 0.93/97.6 
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Fig. 6 Strain energy for 20 kHz horn, max. 7.8.10-4 W 

   

 
Fig. 7 The horn crack zone aspect 

 

Surfaces were analyzed by optical methods were visually identified areas of crack initiation, emphasizing 
the repetitive position in relation to the geometry of the horn crack. Mechanical threaded introduce 
additional in assembly stress that is amplified with microvibration inserted by ultrasonic energy. Were 
analyzed fracture surfaces and optical methods have identified areas of fracture initiation, this present a 
typical phenomenon of ultrasonic fatigue solicitation. In Fig. 8 is presents images of fracture surfaces, crack 
initiation are positioned on the inner thread horn channel that conduct to a concentrator zone. 
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Fig. 8. Macroscopic aspect for crack initiation zones. A - Initiation zones in horn; B - Crack propagation 

3. CONCLUSIONS 

� Stress resulting from analysis also reveals that after a certain number of cycles of ultrasonic 
activation in the presence of important concentrators in horn appear the crack and also the failure. 

� The simulation showed the necessity of mechanical of high quality manufacturing to avoid accidental 
type concentrators’ in surface or uncontrolled couplings in configuring all mechanical resonator. 

� This analysis showed that the material used in ultrasonic horn has the good characteristics for 
cavitation erosion testing, but is requires a special attention in horn manufacturing. 
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Abstract 

Five alloys of the chemical composition of Ni-12.67Al (wt.%) were prepared by induction melting followed 
by casting and centrifugal casting. The alloys were melted and cast under different conditions for the effect 
of preparation conditions on porosity and pore morphology to examine. Melting and casting of the charges 
in air led to preparation of the alloys with high porosity. These alloys were full of large cavities and shrinks 
which had irregular shapes. On the contrary, the alloys melted in vacuum and cast in argon had a small 
porosity. Their pores were not so large and had not so irregular shapes. 

Keywords: Gravity and centrifugal casting, Ni-Al alloys, porosity 

1. INTRODUCTION 

Ni3Al is a nickel aluminide used for preparation of special materials which resist high temperatures. This 
resistance is caused by anomalous deformation behaviour which Ni3Al exhibits. The principle of anomaly is 
that yield stress increases with temperature up to 800 °C. Unfortunately, polycrystalline Ni3Al is too brittle 
at room temperature. The brittleness may be partly reduced by alloying with boron [1]. 

Ni3Al is prepared by many methods including gravity and centrifugal casting. After solidification, the casting 
is often full of pores, cavities and shrinks. Image analysis belongs to the methods intended for statistical 
and morphological description of the pores. The pore morphology may be estimated from the functional 
dependence of elongation factor FE [-] on circularity factor FC [-]: 

max

min

D
DFE �             (1) 

2

4
P

AFC
T

�             (2) 

Dmin [m] and Dmax [m] are the minimal and the maximal distance of parallel tangents at opposing pore 
border, A [m2] is a pore area and P [m] is a pore perimeter [2]. 

2. EXPERIMENT 

Five alloys of the chemical composition of Ni-12.67Al (wt.%) were prepared by two methods including 
induction melting followed by casting and horizontal centrifugal casting. Charges were made from piece 
nickel with a purity of 99.94 % and piece aluminium with a purity of 99.70 %. Induction melting and casting 
was carried out in a furnace LEYBOLD of the type IS3/1. Four castings (samples Nos. 1a-1d) were prepared 
under different conditions by this method. Only the one casting (sample No. 2) was made by centrifugal 
casting in a furnace KPS. The conditions of melting and casting are listed in Tab. 1. 
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 Tab. 1 Preparation conditions of Ni-12.67Al alloys 

Sample No. Melting Casting Mould Shape of casting 

1a vacuum argon graphitic short rods 

1b air and argon argon graphitic short rods 

1c air air steel with coating1) short rods 

1d vacuum argon steel short rods 

2 air and argon air steel with coating1) ring 

1) The coating was formed by a layer of oxide ceramic (Al2O3) whose thickness was 1.5 mm. 

 

The castings prepared by induction melting followed by casting had a shape of short rods. Length of the rod 
was 100 mm and diameter was 10 mm (Fig. 1). The casting made by horizontal centrifugal casting was a 
ring with outer and inner diameter of 113 and 90 mm and with length of 30 mm (Fig. 2). 

  
Fig. 1 Casting of Ni-12.67Al alloy prepared by 

induction melting followed by casting 
Fig. 2 Casting of Ni-12.67Al alloy prepared by 

horizontal centrifugal casting 

 

Chemical composition of the samples was checked by the OES method with a help of spectrometer 
SPECTROMAXx (Tab. 2). In addition, contents of oxygen, nitrogen and hydrogen were determined using two 
analysers, namely LECO TC-436 and LECO RH600. Oxygen and nitrogen analysis of the sample No. 1d was 
not successful. Results of the remaining analyses are given in Tab. 2. 

 

 Tab. 2 Results of chemical composition analysis and gas content determination 

Sample No. Chemical composition Gas content 

 Ni 

[wt.%] 

Al 

[wt.%] 

O 

[wt. ppm] 

N 

[wt. ppm] 

H 

[wt. ppm] 

1a 87.50 12.40 67 4 10 

1b 87.40 12.40 162 12 12 

1c 87.40 12.42 170 13 13 

1d 87.30 12.58 – – 9 

2 87.59 12.31 336 12 33 
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Finally, metallographic samples were prepared from transversal and longitudinal sections of the castings. 
The sections were used for microstructure documentation and statistical and morphological evaluation of 
casting porosity. 

3. RESULTS 

3.1. Microstructure 

Microstructure of the samples was documented by optical light microscope OLYMPUS GX51 equipped with 
digital camera OLYMPUS DP12. Scanning electron microscope QUANTA FEG 450 with a probe EDAX APOLLO 
X was used for chemical analysis of phases. 

Despite different methods and conditions of preparation, final microstructure of all castings was same. 
Microstructure was formed by grains oriented in direction from mould walls to casting axis. The grains, 
made of Ni3Al phase, were coarse and contained dendrites of so-called mesh (Fig. 3). The mesh consisted of 
channels of (Ni) phase and small islands of Ni3Al phase (Fig. 4) [3]. 

  
Fig. 3 Microstructure of the sample No. 2 

prepared by horizontal centrifugal casting 

Fig. 4 Dendritic arm of the sample No. 2 

3.2. Porosity 

  
Fig. 5 The crack and shrinks in the axis 

of the sample No. 1c 

Fig. 6 Pores and cavities in structure 

of the sample No. 2 

Coarse grain of Ni3Al phase

Small grain of Ni3Al phase

Channel of (Ni) phase
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Pore distribution on surfaces of the samples was different. An increase of pore concentration in the axis of 
the rods was a common feature. The samples melted and cast in air contained also shrinks and cracks (Fig. 
5). Area with the maximum concentration of pores in the casting of the ring was in the inner wall of the 
ring. Two types of pores were observed in this case – the small pores in the centre of grains and the large 
ones at grain boundaries (Fig. 6). 

Porosity of the metallographic samples prepared by induction melting followed by casting and centrifugal 
casting was determined by the same microscope as microstructure. Ten photographs of non-etched surface 
of each sample were obtained at two hundred times magnification. Direction of photography was different. 
The rods were photographed from casting edge to the opposite edge. The ring was photographed from the 
outer wall to the inner wall. The photographs were evaluated by computer program analySIS auto. 
Analyzed parameters are given in Introduction. The results of porosity P [%] with the number of identified 
pores n [-] are listed in Tab. 3. 

 

 Tab. 3 Porosity of the samples of Ni-12.67Al alloy prepared by induction and centrifugal casting 

Method Melting Casting Sample No. n P 

    [-] [%] 

induction 
melting 

followed by 
casting 

vacuum argon 1a 2416 0.06 � 0.06 

air and argon argon 1b 1738 0.03 � 0.02 

air air 1c 1001 0.07 � 0.10 

vacuum argon 1d 547 0.02 � 0.01 

centrifugal 
casting 

air and argon air 2 7152 1.69 � 3.14 

 

  
Fig. 7 Porosity change of the sample No. 2 

(principal axis) and the samples Nos. 1a-1d 
(secondary axis) on the sample surfaces 

Fig. 8 Pore morphology in the areas with the 
maximum and the minimum porosity (medians) 
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It is not easy to draw conclusions from the Tab. 3. The castings contained large pores, i.e. cavities and 
shrinks, which distorted porosity values. This is proved by the standard deviations which are greater than 
the arithmetic means. It is better to plot a functional dependence of porosity change depending on sample 
surface and to draw the conclusions from it. Fig. 7 shows the curve. Sample surface is represented by the 
direction of porosity measurement which is described in the preceding paragraph. There are two 
conclusions resulted from the graph. Porosity of the sample No. 2 increases in direction to the inner wall of 
the ring and porosity of the samples No. 1a-1d is the maximum in axis of the rods. 

Fig. 8 shows a dependence of medians of shape factors for pores in the areas with the maximal and the 
minimal porosity (Fig. 7). The areas with the minimal porosity mainly contained small pores. These pores 
were not so elliptic and had smoother surface than the pores from the areas with the maximal porosity. 
Morphology of pores from the areas with the maximal porosity was affected by presence of large cavities 
and shrinks which had irregular shapes. 

The total number of identified pores in all castings was 12854. Pore sizes, characterized by a diameter, 
were various. The casting of the ring contained the pores whose diameter was from 1.5 to 280 �m whereas 
the pores in the castings of the rods had a diameter from 1.5 to 35 �m. According to frequency of 
occurrence, these pore ranges might be divided in two same groups. The first group was occupied by small 
pores whose diameter lay in the range from 1.5 to 11.5 �m. These pores were mostly situated in the grain 
centres and their frequency was high. The second group was formed by pores which were larger than 12 
�m. Most of them lay along grain boundaries. The frequency of these pores is low. Distribution of the small 
pores was log-normal with the maximal frequency of pores with a diameter of 2.5 �m. Distribution of large 
pores was disordered hence it was not evaluated. 

Functional dependence of shape factors on pore diameter confirmed these conclusions (Fig. 9 and 10). 
Small pores belonged to the range from 1.5 to 11.5 �m and had a wide morphology of shapes. Very elliptic 
pores coexisted with round pores and pores with smooth surface with the ones with rough surface. 
Morphology of pores larger than 12 �m was limited. 

  
Fig. 9 Pore elongation for the pores 

whose diameter is from 0 to 15 �m 

Fig. 10 Pore circularity for the pores 

whose diameter is from 0 to 15 �m 
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Morphology of all pores may be estimated from a functional dependence of elongation factor on circularity 
factor (Fig. 11). In a bubble graph, the pore size is demonstrated by bubble width. Values of elongation 
factors of the samples No. 1a-1d are Fig.d on secondary axis because these samples did not contain as large 
pores as the sample No. 2. Ellipse line is an important element of the graph. Pores in the castings may 
maximally reach such values of both shape factors which correspond coordinates of the line. Pore becomes 
more circular when elongation factor increases in the direction from the ellipse line. But pore surface 
becomes rougher when circularity factor decreases in the direction from the ellipse line. 

  
Fig. 11 Morphology of all pores in the sample 

No. 2 (principal axis) and the samples 

Nos. 1a-1d (secondary axis) 

Fig. 12 Morphology of pores in the sample No. 2 
and the samples Nos. 1a-1d (medians) 

 

Nevertheless, graphic dependence of shape factors is not easy to survey because shows many pores with 
wide morphology which overlap. For this reason, it is better to use only medians of shape factors (Fig. 12). 
Now, general conclusions may be drawn from this graph. Pores of the samples No. 2 and No. 1c, which 
overlap each other, had the worst morphology. These pores were more elliptic and their surface was 
rougher than the pores in remaining castings. It was probably caused by melting and casting in air. On the 
contrary, the castings melted in vacuum and cast in argon (the samples No. 1d and 1a) had the most 
circular pores with the smoothest surface. These results consent to the results of gas determination (Tab. 
2). 

4. CONCLUSION 

Five alloys of Ni-12.67Al composition (wt.%) were prepared by induction melting followed by casting and 
centrifugal casting under different conditions. Analysis of chemical composition has confirmed that 
microstructure of all castings was same. Coarse grains of Ni3Al phase were oriented in the direction from 
mould walls to casting axis. There were dendrites of mesh in the centres of the grains. The mesh was 
formed by the channels of (Ni) phase which surrounded the small grains of Ni3Al phase. 

Conditions of alloy preparation strongly affected porosity and pore morphology. Pore distribution on 
surface of transversal and longitudinal sections of alloys was not same. There was a larger pore 
concentration in the centre of the sections of rods and in the area of inner wall of ring. 
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Statistical evaluation of alloy porosity has confirmed a presence of small pores whose diameter was from 1.5 
to 11.5 �m and large pores whose diameter was larger than 12 �m. The small pores were mainly in the 
centres of the grains whereas the large ones together with cavities and shrinks were along grain boundaries. 

Alloys melted and cast in air had the worst pore morphology. These alloys contained elongated pores with 
a rough surface. On the contrary, the alloys melted in vacuum and cast in argon were full of circular pores 
with a smooth surface. 

For the next work, it would be better to melt Ni3Al-based alloys in vacuum and cast them in a protective 
atmosphere. If it is not possible, the alloys must be properly heat treated for decreasing of porosity. 

ACKNOWLEDGEMENTS 

The presented results were obtained within the frame of solution of the research project TA 01011128 
“Research and development of centrifugal casting technology of the Ni-based intermetallic compounds” 

and the project CZ.1.05/2.1.00/01.0040 “Regional Materials Science and Technology Centre”. 

LITERATURE 

[1] MASAHASHI, N. Physical and mechanical properties in Ni3Al with and without boron. Materials Science and 
Engineering: A, 1997, Volume 223, Issues 1-2, pp. 42-53. 

[2] MARCU PUSCAS, T. et al. Image analysis investigation of the effect of the process variables on the porosity of 
sintered chromium steels. Materials Characterization, 2003, Volume 50, Issue 1, pp. 1-10. 

[3] KURSA, M. et al. Microstructural analysis and mechanical properties of polycrystalline Ni-rich Ni3Al alloy 
prepared by directional solidification. Kovové materiály, 2008, Volume 46, No. 6, pp. 351-359. 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1554 

BORONIZING OF THE LAST GENERATION TIAL INTERMETALLICS 

Tomáš POPELA, Dalibor VOJTĚCH 

ICT in Prague, Prague, Czech Republic, EU, popelat@vscht.cz 

Abstract 

Properties of surface of TiAl-based intermetallics need to be improved and an effective way how to achieve 
this is through surface treatment. Suitable surface treatment for titanium aluminides is boronizing 
consisting in diffusion of boron into the surface of the alloy and forming hard and resistant titanium 
borides. In our work, we worked on creating the boride layers on Ti-46Al, Ti-46Al-8Nb and Ti-46Al-8Ta 
alloys by powder-pack boronizing technique. Firstly, the process of boronizing was optimized concerning 
setting of the temperature and duration of boronizing and the composition of boride powder as well. 
Secondly, obtained boride layers were investigated by various techniques including optical and scanning 
electron microscopy (SEM) and X-ray diffraction technique (XRD). We found that we achieved to obtain 
dense at least 5 μm thick boride layers. 

Keywords: TiAl-based intermetallics, boronizing, pack-cementation process 

1. INTRODUCTION 

TiAl-based intermetallics are promising materials for high-temperature applications in automotive, 
aerospace or power industry, where they can replace currently used nickel superalloys. Being at least two 
times lighter than the nickel superalloys the TiAl intermetallics bring significant reduction of weight of 
devices. In addition to low density the TiAl intermetallics are characterized by high elastic modulus, and 
they exhibit higher strength and higher oxidation resistance at elevated temperatures in comparison with 
pure titanium [1]. However these high-temperature properties are not often sufficient, therefore, various 
alloying elements have been proposed to improve them. In our previous studies the Nb and Ta were added 
into TiAl intermetallics which lead to significant increase of oxidation and creep resistance at 800 °C [2, 3]. 
Meanwhile in relation to creep resistance niobium acts positively by hindering the dislocation slip and 
plastic deformation in material, the effect which increases the high-temperature oxidation resistance 
consists in so-called doping effect and the increase of activity and diffusivity of aluminium in the alloy [4]. 
Due to its position in Periodic Tab. Ta is believed to have similar influence on mechanical and chemical 
properties of TiAl-based intermetallics as niobium. This fact was proved in our studies [2, 3] and the 
mechanism of tantalum’s influence is described similarly to that of niobium. The TiAl-based intermetallics 
alloyed by tantalum are known as the last generation of TiAl intermetallics often referred to as the 4th 
generation [8]. These alloys are air-hardenable and are based on alloying with elements which reduce 
significantly diffusion to achieve massive transformations at low cooling rates. The massive transformation 
enables the creation of highly faulted γ massive phase which is beneficial to mechanical properties of the 
alloys [5, 6]. 

Despite their excellent properties TiAl-based intermetallics are not suitable for wear-related applications 
due to their insufficient hardness [2]. To enable these applications various treatments are carried out to 
enhance the mechanical and chemical properties of TiAl-intermetallics’ surface. Very often the thermo-
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chemical diffusion processing such as aluminizing [7], nitriding [8], siliconizing [9] are used. Boriding is a 
promising way of increasing properties of the surface of alloys as well. However, there are very few articles 
concerning this topic [10]. On the other hand boriding of pure titanium or the TiAl6V4 alloy is widely 
discussed describing various methods including powder-pack boriding technique [11], electrochemical 
boriding [12], plasma boriding [13], laser alloying [14], CVD (chemical vapour deposition) [15], plasma-
assisted CVD [16]. The mostly used technique is a conventional powder-pack boriding characterised by its 
simplicity and cost-effectiveness. It is often carried out in the powder containing the boron agent, activator 
and the filler material at high temperature which causes that the boron is released from the agent by the 
activator and then diffuses interstitially into titanium lattice. The products of this process are dual TiB 
(inner) and TiB2 (outer) layers deposited on the surface of the specimens characterised by high hardness, 
wear and oxidation resistance. 

It was mentioned above that there are very few data concerning the boriding of TiAl-based intermetallics, 
moreover there are not any concerning evaluation of deposited boride layers in relation to their 
mechanical and chemical properties and their protecting effect. To fill this significant gap we aimed this 
work on boriding of the TiAl-based intermetallics (binary TiAl46 and ternary TiAl46Nb8 and TiAl46Ta8 
alloys). We evaluated the structure and composition of the boride layers. 

2. MATERIAL AND METHODS 

The optimization of the boronizing process was carried out on pure titanium and its commercial alloy Ti-
6Al-4V. The boriding powder consisted of amorphous B (45 wt.%), activator NH4Cl (3 wt.%) and the filler 
Al2O3 (52 wt.%). After successful optimization boriding was applied on three alloys based on titanium 
aluminides. These alloys with chemical composition (in at.%) of Ti-46Al, Ti-46Al-8Nb and Ti-46Al-8Ta were 
prepared by arc melting of pure metals (99.99 %) in a water cooled copper crystallizer under a high-purity 
helium atmosphere. Each melting was repeated seven times to ensure homogenous chemical composition. 
Such produced ingots having 80 x 20 x 10 mm in size were then cut by spark-machining into rectangular 
samples with dimensions 8 x 8 x 2 mm for boriding experiments. Prior to boriding, surface if samples was 
ground on SiC papers up to grit P 1200 and then washed and dried.  

During the boriding the samples were placed in a boriding powder, sealed in corundum crucibles and the 
argon atmosphere was maintained to prevent the oxidation. As mentioned before the boriding powder 
consisted of amorphous B (45 wt.%), activator NH4Cl (3 wt.%) and the filler Al2O3 (52 wt.%). The process 
was conducted at 1150 °C for 12 hours. These conditions were determined as optimal after series of 
experiments which were based on data retrieved from literature [10, 11, 17]. 

Borided samples were subjected to microstructural study, hardness measurements and wear tests. 
Microstructural study included both surface and cross-sectional analysis of the deposited layers and was 
carried out by various analytical techniques including scanning electron microscopy (SEM, Tescan VEGA 3, 
regime of secondary and backscattered electrons, acceleration voltage of 20 kV), energy dispersion 
spectrometry (EDS) and X-ray diffraction (XRD, X’Pert Phillips, 30 mA, 40 kV, X-ray radiation Cu Kα). 
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3. RESULTS AND DISCUSSION 

3.1. Optimization of the boronizing process 

The default conditions of boronizing were taken 
from the papers concerning boronizing of Ti-
based alloys [10, 11]. The powder of composition 
mentioned in materials and methods was used 
and the process was at first carried out at 950 °C 
for 12 hours. As one can see in the Fig. 1a after 
this treatment a boride layer on the sample was 
created. However, this layer was very 
heterogeneous and had insufficient thickness to 
fully protect the base metal. It is generally known 
that increase of the boronizing temperature 
speed up the diffusion of boron into the metal and, therefore, leads to formation of thicker boride layer. 
Based on this knowledge, another boronizing treatment was tried with temperature of 1150 °C and time 12 
hours. The result can be seen in the Fig. 1b. In this case, the layer is sufficiently thick and homogeneously 
covers the whole metal specimen. This boronizing regime is then considered as sufficient and applied for 
boronizing of TiAl-based intermetallics. 

3.2. Structure of boronized coatings 

Backscattered 
electron micro-
graphs in Fig. 2 
show the cross 
sections of 
borided layers on 
examined alloys. 
In all cases a 
dense adhesive 
boride layer with 
thickness of 6.6 ± 0.7 mm, 7 ±1 and 11 ± 1.3 μm were created on Ti-46Al, Ti-46Al-8Nb and Ti-46Al-8Ta alloy, 
respectively. The fact that the layer on Ta-containing is significantly the thickest is surprising because it is 
generally known that Ta is very slow diffuser and, therefore, should limit the diffusion of boron into the 
lattice.  

 

One can see that the layer created on the binary alloy is homogenous with almost no whiskers of borides 
growing towards the substrate (Fig. 2a). The layer on the Nb-containing alloy is rather homogenous with 
some signs of heterogeneity and some boride whiskers growing towards the substrate (Fig. 2b). However, 
the situation completely differs in the case of boride layer created on the Ta-containing alloy which is 
significantly thicker and heterogeneous (Fig. 2c). The micrograph indicates that the layer consists of two 
sublayers: the outer one, which does not markedly differ from the layers created on the other two alloys, 
and the inner one consisting mainly of whiskers growing towards the substrate. This morphology suggests 

  

Fig. 1 Optical micrographs of boronized layers on the 
Ti-6Al-4V alloy boronized at (a) 950 °C and (b) 1250 °C 

for 12 hours 

  

Fig. 2 Backscattered electrons micrographs of boronized layers on the (a) Ti-46Al, (b) 
Ti-46Al-8Nb and (c) Ti-46Al-8Ta alloy 
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that the inner layer contains TiB boride. Although the formation of TiB is observed only in the case of the 
Ta-containing alloy during our experiments, it is mentioned in literature that TiB whiskers were commonly 
found after boriding the Ti-6Al-4V alloy [11, 17]. The presence of TiB boride beneath the TiB2 outer layer is 
generally explained by the fact that a concentration of boron in the matrix progressively reduces towards 
the alloy interior. 

 

 

 

 

Fig. 3 EDS element maps of borided layer on the: (a) Ti-46Al, (b) Ti-46Al-8Nb, (c) Ti-46Al-8Ta alloy 

 

 Tab. 1 Elements concentration in points 
showed in the Fig. 3b 

Position Element [at.%] 
 Ti Al Nb 

1 82.8 1.4 15.8 
2 84.4 2.6 13.1 
3 80.8 3.7 15.4 
4 82.9 2.1 15.0 
5 78.7 1.0 20.3 
6 42.0 49.4 8.7 
7 83.0 1.4 15.6 
8 79.2 1.6 19.2 
9 75.1 8.9 16.0 

 

  Tab. 2 Elements concentration in 
points showed in the Fig. 3c 

Position Element [at.%] 
 Ti Al Ta 

1 87.4 0.3 12,4 
2 71.5 0.2 28,4 
3 86.3 0.2 13,6 
4 72.5 0.1 27,5 
5 71.9 0.1 28,0 
6 68.2 0.3 31,6 
7 40.7 52,2 7,0 
8 84.5 0,2 15,3 
9 87.2 0,3 12,5 

 

 

EDS elemental mapping was performed on cross sections of the layers (Fig. 3). Tabs 1 and 2 list chemical 
compositions (except for B - its content was not measured since this element is light so the results of EDS 
analysis are not accurate enough) in various points in Fig. 3. Fig. 3, Tab. 1 and 2 show that layers are 
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generally formed by compounds of titanium and boron and that contents of aluminium in these layers are 
very low. It suggests that the affinity of Al to B is significantly lower than that of Ti, Nb and Ta. In particular 
the values of Gibbs energy of formation are -299 kJ.mol-1 for TiB2 and -23 kJ.mol-1 for AlB2 [18]. Fig. 2a 
shows that the layer on binary alloy is very homogenous in terms of the distribution of Ti and B. In contrast 
the layer on Nb-containing sample is seem to exhibit some heterogeneity in the distribution of niobium 
(Fig. 2b). The Nb-concentration varies between 13.1 and 20.3 wt.% (see Tab. 1). The higher content of Nb is 
generally at the expense of Ti since niobium atoms replace the positions of titanium in the TiB2 lattice and a 
mixed NbB2

.TiB2 boride whose existence was also proved by XRD analysis (Fig. 4). 

Similar but much more significant differences in 
the distribution of ternary element are observed 
in the case of the Ta-containing alloy (Fig. 3c, Tab. 
2). Tantalum content was determined to be in a 
range of 12.4 to 31.6 wt.%. The local Ta increase is 
at the expense of titanium as tantalum, similarly 
to niobium replaces titanium atoms in the TiB2 
lattice forming the mixed TaB2

.TiB2 boride. Great 
differences in Ta-concentration suggest that the 
amount of the TaB2

.TiB2 mixed boride is higher 
than that of the NbB2

.TiB2 phase on the boronized 
Nb-containing alloy.  

Phase composition of boride layers was studied by 
X-ray diffraction. The XRD patterns in Fig. 3 show 
that the layer formed on the Ti-46Al alloy is 
composed mainly of TiB2 boride. In the patterns of 
layers on both ternary alloys there are peaks at 
positions of TiB2 phase as well, but these peaks are slightly shifted to the lower diffraction angles suggesting 
that the layer is composed of a mixed TiB2

.NbB2 boride in the case of the Nb-containing alloy and of a 
TiB2

.TaB2 boride in the case of the Ta-alloyed material. The individual TiB2, TaB2 and NbB2 borides are 
characterised by hexagonal lattice, so that the formation of mixed borides can be expected. The shift of 
peaks of a particular phase in a XRD pattern is caused by differences in lattice parameters of that phase. 
The observed shift to lower angles means a lattice expansion, i.e. larger interatomic distances. Because of 
the similarity between Ti, Nb and Ta atoms, Nb and Ta can replace Ti atoms in the boride lattice forming 
mixed TiB2

.NbB2 and TiB2
.TaB2 borides having similar lattice parameters as TiB2. However, the presence of 

slightly larger Nb or Ta atoms may induce a stress in the lattice and, therefore, enlarge the interatomic 
distances slightly. One can see in Fig. 4 that the shift is more significant in the case of the Ti-44.8Al-6.6Ta 
alloy, suggesting a higher amount of TaB2 as compared to NbB2. This is in accordance with results given in 
Fig. 3 and Tab.s 1 and 2. The presence of BN phase in layers on all studied alloys is in agreement with other 
papers [18] showing that this phase is a product of the reaction between boron and the NH4Cl activator. 
Due to a low thickness of layers on the binary and Nb-containing alloy reflections of the TiAl phase 
originating from the base metal are seen in Fig. 4. The presence of oxide on the surface is caused by oxygen 
traces in argon atmosphere used during the boronizing process.  

 

 

Fig. 4 XRD pattern of the surface of borided alloys 
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4. CONCLUSION 

In our experiment we optimized the boronizing process for TiAl-intermetallics. The boronizing powder 
consisted of amorphous B (45 wt.%), activator NH4Cl (3 wt.%) and the filler Al2O3 (52 wt.%) and the process 
was finally carried out at 1150 °C for 12 hour under the atmosphere of inert gas (Ar). Our process resulted 
in formation of dense boride layers with thickness of 6.6 ± 0.7 mm, 7 ±1 and 11 ± 1.3 μm on Ti-46Al, Ti-
46Al-8Nb and Ti-46Al-8Ta alloy, respectively. As it is described in the results, the layer on the binary layer 
was homogeneously created by TiB2 boride, while the layers formed on ternary alloys contained 
heterogeneities in their composition due to the presence of NbB2

.TiB2 and TaB2
.TiB2 mixed borides. In the 

case of all studied alloys very thin boron nitride formed on the surface. 
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Abstract 

Aluminium alloys belong to perspective materials characterized by low density and convenient mechanical 
properties. Combination of rapid solidification technique and addition of transition metals, which can be 
characterized by low diffusivity in aluminium, can produce alloys with increased thermal stability and 
excellent mechanical properties. It fills imaginary gap between aluminium and titanium alloys prepared by 
conventional methods. These alloys are used especially in automotive and aerospace industry. 

This work aims to prepare AlSi14Fe8 and AlS14Fe8Cr1 (in wt.%) alloys by centrifugal atomizer with high-
speed rotating graphite disc. So prepared powders were uniaxially pressed by ultra-high pressure of 6 GPa 
at 450°C for 1 hour. Microstructure of powders and pressed samples was observed by light and electron 
scanning microscope. Thermal stability of pressed samples was evaluated like hardness change during 
thermal treatment at various temperatures for 100 hours. Consequently, so prepared samples were 
compressive tested. Structures, mechanical properties and thermal stability were compared to 
AlSi12Cu1Ni1Mg1 (in wt.%) casting alloy, which is generally considered to be thermally stable material.  

Keywords: Aluminium, rapid solidification, transition metals 

1. INTRODUCTION 

Rapid solidification (RS) can be defined as rapid extraction of 
thermal energy including both superheat and latent heat 
during liquid-solid state transition [1]. Generally to consider 
process as rapid solidification, cooling rates have to be 
greater than 104 K.s-1 although sometimes cooling rates of 
103 K.s-1 generate rapidly solidified microstructures [1, 2]. 
Aluminium alloys prepared via RS technique offer 
extraordinary properties comparing to the conventional cast 
alloys. There are at least three possible ways to upgrade the 
properties of aluminium alloys consisting of possibility to 
increase the content of alloying elements, improve 
homogeneity of the alloy and creation of micro-, nano- or 
quasi-crystalline structures [3, 4]. Increasing the cooling rate 
of RS technique will cause finer microstructure and better 
properties but often means higher economical costs [5]. RS 
can be realized by several procedures like melt spinning, gas 
atomization or by centrifugal atomization. 

Centrifugal atomization (CA) is simple cost-efficient method using high-speed rotating disc ensuring almost 
immediately transport of molten metal to water-cooled walls with cooling rates up to 105 K.s-1 [1]. Typical 

 
Fig. 1 Arrhenius plots of diffusion 
coefficients of various metals [6] 
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product of CA process is powder consisting of flake-like particles (Fig. 3) which can be more efficiently 
pressed into bulk samples than ribbons prepared by melt spinning technology [5]. These facts predispose 
CA to be more often used in production aluminium alloys with increased mechanical properties while 
maintaining low costs. 

Aluminium alloys and its use has been restricted due to low degree of strength and poor corrosion 
resistance. Now, booth properties can be enhanced by adding of appropriate amount of alloying elements. 
Transition metals improve thermal stability due to their low diffusivity in aluminium [5]. Fig. 1 shows that 
transition metals like Fe and Cr are very slow diffusers in Al when compared to commonly used elements 
like Cu or Mg. However, its concentrations in casting and wrought aluminium alloys are limited. 

CA method may solve this problem and together with ultra-high pressure compaction allowing production of 
pore-free samples was used in this work. 

2. EXPERIMENT 

AlSi14Fe8 and AlSi14Fe8Cr1 (in wt.%) alloys were prepared by induction melting of appropriate amount of 
master alloys (AlFe11, AlCr11), aluminium and silicon with at least 99.99% purity in a graphite crucible 
under argon atmosphere. Composition of prepared materials was confirmed by XRF (ARL 9400 XP) analysis.  

These materials were melted in an electric arc furnace at 1000 °C and injected through graphite casting 
nozzle with diameter of 2 mm at high speed rotating (15000 rpm) of graphite disc (Fig. 2). Injected melt was 
by centrifugal force immediately carried to the water-cooled walls ensuring almost immediately 
solidification of melt forming a fine flake-like product. The operating parameters of centrifugal atomizer 
were determined in previous work by using AlSi9Cu3 alloy like testing material [7]. 

  

Fig. 2 Schematic drawing of centrifugal atomization Fig. 3 Typical morphology of prepared powders 

 

Prepared powders were then subjected to granulometric analysis in order to determine the distribution of 
powder particle size. In this way, the fractions in the range of powders sizes of 2.8 mm and smaller were 
obtained. Powders were then uniaxially hot-pressed (450 °C for 1 h) by ultra-high pressure of 6 GPa into 
small cylindrical specimens with 28 mm in diameter and approximately 10 mm in height. Pressure applied 
in our experiment was one order of magnitude greater than the common pressures used for pressing and 
HIP. In the following text, the alloy prepared by the procedure will be denoted as “as-compacted”. So 
prepared samples were long-term (100 h) thermally treated in air at temperatures ranged from 300 to 
500 °C, than compressive tested by universal testing machine LabTest 5.200SP1 with strain speed of 
1 mm.min-1. Thermal stability of tested materials was evaluated measuring Vickers hardness performed at 
room temperature with a loading of 5 kg. Conventional cast AlSi12Cu1Ni1Mg1 alloy, generally considered 
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as thermal stable material for manufacturing pistons, cylinder heads and other parts of combustion 
engines, was used for comparison of mechanical properties and thermal stability. 

Metallographic samples of materials were prepared by subsequently grinding on P60-P4000 abrasive 
papers, polished with diamond paste and etched in solution containing HF, HNO3 and HCl acid. Prepared 
samples were observed using Olympus PME-3 light microscope (LM) and TESCAN VEGA 3 LMU scanning 
electron microscope (SEM). Element distribution in each sample was determined by X-ray elemental map 
and point analysis performed at above mentioned SEM with EDS analyzer. 

3. RESULTS 

3.1. Microstructure 

Microstructure of AlSi14Fe8 (Fig. 4a) alloy prepared by uniaxially hot-pressing was consisted of α-Al, fine 
eutectic α-Al+Si and needle-like phase enriched of Fe and Si. Phase composition of AlSi14Fe8Cr1 (Fig. 4b) 
was practically identical except presence of spherical phases. It is also important to notice that the as-
compacted materials showed almost no porosity and very good contact between particles. 

  
Fig. 4 Microstructure of a) AlSi14Fe8, b) AlSi14Fe8Cr1 „as-prepared“ (6 GPa, 450 °C, 1 h), (SEM) 

Microstructure of materials subjected to annealing at various temperatures (Fig. 5a, b) showed almost no 
change. Enhanced mechanical properties of “as-prepared” materials can be thus attributed to the fine 
microstructure and high internal stress in Al lattice obtained during ultra-high pressure compaction. 

  
Fig. 5 Microstructure of a) AlSi14Fe8; b) AlSi14Fe8Cr1 after annealing (500 °C/100 h), (SEM) 
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Fig. 6 X-ray elemental map of annealed (500 °C/100 h) compact AlSi14Fe8, (SEM). 

After annealing (Fig. 6, 7), coarsening of eutectic silicon particles which precipitates from the 
supersaturated Al matrix at temperatures ranged of 443 – 653 K was observed [8] 

 
   

 

Fig. 7 X-ray elemental map of annealed (500 °C/100 h) compact AlSi14Fe8Cr1, 
(SEM) 

It is coarsening can be explained by both a tendency to reduce the α(Al)/Si 
interface area and a relatively high diffusion coefficient of silicon in solid Al (Fig. 
1). Iron and chromium are characterized by a lower diffusion coefficient than 
silicon in aluminium, and therefore coarsening of particles containing these 
elements even after 100 hours of annealing was not observed.  

3.2. Thermal stability 

Thermal stability was expressed like hardness change of tested material depending on time of annealing. As 
is shown on micrographs (Fig. 8), representing change of Vickers hardness, tested materials (AlSi14Fe8 and 
AlSi14Fe8Cr1) exhibited better results at each temperature in comparison to AlSi12Cu1Ni1Mg1. It should 
be noticed that those temperatures considerably exceed typical applications temperatures of most 
aluminium components. 
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Fig. 8 Thermal stability of tested materials compared to AlSi12Cu1Ni1Mg1 

 

Annealing up to approximately 25 h leads to a 
progressive reduction of hardness, which remain 
almost constant up to 100 h of annealing. Even 
after 100 hours of annealing at 500 °C exhibited 
materials prepared via CA method better hardness 
results in comparison to AlSi12Cu1Ni1Mg1 
annealed at 300 °C. Decrease of hardness can be 
attributed to the relaxation of internal strain in Al 
lattice. 

Fig. 9 shows that “as-compacted” materials 
achieved excellent compressive and yield strength 
which confirmed the excellent diffusion bonding 
between powder particles due to high pressure 
used to compaction. 

  
Fig. 10 Compressive stress-strain diagrams of annealed materials compared to AlSi12Cu1Ni1Mg1 

(300 °C, 100h) 

 

Both the hardness and the compressive strength of “as-compacted” materials decrease during annealing at 
300 - 500 °C, but these decreases occur much more slowly than in the case of the casting AlSi12Cu1Ni1Mg1 

Fig. 9 Compressive stress-strain diagrams of „as-
prepared“ materials 
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alloy (Fig. 8, 9, 10). As a result of annealing, increased plastic deformation of both materials (Fig. 10), 
probably caused by decrease of stress in the matrix due to depletion of alloying elements and by silicon 
coarsening, was observed. 

4. CONCLUSION 

It has been showed in this work that materials, when prepared by a combination of CA method and high-
pressure compaction, had fine microstructure, which positive impact on strength and plasticity. Rapidly 
solidified materials prepared via hot-pressing showed superior mechanical properties compared to 
conventionally cast AlSi12Cu1Ni1Mg1 alloy commonly used for the production of combustion engine parts. 
Centrifugal atomization is therefore prospective cost-efficient method for preparation of alloys containing 
high amount of transition metals. 

ACKNOWLEDGEMENTS 

Authors wish to thank to the Czech Science Foundation (project no. P108/12/G043) for its financial 
support. 

LITERATURE 

[1] LAVERNIA, E., SRIVATSAN, T. The rapid solidification processing of materials: science, principles, technology, 
advances and applications. Journal of Materials Science, 2010, vol. 45, pp. 287-325.  

[2] KARAKOSE, E., MUSTAFA, K. Structural investigations of mechanical properties of Al based rapidly solidified 
alloys. Materials and Design, 2011, vol. 32, pp. 4970-4979. 

[3] BARTOVA, B., VOJTECH, D. et. al. Structure and properties of rapidly solidified Al-Cr-Fe-Ti-Si powder alloys. 
Journal of Alloys and Compounds, 2005, vol. 387, pp. 193- 200. 

[4] NAYAK, S., CHANG, H. et. al. Formation of metastable phases and nanocomposite structures in rapidly solidified 
Al-Fe alloys. Materials Science and Engineering A, 2011, vol. 528, pp. 5967-5973. 

[5] KATGERMAN, L., DOM, F. Rapidly solidified aluminium alloys by melt-spinning. Materials Science and 
Engineering A, 2004, vol. 375-377, pp. 1212- 1216. 

[6] DU, Y., CHANG, Y. et. al. Diffusion coefficients of some solutes in fcc and liquid Al: critical evaluation and 
correlation. Materials Science and Engineering A, 2003, vol. 363, pp. 140-151. 

[7] PRUSA, F. et al. Optimization of centrifugal atomizer parameters for rapid solidification of aluminium alloys, In: 
Metal 2010, Ostrava: TANGER, 2010, 6 p., on CD ROM. 

[8] BIROL, Y. Microstructural evolution during annealing of rapidly solidified Al-12Si alloy. Journal of Alloys and 
Compounds, 2007, vol. 439, pp. 81-86. 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1567 
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Abstract  

The process of recovery and separation of cobalt from acid sulphate solutions containing high 
concentration of nickel by solvent extraction (SX) was investigated. The commercial product Cyanex 272 
[bis(2,4,4-trimethylpentyl) phosphinic acid] in kerosene was used. The leach liquor used for the present 
study contained in g/L: 3.01 Co and 30.16 Ni. Before cobalt extraction, impurities, such copper, iron and 
manganese were removed from the initial solution by the precipitation methods. The solution was 
obtained after autoclave dissolution of Ni-Co sulphide concentrate, intermediate product of pyro-
hydrometallurgical processing of Pacific manganese Nodules. 

Cobalt extraction efficiency of > 97 % was achieved with 6 wt.% of Cyanex 272 in three counter-current 
stages at an aqueous (Aq):organic (Org) phase ratio of 1:1, temperature 298 K and pH = 6.5. The scrubbing 
of nickel from the loaded organic phase was carried out with solution containing 3 g/L Co. For the stripping 
of cobalt from organic phase, synthetic spent cobalt electrolyte containing in g/L: 36 Co, 70 Na2SO4 and 6 
H2SO4 was used. The optimal cobalt stripping efficiency > 99.3 % was achieved in two stages at Aq:Org. 
phase ratio of 1:1.5. A complete flow sheet for the separation and recovery of cobalt was presented.  

Keywords: Cobalt, nickel, solvent extraction, Cyanex 272, manganese nodule 

1. INTRODUCTION  

It is well known that the concentration of non-ferrous metals (Cu, Ni and Co) in deep-ocean manganese 
nodules (PN) from the Clairon Clipperton region of the Pacific Ocean is comparable to that of continental 
ores, therefore they are an alternative mineral source of their production [1]. Currently, the combined 
pyro- hydrometallurgical methods are considered as the most promising methods of PN processing. In the 
pyrometallurgical part of these schemes the non-ferrous metals are concentrated in an intermediate 
product, a poly-metal alloy (FeCuNiCoMn) [2]. One specific feature of that alloy is the high Fe content 
(> 65 %) compared to that of Cu and Ni (~ 12-13 %), and especially that of Co (~ 1.5 %). The Mn content in 
the alloy is 5 - 6 %. Copper, nickel and cobalt are extracted from the alloy by a chemical or electrochemical 
process [3].  

In the process of our previous research, a two-stage technology was developed for dissolution of the alloy 
in H2SO4 solution in the presence of a reductor - SO2, where more than 97-98 % of Ni, Co, Fe, Mn pass into 
the solution, while copper is precipitated in the form of copper sulphides. The chemical composition of the 
solutions obtained, in g/L is: 32-34 Fe, 6-6.8 Ni, 0.6-0.8 Co, 2.6-3 Mn and 0.03-0.05 Cu.  
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The direct extraction of nickel and 
cobalt from these solutions is from 
economic point of view is not 
lucrative due to their low 
concentration and high iron 
concentration in them. For this 
reason, initially Ni and Co were 
precipitated, using NH4HS, as a mixed 
sulphide sludge (containing > 30 % Ni 
and Co), further subjected to acid 
sulphate oxidative autoclave 
dissolution. Fe present in the sulphide 
sludge is precipitated in the form of 
goethite, while Co, Ni pass into the 
solution. A schematic pyro-
hydrometallurgical diagram of nickel 
and cobalt extraction in concentrated 
PN solutions is presented in Fig. 1.  

For the last ten years, liquid-phase 
extraction (SX) is used for recovery 
and separation of Co from Ni in acid 
sulphate solutions. A major 
advantage of the method is the 
possibility to combine it with the 
process of electroextraction, which 

permits the recovery of high-purity metals. Currently, various reagents for cobalt and nickel SX based on 
phosphoric, phosphonic and phosphinous acid are available: D2ЕXPA, PC88A, Cyanex 272, Cyanex 301 [4], 
Of these, the extraction agents with highest selectivity with respect to Co are those under the trade name 
“Cyanex” [5, 6]. 

This paper presents experimental results of liquid-phase cobalt extraction from solutions containing nickel 
by means of Cyanex 272 for the purpose of obtaining cobalt electrolyte of a purity suitable for the process 
of electro-winning.  

2. EXPERIMENTS  

2.1. Methods 

For investigation of the liquid-phase extraction process a solution of the following composition (in g/L) was 
used: 3.01 Co, 30.16 Ni, 0.03 Cu, 0.01 Fe and 0.016 Mn, obtained after autoclave dissolution of mixed Ni-Co 
sulphide sludge. The solvent extraction of cobalt from the solution was effected using Cyanex 272, a 
commercial product of the firm Cytec Inc., which is a derivative of di-2,4,4 3-methylphenyl phosphine acid. 
Kerosene was used as organic solvent. 

The solvent extraction was carried out in glass separating funnels with capacity 100 ml. The interchange 
between the aqueous and organic phases took place by the reversal principle. A rotating machine was used 

Pyrometallurical process of selective reduction of 
non-ferrous metals (Cu, Ni, Co)

Pyrometallurgical 
processing

Hydrometallurgical process of 
selective dissolution of 

FeCuNiCoMn alloy

Atomization
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Autoclave processing
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with Cyanex 272

Pollymetalic Nodules 
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Fig. 1 Schematic pyro-hydrometallur-gical diagram of Co and Ni 
extraction from manganese nodules from the Clairron Cliperton 

area of the Pacific Ocean to a solution suitable for SX-EW 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1569 

for the purpose, with sockets in which the separating funnels were fitted by means of special braces. The 
rotation speed was the same in all the experiments – 35 min-1. After the extraction equilibrium was 
achieved, the separating funnels were left to rest for stratification of the two phases. The equilibrium 
concentrations of Co and Ni in aqueous and organic phases were determined by analysis of the aqueous 
phase using an atomic-absorption spectrophotometer Perkin – Elmer 5000. The influence of the main 
process parameters on the distribution ratio and the degree of extraction was studied. Volumes of the 
organic Vorg and aqueous phases Vaq were determined, respectively. 

3. RESULTS AND DISCCUSION 

3.1. Solvent extraction with Cyanex 272 

The initial values of the parameters of the cobalt extraction process were determined on the basis of the 
literature study. These were: solution acidity - pH = 6.5 and extraction temperature – 293 K. Due to the high 
concentration of sulphuric acid in the solution studied (pH =1) in order to achieve the work pH, the solution 
was neutralized in advance by lime wash. The effect of the following main parameters was investigated: 

� Time of contact between the aqueous and organic phases;  

� Extraction agent concentration;  

� Solution acidity;  

� Extraction capacity of the extraction agent;  

� Volume ratio between the aqueous and organic phase.  

The obtained results are represented in graphic form in Figs. 2 - 5. 

Analysis of the experimental results shows that the time required to achieve equilibrium in the studied 
system is 120 s. The maximum degree of extraction (62.79 %) was achieved at 9 v/v % Cyanex 272 in the 
organic phase. The experience of works using the SX process shows that at initial cobalt concentration in 
the solution 2–3 g/L, it is advisable to work with a lower concentration of Cyanex 272, 6 v/v % for example, 
and to apply multi-stage extraction. The process takes place within a very narrow interval of pH. At high 
initial acidity there is practically no extraction process, and at pH > 7, hydrolysis of nickel and cobalt is 
observed. The results demonstrate that after using of the extracting agent three times, its capacity 
significantly decreases (< 43.11 %). Upon increase of the organic phase volume to Vorg:Vaq = 1:5, no 
significant increase of DCo is observed. Upon single contact between the phases and Vorg:Vaq = 1, the 
extraction degree of cobalt increases to 65.78 %. 

3.2. Determination of the theoretical number of extraction stages  

The theoretical number of extraction stages in a continuous type of counter-current extraction is 
determined by means of the McCabe–Thiele diagram. The extraction isotherm was built at variation of the 
aqueous phase/organic phase ratio of Vorg:Vaq = 1:5 to Vorg:Vaq = 5:1 and constant other parameters: 
concentration of the extracting agent - 6 v/v % Cyanex 272, temperature = 293 K, рНinit = 6.5 and contact 
time – 180 s. 

The diagram shows that in the case of using Cyanex 272 without pre-treatment (saponification), 
irrespective of the aqueous phase/organic phase ratio, more than 1.0 g/L Co will remain in the rafinate 
which is due to decrease of the solution рН. In practice this means that after each stage of extraction the 
solution рН has to be adjusted. It was found that, after three-stage counter-current extraction of cobalt 
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with 6 v/v % Cyanex 272 at a ratio of Vorg:Vaq =1 with adjustment of the aqueous phase рН after each stage 
of extraction the cobalt concentration in the rafinate is 0.01 g/L.  

3.3. Scrubbing of a loaded organic phase 

After three-stage extraction of cobalt, 0.38 g/L Ni passes into the organic phase. For removal of the nickel it 
is scrubbed with a solution containing 3.0 g/L Cо at рН = 4.5 and ratio of Vaq:Vorg = 1:10. After a single 
scrubbing the concentration of nickel in the organic phase decreases to 0.028 g/L. 

 

 

Fig. 2 Effect of the contact time between aqua and 
organic phases on the cobalt extraction 

Fig. 3 Effect of the Cyanex 272 concentration in 
kerosene on DCo and cobalt extraction 

 

Fig. 4 Effect of the equilibrium pH on the DCo and 
cobalt extraction 

Fig. 5 A dependence between the number of 
contacts and the extraction capacity of Cyanex 272 
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Fig. 6 Effect of aqua and organic phase ratio on the 
DCo and cobalt extraction 

Fig. 7 McCabe–Thiele diagram for number 
of stages for cobalt extraction. pH = 6.5, 6 

v/v % Cyanex 272 in kerosene 

3.4. Stripping of Cobalt from the organic phase 

The next technological operation was the process of stripping of cobalt from the loaded organic phase. The 
following main parameters were studied:  

� concentration of sulphuric acid in the extracting phase;  

� volume ratio of the organic and aqueous phases.  

The obtained results are presented in Fig. 8 and 9. 
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Fig. 8 Effect of H2SO4 concentration and Vaq/Vorg 
ratio on Со stripping from the organic loaded 
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Fig. 9 McCabe-Thiele diagram of Со stripping 
from the organic loaded phase with 6 g/L 

H2SO4 acid 

It can be seen that at aqueous/organic ratio Vaq/Vorg = 1 the increase of H2SO4 concentration from 4 to 10 
g/L leads to increase of the reextraction degree (RECo) which grew from 78.67 to 98.67 %. The maximum 
degree of RECo (99.33%), at a single contact of phases was achieved at Vaq/Vorg = 2, in this case the 
concentration of cobalt in the obtained reextract was the lowest (1.49 g/L). It is obvious that, for complete 
extraction of cobalt from the loaded organic phase the process of reextraction has to be repeated several 
times.  
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3.5. Determination of the theoretical number of stripping stages  

For determination of the theoretical number of cobalt stripping stages, the diagram of McCabe-Thiele was 
built for ratio Vaq:Vorg = 1:1.5 (Fig. 9), using H2SO4 solution woth concentration 6 g/L as an extraction phase. 
It was found that after two-stage reextraction, < 0.07 g/L Co is left in the organic phase.  

The experience of works operating by the scheme: SX-EW shows that for stripping of cobalt from the 
loaded organic phase, spent electrolyte with composition: 30 ÷ 40 g/L Cо, 1 ÷ 20 g/L H2SO4 and 60-80 g/L 
Na2SO4 is used most commonly. In the two-stage stripping carried out by us we used electrolyte with the 
following composition: 36 g/L Cо, 6 g/L H2SO4, and 70 g/L Na2SO4. The experiment was performed at Vaq:Vorg 
= 1:1.5. It was found that after two-fold contacting of the phases RECo reaches 99.33 %. 0,01 g/L Co remains 
in the organic phase. The obtained electrolyte has a concentration of 40.47 g/L Co, рН = 2.4 and can be 
directly subjected to electrowinning. 

4. CONCLUSIONS 

On the basis of the experimental research, a schematic process diagram is proposed (Fig. 10) of the process 
of selective counter-current cobalt extraction from an acid sulphate solution containing 30.16 g/L Ni and 
3.01 g/L Со obtained after oxidative autoclave dissolution of mixed sulphide Co-Ni sludge. 
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Fig. 10 Flow-sheet of the process for the recovery of Co from sulphate leach liquor containing Ni. 

 

The developed scheme contains the following main operations: 

� Three-stage, counter-current extraction of cobalt with 6 v/v % Cyanex 272 in kerosene solution at a 
ratio of Vaq:Vorg = 1, temperature 298 K and pH = 6.5 and adjustment of the aqueous phase рН after 
each extraction stage. The contact time is 3 min. The degree of cobalt extraction in the organic phase 
is 99.67 %; 

� Scrubbing of the loaded organic phase with a solution containing 3.0 g/L Со, at рН = 4.5 and ratio of 
Vaq:Vorg = 1:10, where > 92 % of nickel is removed from the organic phase.  
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� Two-stage stripping of cobalt using spent electrolyte containing 6 g/L H2SO4, 36 g/L Cо and 70 g/L 
Na2SO4, at a ratio of Vaq:Vorg = 1:1.5. The obtained cobalt electrolyte can be directly sent for 
electrowinning. The degree of cobalt extraction from the loaded organic phase in the spent 
electrolyte is 99.33 %. 
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Abstract 

The structure characteristics of specimens were investigated using optical light microscopy and scanning 
electron microscopy equipped with EDX detector. The specimen in as-cast state evinced the dendritic 
structure, which gradually transformed into regular grains after thermal treatment. The structure of 
specimen after 24 hours of heat treatment at 900°C was formed by a martensitic phase and by the residue 
of dendritic grains with the increased content of cobalt and decreased content of tin. On the basis of 
potentiodynamic polarization method the resistance to corrosion of the alloy Ni45Mn39Sn11Co5 was 
evaluated in the as-cast state and after heat treatment (annealing at 900 °C, during 2, 8, 18 and 24 hours). 
The sensitivity to pitting was compared mainly by values of depassivation and repassivation potentials of 
the tested alloy (in 0.1 M NaCl water solution). The resistance to this localized corrosion was slightly lower 
than for pure nickel (curves between iron and nickel). After heat treatment the resistance to pitting had 
increased and dimensions of pits decreased. Polarization resistance had higher values after heat treatment 
and corresponding rates of corrosion were very low, like in a passive state. The corrosion resistance has 
been described with respect to chemical composition of matrix and secondary phases and/or particles.  

Keywords: Ni45Mn39Sn11Co5 alloy, heat treatment, structure, polarization test, pitting,  

1. INTRODUCTION 

Ni-Mn-based meta-magnetic shape memory alloys show a drastic change in magnetization accompanied by 
martensitic transformation from a ferromagnetic phase (austenite) to a paramagnetic phase, and they have 
received much attention as high-performance multi-ferroic materials. The martensitic transformation 
temperatures in these alloys are drastically decreased by application of a magnetic field, and magnetic field 
induced reverse transformation (MFIRT) occurs in martensite phase in the vicinity of the martensitic 
transformation temperatures. The shape memory effect (SME) induced by a magnetic field, i.e. meta-
magnetic shape memory effect (MMSME), has been confirmed in Ni45Co5Mn36.7In13.3 and Ni43Co7Mn39Sn11 at 
room temperature [1-3]. It is reported that the MT temperature of FSMAs can be tuned by altering the 
ingredient of the alloys or by substituting one element by another element, and it is very sensitive to the 
values of the valence electron concentration e/a (electrons per atom) [4-5].  

New Heusler alloys are investigated for their shape memory effect that is related to the austenite – 
martensite phase transformation. The recovery of shape occurs when changing from a lower symmetry of 
martensite structure to a symmetrical cubic phase (austenite) by increasing the temperature. The examples 
of Heusler shape memory materials are Ni2MnZ- based alloys (Z = Sn, In, Ga) or Mn2NiGa [6]. Expensive Ga 
can be replaced by cheaper Sn for shape memory applications. Alloy with Sn10 has cubic L21 structure and 
martensitic transformation in ferromagnetic state. 

Investigation was performed to characterize the corrosion behaviour of polycrystalline Ni48Mn30Ga22 and 
Ni50Mn30Ga20 alloys with cubic austenite, or tetragonal martensite state [7]. Both alloys exhibit low 
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corrosion rates and spontaneous anodic passivation in alkaline solutions (pH = 8 - 11). In acidic media the 
alloys tend towards more active state with an increase of corrosion current density. XPS studies showed 
that passive films comprised NiOOH, MnO2 and Ga2O3 in air. Passive films formed in neutral media (pH = 5 - 
8.5) were composed of Ni(OH)2, NiOOH and Ga2O3 in the outer region and of NiO,MnO2 a MnO in the metal 
side region. Under all conditions studied, mainly in acidic solutions, the martensite alloy (Ni48Mn30Ga22) was 
significantly more reactive than the austenite Ni48Mn30Ga22. This can be attributed to a much higher density 
of surface defects in terms of a large number of twin boundaries acting as energetically favoured sites for 
corrosion attack. SEM analysis of the martensite surface confirmed a preferential corrosion of the twin 
boundaries. 

In this work we discuss the effect of heat-treatment conditions on the microstructural characteristics and 
the resistance of Ni45Mn39Sn11Co5 alloy to pitting corrosion. 

2. EXPERIMENTAL 

2.1. Materials and samples 

Polycrystalline Ni45Mn39Sn11Co5 (at.%) alloy was prepared by induction melting of the appropriate 
quantities of high purity Ni, Mn, Sn and Co under an argon atmosphere, which were cast into a graphite 
cylinder mold with diameter of 10 mm. The ingot was cut into small pieces for micro-structural analysis and 
corrosion testing of the as-cast and annealed structure of specimens. The specimens were annealed in an 
evacuated and sealed quartz tube at 900 °C for 2, 8, 18 and 24 hours in order to achieve a homogenization, 
and quenched in ice-cold water. The structure of as-cast and annealed specimens was investigated by light 
optical microscopy (OM) and SEM equipped with EDS detector.  

Small samples with dimensions 10 x 4 x 3 mm (semi-disc shape) were prepared for corrosion tests, by 
precise cutting from the rod E 10 mm. The samples were tested after heat treatment (900 °C/2 h – 24 h) 
and reference sample was used in the as-cast state. Chemical composition has been determined by X-ray 
microanalysis. Different standard potential of elements and electrochemical properties of phases can play 
role in formation of micro-galvanic cells and non-uniform corrosion under certain conditions. The values of 
standard potentials (Eo) of elements used for alloy preparation: Mn -1.18 V, Ni -0.25 V, Sn -0.14 V, Co -0.28 
V (in HNE scale, hydrogen normalized electrode). Phases rich in Mn can act as less noble anodic places and 
they can accelerate the corrosion. 

2.2. Electrochemical corrosion tests 

The polarization tests were conducted at room temperature (20 °C) in 0.1 mol/l NaCl water solution (200 
ml) with free access of air. The nominal exposed area of each immersed sample was 1.0 cm2. Polarization 
tests began with determination of corrosion potential Ecor. The potentiodynamic measurement [8] started 
with the potential Ecor − 50 mV and potential scanned in anodic direction at the rate of 1 mV/s. When the 
density of anodic current reached J = 1 mA/cm2, polarisation direction was changed at return potential. 
Registered anodic polarization curves made the basis for determination of typical parameters describing 
the resistance to uniform and pitting corrosion, i.e.: corrosion potential Ecor, depassivation potential Ed, 
repassivation potential Er, polarisation resistance Rp, corrosion current density icor , average rate of corrosion 
(rc). Measurements were carried out with use of the system VoltaLab®PGP201 and PC. Saturated calomel 
electrode (SCE) served as the reference electrode, whereas platinum wire electrode was used as the 
auxiliary electrode.  
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3. RESULTS 

3.1. Microstructural analysis 

     

Fig. 1 The OM (a) and SEM (b) microstructures of the as-cast Ni45Mn39Sn11Co5 alloy. The composition 
exhibits multiphase solidification behaviour 

 

     

     

Fig. 2 Microstructures of the Ni45Mn39Sn11Co5 alloy after annealing: a) 2 h; b) 8 h; c) 18 h; d) 24 h 

 

The typical microstructures of the as-cast Ni45Mn39Sn11Co5 alloy investigated by OM and SEM are shown 
in Fig. 1. Note that this alloy has solidified into at least two phases. The contrast developed in the back-
scattered electron micrographs and EDS microanalysis suggests significant compositional differences 
between these phases (Fig. 1c-d) due to a variation of Mn/Co/Sn. The solidification begins with the 

a) 

a) b) 

c) d) 

b) 
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dendrites of primary phase having a Mn/Co/Sn ratio of U 38/3/14. This solidification is followed by the 
formation of a second phase with the Mn/Co/Sn ratio of U 45/8/4. The micro-structural changes, which 
occur as a function of annealing time at 900 °C are documented in Fig. 2, and back-scattered SEM 
micrographs are given in Fig. 3. Rapid conversion of this multiphase microstructure to a single phase 
microstructure takes place owing to the initial small length scale from the cast process and the large range 
of solid solubility below the solidus temperature [4-5]. 

 

The microstructure of annealed specimens is formed by martensitic phase and the initial dendritic phase. 
The content of dendritic phase significantly decreases with the increasing time of annealing and dendrites 
are refined. The structure of this alloy was, however, not homogenized completely after 24-hour annealing. 
According to microanalysis the matrix consists of Mn40Ni44Sn12Co4 (at.%), secondary phases have 
nominal composition Mn44Ni41Sn2Co12. Chemical composition of matrix and particles (rest of inter-
dendritic phase) was not changed by heat treatment. After exposition to 900 °C/18 h and 900 °C /24 h the 
secondary phases were detected in smaller amount in comparison with shorter time of heat exposition 
(900 °C/ 2h and 900 °C/8 h). 

 

      

Fig. 3 Microstructures of the Ni45Mn39Sn11Co5 alloy after annealing. SEM micrographs taken in back 
scattered mode: a) 2 h; b) 24 h. Martensitic structure of matrix and graphite inclusions from mould 

3.2. Corrosion tests 

The typical registered polarization curves (loops) for pitting corrosion are documented in Fig. 4. The 
relatively smaller resistance to pitting corrosion was found on as-cast sample. After annealing at 900°C, 
corrosion resistance improved. Differences in pitting parameters among samples after performed heat 
treatment are quite small, Tab. 1, in relation with small changes in chemical composition and structure of 
samples.  

Examples of surface appearance after corrosion test are documented in Fig. 5. Under test conditions the 
dark grey spots were also formed. The larger pits were formed on the cast sample. 

 

 

 

a) b) 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1578 

 

Fig. 4 Comparison of potentiodynamic polarization curves and pitting resistance of the alloy 
Ni45Mn39Sn11Co5 after heat treatment. Polarization loops measured at 1st (a) and 2nd (b) cycle 

 

 Tab. 1 Results of potentiodynamic polarization test of the alloy Ni45Mn39Sn11Co5 [at.%] 
sample Heat Ecor Ed Ev Er Rp jcor rc note note 

No. treatment [mV] [mV] [mV] [mV] [kΩ.cm2] [μA/cm2] [μm/r] cycle  

1 as-cast -275 -145 -112 -453 44.7 0.36 4 1 magnetic 

2 900 °C/2 h 
-295 -59 -16 -380 189 0.128 2 1 slight 

magnetic -430 -243 -81 -397 9.49 2.39 28 2 

3 900 °C/8h 
-344 -84 -24 -385 96.2 0.271 3 1 non- 

magnetic -437 -231 -67 -402 11.7 1.95 23 2 

4 900 °C/18 h 
-318 -64 -16 -299 74.8 0.35 4 1 non- 

magnetic -354 -123 -4 -351 16.1 1.38 16 2 

5 900 °C/24 h 
-352 -82 -33 -372 84.4 0.323 4 1 non- 

magnetic -438 -218 -77 -404 13.7 1.67 20 2 
 

      

Fig. 5 Surface of the sample after 900 °C/24 h (a) and 900 °C/18 h (b) and after corrosion test 
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4. DISCUSSION 

The solidification behaviour of Ni-Mn-Sn-Co alloy is multiphase. The formed phases differ in composition 
from each other mostly in the ratio of Mn/Sn/Co. The length scale of the compositional inhomogeneity 
depends on the solidification condition. It is generally accepted that finer micro-structural length scale 
(faster cooling rate) is preferred to minimize homogenization times of as-cast structures [2]. The as-cast 
structure of this alloy consists of dendritic phase with the increased content of Sn and decreased content of 
Mn and Co in comparison with the spaces between the arms of dendrites. The heat treatments led to the 
progressive transformation of dendritic structure to regular shaped grains of martensitic phase. After 24-
hours of annealing, the structure consists mostly of the martensitic phase with the minor amount of initial 
dendritic phase. It is evident from Fig. 6 that magnetic properties of alloy change in the dependence on the 
annealing time. The as-cast structure evinces the highest magnetization, whereas the specimens after 24-
hours of annealing are nearly paramagnetic due to mostly martensitic structure. When the content of 
dendritic phase is reduced by the increasing annealing time and the specimens are chemically homogenized 
(formation of martensitic structure after cooling), the magnetization decreases. 

The measured values of parameters 
(Tab. 1) of the alloy were placed 
between elements Ni and Fe. The lower 
values of potentials and polarization 
resistance in the second cycle were 
caused by pitting and damage of surface 
at the first cycle. Approximate values of 
Rp are higher for the alloy after heat 
treatment. The values of corrosion 
current density (jcor) and calculated rate 
of corrosion (rc) correspond to a passive 
state before pitting initiation. 
Heterogeneous minor phases and/or 
particles can initiate pitting. Magnetic 
field can cause non-uniform corrosion. 

5. CONCLUSIONS 

Progressive Ni45Mn39Sn11Co5 [at.%] alloy has shape memory effect that can be influenced or controlled 
by magnetic field. As-cast structure was homogenized by the heat treatment (900 °C/2 – 24 h/water) and 
the changes in structure were observed by light and scanning electron microscopy. Micro-analysis of the 
matrix and secondary phases (particles) has revealed the differences in composition (matrix 
Mn40Ni44Sn12Co4 and rest of Mn44Ni41Sn2Co12). The resistance to pitting corrosion was evaluated on 
the basis of potentio-dynamic cyclic method. Higher values of resistance to pitting potentials were found 
after thermal treatment in comparison with heterogeneous as-cast state.  

 

 

 

 

Fig. 6 M-H loops at 25 °C for Ni45Mn39Sn11Co5 alloy in 
as-cast state and after annealing 
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Abstract 

Binary TiNb-based alloys exhibiting good biocompatibility and superelastic behaviour are potential 
materials for replacement of TiNi-based alloys in medical applications. The study of effect of Nb content 
and thermal and mechanical treatment on microstructure features and on microhardness values was 
carried out on two TiNb alloys with 22 and 25 at.% Nb after rotary forging. Samples were heat treated at 
900°C for 1 hour under flowing argon or hydrogen gases and quenched in water. Influence of thermal 
treatment conditions on microstructure features was studied using metallographic observation, 
microhardness measurement and EDAX phase analysis.  

Hydrogen content determined by LECO RH600 analyzer after two different heat treatments in flowing 
hydrogen reached of 1.44 and 2.05 wt.% for Ti-22Nb and 1.35 and 1.91 wt.% for Ti-25Nb, respectively. It 
was found that hydrogen stabilized 1-phase and sustained martensite formation in hydrogenated samples. 
No cracks were observed in Ar heat treated alloys, while different cracks and micro-cracks were formed in 
the structure of hydrogenated samples due to higher hydrogen amounts. 

Keywords: Hydrogen effect, beta-stabilizer, TiNb, microhardness, martensite 

1. INTRODUCTION 

Binary TiNb-based alloys exhibit good biocompatibility and, under certain conditions, shape memory effect. 
Therefore, these alloys are considered as a potential replacement of TiNi-based alloys used for biomedical 
applications, as for example retainers, vascular filters, stents. 

It was reported [1] that superelastic behaviour is concentration dependent and was observed for ranges 
from 16 to 50 wt.% (just about 8 - 34 at.%). Stress induced martensite transformation of TiNb-based alloys 
can only take place if β-phase is maintained. Unlike oxygen acting as 3-stabilizer in titanium, hydrogen is 
well known to stabilize β-phase in (3+1) alloys of titanium. Hence, hydrogen role as β-stabilizer is 
successively used in thermal hydrogen processing (THP) of (3+1) alloys. 

In the present work the influence of Nb content and thermal treatment with or without hydrogen on 
microstructure features and on microhardness was studied in two TiNb-based alloys with 22 and 25 at.% of 
niobium.  

2. EXPERIMENT 

Ingots of experimental alloys with the nominal compositions of Ti-22Nb and Ti-25Nb (at.%) were prepared 
by plasma melting of TiNb master alloy (55/45 wt.%) and Ti pieces. The ingots were transformed into the 
rods of 11 mm in diameter by rotary forging at 850°C. All specimens were submitted to heat treatment (HT) 
at 900 °C for 1 hour with different quenching conditions and under either argon or hydrogen flowing gases. 
Annealing HT1 under flowing Ar was followed by water quenching from 900 °C to stabilize the β-phase.  
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In case of other treatments (HT2 - HT4) water quenching was performed from lower temperature (330 °C) 
to evaluate the hydrogen effect on phase-stabilization. Treatment HT2 of as-forged samples was performed 
in Ar gas and HT3 in H2 gas. Hydrogenation HT4 succeeded to HT2, so the samples were submitted to 
double heat treatment.  

The samples for metallographic observation were electrolytically polished and etched for 2 - 5 s in solution 
with following composition: 2 parts of HF, 1 part of HNO3 and 2 parts of C2H6O3. Microstructures of the 
prepared samples were studied using optical microscope (OM) OLYMPUS DP GX51. The phase analysis of 
microstructure was performed by scanning electron microscope (SEM) FEI QUANTA 450 FEG equipped with 
EDAX APOLLO X probe. Microhardness of specimens were measured by means of the Future - Tech FM - 
100 instrument with load of 0.2 kg for 7 s and indentation step of 1 mm. Hydrogen content was determined 
by LECO RH600 analyzer. 

3. RESULTS AND DISCUSSION 

Optical micrographs and SEM microstructures of rotary forged samples are shown in Figs. 1 and 2, 
respectively. Elongated grains typical for rotary forging (hot working) were found in longitudinal sections of 
samples. Microstructure change of Ti-22Nb and Ti-25Nb samples in function of heat treatment is shown in 
Fig. 1. Detailed microstructure of heat treated alloys is presented in SEM micrographs of Fig. 2, alignment 
of specimens being the same as this one in Fig. 1. After HT1 treatment, colonies of very fine martensite 
needles were observed for both alloy compositions, as shown in Figs. 1 A, E and 2 A, E.  

No cracks were detected in samples annealed in Ar atmosphere (Figs.1 A, B, E and F). Unlike HT1 
treatment, quenching at HT2 treatment was performed from 330 °C, so, according to [2] the microstructure 
of both alloys was formed of 1 grains and precipitated 3 phase that was more sensitive to chemical etching 
and pits were quickly formed (Figs. 1 B, F and 2 B, F). Intensive pitting was observed especially in Ti-22Nb 
sample. 

The microstructure of hydrogenated samples (HT3 and HT4) exhibited a large number of cracks with 
different size (Figs. 1 C, D, G and H). Figs. 2 G and H show micro-cracks in the microstructure after HT4 
treatment. In all cases, cracks of grain boundaries were observed. The martensite needles were found 
across the whole sample area, as seen in Figs. 1 C, D and H. 

In case of HT3 treatment, as-received microstructure formed of 1 grains was hydrogenated without 
previous precipitation of 3-phase, so it could be considered that higher content of Nb in Ti-25Nb together 
with hydrogen led to suppression of transformation of 1-phase to 3‘ (or 3‘‘) martensite (Fig. 2 G). Unlike Ti-
25Nb, martensite needles were observed in the microstructure of Ti-22Nb (Fig. 2 C). It is well known [3] 
that martensite in quenched Ti-Nb alloys could exist in two modifications, either hexagonal or 
orthorhombic structures. However, X-ray analysis would be needed to confirm the martensite modification. 
Hydrogen content in both alloys reached of values of 1.44 and 1.35 wt.% for Ti-22Nb and Ti-25Nb, 
respectively, as it could be seen in Tab. 1. 

During heating at HT4 treatment, the influence of previous annealing (HT2) must be considered. 
Precipitates of 3-phase were transformed to 1 structure depleted on Nb and enriched on hydrogen that 
allowed the transformation of 1H to 3‘ (or 3‘‘) martensite at subsequent cooling [4] (Fig. 2 D and H). 
Contrariwise, domains with higher content of Nb and hydrogen could be considered as hydrogen stabilized 
1-phase. Indeed, measurement of hydrogen content in Ti-22Nb and Ti-25Nb alloys revealed quantities as 
high as 2.05 and 1.91 wt.%, respectively (Tab. 1). 
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 Tab. 1 Content of hydrogen in Ti-Nb alloys heat treated under different conditions 

Treatment Ti-22Nb Ti-25Nb 
wt.% at.% wt.% at.% 

HT1 0.0228 1.29 0.0182 1.06 
HT2 0.0319 1.80 0.0239 1.38 
HT3 1.4408 45.60 1.3527 44.59 
HT4 2.0501 54.55 1.9142 53.39 

 

    
HT1 HT2 HT3 HT4 

    

Fig. 1  OM micrographs of Ti-22Nb (upper row) and Ti-25Nb (lower row) specimens of rotary forged alloys 
in different heat treatment conditions: 

A) E) HT1 – Ar gas, quenched from 900 °C; B) F) HT2 – Ar gas, quenched from 330 °C; 

C) G) HT3 – H2 gas, quenched from 330 °C; D) H) HT4 – after HT2, H2 gas, quenched from 330 °C 

 

Based on EDAX microanalysis it was found that Ti-22Nb showed higher content of Nb (from 1.25 to 2.30 
at.% in general analysis) than it was presumed for nominal composition. Considering technology of 
preparation of alloys starting with plasma metallurgy and finishing by rotary forging, some discrepancies in 
Nb content could occur along the forged wires. The average values of EDAX analysis are presented in  
 Tab. 2.  

 

100 μm 100 μm 100 μm 100 μm 

100 μm 100 μm 100 μm 100 μm 

A) B) C) D) 

E) F) G) H) 
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 Tab. 2 Average values of EDAX microanalysis, analyzed spots are described in Fig. 2 

Treatment measurement 
Ti-22Nb [at.%] Ti-25Nb [at.%] 

Ti Nb Ti Nb 
HT1 general 75.70 24.30 74.59 25.41 

HT2 
1 75.14 24.86 73.83 26.17 
2 75.19 24.81 74.00 26.00 
general 76.60 23.40 -- -- 

HT3 
1 75.55 24.45 -- -- 
general 76.75 23.25 74.68 25.32 

HT4 
1 75.04 24.96 74.27 25.73 
2 74.54 25.46 73.89 26.11 
general 76.40 23.60 -- -- 

 

  
HT1 HT2 HT3 HT4 

  

Fig. 2  SEM micrographs of Ti-22Nb (upper row) and Ti-25Nb (lower row) specimens of rotary forged alloys 
with numbers marked for analyzed spots (Tab. 2) after different heat treatment (HT) as mentioned in Fig. 1 

 

After all heat treatment the amount of hydrogen was higher for Ti-22Nb than for the alloy with higher 
niobium content, as can be seen from average hydrogen contents in Fig. 3. The values of columns HT1 and 
HT2 refer to the left axis and that ones of columns HT3 and HT4 correspond to the right axis with hydrogen 
content in mass ppm.  
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The hydrogen amount in both 
alloys after HT1 and HT2 
treatments ranged from 0.018 
to 0.032 wt.%, after 
hydrogenation (HT3, HT4), all 
samples contained more than 
1.3 wt.% of hydrogen. 
Precipitation of 3-phase after 
HT2 treatment allowed to 
absorb higher amounts of 
hydrogen during HT4 
hydrogenation in comparison 
with HT3 treatment.  

Microhardness measurement 
revealed lower values for 
higher Nb content after all 

types of heat treatment except for HT3. As it 
was reported in [5] lower microhardness of 
Ti-25Nb samples is due to β phase stabilized 
by higher Nb or hydrogen contents.  

In case of HT3 treatment significant 
difference in grain size was observed, that 
could be considered as the origin of 
unexpected increase of microhardness for Ti-
25Nb with 31.2 μm comparing to Ti-22Nb 
with 72.1 μm.  

Finally, unlike HT1 and HT2 treatment, higher 
microhardness values for HT3 and HT4 
correspond to higher hydrogen contents for 
both alloys. Microstructure of Ti-22Nb after 
HT1 and HT3 is formed of martensite and 
retained β phase, so increasing microhardness 

after hydrogenation could be related with hydrogen strengthening. However, similar value in case of HT2 as 
that one for HT3 could be due to 3-phase precipitation as it was mentioned above.  

4. CONCLUSION 

Based on the results of the metallographic observation, EDAX microanalysis, measurement of 
microhardness and hydrogen content of two Ti-Nb based alloys with nominal compositions of 22 and 25 
at.% Nb following conclusions could be drawn:  

� content of Nb in as-forged Ti-22Nb and Ti-25Nb alloys reached of 24.30 at.% and 25.41 at.%, 
respectively that shows some discrepancies in demanded compositions due to technology of 
preparation; 

Fig. 3  Average values of hydrogen contents in weight ppm for Ti-
22Nb and Ti-25Nb alloy with the different heat treatment conditions. 

HT1, HT2 – left axis, HT3, HT4 – right axis. Heat treatment (HT) is 
described in Fig. 1 

Fig. 4  Average values of microhardness measurement 
(load 0.2 kg for 7 s) for rotary forged Ti-22Nb and Ti-
25Nb after different heat treatment. Heat treatment 

(HT) is described in Fig. 1 
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� content of hydrogen after two different heat treatments in flowing hydrogen reached of 1.44 and  
2.05 wt.% for Ti-22Nb and 1.35 and 1.91 wt.% for Ti-25Nb, respectively;  

� hydrogen stabilized 1-phase and sustained martensite formation in hydrogenated samples;  

� cracks of different size were formed due to higher hydrogen amounts in the structure of 
hydrogenated samples;  

� microhardness of Ti-25Nb alloy exhibited lower values than in the case of Ti-22Nb alloy; 

� increasing microhardness of Ti-25Nb unlike Ti-22Nb alloy after hydrogenation (HT3) was related to 
effect of smaller grain size being of 31.2 μm and 72.1 μm, respectively. 

 

Further research of hydrogen effect on properties if Ti-Nb based alloys will be focused on X-ray phase 
analysis, determination of temperature of martensite transformation and mechanical tests. 
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Abstract  

The alloyed iron aluminides with Fe3Al matrix are used as structural materials. Nb, Cr, Zr, Ti, Ta, Mo 

additives appear like promising for high-temperature applications [1]. 

The Nb addition leads to the formation of niobium carbides in the structure of the alloy [2]. Presence of this 
phase in an appropriate shape could enhance high-temperature mechanical properties of aluminides. The 
effect of the Nb addition on the phase composition of this alloy was studied [3, 4]. The effect of the heat 
treatment on the structure was also observed. The alloy was annealed at 1150 °C/2 h and 1400 °C/100 h in 
the air for the confirmation of the phase stability. The phase composition was studied by light optical 
microscopy (OM) and scanning electron microscopy (SEM) with energy dispersive analysis (EDX). Also 
Vickers hardness was measured for all states. 

High-temperature mechanical properties were tested as Rp0.2 in tension. 

Keywords: Fe3Al-type aluminides, Nb, Cr and C addition, phase structure, heat treatment, high-
temperature mechanical properties 

1. INTRODUCTION 

The iron aluminides are very promising materials for structural applications with many advantages, as  
e.g. excellent oxidation and sulfidation resistance, relatively high tensile strength at room temperature and 
lower density than stainless steels [1]. But some problematic properties (e.g. sharp decreasing in strength 
above 600 °C or limited ductility at room temperature) prevent their expansion. These properties are tried 
to be eliminated by the alloying. Suitable additives for improving of high-temperature mechanical 
properties seem to be niobium or chromium [3, 4]. 

2. MATERIALS AND EXPERIMENTAL METHODS 

The alloy was prepared by vacuum induction melting and casting. Ingots (29 x 40 x 400 mm) were annealed 
at 1200 °C for 2 hours and then rolled at 1200 °C from 29 mm thickness to 4 mm in several steps with 15 % 
thickness reduction in one pass. After each pass between the rolls, the material was reheated to 1200 °C. 

The nominal chemical composition and type of heat treatment of the samples is given in Tab. 1. The 
microstructure of samples was investigated in a state after the oxide-polishing by suspension OP-S by the 
light optical microscope Nikon Epiphot 200 and by the scanning electron microscope Tescan Vega XMU 
equipped by Bruker detector. Also the energy-dispersive X-ray analyses (EDX) were performed on the 
scanning electron microscope. The high-temperature tensile tests (between 200 – 800 °C) were made on 
the Department of Physics of Materials, Charles University in Prague. The hardness of samples was 
measured by the hardness tester Zwick 3212 by Vickers method with the 0.5 kg load (HV0.5). 
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 Tab. 1 The nominal chemical composition of the samples and the states 
 

Sample 
Nominal chemical composition [at.%] 

STATE Fe Al Nb C Cr 

FA-NbCr AR 66.2 28.1 0.5 0.2 5.0 as received; hot rolled to the 
thickness 4 mm at 1473 K 

FA-NbCr HT1 66.2 28.1 0.5 0.2 5.0 annealed at 1150 °C for 2 hours in 
air, cooled in oil 

FA-NbCr HT2 66.2 28.1 0.5 0.2 5.0 annealed at 1400 °C for 100 hours 
in air, cooled in oil 

3. RESULTS AND DISCUSION 

3.1. Characterization of the structure 

3.1.1. The alloy FA-NbCr AR  

 

 

Figs. 1 and 2 show the structure of alloy FA-NbCr AR. The matrix of alloy is very coarse-grained and the 
precipitates are regularly distributed in it. The size of precipitates is about 15 - 20 μm. The chemical 
composition of matrix and precipitates was verified by EDX. The results are shown in Fig. 3 and they are 
summarized in Tab. 2. The value of the carbon content is for reference only, because C as a light element is 
by EDX hardly detectable, so that the measured results are burdened to considerable error. The measured 
content of Fe, Al, and Cr is influenced by the surrounding matrix due to small size of precipitates. EDX 
analysis confirmed that these precipitates were NbC. 

 Tab. 2 Chemical composition of matrix and precipitates of alloy FA-NbCr AR from EDX 

 

Fig. 1 The structure of the alloy FA-NbCr AR  
with the precipitates of NbC 

Fig. 2 The detail of precipitates NbC in alloy  
FA-NbCr AR 

 C [at.%] Al [at.%] Fe [at.%] Nb [at.%] Cr [at.%] 

Precipitate ~ 55.95 1.95 19.91 20.54 1.66 
Matrix ~ 2.91 23.84 67.16 1.55 4.55 
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Fig. 3 Map of elements of precipitates in alloy FA-NbCr AR 

3.1.2. The alloy FA-NbCr HT1 

The alloy FA-NbCr HT1 was annealed at 1150 °C for 2 hours. The precipitates were significantly refined 
during this heat treatment. The shape of these precipitates was changed from irregularly rounded to 
acicular with dimensions approximately 10 x 2 μm. The precipitates were partially dissolved in the matrix. 
The structure of the alloy is shown in Fig. 4a and 4b. No significant differences in chemical composition of 
precipitates and matrix in compare with alloy FA-NbCr AR were found by EDX.  

 

 

3.1.3. The alloy FA-NbCr HT2 

The alloy FA-NbCr HT2 was annealed in air at 1400 °C for 100 hours. The long-time annealing at the high 
temperatures showed significantly positive influence of chromium on the high-temperature stability of iron 
aluminides. The structure of alloy FA-NbC HT2 is shown in Fig. 5a and 5b. The material recrystallized during 
the long-time high-temperature annealing. The newly formed structure is very coarse-grained (the grain 
size is in the order of millimetres). The most of precipitates was dissolved in the matrix by the long-time 
annealing. The remaining precipitates like needle shape with dimensions 30 x 4 μm are distributed along 
grain boundaries. 

 

 

Fig. 4a The structure of the alloy FA-NbCr HT1  
with the finer precipitates of NbC 

Fig. 4b The detail of finer precipitates NbC in  
alloy FA-NbCr HT1 
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3.2. High-temperature mechanical properties 

The tensile curves of alloy FA-
NbCr AR at different temperatures 
are shown in Fig. 6. Deformation 
rate was 10-4s-1. The temperature 
dependence of yield stress is 
shown in Fig. 7. The values of 
mechanical properties obtained at 
high – temperature tensile tests 
are summarized in Tab. 3. The 
alloy exhibits an anomalous 
increase in yield stress at 600 °C 
approximately for both 
deformation rates. In comparison 
with alloy Fe-26Al-2Nb-1C in [5] 
(see Fig. 7) yield stress values at 
650 and 800 °C are obviously 
better. It could be due to matrix 
hardening by Cr addition.  

 

Fig. 7 The temperature 
dependence of yield stress FA-
NbCr AR in comparison with [5] 

 

 

 

 

 

Fig. 5a The structure of the alloy FA -NbCr HT2  
with the needle precipitates of NbC 

Fig. 5b The detail of needle precipitates NbC  
in alloy FA-NbCr HT2 

Fig. 6 The shape of tensile curves of alloy FA-NbCr AR at different 
temperatures and deformation rate 10-4 s-1 
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 Tab. 3 Values of mechanical properties of alloy FA-NbCr AR obtained at high – temperature tensile tests 
(deformation rate 10-4 s-1) 

temperature [°C] yield stress [MPa] ultimate strength [MPa] Ductility [%] 
200 325.3 383.1 4.47 
400 270.5 599.4 14.38 
600 338.3 372.7 41.42 
700 197.1 226.4 38.14 
800 91.8 93.1 13.14 

The hardness measurements of FA-NbCr HT1 show (see Tab. 4) that the hardness of matrix was increased 
after the heat treatment. This behaviour can be explained by the fact that the part of precipitates was 
dissolved in the matrix and solidified as solid solution. The hardness measurement showed no significant 
increase of hardness in compare with short-annealed sample (see Tab. 4). So all the chromium was 
dissolved in the matrix during annealing 1150 °C/2 hours and another hardening of alloy by solid solution 
was not possible at constant chromium content. The long time high temperature annealing influences only 
the homogeneity of structure. The alloy FA-NbCr HT2 was the most homogeneous of all alloys. 

 Tab. 4 The results of hardness measurements of alloy FA-NbCr AR, FA-NbCr HT1 and FA-NbCr HT2 

Material Average hardness HV0.5 

FA-NbCr AR 264 ± 3 
FA-NbCr HT1 281 ± 5 
FA-NbCr HT2 286 ± 1 

4. CONCLUSIONS 

The high temperature annealing (both HT1 and HT2) has significant effect on the structure of the alloy FA-
NbCr in as received state. NbC precipitates are subsequently dissolved and remaining particles are refined. 
In case of the sufficiently fine dispersion of precipitates mechanical properties could be improved. 

Cr addition affected mechanical properties of alloy FA-NbCr with the most probability due to strengthening 
of the matrix. Yield stress values at 650 and 800 °C are obviously better than for alloy in [5].  
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Abstract  

This paper presents an applicable solution for CMT dissimilar joining of aluminium (Al4043, Al5356) and 
magnesium (RZ5, AZ31) alloys. In order to define the influence factors of the joint quality and their 
interactions, a statistical experimental design was developed including the main operating CMT parameters 
and the chemical nature of the base metal and welding wire alloys. The chemical, thermo-mechanical and 
energetic effect were studied along with their dependence and interactions in order to control and 
decrease the intermetallic layer between the melted zone and the base metal, area considered to be prone 
to cracking. The microstructure was studied by optical and SEM microscopy, EDS and hardness analyse. 

The brittle fracture produced in the interface layer has been related to the intermetallic compounds 
(Al3Mg2 and Al12Mg17), the microhardness (up to 340 HV0.025) and thickness, being also strongly influenced 
by the alloying composition. The RZ5 magnesium as base metal was successfully joined with the Al4043 
aluminium welding wire, in both CMT and CMT-P mode, employing operating factors corresponding to two 
separate zones. The linear energy required in the process was picked from large interval of values (36–61 
kJ/m), resulting an interface layer characterized, for a limited thickness (30–40 μm), by high hardness 
values (280–300 HV0.025). When joining AZ31 as base metal, the interface intermetallic layer is larger (up to 
180 μm) and it is characterized by a higher porosity level comparative with the RZ5. Also, the joints 
contenting Al5356 welding wires are more crack prone. 

Keywords: Intermetallic, CMT, dissimilar welding deposing 

1. INTRODUCTION 

Al and Mg alloys are light materials used in industry fields like automotive, aeronautical and aerospace. 
Together these alloys confer good complementary and functional properties for materials of low density 
and good castability. Although the joining of Al and Mg alloys is highly demanded, it still represents a 
limited welding process. The Al/Mg joining has been studied by means of multiple welding process like 
diffusion [1], friction stir [2], magnetic pulsed [3], laser [4], TIG [5] welding, resulting poor welding joints 
and only a few alloy joining couples, without a good understanding and control of the phenomenon. It is 
known that an intermetallic layer is formed in the dissimilar interface, being the main factor for the failure 
of Al/Mg joining. Also, CMT dissimilar Al/Mg welding attempts have been conducted, the results revealing a 
poor strength of the joint and the emergence of a brittle fracture in the intermetallic layer at the dissimilar 
interface, phenomena incompletely understood [6]. The CMT process was successfully employed for 
dissimilar welding of Al-Steel [7, 8]. This paper presents the CMT welding process used for Al/Mg alloy 
dissimilar welding and the study of welding phenomena by a factorial experiment, in order to highlight the 
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main influence factors and possible process control methods. Microstructure, hardness, chemical 
composition of the molten metal and evolution of intermetallic layers from the interface have been studied 
related to CMT welding mode (CMT and CMT pulse), chemical composition of alloys and welding 
parameters.  

2. EXPERIMENTAL SETUP 

The materials employed as base metals were 3 mm sheets of magnesium alloy (AZ31, RZ5) together with 
1.2 mm aluminum welding wires (Al4043 and Al5356). These materials were chosen due to their very 
different thermo-physical properties (Fig. 1) and chemical composition of the alloying elements. Due to the 
high alloying elements content (Tab. 1), big differences in terms of melting range, thermal conductivity and 
material proprieties were noticed. 

In order to simply the complex welding phenomenology, the joint consists only of an Al alloy welding wire 
deposited on the Mg alloy base metal. 

 
Fig. 1 Thermo-physical properties of alloys: a) melting range; b) thermal conductivity 

Tab 2 Chemical composition of the base metals and welding wires 

   El. 

Mat. 
Al Cu Fe Mg Mn Ni Si Zn Zr Ce Ca 

RZ5 - ≤ 0.10 - 94.0 ≤ 0.15 ≤ 0.01 - 3.5-5.0 0.4 -1.0 0.75 -1.75 - 

AZ31 2.5-3.5 ≤ 0.05 ≤ 0.005 97.0 ≤ 0.20 ≤0.005 ≤ 0.1 0.60 -1.40 - - ≤ 0.04 

Al4043 base 0.001 0.15 0.003 0.03 - 5 0.003 - - - 

Al5356 base 0.004 0 .17 4.5-5.5 0.15 - 0.06 - - - - 

Joints were performed with FRONIUS CMT equipment, using a CMT and CMT-P (CMT with pulsed arc 
combination) welding modes that modify the welding synergy by changing the penetration and weld seam 
geometry and increasing the CMT process limits [9]. Just before welding, the sheets were mechanically and 
chemically cleaned in order to remove the oxide films and impurities. The Ar gas, at 20 l/min flow, was used 
as shielding gas. 

The experiment was configured by statistical design. An preliminary programmed experiment was 
performed in order to find a parameter couple welding velocity (Vs) – filler wire feeding speed (Vf) who 
could provide a welding joint (Fig. 2a). In the experimented parameters couples range Vf = 200–6500 
mm/min and Vs = 200–2500 mm/min, a zone 1, where a welding joints can be achieved, has been defined. 
This zone incorporates two subzones (zone 2 and zone 3) where joints not prone to cracks can be obtained. 
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For the second step, the chemical (by chemical composition of base metal and welding wire) and energetic 
(by CMT and CMT-P pulsed welding mode) influences were observed (Fig. 2b) in a factorial experiment with 
3 influencing factors (base metal, welding wire material and welding mode) each one at two levels. The 
systematic experiment was conducted in zone 2 and 3, where, for the best Vs – Vf couple, the influence of 
the base metals (AZ31 and RZ5) and welding wires (Al5356 and Al 4043) was tested while changing the 
pulse synergy mode (CMT and CMT-P). 

The joint quality was characterized by: 

� Macro- and micro-graphical analysis; 

� Hardness measures at the interface and in the melted zone; 

� EDS analyze according to Al-Mg binary equilibrium phase diagram. 

It is expected to relate the interface evolution (cracking zone) to the intermetallic compound, 
microhardness and microstructural evolution. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Experimental program: a) Programmed welding experiment for the Vs – Vf parameter couple 

(Vs welding speed, Vf - filer metal feeding speed); b) Systematic factorial experiment with chemical and 
energetic influence factors 

3. RESULTS AND DISCUSSIONS 

3.1. Characterization of joining zones  

The joints aren’t homogeneous, so it is irrelevant to take into account the dilution like in the case of 
homogeneous joints. On the other hand, the local dilution (especially at the interface between the base 
metal and the melted zone or in some areas form the melted zone which present accumulations of 
intermetallic precipitates): 

� Determines the quantity of precipitates; 

� Is influenced by convection; 

� Depends on the cooling gradient (holding time at high temperature). 

Even for a similar dilution, the chemical elements repartition is very different. The convection phenomenon 
and the holding time at high temperature depend on the welding condition and especially on the way in 
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which the energy was deposited (energy level and holding time). Accumulation zones of intermetallic 
compounds should be avoided or reduced. Thus, it has been considered necessary to study the “local 
dilution” (especially at interface) and determine the conditions ensuring minimization of intermetallic 
compounds. 

Starting from the substrate base metal and advancing in the melted zone, different microstructures were 
identified (Fig. 3): 

� a HAZ (heat affected zone) in the base material (the magnesium sheet), near the interface (a); 

� a front plane followed by a dendritically growth (b); 

� an interface level (at the border between the base metal and the melted zone), called “interface 
layer” (c); 

� the melted zone, where the microstructure depends on convection and solidification (d). 

�  

 
Fig. 3 Microstructure of Al4043-RZ5 weld 

 

 

Fig. 4 Mg-Al binary diagram [10] showing the disposition of different areas studied by EDS chemical 
determination at the interface and in the down melted zone : a) RZ5 substrate - HAZ (heat affected zone); 

b) dendritic zone at the interface; c) interface layer; d) down melted zone 
 

c) 
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The interface layer is rich in intermetallic compounds, is characterized by high hardness and it is susceptible 
of being fragile. It represents the most crack prone zone, where joint failures are more likely to occur, being 
also rich in Al–Mg intermetallics (Al3Mg2 and Al12Mg17), according to the Mg–Al binary diagram and EDX 
analysis (Fig. 4). 

The interface layer shows fragility, as proven and shown in Fig. 5, where a crack is forming when 
performing an indentation microhardness test. The fragility level depends on the welding condition and the 
chemical composition of the base metals. Also, the main welding failure zone, from the whole experimental 
area, is situated in the interface layer, showing a fragile behavior with brittle fractures. 

 

  
Fig. 5 Micrographs of the interface showing that the cracking is forming in the indentation corner 

 

3.2. Statistical results (approach) 

The interface layer is up to 6 times harder (B 350 HV20) than the base material - magnesium sheet (B 60-70 
HV0,025) and 2-3 times harder that the down melting zone (B 150 HV20). Even for joints that don't present 
any cracks, the hardness level of the interface layer is still very high (Fig. 6).  
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Fig. 6 Microhardness HV0.025 for joints without cracks at the interface zone 

 

The joints without cracks (Fig. 6) have their corresponding welding conditions and materials couples 
presented in Tab. 2.  
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 Tab. 2 Welding conditions and material couples for the joints without cracks. 

Nr. Wire metal Substrate Mode Vf [m/s] Vs [m/s] Vf / Vs E [J/m] .103 

1 Al4043 RZ5 CMT P 0.038 0.008 4.6 61 

2 Al4043 RZ5 CMT P 0.049 0.013 3.75 48 

3 Al4043 RZ5 CMT 0.049 0.013 3.75 43 

4 Al4043 AZ31 CMT 0.094 0.028 3.35 43 

5 Al5356 RZ5 CMT 0.101 0.033 3.05 45 

6 Al5356 RZ5 CMT 0.101 0.038 2.65 36 

 

The hardness evolution shows that the maximal value (around 300 HV0,025) founded in the intermetallic 
layer is spread on a larger area for the AZ31 substrate (curve 4, irregular and approximately double than 
the rest) and for the Al5356 welding wire. The trend is maintained for all other experimental tests. 

The medium thickness of the interface layer is between 30–180 μm while for the joints without cracks it is 
around 40 μm. The intermetallic layer is rich in intermetallic compounds (Al3Mg2 and Al12Mg17), presenting 
high hardness and brittle comportment, that's why its thickness is demanded to be minimal (like in the case 
of dissimilar Al-Steel welding) [7], but without guaranteeing the avoidance of cracks. 

The linear energy for the joints without cracks is between 36–61.103 J/m, the experimental area tested 
being situated between 11 – 244.103 J/m. 

 

 
Fig. 7 Microstructure of the interface for the welding material couples: a) Al4043 / AZ31 in CMT-P mode; b) 

Al4043 / RZ5 in CMT-P mode; c) Al4043 / AZ31 in CMT mode; d) Al4043 / RZ5 in CMT mode 
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The systematic approach shows that the thickness of the intermetallic layer from the interface is 40–180 
μm for the joints with AZ31 sheets as base metal and 30–100 μm for RZ5. For the same experimental 
conditions, the thickness of the intermetallic layer for AZ31 can be twice as large comparatively with the 
RZ5 one. Also, the AZ31 base metal was characterized by a systematically failure of its joints (by cracking at 
the interface layer) and by a high level of porosity. Fig. 7 presents comparatively micrographic SEM images 
of the interface evolution, depending on the base metal and welding mode (CMT or CMT-P), for the same 
parametric conditions and using only Al4043 welding wires. For the same welding parameters (Vf = 0.05 
m/s; Vs = 0.01 m/s), a better weldability of the RZ5 base metal with the Al4043 welding wire was found for 
CMT (d) and CMT-P welding mode (b), while the AZ31 joints present larger intermetallic layers of irregular 
thickness with brittle cracking (a, c). 

Optimized joints (for different welding parameters) have their minimal interface layer comparable for both 
welding wires, with an almost similar evolution of the hardness and β, � intermetallics, according to the 
binary Mg–Al diagram. 

For the Al4043 / RZ5 materials couple, the linear energy doesn’t have a significant influence to the interface 
thickness, microstructure and hardness in the weldable zone (36–61 kJ/m). 

Because the AZ31 is solidifying faster than the RZ5 (due to its narrower melting range) and the cooling 
speed is high, the gas is blocked in the solidification time. So, the joints with AZ31 as base metal were 
characterized by high porosity (Fig. 8), after series of experiments where only the base metal was changed, 
the welding conditions and wires (Al4043) remaining the same. The hardness of the interface layer wasn't 
considerably influenced by the welding wire type, being high for both types used. A thicker interface layer is 
obtained by using an Al5356 welding wire, favoring the joint failure for the same experimental conditions. 

 

 
a)      b) 

Fig. 8 Macrographs of joints and pores formation depending on the substrate base metal: a) AZ31; b) RZ5 
 

The systematical failure of joints when using AZ31 as base metal can be attributed to the differences in 
terms of chemical composition and thermo-physical properties comparative with the RZ5 material. The 
chemical composition influence is due to the presence of Zn, Zr and Ce alloying elements in the 
composition of RZ5 base metal and to the presence of Si in the Al4043 welding wire. While Zn can have 
adverse effects in welding, up to 2 %, Ce [11] and Zr [12-14] can improve weldability.  

A better weldability for the Al4043 welding wires (comparative with the ones from Al5356) can be favored 
by its Si content. For aluminum welding, the presence of Si : 

� decreases the fusion temperature and improves the wetting of the aluminum alloy; 

� increases the liquid fraction and the eutectic content in the liquid zone, conferring also a good 
wetting, 

� increases the dimensional stability and decreases the thermal expansion [15]. 
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Si in excess can generate possible cracking around the ternary intermetallic components Al–Mg–Si [16]. 

A better weldability for the RZ5 as base metal, in comparison with AZ31, can be attributed to its alloying 
elements. Zirconium found in RZ5 has good results in granular refining, leading to fine precipitations and 
improving the mechanical characteristics of the welding by inhibiting the recrystallization and increasing 
the ductility [17, 18]. For aluminum and magnesium alloy dissimilar welding, the high reactivity of Zr with Al 
(due to a much lower enthalpy of Al–Zr in comparison with Mg–Zr crystallization) has been used for limiting 
the Al–Mg reaction. An aluminum – magnesium intermetallic developing control can be reached by a 
quicker and preferential nucleation of Al around Zr particles. Also, the resemblance between the Mg and Zr 
crystalline structures improves the reaction (undissolved Zr particles are also effective nucleation sites). 

The benefits brought by adding Ce as interlayer were experimentally proven by L.M. Liu et al. [15], but the 
phenomenological effect was not completely understood. Otherwise, Zheng Weichao reports negative 
effects of rare earth materials in magnesium alloy welding. The eutectic quantity and the wetting time were 
reduced when increasing the rare earth materials percentage, while the oxidation of molten bath was 
favored [19]. 

During the systematical research, two zones of good weldability were defined for the following parametric 
ratios: 

� for a high Vf/Vs = 3.75–4.6, the Al4043 / RZ5 material couple provides a better weldability when 
employing relatively low values for Vf = 0.038–0.049 m/s and Vs = 0.008–0.013 m/s; 

� for a low Vf/Vs = 2.65–3.35, the Al5356 / RZ5 material couple and an isolate result of the Al4043 / 
AZ31 joining provide good weldability for relatively high values of Vf = 0.09–0.1 m/s and Vs = 0.028–
0.038 m/s. Also, the pulsed CMT-P mode is more suitable for relatively low value of Vf = 0.038–0.049 
m/s and Vs = 0.008–0.013 m/s. 

4. CONCLUSIONS 

Aluminum Al4043 as filer metal was successfully joined with the RZ5 magnesium as base metal. This couple 
systematically shows good weldability, in both CMT and CMT-P welding mode, for a linear energy from 43 
up to 61 kJ/m. 

The intermetallic layer, the main responsible for welding failure, is strongly influenced by: the alloying 
composition of the substrate, thickness, fracture comportment and porosity. Zr and Ce determine a better 
weldability of the RZ5 alloy as base metal.  

For assemblies without cracking, hardness measurements show that a larger and harder interface is formed 
when using AZ31 as base metal, characterized by a high degree of porosity that contributes the failure of 
the joint. A larger and harder interface layer does not favor the joint, due to the rich content of Al–Mg 
intermetallic compounds (Al3Mg2 and Al12Mg17), showing a fragile behavior and brittle fracture. The 
intermetallic structure, from a dissimilar interface, was highlighted by EDS analysis, according to the Al–Mg 
binary diagram. Also, in CMT welding, the failure tendencies are systematically related to Al5356 welding 
wires. The interface layer cannot be without intermetallic compounds, but its thickness and failure 
tendency can be reduced by means of alloying elements and by choosing the optimal welding zone.  
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Abstract 

The paper deals with the preparation of small volumes of reactive metal alloys (particularly titanium), 
utilizing an electron beam as the heat source. The melting was performed in a vacuum environment in 
order to prevent the compounds from reacting with atmospheric components. The water-cooled crucible 
avoids any contamination of the alloy, which would have otherwise arisen during the heating of the 
materials. The composition of resulting alloys was then investigated by energy-dispersive X-ray 
spectroscopy.  

Keywords: Active solder; tin alloys; titanium alloys; electron beam melting 

1. INTRODUCTION 

Use of intense electron beams has been utilized in many technological processes such as welding, 
machining, melting, or in surface treatments. These technologies take advantage of the excellent properties 
of a focused stream of highly accelerated charged particles. The e-beam has been proven as a universal, 
localized heat source, the power of which can be controlled in the range from fractions of a watt to several 
kilowatts. The essential vacuum environment enables the processing of reactive materials such as titanium 
or zirconium. On the other hand, metals with a low vapour tension (such as cadmium, zinc, or manganese) 
are difficult to treat because they easily sublimate in the vacuum. 

Active solders are predominantly used for the joining of metals to non-metallic materials, especially to 
ceramics. These types of joints are not possible with non-activated Ag, Cu, or Au-based solders because of 
their insufficient wettability of the ceramic as well as their low ductility, which leads to high stress due to 
differences in the thermal expansions of the metals and ceramic [1]. The wettability can be improved by 
the deposition of an interlayer (e.g. by magnetron sputtering) of an active element, such as titanium or 
zirconium [2], or by the addition of an active component into the solder. Such solders can be prepared by 
melting compounds in a ceramic crucible in a vacuum environment [1, 3], either by tungsten arc melting in 
a protective argon atmosphere [5, 4] or by a rapid cooling technology [6]. In this contribution, the 
preparation of active Sn-Ti solders, utilizing a modified electron beam welder [7, 8], is described.  

2. EQUIPMENT 

 Over the long-term, techniques involved in the developments of e-beam devices in ISI has led to the 
production of several technological devices utilizing an intense electron beam; particularly those used in 
welding. The typical e-beam welder in ISI has a 2 kW e-beam generator and an acceleration voltage of up to 
60 kV. Such a device is capable of making welds up to 15 mm deep in stainless steel in a single pass. The 
beam can be focused down to a very small area about 1/10th of mm wide. In this case, the power density 
can reach 105

 watt per mm2. The required power density for melting metals is much lower (about 101 - 
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103
 W/mm2). Because the beam can very quickly be deflected using a magnetic field, scanning over the 

exposed area improves the homogeneity of the heating. 

The welder used in our experiments was 
a MEBW-60/2-E [8]. This state-of-the-art instrument 
has full digital control, which enables it to perform 
patterns using arbitrary beam heating as well as other 
strategies. The beam power is continuously controllable 
from nearly zero up to the 2 kW maximum. The inner 
dimension of the cylindrical chamber is 235 mm in 
diameter and about 125 mm in length. The front door 
of the chamber has a glass window for direct process 
observations. The working chamber is provided with 
four identical openings in the cylinder wall, with axes 
perpendicular to one another, making it possible to set 
up the electron gun within the working chamber either 
horizontally or vertically. With the gun in the vertical 
position, the chamber can be extended on both sides. The pumping system consists of a rotary pump and 
two turbo-molecular pumps, one for the working chamber and the other for the electron gun. The welder is 
evacuated sufficiently in less than two minutes; venting takes less than 30 s. The operator is sufficiently 
protected against the X-rays produced during the process. 

2.1. Setup for melting 

An additional water cooling port has been developed for special purpose use. This port can be mounted on 
the working chamber in different positions and orientations, depending on the particular application. For 
metal melting, a simple copper crucible is fitted to the cooled terminal (see Fig. 1). The temperature of the 
crucible remains under 150 °C, even when the highest power level is applied to the specimen. 

 
To improve the homogeneity of the experiment, the e-beam is scanned over a rectangular area during the 
melting. Additionally, the backscattered electrons (BSE) were collected to obtain an SEM image of the 
melting specimen. This feature enabled us to visually monitor the dynamics of the melting processes. This 
mode has an advantage over direct visual observation because the different compounds and their phases 
can be resolved, thanks to the different contrasts of materials in the BSE image. 

Fig. 2 Experimental setup for the wetting test Fig. 3 Sample at 950 °C 

Fig. 1 Electron beam welder MEBW-60/2-E 
adapted for melting in a cooled crucible 
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2.2. Setup for the wetting test 

The wetting test was also performed in the e-beam welder. The solder specimen was placed on an alumina 
(Al2O3) ceramic substrate. The ceramic plate was inserted into a cavity in a graphite block, and the e-beam 
impacted the top side of the block to heat it up (see Fig. 2). To improve the homogeneity of the heating, 
the beam scanned rapidly over a rectangular area. The temperature of the graphite oven was monitored by 
a K-type thermocouple inserted into a hole in one side of the graphite block. The block rests on a heat-
resistant, low heat-conductivity support. The outer dimensions of the block were 22 × 30 × 40 mm. The 
cavity is 10 mm in diameter. 

3. EXPERIMENT 

The experiment described in this paper comprised the following steps: 

� weighing of the powder components; 

� mixing of the components; 

� compaction of the mixture in a press; 

� melting, using an e-beam, in a vacuum; 

� SEM observation of the specimen and alloy structures; 

� EDAX analyses of the alloy;  

� plus a wetting test on a ceramic substrate, in a vacuum. 

Samples of Sn-Ti alloys were prepared from powdered metals; however, information regarding the purity of 
the powders was not available. In order for this to not become a hindrance to a continuation of the solder 
experiments, potential contamination of the powder has been verified by melting of the original titanium 
and tin powders without any additives. Before weighing of the powders, the specimens were dehumidified 
by heating. Three different powder mixtures were prepared with their compositions as follows: Sn2Ti (2 
wt.% Ti, Sn balance - composition No. 3), Sn4Ti (4 wt.% Ti, No. 4), and Sn6Ti (6 wt.% Ti, No. 5). 

Direct melting of the metal powders is usually difficult because isolated metal particles easily overheat and 
evaporate when exposed to the intense electron beam. To overcome this problem, the powder mixtures 

Fig. 4 Micrograph of the tin matrix with the 
presence of a large Sn6Ti formation in the middle 

Fig. 5 Detail of a large Ti6Sn5 particle with areas of 
undissolved titanium 
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were compacted with a simple hand press. The prefabricated pellets were 3 millimetres in diameter and 
had a length of 4 millimetres. The compaction of pure titanium was not successful because the pellets fell 
apart (use of a binding agent was avoided). 

The melting was performed by the procedure mentioned above (see Fig. 2). The pellet was heated by 
a scanning electron beam accelerated with 55 kilovolts. The dynamics of the melting process was 
monitored carefully visually, and the heating power was gradually raised from 100 watts to about 500 
watts. In a few minutes (within five) the pellets became spherical and all dynamic changes on their surface 
had ceased; at this point the heating was stopped. The average weight loss due to partial evaporation of 
the molten metal was about 4 %. The temperature of the molten bead could not be measured exactly 
during the process. The working chamber was kept evacuated to 10-3

 Pa. 

The surface of the solders and the polished metallographic sections were observed in a Nikon SMZ1000 
light microscope as well as with a VEGA TS 5130MM SEM microscope. The surfaces of sample sections were 
sanded, using papers with grains from 400 to 2500. These sections were further etched with a nitric acid-
based etchant. The facet clearly visible on the bead’s cross-section had its origin in the contact point 
between the specimen and the crucible, and thus indicates the orientation of the bead during melting. The 
microstructure of the Sn2Ti, Sn4Ti, and Sn6Ti solders, and the pure Sn and Ti were observed using a Jeol 
JSM 6700F electron microscope with an EDAX INCA analyser. A semi-quantitative chemical microanalysis 
was then performed. The chemical compositions of selected areas of the specimen’s cross-section were 
evaluated. 

For the preliminary wetting tests on the alumina ceramic, the Sn2Ti composition was chosen. A thin 
alumina plate was mechanically cleaned and degreased in acetone. The alloy bead was placed in the normal 
or upside-down orientation on the substrate and inserted into the graphite oven described above. The 
specimen was gradually heated to 950 °C and held at the target temperature for about 5 minutes (see Fig. 
3). Then, the specimen was cooled down in the vacuum. 

4. RESULTS AND DISCUSSION 

Microstructure and semi-quantitative chemical microanalysis of the Sn - Ti solder 

The microstructure of the final alloy was examined on the Si6Ti composition. The microstructure of the 
solder consisted of a tin matrix with dispersed islands of inter-metallic phase Ti-Sn (see Fig. 4). The EDX 

Fig. 7 Top side of Sn6Ti alloy sample Fig. 6 Bottom side of Sn6Ti alloy sample 
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analyses (see Tab. 1) revealed the relative contents of these constituents, which were 32.85 wt.% Ti and 
67.2 wt.% Sn. This composition corresponds to a αTi6Sn5 phase. The higher the content of Ti in the original 
mixture, the larger the formation consisting of these constituents of the Ti-Sn phase is. Traces of pure 
undissolved Ti were found in large regions of the Ti6Sn5 phase (see Fig. 5). 
The distribution of the intermetallic αTi6Sn5 phase is not uniform. This is obvious from Figs. 6 and 7, in which 
the distribution of the αTi6Sn5 phase in different locations of the specimen was compared. There are 
several possible reasons for this lack of uniformity: redistribution of the compounds during melting due to 
their different specific weights; redistribution of the compounds during hand pressing of the prefabricated 
products, and an insufficiently melted pellet; or unevenly mixed powders. 

The EDX analysis revealed additional elements in the final alloys, mainly lead and aluminium. The 
occurrence of lead was only established in the Sn areas of the solder, and the explanation for this is that 
the tin powder was contaminated by this element. Additionally, aluminium was present in the Sn area of 
the solder. It is known that aluminium has harmful consequences on the solder’s wettability [4]. We 
assume that the aluminium traces originated from the processing of the polished specimen sections, as the 
holder carrying the samples was made of duralumin. The reliable performance of the cooled crucible was 
confirmed by the absence of any copper in the EDX spectrum of the investigated solder samples. This 
finding is essential for future preparations and in the processing of pure reactive metal alloys using the 
method described. 

 Tab. 3 Chemical composition in selected areas 

Sample Zone Sn [wt. %] Ti [wt. %] Al [wt. %] Pb [wt. %] 

see Fig. 4 1 69 30.4 0.6 0 

see Fig. 5 1 1.4 97.8 0.74 0 

see Fig. 5 2 67.7 31.8 0.48 0 

see Fig. 6  92.5 5.8 1.0 0.7 

see Fig. 7  79 20.1 0.9 0 

4.1. Wetting test of the Sn - Ti solders 

Thanks to previous SEM analyses, an uneven distribution of titanium in the beads had been discovered. 
Two identical beads from the Sn2Ti alloy were prepared, and wetting tests were completed with the bead 
placed on the ceramic substrate in both the normal and upside-down orientations. The higher 
concentration of titanium in the top portion of the molten bead came into contact with the ceramic when 

Fig. 8 Wetting angle of the normally oriented 
Si2Ti bead 

Fig. 9 Wetting angle of the reversed Si2Ti bead 
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the bead was reversed. The wetting angles for the wettability tests with the bead in the normal and upside-
down orientations were evaluated in side-view photographs taken using the SMZ1000 light microscope 
(see Figs. 8 and 9). The better-expected wettability in the upside-down oriented bead was confirmed 
(wetting angle 60°, compared to 98° for the normally oriented bead). An overview of Sn-Ti based ternary 
active solders, and their wettability to sialon ceramic, can be found in [3]. 

5. CONCLUSION 

The modified e-beam welder proved to be a universal heat source useful for melting and soldering in 
a vacuum environment. The water-cooled copper crucible enabled us to prepare alloys with reactive metals 
(e.g. titanium). The e-beam was successfully utilized for heating of the graphite oven during the wettability 
tests of the prepared active solders on an alumina ceramic. 

A set of titanium-activated tin-based solders was prepared with the Ti content ranging from 2 to 6 wt.%. 
The microstructure of the solders exhibited dispersed islands of the intermetallic αTi6Sn5 phase in the tin 
matrix. The αTi6Sn5 did not have a uniform distribution due to the separation of the compounds during 
melting, likely due to the different specific weights of the compounds. The EDX analysis revealed lead and 
aluminium contamination in the final alloys. We assume that the lead traces originated from the original tin 
metal powder, and that the aluminium originated from the processing of the polished sections. The 
resulting alloy exhibited no contamination by the crucible material, which is very important for the 
preparation of reactive metal alloys of high purity. 

The wetting tests were completed with a Sn2Ti alloy bead placed on a ceramic substrate. The solder proved 
to have good wettability; however, it was limited by the non-uniform distribution of the titanium. 

ACKNOWLEDGMENTS 

This work was supported by Institutional Research Plan No. AV0Z20650511 of the Institute of Scientific 
Instruments AS CR and by European Commission and Ministry of Education, Youth and Sports of the Czech 

Republic (project No. CZ.1.05/2.1.00/01.0017 — ALISI). 

LITERATURE 

[1] DUPÁK, J., KLÍČNÍK, M., USTOHAL, V. Pájení tvárnými pájkami. Zváranie - Svařování, 1999, Vol. 48, No. 6, 
pp. 130 - 132. ISSN: 0044-5525 (in Czech). 

[2] RUŽA, V. Pájení. 1. vyd. Praha, SNTL, 1978, p. 395 (in Czech). 

[3] KOLEŇÁK, R., CHACHULA, M., ŠEBO, P., KOLEŇÁKOVÁ, M. Wettability and shear strength of active Sn2Ti solder 
on Al2O3 ceramics. Soldering & Surface Mount Technology, 2011, Vol. 23, No. 4, pp. 224 - 228. 

[4] AI PING XIAN: Joining of sialon ceramics by Sn - 5 at.% Ti based ternary active solders. Journal of Mat. Science, 
1997, Vol. 32, pp. 6387 - 6393. 

[5] KAPOOR, R.R., EAGAR, T.W. Tin-based reactive solders for ceramic/metal joints. Metallurgical and Materials 
Transactions, 1989, Vol. 20, No. 6, pp. 919 - 924. 

[6] PROVAZNÍK, M., KOLEŇÁK, R. A Study of the Interface of Soldered Joints of SnInAgTi Active Solder with Ito 
Ceramics. Acta Polytechnica, 2010, Vol. 50, No. 6, pp. 70 - 73. 

[7] VLČEK, I., ZOBAČ, M., DUPÁK, L., DUPÁK, J., KAPOUNEK, P. Desktop electron beam welder MEBW-60/2. Fine 
mechanics and optics, 2008, Vol. 53, pp. 27 - 29, ISSN 0447-6441 (in Czech). 

[8] Special technologies web-site [online]. [accessed 9.3.2012]. Available from.http://ebt.isibrno.cz. 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1607 

MICROSTRUCTURAL ANALYSIS OF AM50 + 3 WT.% RE MAGNESIUM ALLOY IN THE AS-CAST 
CONDITION AND AFTER HEAT TREATMENT  

Agata ŻYDEK, Katarzyna BRASZCZYŃSKA-MALIK 

Czestochowa University of Technology, Czestochowa, Poland, EU, kacha@wip.pcz.pl 

Abstract  

The experimental AM50 + 3 wt.% RE (Mg-5Al-0.4Mn-3RE [wt.%]) alloy was prepared by metal mould casting 
method. The microstructure of the as-cast and heat-treated alloy was investigated by light microscopy and 
X-ray diffraction (XRD).The results show that the phase compositions of the as-cast alloy are α-Mg matrix, 
eutectic α + γ (where γ is Mg17Al12), Al10RE2Mn7 phase and needle shape precipitates of Al11RE3 compound, 
which is the dominant intermetallic phase in the alloy. During long term annealing at 473 K for 1000 h 
Al11RE3 phase is still thermally stable, even after compression with a 330 MPa stress.  

Keywords: Mg-Al-Mn-RE alloy, microstructure, heat treatment 

1. INTRODUCTION 

Magnesium alloys are characterized by low density (1.5 – 1.8 g/cm3) and high strength in relation to their 
weight but also good corrosion resistance and low heat of fusion. Magnesium alloys as the lightest 
structural materials, are very suitable for the applications in the automotive sector where vehicle weight 
reduction, CO2 emission and fuel economy are becoming world focus. Reducing car weight by 100 kg makes 
it possible to save 0.5 l of petrol per 100 km [1, 2]. 

Nowadays, most commercial magnesium alloys are based on the magnesium - aluminium system. The Mg-
Al alloys, in comparison with other magnesium alloys available, are relatively cheap. They exhibit excellent 
castability, corrosion resistance and strength at room temperature. Even though magnesium alloys with 
aluminium possess good mechanical properties, ternary systems with zinc or manganese are used for 
further properties improvement. Zinc (AZ type alloys) is introduced to improve fluidity, while manganese 
(AM type alloys) is added to control corrosion behaviour. Among the alloys used, AZ91 and AM50 dominate 
[3, 4]. 

The microstructure of as-cast magnesium – aluminium alloys generally consists of: a solid solution of 
aluminium in magnesium (α – Mg phase) and α + γ eutectic (where γ is an intermetallic compound 
Mg17Al12). Additionally the presence of manganese causes the formation of aluminium – manganese 
compounds Al6Mn, Al4Mn or Al8Mn5 [5, 6]. Mg17Al12 is incoherent with the magnesium matrix and it exists 
in a wide composition range of Al. What is more, this intermetallic has a low melting point (458 °C). That is 
why γ – phase has poor metallurgical stability and may contribute to the poor properties of the alloy at high 
temperature [7].  

The group of alloys which has been developed for improved elevated temperature performance is based on 
Mg-Al-RE system. This alloy system contains at least one and, in general, a mixture of RE elements (RE – 
rare earth). Mg-Al-RE type alloys exhibit a major improvement in high temperature properties by replacing 
Mg17Al12 phase with thermally stable Al-RE-containing compounds [8]. However, above 150 °C the 
properties of Mg-Al-RE alloys deteriorate. It has been reported that at elevated temperature Al11RE3 phase 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1608 

is unstable and decomposes to the Al2RE phase releasing Al atoms which form Mg17Al12 phase, leading to 
the deterioration in properties [9 - 11].  

In order to investigate the microstructure and phases existing in the experimental AM50 + 3 wt.% RE alloy 
fundamental research of as-cast and annealed specimens was carried out in the present paper. Special 
attention was paid to the type, morphology and thermal stability of Al-RE phase. 

2. EXPERIMENTAL PROCEDURES 

2.1. Material and processing 

AM50 magnesium alloy with a composition listed in Tab. 1, was melted at 700 °C in an electric resistance 
furnace using a steel crucible. The 3 wt.% addition of rare earth elements was done in the form of cerium 
rich mish metal, with the composition according to attestation listed in Tab. 2.  

 

 Tab. 1 Chemical composition of AM50 alloy according to ASTM B93-94 

Chemical composition [wt.%]* 

Alloy Al Mn Zn Si Fe Cu 

AM50 4.50-5.30 0.28-0.50 max 0.02 max 0.05 max 0.004 max 0.008 
* Mg rest 

 

The melt was held at 700 °C for 10 minutes and mechanically stirred using a stainless steel rod to ensure  
a homogenous composition. Then, it was cast into a permanent mould (made from steel). 

 

 Tab. 2 Chemical composition of mish metal 

 Chemical composition [wt.%] 

Ce La Nd Pr Fe Mg 

mish metal 54.80 23.80 16.00 5.40 0.16 0.19 

2.2. Microstructural characterization 

In order to study the thermal stability of the alloy, two samples were annealed at 200 °C for 1000 h: before 
and after compression with a stress 330 MPa than cooled in the air. Microstructure of the alloy in as-cast 
and annealed condition was studied by light microscopy (LM) using Axiovert 25, Carl Ziess Jena microscope . 
A standard metallographic technique was used for sample preparation which included wet prepolishing and 
polishing with different diamond pastes. 

X-ray diffraction (XRD) using a Brucker D8 Advance diffractometer operating at 40 kV and 40 mA was 
carried out to identify the existing phases. In these tests, samples were exposed to Cu Kα radiation (λ = 
0.154056 nm) using step scanning 2θ from 10 to 120o with a step size of 0.02o. 
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3. RESULTS AND DISCUSSION 

In Fig. 1 the microstructure of the as-cast AM50 + 3 
wt.% RE alloy is shown. It can be seen that the 
microstructure of this alloy consists of solid solution α – 
Mg (point 1, Fig. 1), small amount of binary eutectic α + 
γ (point 2, Fig. 1) and intermetallic phases in the 
interdendritic regions. The intermetallic phases can be 
classified into two types, one with a polygonal shape 
(point 3, Fig. 1) and the other with a needle-like 
morphology (point 4, Fig. 1).  

 

  Fig. 1 Microstructure of as-cast 

   AM50 + 3 wt.% RE alloy, LM 

 

The microstructure of AM50 + 3 wt.% RE alloy annealed at 200 °C for 1000 h before and after compression 
with a stress 330 MPa is shown in Fig. 2a and Fig. 2b. No distinct changes in size or shape of intermetallic 
phases with rare earth elements were observed. On the other hand, cooling in the air caused the formation 
of fine, plate-like, discontinuous γ phase precipitates (point 5 in Fig. 2a and 2b). 

 

a) 

 

b) 

 
Fig. 2 Microstructure of the AM50 + 3 wt.% RE alloy a) annealed at 200 °C for 1000 h, 

b) annealed at 200 °C for 1000 h after compression with a 330 MPa stress, LM 

 

To identify the existing phases in the alloy, XRD analysis was performed. X-ray diffraction patterns of 
heated samples in comparison with as-cast are shown in Fig. 3. The diffraction patterns were indexed as 
four different phases, α – Mg (space group P63/mmc, a = 0.3202 nm, c = 0.5199 nm, ICDD PDF 04-003-
5619),  
γ – Mg17Al12 (space group I-43m, a = 0.9131 nm, ICDD PDF 04-007-1274), Al11Ce3 (space group Immm,  
a = 0.4395 nm, b = 1.0092 nm, c = 1.3025 nm, ICDD PDF 04-001-1534) and Al10Ce2Mn7 (space group R-3m, a 
= 0.9040 nm, c = 1.3170 nm, ICDD PDF 04-009-8811). Because of the fact that rare earth elements in mish 
metal are isostructural [12], they can be assigned to collectively as RE (Al11RE3 and Al10RE2Mn7). All 
diffraction lines found in the as-cast state were also present in annealed samples. These results suggest 
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that intermetallic phases in the investigated alloy are stable and during long term annealing there is no 
phase transformation. 

 
Fig. 3 X-ray diffraction patterns of AM50 + 3 wt.% RE alloy a) in as-cast condition, b) annealed at 200 °C for 

1000 h, c) annealed at 200 °C for 1000 h after compression with a 330 MPa stress 

4. SUMMARY 

The microstructure of AM50 + 3 wt.% RE in the as-cast condition and after heat treatment has been 
investigated. Based on the obtained results, it has been found that: 

� The as-cast microstructure of AM50 + 3 wt.% RE alloy is mainly composed of α – Mg matrix and small 
amount of α + γ (Mg17Al12) eutectic. Additionally the presence of Al11RE3 and Al10RE2Mn7 was found. 

� Annealing at 200 °C for 1000 h has no influence on the Al11RE3 and Al10RE2Mn7 size or shape and does 
not result in the formation of any new phases. The microstructure of Al11RE3 phase is highly stable at 
200 °C even after compression with a 330 MPa stress. 

� After heat treatment with cooling in the air discontinuous precipitates of Mg17Al12 phase was 
observed. 
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Abstract 

The present article describes a new approach to the optimization of heating of slabs in a push furnaces (PF). 
The new approach consists in the three-level hierarchical control system, namely: 

� the control of charging the PF in order to ensure the optimum slabs sequence in the critical zones of 
the PF, which contributes to the creation of more favourable conditions for their heating;  

� based on the structure and temperature of slabs in the PF the optimum slab heating curve in the PF 
is formed dynamically; 

� corrective control ensuring the optimum heating curve. 

This article is related to the articles [1], [2], [3], [4], which describes methods at all three levels of control, 
and it aims to point out and describe particular gains in the area of saving costs and increasing quality. 

Keywords: standard and non-standard batch, hot mill schedule, charging schedule, optimum heating curves 

1. INTRODUCTION 

At present push furnaces, which are used for heating of slabs to a rolling temperature before their rolling in 
hot rolling mills, are charged cyclically with one slab at a time in the sequence in which they are scheduled 
to be rolled in the hot mill. [5], [8], [11], [13]. 

Mainly in the case of a great number of orders for only small numbers of slabs this charging system results 
in the fact that in zones of the intensive heating there 
are slabs of various qualities and temperatures, which 
eventually increases heating costs and worsens 
heating conditions and quality. 

This issue may be solved by creating a hierarchical 
system of control, a combination of the logistic 
approach and optimal process control on the basis of 
the calculation of slabs temperature in the PF, 
dynamically created heating curves and standard 
correction – feedback control. [1], [2] 

The possibility of solving the above mentioned issues 
is to apply a new strategy of charging push furnaces 
(PFs) in batches. [1], [2], [3], [4], [6] Gains are 
obtained due to the fact that before the charging, 
the slabs are grouped into the batches – groups, whose total width is approximately equal to the length of 
a zone with the maximum heating intensity (maximum energy input), thus ensuring homogeneity of the 

Fig. 1 Relations among control levels of the PF [2] 
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charge – slabs in zones of the PF from viewpoint of heating, and subsequent minimization of thermal 
losses, which leads to savings in heating costs, the reduction of metal burn-off, and the heating quality 
improvement. 

2. PROBLEMS RESULTING FROM THE CURRENT METHOD OF CHARGING  

The PFs are used to heat slabs to the rolling temperature before their rolling in the hot rolling mills. The 
current method of slabs charging is cyclical, i.e. slabs are gradually pushed in (and simultaneously pushed 
out) to push furnaces one by one, in the order in which they are rolled in the hot rolling mill [2]. However, 
sequential charging system has a lot of disadvantages: 

� Alternation of warm and cold slabs (heating of a heterogeneous charge) in the furnace zones, while 
the energy input for each zone must ensure the heating of the slab which is the worst from the 
heating viewpoint (e.g. the coldest one) to the required temperature. This results the overheating of 
warmer slabs, and increasing the heat losses. The warm slabs reach the scaling temperature earlier 
and are exposed to a higher temperature for a longer period of time. Thus the output temperature of 
warm slabs is above the required rolling temperature. 

� Alternation of qualities – if there are slabs of various qualities in the particular zones, they have 
various heating requirements, and this contributes to the similar losses as described in point a). 

� The hot charge share – the increase of the hot charge share cannot be taken to advantage because 
warm slabs are divided among several push furnaces and they are not cumulated in one PF, where it 
would be possible to decrease the fuel input and thus save the heating energy. 

� Late or early supply of the hot charge. When the hot charge is late, it can be charged into the PF only 
sometimes in the future to fit the rolling schedule which defines the rules for the rolled slabs 
sequence. In the meantime the charge – slabs gets cold, and energy losses occur as it is necessary to 
heat the slabs again in the future. 

If the hot charge is supplied earlier than planned in the operative charging (or rolling) schedule, it must wait 
until its planned rolling time, and thus loses its heat. 

2.1. Heterogeneous charge heating losses 

Losses occurring during the heating of the heterogeneous charge can be divided into: 

� a1) Losses from temperature jumps, 

� a2) Losses from failure to keep the optimum 
heating curve, 

� a3) Losses from the overheating of warm slabs to 
the output temperature higher by about 20°C, 

� a4) Heat losses of incoming warm slabs, 

� a5) Losses caused by the increased burn-off of 
warm slabs. 

 

Losses are determined for the reference rolling mill 
with 3 push furnaces. 

Fig. 2 The effect of temperature jumps on the 
gas consumption 
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a1) Losses from temperature jumps (STS) 

The current method of the cyclic charging with one slab at a time causes the occurrence of slabs of various 
qualities and temperature in the second and third zone of the PF, where slabs obtain the major part of the 
thermal energy. If warm slabs (min. temperature of 150 °C) alternate with cold ones (e.g. 10 °C), the higher 
the amount of orders for a small number of slabs and the higher number of PFs, the more intensive the 
alteration. Slabs belonging to one group (order) are distributed among a higher number of push furnaces. 
Losses resulting from the alternation of warm and cold slabs depend on the number of temperature jumps 
and are shown in Fig. 2. Total heat losses in the case of 2 temperature jumps are about 1% of the supplied 
energy. [1] 

STS = 300 000 Є/year 

a2) Losses from failure to keep the optimum heating curves of warm slabs (SMIX) 

If only cold slabs are heated in one zone, i.e. the 
charge is homogenous from the temperature 
viewpoint, the heating curve corresponds to Fig. 3. 
The strategy is that the slabs achieve the scale 
formation temperature (800 °C) as late as possible, 
or as close to the end of the heating process as 
possible, so that the time of the scale formation is as 
short as possible. 

Fig. 3 Optimum heating curve of cold slabs 

In the case of the warm slabs heating, i.e. if only 
warm slabs, for example those with the input 
temperature of 300 °C, are heated in the given zone 
of the PF, the heating curve corresponds to Fig. 4. 

    Fig. 4 Heating curve of warm slabs 

However, if warm and cold slabs are heated 
together, then cold slabs must be heated to the 
rolling temperature of 1250 °C, and the heating 
curve corresponds to Fig. 5. 

 

In this case we cannot keep the optimum heating 
curves of warm slabs in accordance with Fig. 4, but 

the heating shall proceed in accordance with the curve (dash line) in Fig. 5. It causes three problems: 

� the final temperature of warm slabs shall be higher by approximately 20 °C, i.e. about 1270 °C, 

� slabs shall reach the scale formation temperature about 30 minutes earlier (compared with the 
optimum curve), which increases the percentage of scale approximately by 15% compared with the 
amount of scale in case of the optimum heating, 

Fig. 5 Heating curves of common heating of 
warm and cold slabs in one zone 
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� heat losses in the case of combined heating correspond to the hatched area in Fig. 6. 

 
Fig. 6 Heat losses in case of the warm slabs heating if there are warm and cold slabs in one zone (SMIX) 

For example, if the PF charge contains minimally 30% of warm slabs, approximately half of 30%, i.e. 15% of 
them, is overheated. The hatched area represents min. 5 – 10%. So, for example, at 4	106 ton of the annual 
production of slabs, 30% represents 1.2	106 ton, 15% of unnecessarily heated slabs equals to 6	105 ton. If 
only 5% of energy is supplied unnecessarily, and if 1 the heating of 1 ton from 0 °C to 1250 °C cost 
approximately 8 Є, in case of warm slabs whose core has the temperature of approximately 150 °C, it is 
about 6 Є/ton (1 GJ of natural gas is approximately 5 Є), i.e. 

 6	105 	 6 	 0.05 = 6	105 	 6 	 5	10-2 = 180	103 = 180 000 Є 

SMIX = 180 000 Є 

 

a3) Losses from the overheating of warm slabs to higher output temperature (SP) 

If we consider that the heating to the temperature of 1270 °C requires approximately 1.6% more energy 
than the heating to 1250 °C, which in case of 1 ton represents 8 Є/100 	 1.6 = 0.08 	 1.6 = 0.13 Є/ton. With 
the volume of 6	105 ton:  

6	105 	 13	10-2 = 78	103 = 78 000 Є/year. 

 SP = 78 000 Є/year. 

 

a4) Heat losses of incoming warm slabs (STVB) 

If warm and cold slabs are mixed, the heat with which a slab enters the PF, is lost. In fact of about 1/2 of 
this energy is lost. If the average temperature of incoming slabs is for example 300 °C (the core of slabs may 
be of higher temperature), about 1/8 of energy needed to heat slabs to the temperature of 1250 °C is lost. 
If we consider the saving of 1/8 of costs needed to heat 6	105 ton of warm slabs (if the share of the hot 
charge is up to 30%): 

 STVB = 6	105 	 1/8 	 8 = 6	105 = 600 000 Є/year 

 

a5) Losses caused by the increased warm slab burn-off (STZP) 

The increase of losses caused by the metal burn-off result from the following: 

� warm slabs in furnace reach the oxidation temperature earlier (approximately 30 minutes), 

� the oxidation temperature is higher than if only warm or cold slabs are heated in one zone, 
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� the output temperature of warm slabs from the PF is higher, which results in higher burn-off. 

 

In case of 30 % share of warm slabs and current burn-off rate of 1.5%, the burn-off is reduced by 10% 
minimally – 1.5% = 0.015, 10% reduction is 0.0015. With the production volume of 4	106 ton it represents 
15	10-4 	 4	106 = 60	102 = 6 000 ton. 

If the price of slab is about 400 Є/ton: 

 STZP= 6000 	 400 = 2 400 000 Є/year. 

3. INCREASE OF THE HOT CHARGE SHARE 

A sequence of slabs charged to the PF is joined into a group of slabs with the identical temperature or 
quality. The created batch is charged into one furnace in the slab cadence intervals. The sum of the slabs 
widths in the batch is dynamically formed according to the length of the zone with the maximum input. A 
batch created in this way is so called standard batch. For example, if the length of the zone with the 
maximum input (mostly the second zone) is 5.5 m (let the length of the entire PF be 33 m), the length of 
the standard batch shall be formed dynamically within the interval between 5 and 6 m. The batches shall be 
charged to PFs cyclically. The operation time of PFs is divided into the time of charging, when in the interval 
of the rolling cadence the slabs from the same batch are charged to one PF (e.g. 5 slabs at the cadence of 
90 seconds are charged in 450 seconds. Other PFs, e.g. No. 2, No. 3 and No. 4 are in the heating mode 
during that time. Subsequently the next batch is charged to PF No. 2 and next to PF No. 3). 

Changing the order of charging individual push furnaces enables to solve situations of early and late supply 
of warm slabs to PFs, which results in the increased number of warm slabs charged into PFs. 

When warm slabs are supplied earlier than defined in the PF charging schedule, they are charged earlier 
and do not get cold; or when they are supplied later, they are charged in the time of their supply, but they 
may exit the PF according to the schedule [1]. This increases the amount of warm slabs in the charge by 
minimum of 20%. 

Gain 

With the volume of 4.106 ton/year – 20% slabs represents 8	105 ton, and this amount shall be heated from 
the temperature of 300 °C, not from the temperature of e.g. 20 °C. It represents about 1/4 of the heating. If 
the heating of 1 ton of slabs from 0 to 1250 °C is approximately 8 Є, then 1/4 is 2 Є: 

 8	105 	 2 = 1.6 mil Є/year 

4. GAINS IN THE AREA OF OPTIMUM HEATING CURVES OFFERED BY THE MODEL 

� A heating curve is formed dynamically.  

The heating is performed under optimal conditions from the energy consumption and material loss 
viewpoint. The optimal trajectory is defined for each slab. The main advantage is that this trajectory does 
not have a fix configuration, but it considers an actual situation in front of the furnaces, in the furnaces and 
in the rolling mill. All this ensures optimum heating parameters for the considered conditions. [7], [9], [12] 

In accordance with the furnace output the minimum time of staying at high temperature, at the heating of 
1.5 mil. ton, applies for both warm and cold slabs. 
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� Heating curves are adjusted dynamically depending on the charge composition. 

� The heating model has two-level hierarchy. 

o 1st level prediction model (strategy) 

o 2nd level correction model. 

� In case of batch charging, dynamic creation of heating curves is depending on the duration of slab 
staying in the push furnace. 

� In case of combining the heating model with the charging model the optimum heating strategy is 
created. 

The total savings resulting from these five measures represent at least 5% of heating costs, which is about 
600 000 Є. 

Summary of gains at the annual production volume of 4.106 ton 

1. Heat losses (gains of the solution) when alternating warm and cold slabs and gains resulting from the 
new solution 

� 1.a – From solving the issue of temperature jumps......................   300 000 

� 1.b – Failure to keep the optimum heating curves.......................   180 000 

� 1.c – Losses from overheating of warm slabs..............................   78 000 

� 1.d – Heat losses of incoming warm slabs.................................... 600 000 

� 1.e – Losses caused by the increased burn-off............................. 2 400 000 

2. Gains from the increase of the share of warm slabs in the charge.... 1 600 000 

3. Gains from the optimum heating curves............................................. 600 000 

� Total gains..................................................................................... 5 758 000 Є/year 

5. CONCLUSION 

The present article describes the new approach of solving the slab heating optimization in push furnaces. 
Qualitatively new is the control system structure – hierarchical three level system of the optimal control:  

� charging control - represent a qualitatively new solution, 

� creation of dynamic - optimum heating curves on the basis of the push furnaces charge composition 
also represents a new solution, 

� corrective control based on the heuristic approach. 

 

The gains from such a system at the annual production of 4 000 000 ton are estimated to 5 758 000 Є/year. 
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Abstract 

The contribution is based on case study. Local powdery paintshop was originally intended for mother´s 
company. The necessity to build new modern facility has called out the need for demand from external 
environment. Paintshop as a newcomer should enter the highly competitive market. The potential 
customers have been namely recruited from metal processing companies and companies from car industry 
which produce on large series. Dimensions of semi-finished products and distance of potential customer 
domicile from paintshop site (maximum is 100 km because of logistic reasons) were other restrictive 
conditions. Based on these limitations exploratory research was conducted. 100 qualified companies were 
asked about their behaviour and preferences. Research goal was to define the most suitable type of 
potential customers for building business contact. Data analysis included hypothesis testing and cluster 
analysis. 

Keywords: Powdery painting, paintshop, metal processing companies, new market entrance, potential 
customer typology 

1. INTRODUCTION 

Firms are always pursuing opportunities to grow by entering new markets. Whether or when to enter a 
new market or industry is one of the critical decisions that enterprises and business executives must often 
make. The choice of a mode of market entry is a critical component of the strategy, and numerous 
empirical studies have focused on this topic. The mode of market entry depends on industry entry barriers 
and buying behaviour of incumbent companies.  

2. THEORETICAL BACKGROUND 

2.1. Barriers to entry 

The most direct threat to existing rivals comes from business units that wish to participate in sales and 
profits in an industry. New rivals may come from the domestic or the foreign front and from adjacent or 
unrelated industries. Such newcomers are seldom welcome, yet they often a beneficial impact [1]. 
Nevertheless an incumbent firm may intentionally allow entry of a weak firm to stop entry of a strong firm. 
In other words, an incumbent firm that is confronted by a strong entrant may welcome a weak entrant [2].  

Barriers to entry in a market are one of the key factors that researchers consider in the market entry 
decision [8]. Market entry barriers are defined as any factors that reduce the motivation or ability of 
potential entrants to enter a newmarket despite the high profits enjoyed by the early pioneers in that 
market [3]. Market entry barriers vary according to the market structure in that market barriers are higher 
in pure monopoly and tight oligopoly markets than in pure competition markets [4].  
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Many studies investigating market entry barriers implicitly assumed equal perception of entry difficulties by 
industry participants [5]. These studies overlooked two facts. First, market environments are not 
unambiguous scenes as research in management science [6] and economics [7] confirms. Hence, 
perception of entry barriers is likely to vary among managers. Second, this insight is not trivial since a large 
body of theory argues and evidence endorses that managerial perception of environmental conditions 
matter [8]. Scherer and Ross argue that the height of entry barriers and the variation of the height with 
respect to different potential entrants are also relevant [9]. 

3. RESEARCH METHODOLOGY 

The study is based on phone interview which took part on August 2011. The sample size included 100 
companies that use services of paintshop. The potential customers have been namely recruited from metal 
processing companies and companies from car industry which produce on large series. Dimensions of semi-
finished products and distance of potential customer domicile from paintshop site (maximum is 100 km 
because of logistic reasons) were other restrictive conditions.Owners and production managers were 
among most important positions who were asked in the companies. The questionnaire consisted of 12 
topical and 3 identification questions (location of company site, number of employees and respondent 
position). The data were analyzed through PASW 18.0 version. 

The opportunity for market entry was examined through the intent to change the present supplier in case 
of more attractive offer. Switching intent is a binary dependent variable which informs us how difficult is to 
change the attitude of potential customers. Positive change intent means readiness for supplier entry while 
negative change intent expresses the entry barrier. We suppose that switching intent is affected by three 
independent variables: purchase volume (serial production or relatively regular production), frequency of 
purchase (often or seldom) and present customer behaviour (loyalty or switching). Because of the 
categorical independent variables are recoded using dummy variables the binary logit model can be 
applied. The logit model falls somewhere between regression and discriminant analysis. In the model the 
probability of a binary event taking place should be estimated. Consider an event that has two outcomes: 
switching intent (decision to change the supplier) or loyalty intent (decision to stay with present supplier). 
The probability of switching may be modeled using the logit model as it is presented in equations (1), (2), 
(3) [10]: 
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Where  

� p = probability of switching intent 

� Xi = independent variable i 

� bi = logistical coefficient for that predictor variable 

 

Since the probability of an event must lie between 0 and 1, it is impractical to model probabilities with 
linear regression techniques, because the linear regression model allows the dependent variable to take 
values greater than 1 or less than 0. The logistic regression model is a type of generalized linear model that 
extends the linear regression model by linking the range of real numbers to the 0-1 range. 

Testing of individual parameters is based on Wald´ statistic. This statistic is a test of significance of the 
logistic regression coefficient based on the asymptotic normality property of maximum likelihood estimates 
and is estimated as. 

� �2
ibi SEbWald �            (4) 

where  

� bi = logistical coefficient for that predictor variable 

� SEbi = standard error of the logistical coefficient 

 

Three null hypotheses concerning with application of logit model can be formulated as: 

� H0A : Switching intent does not depend on purchase volume. 

� H0B : Switching intent does not depend on frequency purchase. 

� H0C : Switching intent does not depend on past behaviour. 

 

The typology of customers was done through matrix as a combination of two factors. The factors were 
defined based on building logit model. 

4. DEVELOPING CUSTOMER TYPOLOGY 

4.1. Building logit model 

The chance for market entry is assessed through declared switching intent. Those respondents who admit 
to change the supplier become more perspective objects for market entering. 56% of companies are ready 
for switching (see tab.1). Switching intent can be validated through the other variables (purchase volume, 
frequency of purchase and tendency to loyalty) which inform us about past purchasing behaviour of 
companies. Using logit model which has been described in chapter 3 the relationship between switching 
intent (dependent variable) and the other independent variables was tested. The comparison between 
observed and predicted data shows us that overall success rate of model is 68% (see tab.1). The success 
rate of model is much higher in the case of positive switching intent (82%) than in the case negative 
switching intent (50%).  
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Tab.1: Classification table 

 

The logit model also computed parameters based on equation (1). 
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where  

� p = probability of switching intent 

� X1 = purchase volume 

� X2 = frequency of purchase 

� X3 = past behavior (tendency to loyalty) 

Coefficients mentioned in equation 5 come from tab.2.  

 Tab. 2: Variables in the equation 

 

In logistic regression, the log odds, that is %%
&

'
((
)

*
� p
p

e 1
log , is a linear function of the estimated parameters 

Thus, for example, if X1 is increase by one unit, the log odds will increase by 0,356 units, when the effect of 
variables X2 a X3 is held constant. Thus ai (0,356) is the size of the increase in the log odds of the dependent 
variable (switching intent) when the corresponding independent variable X1 (purchase volume) is increased 
by one unit and the effect of the other independent variables is held constant. The sign will determine 
whether the probability increases (if the sign is positive) or decreases (if the sign is negative). In that 
context probability of switching intent is more typical for companies which use the services of paintshop 
sporadically and change the suppliers very frequently. The impact of purchase frequency and past 
behaviour on switching intent has been confirmed on the level of significance 95%. Both hypotheses H0B 
and H0C should be rejected. The relationship between switching intent and purchase volume is not 
statistically significant. Null hypothesis H0A cannot be rejected. 
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 Tab. 3: Correlation Matrix  

 

Tab.3 presents the simple correlation between all possible pairs of logistical coefficients. The highest 
correlation is observed between constant and coefficients of independent variables. 

4.2. Structure of clusters 

Because of logistical coefficients and statistical 
significance (see tab.2) the past behaviour 
accordingly with switching intent was used for 
building customer typology suitable for 
successful market entrance. The types of 
customer are described in the matrix as the 
combination of two binominal variables (see 
Fig. 1). 

Fig. 1: Typology of Customers  

 

Based on declared switching intent and past behaviour (tendency to loyalty) four types of clusters 
(segments) were defined (market share of clusters is presented in tab.4): 

Optimizers (46%) – those companies stress price as a key driver for choice of supplier. The companies 
always change suppliers if cheap option appears on the market. 

Conservatives (22%) – show the tendency to switching. They prefer limited number of suppliers among 
them they choose the best price proposal. Due to their reliance on varnishing quality they perceive to test 
newcomers as too risky business.  

Seekers (10%) – are loyal because they are satisfied with product quality of present supplier. If newcomer 
fulfils their demand they are ready for change.  

Satisfied customers (22%) – were loyal in the past and they are going to stay with present supplier also in 
future. Varnishing quality and delivery terms are assessed as main motivators for doing business with 
present supplier. 

 Tab. 4: Structure of Clusters 

 

Optimizers Conservatives

Seekers Satisfied 
customers

Switching intent 
positive negative

Past 
behaviour

loyalty

switching
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Fig. 2: Key Factors for Different Customer Types 

5. CONCLUSION 

Logit model has been applied for estimating probability of switching intent. That is very important for 
decision making of market newcomer. Tend to switching is more favourable for potential suppliers. The 
probability of switching intent can be statistically explained by two independent variables (frequency 
purchase, past behaviour). Based on past behaviour and switching intent the potential customers can be 
classified into four categories. Namely optimizers and seekers are suitable target segments for entering the 
market. Those two categories are different in the preferences of price or vanishing quality. 
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Abstract 

Very interesting approach related to the company management is concepts oriented at its growth. These 
concepts, within the last twenty years strongly affected both the strategic behaviour and operational 
management, frequently shaping new business models. They are generally specified as systems oriented at 
value growth, e.g. VBM – Value Based Management or EVM – Economic Value Management or EVC – 
Economic Value Creation. Evolution and development of the approach to creating the value means, that its 
growth is universal and superior goal for all stakeholders of the company. This creates development of such 
set of operations that are oriented at utilization of factors increasing the assets of the company and 
creating the programs of changes, increasing the effectiveness of resources utilization and meeting the 
expectations of customers, which should lead to obtaining superior market standing because of gaining 
competitive advantage. Goal, that is value, should combine the investors (owners), employees, customers, 
suppliers and social partners. One of the most important factors of the company value growth is the 
effectiveness management. Dynamics of the surroundings, especially the increasing competition and 
changing expectations of the stakeholders, including within the complexity of economical processes, 
necessitate the improvement of tools measuring and controlling the effectiveness. Subject of the study 
presented in the paper is the measurement of effectiveness of operations performed within different areas 
of the company activity. In the constructed research model, one used both qualitative methods and the 
balanced scorecard. Using the developed research model, effectiveness measurement of the company was 
performed in the aspect of the strategy changes and business models related to them. Object of the study 
was trading and servicing company of metallurgical products 

Keywords: effectiveness, value, business model, management, stakeholders, economic value 

1. INTRODUCTION  

Company management concepts oriented at growth of its value are currently well perceived by the global 
economy, especially the UE economy. It can be characterized not only by the progressing globalization but 
also by crisis threats (and frequently, by the observed crisis phenomena), which fact affects the scale and 
intensity of competition. Companies develop and implement business strategies and models that enable 
competing in a variable situation. Their intent is to translate into such profitability that would ensure 
covering capital costs and generating surplus that provides development. They use different management 
methods and instruments, one of them is value based management. Value based management concepts 
are not completely a novelty in the management sciences, however, one can say that: 

� within the past twenty years, they exerted significant influence on both strategic behaviour and 
operational management of companies, frequently shaping new business models, 
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� they undergo continuous evolutionary changes and mastering, finding new applications within the 
economy. 

Based on observations and research [1] related to the value based management systems (such as e.g. VBM 
– Value Based Management, EVM – Economic Value Management or EVC – Economic Value Creation), one 
can easily see the increasing interest. At the same time, we must agree with conclusion from the value 
based management research, that is formed by H. Ryan and E. Trahan [2]: “there is a lot of space for 
improvement of VBM systems, both within their designing and implementing scope”. Evolution and 
development of the approach to creating the value means, that its growth is universal and superior goal for 
all stakeholders of the company. This creates development of such set of operations that are oriented at 
utilization of factors increasing the assets of the company and creating the programs of changes, increasing 
the effectiveness of resources utilization and meeting the expectations of customers, which should lead to 
obtaining superior market standing because of gaining competitive advantage. Goal, that is value, should 
combine the investors (owners), employees, customers, suppliers and social partners. One of the most 
important factors of the company value growth is the effectiveness management. Dynamics of the 
surroundings, especially the increasing competition and changing expectations of the stakeholders, 
including within the complexity of economical processes, necessitate the improvement of tools measuring 
and controlling the effectiveness. Currently, there is a conviction about the influence of many factors that 
shape and increase the company value. One of the most important value factors is a management 
instrument such as company strategy. In this context, using own research, one made a hypothesis, that a 
change of the business model significantly affects the company value. This value is presented quantitatively 
by the measures given in the form of the balanced scorecard. Subject of the study presented in the paper is 
the measurement of effectiveness of operations performed within different areas of the company activity. 
Object of the study was trading and servicing company of metallurgical products The goal of the paper is to 
present the relationship between the dynamics of the business model of metallurgical products servicing 
and trading company and the results that characterize the company value. Using the developed research 
model, effectiveness measurement of the company was performed in the aspect of the strategy changes 
and business models related to them. 

2. BUSINESS MODEL VERSUS COMPANY VALUE GROWTH  

Companies operating at the open market search for methods and ways to provide themselves with the 
possibly stable competitive edge. New methods and management systems emerge while existing ones are 
being developed. Among them, management concepts oriented at effectiveness and innovativeness growth 
are important, which, in the consequence, should to lead to the company value growth – principles or 
paradigm of contemporary company. It is understood in wider context than the shareholders interest 
primacy [3], because it is included in the new interpretation of the company of the future – sustainable 
enterprise [4]. It is linked with sustainable development in relation to the business. This leads to 
understanding the value and factors shaping it in significantly wider context and means the increase of 
subjective and methodological scope of the company value based management. In this relation, subjective 
spectrum of value based management becomes wider by far more, covering among other things strategy, 
management system, marketing, innovation, investments, finances, human resources, quality and 
cooperation potential. In this context, one can say, that creating value is the basic condition and the goal of 
functioning and development of companies as well as other entities of the economical and social zone. In 
the general meaning, the value can be understood as the ability to organize to: 
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� bear profits for the broadly comprehended surrounding (customers, partners and other 
stakeholders, owners and employees), 

� use and gain resources (own and global). 

Such abilities of the companies are affected by proper strategies, business models and management 
instruments. In case of a company (business organization), value based management can be understood as 
a management system (strategic and operational) that provides relatively reliable and long-term growth of 
value measured mostly by the growth of economical profit and assets. In practice, it means application of 
proper strategies, business models and instruments that enable performing actions that allow to:  

� select and increase the resources in order to increase the effectiveness of the company functioning, 

� increase the competitiveness gaining better market position, 

� prepare and execute restructuring programs oriented at the effectiveness growth, 

� meet the stakeholders expectations, especially financial requirements of the owners (return on 
capital, volume of economical profit), 

� better perform the role of an organization the develops sustainably. 

 

Within the wide spectrum of the concepts and approaches to creating the value, special role is played by 
those, which unequivocally and reliably direct the company at the growth of economical effectiveness. 
They are identified with the company management system, in which all decision of financial, market, 
investment, organizational and production character are subordinated to execution of the goal which is 
maximization of value of the invested capital. In general, they are called value growth oriented systems. 
Among them, the most popular is VBM – Value Based Management [1], where the grounds for appraisal of 
value is economical value added (EVA, economical profit). In the value based management approach, VBM 
is used as the managers control system. Volume of the economical profit is treated as the grounds for the 
value measurement and its implementation as well as information and warning as well as motivating and 
evaluating tool in the VBM application system. In the presented paper, VBM method elements were used 
to assess the business model results and measure the value, treating the economical profit as its basic 
measure. Within the analysed area of the research, such perception is related to perceiving the strategy 
and business model as creators of added value for customers, owners, employees or society. Business 
model is understood as contemporary form of model capture of concept of the strategy and organization 
system or even company management. It should be noted, that there are many definitions of business 
models given in the literature together with their relationship with the company strategy [5]. In the 
performed research of business model, in the aspect of shaping the company value, business model 
creating and analysing principles based on assets were assumed, that are presented by R. Boulton, B. 
Libert, S. Samek [6]. These are assets that shape so called Value Dynamics. This term means approach to 
strategy, focused on assets, proportions and combination of which affect economical results of a company. 
It is assumed, that creating the value is the result of reaction of four holistic, interrelated challenges that 
the company should overcome. These challenges are: 

� designing the business model, 

� risk management, 

� assets portfolio management, 
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� measuring and reporting the whole assets base. 

In this context of creating the value, business model is defined as unique combination of tangible and 
intangible assets that decide about whether a company is able to create the value or to destroy it [6]. Based 
on this definition, business model elements were created together with research method that enables 
capturing the influence of changes of a company business model on shaping its value.  

3. METHOD OF EXAMINING THE CREATION OF MEASUREMENT OF VALUE 

The presented model of examining the creation and measurement of value is based on two basic research 
domains. First of them, is a set of elements and features of qualitative nature (including structural), the 
other is scorecard representing quantitative elements. Scheme of the concept of the method of examining 
the creation and measurement of value is presented in the Fig. 1. Combination of quantitative and 
qualitative changes enables capturing the spectrum of creating the value that takes into account the 
concepts of sustainable company. Qualitative elements of the model, such as characteristics of the 
company, competitive advantage, resources and competences, processes decide, to high extent, about the 
effectiveness, thus the company value as well. In the presented concept of the business model 
effectiveness method, surrounding concept, in which a company is functioning, is taken into account. It is 
obvious, that the processes creating the value are affected by the common and sector surrounding. The 
latter, is 5 “classic” competitive strengths that represent the model of M. E. Porter [7]. The part 
characterizing qualitative features, covers, for example, the following elements: value offered to 
customers, covered segments of the market, zones of profit, types of competitive advantages, assets, 
strategic competences, basic operations and processes, types and structures of value chain – these, to high 
extent, are the elements of the business model, that directly shape the ability to create the value. 
Quantitative measures are given in the form of scorecard. It is based on a well known management 
instrument, which Balanced Scorecard (BSC) [8].The made modification of the card was related to its 
adaptation to the metallurgical products servicing and trading company and the subject of the research, 
which is creating and measuring the value. That is why perspective of resources and processes is present, 
however, it means tangible resources and does not cover the HR issues. In the developed research mode, 
one assumed, that the most important measures of creating the value are:  

� economical profit (understood as the difference between net profit and capital cost), 

� number of regular customers and their share in the whole set of customers, 

� value of sale per 1 customer (relationship of incomes to the number of customers 

� sales profitability (relationship of profit to the volume of sales), 

� value and profitability of assets (net assets value and relationship of net profit to assets), 

� quality of services (measured by the number of claims and point-based assessment of customers). 

The observed measures of value are the result of functioning of the specified business models indicating 
the directions of their changes and improvements.  

4. CHANGE OF THE BUSINESS MODEL OF THE METTALURGICAL PRODUCTS SERVICING AND TRANDING 
COMPANY VERSUS GROWTH OF VALUE (CASE STUDY)  

The subject of the paper was metallurgical products servicing and trading company located in the Silesian 
Province, that own three warehouses of metallurgical products. Servicing centres of steel products are 
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already operating in two of them. Subject of the Company’s operations, according to the founding act, is 
among other things: 

� wholesale sale of metal products, 

� wholesale sale of metals, 

� production of metal constructions and their parts, 

� mechanical working of metal elements, 

� sale of construction materials, 

� design services and technical advisory. 
 

 

Fig. 1 Scheme of the concept of the method of examining the creation and measurement of value 

The Company was established in 1999 and gains profits at the level ca. 40 million PLN (ca. 10 million EURO); 
at the end of 2011, it employed 112 employees. The company is owned by 6 physical persons and the 
equity is 10.8 million PLN. Within the Company, that applies the balanced scorecard, research of the 
business model change in the aspect of creating value in 2007-2011 was performed. Within this period, the 
company changed the business model from trading company to servicing and trading company by starting 
the servicing centres of steel products. Starting the servicing centre, commissioning the sale of fuels and 
performing design and advisory services within the scope of steel products application necessitated the 
increase of capital expenditures and gaining new competences also. Tab. 1 presents the characteristics of 
the business model in the examined company within 2006 – 2008 and 2009-2011. It uses qualitative 
features of the business model captured in the method, diagram of which is presented in the Fig. 1. To 
depict the dynamics of the business model, these elements which underwent significant changes were 
presented. Elements and features are given, that show the changes in the applied business model. When 
analysing the data given in Tab. 1, one can see the changes in the structure and features of the business 
model of the examined company. The way the business model dynamics influenced the company value can 
be noted based on the value measures analysis assumed in the applied research method, as given in Tab. 2. 
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Direct cause of the business model change was the drop and deterioration of the value measures of the 
company operating as a wholesaler and retailer of metallurgical products. Reasons for such situation should 
be looked for in the development of the network of hypermarkets. Implementation of the new business 
model (2009), significantly improves most of the value measures. 

Tab.1 Dynamics of the business model of metallurgical products servicing and trading company 

Periods 

Elements and 

features of the model 

2006 - 2008 2009 -20011 

Field: Character of the business operations 

Main types of business 

Retail and wholesale sale of 
metallurgical products 

Retail and wholesale sale of metallurgical 
products, Servicing of metallurgical 
products,Performing design and advisory services 
within the scope of steel products application, 

Main products 

Wide assortment of flat and long 
metallurgical products 

Wide assortment of flat and long metallurgical 
products, bending, welding, cutting metallurgical 
products, welded structures. Designs and advisory 
related to metallurgical products application 

Field: competitive advantage 

Value offered to 
customers 

 Products offer covering wide scope 
of metallurgical products and limited 
assortment of complementary 
construction materials 

Comprehensive services: Product offer covering 
wide scope of metallurgical products, 
metallurgical products machining services, 
designing, advisory, transport to construction site 

Covered segments of 
the market 

Construction and repair companies 

Individual customers 

All groups of customers interested in application 
of steel products (except automotive and mining 
corporations) 

Type of competitive 
advantage 

Resulting from competitive prices, 
high quality and location 

Resulting from differentiation gained by 
comprehensiveness of the offer and design 
solutions. Resulting from competitive prices, high 
quality and location 

Field: sources and their utilization 

Material resources (size 
and structure of capital, 

characteristics of the 
potential of supplies 
source, organization) 

Logistics and property resources used 
while retail and wholesale sale. 
Relatively low level of equity. Well 
organized supplies system (leading 
manufacturers of metallurgical 

Increase in equity. Logistics and property 
resources used while retail and wholesale sale. 
Modern devices for plastics working, steel 
structures machining and producing. Means of 
transportation. Well organized supplies system 
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products). Good location of trading 
warehouses. 

(leading manufacturers of metallurgical products). 
Good location of trading warehouses. 

competences 

Trading competences: sales of 
metallurgical products and 
construction materials. Customer 
service. CRM in relation to the 
selected regular customers, 
cooperation competences related to 
the manufacturers of metallurgical 
products. 

Engineering and trading competences: services of 
metallurgical products, production of steel 
structures. Flexible response to customers needs. 
CRM in relation to many customer, designing and 
advisory competences, cooperation competences 
with the manufacturers of metallurgical products. 

Field: operations and processes 

Processes map 

Business processes 

Business processes: procurement, 
sales of metallurgical products, 
marketing at the metallurgical 
products market. Poorly developed 
HR processes. Outsourcing of 
transportation services. 

Business processes: services of metallurgical 
products, sale of metallurgical products, 
marketing of the metallurgical products market, 
designing and advisory. More developed HR 
processes, development and selection of HR, 
motivation system. 

Type and structure of 
the value chain 

 

Simple chain of value – source of 
creating the value based on the 
trading margin 

Developed chain of value, adaptation of the 
whole chain to the customer’s needs.Creating 
source based on specialist services. 

5. CONCLUSIONS 

Gaining competitive edge and development of the company is conditioned by the application of suitable 
strategies, business models and management instruments. Important role is played by those, which are 
oriented at the value growth. 

The imperative of the company value growth in the contemporary economy that is characterized by 
changing surrounding and crisis threats, is related to wider spectrum of factors, methods and conditions for 
creating the value. One of them is business model applied by the given company. 

To perform the examination of the business model dynamics influence on creating the value, one used 
author’s method that covers qualitative and quantitative features and elements of the business 
architecture. The work considered also the surrounding context, elements of which, such as competition 
and economic trend, are very important for the gained effectiveness of the companies within the 
metallurgical sector.  

The performed research, which synthetic results are presented in the paper, point at an important 
influence of the applied new company business model on the growth of its value. Significant factors of 
success that minimize the risk of the undertaking was gaining the private investors capital, quick mastering 
of new technology related to servicing metallurgical products and gaining customers by flexibility and high 
quality. 
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 Tab. 2 Selected measures characterizing the effectiveness and creating the metallurgical products servicing 
and trading company 

Value measure 
Years 

2006 2007 2008 2009 2010 2011 
Economical 

profit*(million 
PLN) 

0.690 0.520 - 0.110 0.370 1.650 1.170 

Number of re-
gular customers 

** 
121 136 98 112 142 136 

Sales value per 
1 customer ** 

(thousand PLN) 
172 156 142 245 382 372 

Sales 
profitability – 

ROS (%) 
6.1 5.1 1.3 3.4 10.4 8.8 

Assets value 
(million PLN) 4.6 4.4 4.3 7.3 8.3 8.6 

Assets profita-
bility – net 

profit / assets 
value (%) 

22.1 19.9 5.4 13.3 25.5 21.2 

Quality of ser-
vices measured 
by the value of 

complained 
services (million 

PLN) 

0.220 0.189 0.124 0.218 0.213 0.156 

* Rate of equity cost COE = 10% 

** Applied to customers purchasing for more than 5000 PLN 
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Abstract  

Currently, gaining ground in the market have been especially businesses that are able to establish and 
continuously deepen cooperation with their partners involved in creating value for end customers. While 
previously companies focused on deepening cooperation in particular with (selected) suppliers and 
customers while building a supply chain with them, today that seems to be insufficient in terms of 
achieving the final effect. At present, cooperation needs to be understood in a broader sense, in the 
context of value network formation. A value network is made up not only of the firm itself and its trading 
partners but also of other stakeholders that influence the performance of individual business activities and, 
consequently, the value provided to customers and/or costs associated with these activities. One of 
company activities whose appearance will be influenced by the involvement of business in the value 
network is the packaging management supporting manufacturing processes in chemical-technological and 
metallurgical industries. The article first discusses the relationship between the supply chain and the value 
chain, defines areas of cooperation in the value chain and then deals with the packaging management. It 
presents stakeholders in this activity and outlines recommendations for changes in the packaging 
management as a result of the company's involvement in the value network. 

Keywords: Value chain, supply chain, manufacturing process, packaging 

1. INTRODUCTION 

The global crisis has had a large impact on most businesses today, creating unique challenges for supply 
chain management. Currently, firms have been gaining ground above all in the market that can establish 
and continuously deepen cooperation with their partners who are involved in creating value for end 
customers. While firms in the past focused on deepening cooperation with, in particular, (selected) 
suppliers and customers, building a supply chain with them, today it appears to be insufficient in terms of 
achieving the final effect. Over the last few years, the traditional view of competition between companies is 
changing for one of competence between supply chains, where collaboration and coordination between 
different companies are critical [1]. At present, cooperation needs to be understood in a broader sense, in 
the context of the creation of the value network. The value network is made up not only of the firm itself 
and its trading partners but also of other stakeholders that influence performance of individual business 
activities and, consequently, the value provided to customers and/or the costs associated with these 
activities [2,3]. Cooperation among firms within integrated groups may lead to the implementation of 
measures and services that lead to strengthening the strategic position of customers in markets served by 
them, i.e. to realizing strategic benefits [3,4]. The creation thereof becomes the basis for strengthening 
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relations between different entities within the entire value network and, while place obstacles to secession 
from relationships.  

The packaging management, which supports production processes in the chemical technology and 
metallurgy industries, is one of the corporate activities to be shaped by the firm's involvement in the value 
network and striving for creating strategic benefits. The shape of packaging and the method of its material 
flow management affects the total value delivered to the direct customers (and their customers as well), in 
the aspects given by the functions of the packaging, and the ways it fulfils these functions. 

Then, how to modify the packaging management supporting production processes of the chemical 
technology and steel industry? Currently, this issue has been addressed in the literature rather marginally. 
The literature focuses primarily on various forms and shapes of cooperation, particularly within the supply 
chain. So far, only marginally have the possibilities of cooperation in the value chain been mentioned, some 
authors even do not make any distinction between the supply chain and the value chain. Therefore, the 
article first discusses the relationship of the supply chain and the value chain and defines the difference 
between these concepts. Then it deals with the packaging management in the value chain with the 
participation of firms of the chemical and metallurgical industries. These chains are specific mainly due to 
the nature of the production systems contained in them. When compared to the assembly types of 
production, they are based on physical and chemical processes taking place within technically and 
technologically sophisticated apparatus equipment. The metallurgical industry also links physical and 
chemical processes with mechanical and technological forming processes. The products do not consist of 
components; they represent heat treated material of certain shape, size, and structure, physical, chemical 
and other properties that make their utility value [5]. The common features of both the industrial branches 
are then reflected in similar problems associated with supply management of the company and the supply 
chain [5]. The article develops the current theoretical approaches to the packaging management in the 
value chain since new conceptual thinking is required for the generation of new product opportunities 
through packaging [6]. It deals with the stakeholders involved in this work and outlines possible changes in 
the packaging management and their benefits in consequence of the firm's involvement (of the steel and 
chemical industry) in the value network.  

2. SUPPLY VERSUS VALUE CHAIN, VALUE NETWORK (INCLUDING COOPERATION IN CHAINS OR 
NETWORK) 

Different authors use different terms for the sequence of activities, entities and relationships between 
them that ensure the creation and delivery of the value to the customer. Possible differences in the 
conception may stem historically, in particular: 

� from a different definition of the target customer (from the direct customer to the end consumer), 

� from different complexity of the conception of processes (and thus the entities that carry them out), 
through which different sizes of customer value are produced (from the customer value based on a 
narrowly-conceived product to its comprehensive conception; from the customer value to the 
relationship value; from transactional benefits to relational and strategic benefits, from the sequence 
of activities within the firm, through bilateral cooperation and vertical sequence of contracting 
entities complemented with horizontal links to a comprehensively-conceived value network 
consisting of various stakeholders), 
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� from different qualitative levels of cooperation among entities and their interconnection rates (from 
cooperation within the logistic processes, through joint planning to jointly drawn up strategies). 

Although there is now no doubt that the basic principle of successful business is the creation of value from 
customer's perspective, the target customer concept is gradually developing. The historical trend has gone 
from perceiving the customer as the closest business partner to a comprehensive perception of the 
chain/network of customers inside and outside the firm, among which the end user has the privileged 
position. Firms of the chemical and steel industry usually stand in the middle of the chain or closer to its 
beginning. This means that it is usually the direct customer who they perceive as their client, the end user is 
far away for them. Without deepening the relations not only with the direct business partners, but with all 
the supply chain links they cannot meaningfully create strategic benefits, or participate in their 
development or improve its contribution to the value provided to the end customer. 

The approach to meeting customer requirements has also been evolving. Since the end customer is the 
only entity that introduces money into chain, the aim must be to deliver the right product to the end 
customer at the right place at the right time [7]. It is necessary to find a mechanism for creating an 
interrelated network of processes that lead to the creation of “real-time, synchronized product and service 
fulfilment systems that provide increased buyer-seller interaction and add expanding value to the 
customer” [8]. The stability of the created system (for value creation), however, depends on both the size 
of the value as perceived by the end customer and on the size and methods to distribute it among the 
participants (elements) of the system. 

At present, the aim is to increase customer loyalty. It turns out that a particularly appropriate means of 
achieving this goal is to strengthen relationships with customers. Therefore, it is not only well-functioning 
material, information and financial flows what is important in the process of creating and delivering value, 
but it is also the processes and activities that enhance the emotional and social benefits of customers and 
have positive impact on the value of the relationship. Relationship value is defined from a managerial 
perspective as the received benefits perceived by buyers/suppliers in terms of their expectations from a 
business exchange relationship, i.e., their needs and wants [9,10].  

Customer value is created and delivered in a more or less comprehensively conceived system of processes. 
The reason that leads to a more complex approach is to increase the value for the end customer and 
reduce the costs to create and deliver it. In essence, this means linking different business processes and 
developing cooperation, (historically earlier) at the firm and subsequently inter-firm level. According to 
Olphager [11] during the 1980s and 1990s much emphasis has been put on the internal processes. More 
recently, companies have been looking outside their own operations to build new competencies; i.e. 
managing their supply chain network for competitive advantage, because a wide range of potential 
improvement initiatives is available for shaping internal and external processes. The integration of logistics 
chains is the key factor of success of all their links [8]. According to Ross [9] supply chain management deals 
with the optimization of the flow of goods, services and information along the supply chain from supplier to 
customer a focuses on the internal supply chain, which is under the direct control of the firm. Other 
components of the system, according to him, are CRM (Customer Relationship Management) addressing all 
aspects of customer relationship and SRM (Supplier Relationship Management) addressing the same on the 
part of suppliers. In terms of internal synchronization, firms of the chemical and metallurgical industries 
have an easier situation in that they often carry out continuous or discontinuous, yet bulk or mass-
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production processes. However, they were and are constrained to perform in-house synchronization 
(especially material flow), because their production systems are often productions in stages. 

Later the supply chain goes beyond the firm boundaries. Sometimes it is understood in a narrower sense 
that included are (only) direct business partners on the business inputs side - this is a chain from direct 
suppliers through own business to the end consumer. According to Garcia et al. [13] a common supply 
chain includes the necessary entities to provide goods to the customer from production centers. Thus, the 
main elements composing a general supply chain between the factory and customer are: warehouse, 
distributing center and retailer [14] and [15]. There are many participants and processes as well as 
randomness in the information flow of a supply chain [13]. At present, however, supply chain is understood 
in a more complex way – it includes all the supply chain links (from the supplier of the primary input to the 
chain to the end customer) and all the processes necessary for the creation and delivery of value to the 
chain's customer. On the inter-firm connecting of the material flow, firms of the chemical and steel 
industries are in a certain advantage. That is due to a good knowledge of procedures that enable 
synchronization of manufacturing systems at the firm level. Also, greater opportunities for networking in 
the Czech Republic originate from a relatively large coherence of business relations among firms of various 
industries (i.e. also among firms of the chemical and steel industry). This is due to the historical 
development of the Czech industry. As a result of central planning before 1989, Czech chemical and 
metallurgical firms often have linked production systems and many of them have been working together 
for decades [5]. To develop an inter-firm collaboration system requires trust among the links of the chain 
and willingness to cooperate. Branska, Lenort [5] note, however, that the climate in the markets with 
products serving as raw materials in manufacturing processes of chemical and metallurgical firms is not 
inclined to release relationships and mutual trust. In business relations, it is rather about applying a dictate 
in relation to a weaker partner. 

According to Zacek [16] the value chain is a tool that helps to identify opportunities and ways to increase 
customer value and gain competitive advantage The value chain was first used by Porter at the firm level. 
According to him, the value chain is a tool to show the firm as a set of activities the purpose of which is to 
design, manufacture, sell, deliver and support its own product. It is seen as a chain of activities which gives 
the product more added value than the sum independent activities' added values [17]. He views the chain 
as an order of activities the product gradually passes through and refers to it as value with regard to the 
fact that each activity must increase the value of the product. 

At present, the value chain is understood as a complex system that seeks to satisfy customer needs and 
requirements, while respecting the objectives of other members of the chain. It involves many 
organizations that participate in creating and delivering value to end customers by providing resources and 
knowledge [18]. The difference between the supply and value chain can be seen in the range of activities 
that are performed in the chain. According to Illyas [18] the value chain is wider than the supply chain. It 
focuses on all activities that ultimately lead to satisfying the end customer with a maximum value at 
minimal costs, while the supply chain model is focused on activities that make sure that raw materials 
move along the chain quickly and economically. Although the difference is not this strict, the term value 
highlights the complexity of the concept of values and actions that lead to its formation, while the supply 
chain is historically linked to material flows. Firms of the chemical and metallurgical industries are, with 
increasing frequency and more closely, cooperating with business partners in interlacing material and 
information flows. At present it is insufficient, it is necessary to develop cooperation in other business 
activities as well. It is equally important for them to engage other stakeholders as well as direct business 
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partners in cooperation, because many of them directly affect the form of their activities (e.g. state 
administration exerts its influence on packaging, transport of chemical products, or it can affect the volume 
of metallurgical production).  

A value chain turns into a value network when there is a cooperating group of interconnected entities that 
are involved in the chain at various stages of value creation [19]. The network is thus a combination of 
horizontal and vertical links, including the links to other entities; it is a configuration of activities necessary 
for creating, producing and delivering value proposition to the customer [20].  

The value chain and value network emphasize concentration on the complexly conceived value to the 
customer and include all activities, entities and relationships that have an impact on meeting the needs of 
the end customer, taking into account the legitimate interests of all members of the chain/network. In the 
chains/networks are in this complex concept included the individual supply chain members, as well as other 
interested parties. Relations among the partners then actually have a form of intricately structured, 
interconnected network.  

3. MODIFICATION OF PACKAGING MANAGEMENT IN A CHEMICAL OR METALLURGICAL INDUSTRY 
COMPANY OWING TO ITS INVOLVEMENT IN A CHAIN OR NETWORK 

Logistic and supply networks are based on transactional benefits, while increasing emphasis is placed on 
meeting other requirements and building relationships. Therefore, the packaging management in a 
company involved in the chain or network has to be modified so that, in addition to the usual transactional 
benefits, strategic benefits are formed in various forms. This means that various aspects of packaging has to 
be managed (due to their common functions) and a number of interrelated stakeholders (performing 
different tasks) has to be involved in cooperation in the design and material flow of the packaging. This will 
create a value network. In new packaging development, firms effectively need to adopt a wider definition 
of who the “customer” is, as the packaging can add value for each of them [6].  

The process of designing the shape of the packaging and the packaging management method has to involve 
not only direct suppliers and direct customers and management must be drawn, but also representatives of 
all links directly involved in the value creation and delivery to the end-customer of the chain as well as 
other stakeholders. It follows from the functions of packaging results as to which links should be considered 
stakeholders in the packaging management in chemical and metallurgical industry companies. According to 
Simms [6] functions of packaging are following - packaging protects, packaging preserves, packaging 
facilitates distribution, packaging promotes customer choice, packaging sells, packaging informs and 
instructs, packaging provides consumer convenience, packaging helps contain prices, packaging promotes 
hygiene and safety and packaging is innovative. The packaging affects the size of the customer value, both 
in terms of benefits and sacrifices. Increase in the value for the end customer through the packaging, be it 
increasing the benefits or decreasing the costs, has a positive effect on the size of the value that is re-
distributed among the members of value network. The packaging may, however, positively influence the 
efficiency of processes of individual members and the network as a whole, thus increasing its profitability. 

In terms of effective functioning of the network it is necessary to identify all stakeholders who participate in 
creating and delivering the value for the end customer and influence it in some way. Even though the 
identification of stakeholders in terms of packaging management begins at the firm level (it is the 
identification of functional areas and departments), subsequently they has to be identified at the supply 
chain level (supply chain links - manufacturers, independent business links, distribution assistant) and has 
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to be supplemented with other stakeholders, such as at least makers and suppliers of packaging materials 
and packaging, and government authorities (helping to ensure the environmental and safety requirements 
related to the packaging management in the chain with the participation of firms of the chemical and 
metallurgical industries, as well as the development of standards increasing the logistical efficiency and 
effectiveness). As a result of thus defined network of stakeholders, there should be a considerably better 
knowledge of the needs, wishes and requirements of different stakeholders in this area and identification 
of possibilities to provide strategic benefits, as well as there should be saving in time when creating the 
actual packaging management system in the company of chemical and metallurgical industry, which is a 
part of the chain/network.  

The strategic benefit may emerge between the supplier of raw materials for manufacturing process and its 
customer. In this case, it may take the form of, for example, raw materials of the packaging and materials 
to be processed together with the raw material (in the chemical industry). Its presence in the 
manufacturing process may be completely irrelevant, or it could even serve as a catalyst. The metallurgical 
industry may use, for example, such forms of reels for winding wire, which allow the customer to reduce 
transport and/or handling costs or allow saving the necessary space for the production process. The 
strategic benefit may, however, arise elsewhere in the chain, and even a few distribution degrees closer to 
the customer. An example is the production of tin (Fig. 1), which allows the manufacturer of the primary 
packaging (manufacturer of cans for drinks and food) to increase the user friendliness of its packaging for 
the consumer. Manufacturer of tin will allow to improve strategic position both of the manufacturer of the 
packaging (preferred by the manufacturer of drinks), and the producers of the food or drink itself. If the 
collaboration includes a manufacturer of, for example, beverage vending machines, who adapts its new 
product to cans made of innovative material, the value for related articles also increases (e.g. less waste 
easier to remove) and benefits for the end consumer may even multiply (easy-to-open cans, less waste, 
easier and problem-free availability through the drinks vending machine, etc.). There may also be a benefit 
for the entity disposing the can used - for example, it saves on recycling the materials. At least the example 
of the benefit for the entity disposing the can used implies the need for involving the government 
authorities that can facilitate or make the activities less costly with their permits or regulations. This 
example makes it clear that cooperation in the packaging management may have its impact not only on the 
supply chain, but also on other entities of the value network. As a result of the cooperation in the value 
chain or value network, all subjects improve their strategic position as a supplier. Packaging thus 
contributes not only to the value for the end customer, but also affect the economy and efficiency of its 
creation and can therefore be an important factor that strengthens the relationships among the members 
of the chain and thus stability of the entire chain as well. 

A similar approach needs to be chosen when creating a system to control packaging material flows. 
Connecting all entities of the value network may provide complete, comprehensive and optimized material 
flows based on methods such as CPFR (Collaborative Planning, Forecasting and Replenishment). CPFR 
method is generally applicable in all chains, where there is sufficient willingness of individual members to 
this type of collaboration [22].  
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4. CONCLUSION 

If the firms of the chemical and steel industry are to improve their position as a supplier and optimally 
contribute to the value for the end customer, they have to start focusing on providing strategic benefits 
which are the basis for strengthening the relationship among the value network entities. This, however, 
requires also modification of the packaging management. It is necessary to address the form of packaging 
and the material flow control method in collaboration with identified stakeholders. Thus the packaging 
management can become an economic advantage difficult to reproduce and a source of business growth.  
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Abstract 

Within the waste management system of a certain steel mill (SM) there are those processes which are 
directly connected to production and those which support the main aim of the company. Ferrous waste 
flow is created as a by-product of the manufacture of iron goods and it is then used as a valuable entry 
product. Product logistics and capital in processes like the one mentioned above work as a feedback loop or 
so called closed circuit. The total cost of re-using the waste material within a steel mill should be reduced 
by the value of the profit gained by decreasing the demand for entry products. For open waste flow 
streams, the direction of capital flow depends on the form and type of waste management method. 
According to the ‘polluter pays’ principle, all the costs of transportation, storage and utilization, etc. are 
held by those who generate waste. In optimally functioning waste management systems there are waste 
stream flows which generate profit for the polluter in the sense that they can be sold to other companies as 
e.g. entry product.  

Keywords: steel plant, waste utilization, logistics system 

1. INTRODUCTION 

Each manufacturing company, along with producing goods, creates waste. Depending on the technologies 
used and the complexity of the production processes, there can be a variety of waste sources, as well as 
different kinds of waste. Current legal regulations require companies to manage and to neutralize their 
waste. Waste management involves the creation of a complex system of collection, segregation, and 
neutralization of waste directly from the source. The steel mill presented in this article uses divergent and 
multiphase production processes, and consequently their waste management system is highly complex and 
comprises of multiple interconnected subsystems. Functional and organizational structures of full 
production cycle steel mills are highly complex. Within every manufacturing enterprise we can discern 
organizational units which are directly responsible for production of goods and other organizational units 
known as units supporting the main aim of the company. This article presents categories of generated 
waste in the full production cycle steel mill, including directions of capital flow for selected residues. 

2. WASTE STREAM CLASSIFICATION 

The technologies used for obtaining steel finished products shape the streams of generated waste, both on 
the industrial and consumptive side. [1] Waste management models implemented at companies are 
targeted at cost minimization. Cost rationalization constitute the basis of contemporary companies’ 
operations. A company’s market success is determined by a proper cost management policy at every stage 
of task implementation. [2] The set of tasks performed within a manufacturing company can be divided into 
two groups:  
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� production processes (tasks) directly connected with manufacturing during which raw material input 
is qualitatively processed to a higher level, 

� processes (tasks) indirectly connected with manufacturing, primarily aimed at supporting and 
creating appropriate conditions for the implementation of manufacturing tasks.  

Total financial costs incurred in processes of finished product manufacturing and during the 
implementation of goals supporting the performance of main tasks determine a company's price policy, 
despite the fact that prices are imposed by the market under current market economy conditions. Expenses 
incurred within the waste management system are a special area of cost management. Within the 
organization structure of a steel mill, various kinds and quantities of waste are produced at every stage of 
raw material input processing. The kind and quantity of generated waste remains in a steel products 
manufacturing system depends on the technical and technological solutions used.  

In the entire structure of a steelworks, approx. ninety various types of remains are generated and 0.6 Mg to 
0.8 Mg of waste is produced per each ton of steel products. The volume of generated products is directly 
proportional to the quantity and quality of finished products. Most waste generated by the steel sector 
(approx. 90%) can be reused as a full value input product in the same sector or in other branches of 
industry. Current technical and technological solutions allow for full use of each kind and quantity of waste 
produced, however, as a result of high financial expenditure, financial efficiency is mostly taken into 
account in the implementation of pro-ecological activities.  

In the waste stream modelling process within the waste management system, the system must be first 
classified according to established criteria. The first criterion for the division of the waste management 
system is the place where this waste was produced:  

� as a result of the performance of manufacturing tasks,  

� as a result of the performance of tasks supporting the manufacturing process..  

The largest amount of waste in terms of weight produced within the entire steelworks structure results 
from manufacturing processes. In this group, three different streams of remains can be distinguished:  

� waste which can be used within the plant,  

� waste managed outside the plant,  

� waste for which management processes are economically inefficient.  

The group of waste produced which can be reused in manufacturing processes creates a closed cycle, the 
so-called feedback (Fig. 1a) for both the waste flow and the capital.  

The group of waste managed outside the plant can be divided into two subgroups: 

� used as a full value input product in other organizational units,  

� processed to minimize harmful environmental impact.  

Directions of capital flow in the aforementioned subgroups are different. For waste produced within a 
steelworks and used in another plant, an open stream is created (Fig. 1b) and the waste is treated like a 
product at the output. The capital flow for this stream is consistent with the direction typical of a 
traditional logistics channel - from the recipient to the sender. If an entity whose task consists in the 
minimization of destructive environmental impact is the recipient of the waste produced, the plant in 
which this waste was generated covers all costs connected with these actions. Thus, the capital flow is 
consistent with the direction of the product flow - i.e. from the recipient to the sender.  
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Waste which is not subjected to the recycling process because the costs of ecological actions are 
economically inefficient belongs to the third group. Storage is the method of its management and all costs 
are covered by the steelworks. The capital flow is consistent with the direction of the waste flow - from the 
recipient to the sender.  

 

 

Fig. 1 Simplified diagrams of four different flows of a logistics product, i.e. waste from a sample steelworks. 
Fig. 1a presents the so-called feedback flow; Fig. 1b - waste treated as an output product; Fig. 1c - waste to 

be processed and Fig. 1d - waste to be sent to a landfill site. 
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3. DIRECTIONS OF CAPITAL FLOW IN STEELWORKS WASTE MANAGEMENT SYSTEM 

Waste streams which contribute to an increase in the plant’s total costs should be minimized on a regular 
basis and controlled for ongoing verification of deviations between the assumed (planned) costs and the 
actual costs. Knowledge of waste flow directions and of the capital connected with them allows for 
preparation of a strategic action plan in the waste management system. Fig. 2 presents flow directions for 
generated waste and capital flows connected with them.  

 
Fig. 2. Relationship in the logistic system of waste disposal [3] 
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The classification of steelworks waste stream makes it possible to assign the arising costs to specific objects 
or appropriate waste management processes in the target costs accounts within the waste management 
system. Fig. 2 presents main waste streams both open ones and ones with the so-called feedback. Each 
stream includes a process of a temporary waste flow stoppage in the so-called warehouse buffers. The 
storage of remains produced at the facility under analysis is caused by: 

� keeping waste on a temporary basis to collect an appropriate amount which is economically useful 
for processing or transporting,  

� waiting until the waste achieves required properties, e.g. the level of cooling,  

� a temporary flow stoppage to perform relevant processes adapted to the kind of waste, i.e. 
separation, segregation, purification or mixing.  

Waste warehousing processes take place at designated places of the waste management system 
infrastructure. Attempts are made at reducing the stoppage time and the length of the transport route. [4] 
The ultimate account of financial expenditure during implementation of pro-ecological tasks in the 
company under analysis has several variants. The model of costs directly and indirectly connected with the 
implementation of waste management tasks depends on: 

� the type of stream (open, closed - Fig. 1a, 1b, 1c); 

� the type of waste (which can be used as a full value recyclable material characterized by market 
demand, which makes it possible to treat waste as a full-value market product - Fig. 2);  

� conditions and duration of warehousing processes.  

The modelling of capital flow streams can be performed on an ex post or ex ante basis. The processes of 
forecasting financial expenditure in the budget preparation result from experience and conclusions from ex 
post data. All costs arising from the implementation of manufacturing and supporting tasks have a direct 
influence on the market price of the manufactured product. [5] Actions implemented within the waste 
management system affect the increase in the product price, however, these are not tasks which influence 
the product value, both for the manufacturer and the recipient. Waste management processes result from 
environmental awareness and responsibility. Minimization of the volume of the waste produced in the 
manufacturing processes and maximization of their subsequent use within the plant where they were 
generated belongs to cheaper solutions. Only substances containing iron particles (Fe) are subject to 
subsequent processing at the plant. Substances with another physicochemical composition, due to the lack 
of technological possibilities, are sent to appropriate organizational units which ensure readiness for and 
capability of efficient management of the generated waste in conformity with the adopted environmental 
standards and principles.  

The desired effect of coordination of waste management system components at each organizational and 
functional level consists in developing a comprehensive waste management system fully using all waste 
generated as far as its quantity and type are concerned. The application of logistics practices and solutions 
which have been used up to date in the area of eco-logistics [6] for optimization of waste flow tasks 
influences the reduction in the destructive environmental impact of waste.  

4. CONCLUSION 

Growing demands in the area of environmental protection and striving at minimization of production costs 
make it necessary to optimize processes not only in the field of manufacturing but also as far as waste 
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management is concerned. Strategic cost management in the area of environmental protection will make it 
possible to select certain streams of waste which can be managed as full-value recyclable materials and 
treated as an output product in the market. Reducing operating costs of the waste management system of 
a given entity can be achieved by integrating various economic systems. [7] This integration should take 
place at the functional and organizational as well as technical and technological levels. [8]  

The necessity of ensuring an appropriate level of environmental protection to prevent negative 
environmental impact of the waste produced is an important problem. The range of steel products 
currently manufactured in the world is very broad, which contributes the diversity of organizational and 
technological structures of steel companies. Despite the fact that it is difficult to find steelworks with an 
identical technological structure, the classification of the waste management system proposed in this 
article which relies on the object and process criteria can be used in a majority of such plants. Strategic cost 
management in the area of environmental protection strives for reducing all components of a given object 
during the entire cycle of its operation. [9] It is necessary to intensify pro-ecological activities connected 
with waste management from the steel industry, especially from companies whose streams are directed to 
landfill sites.  
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Abstract 

Current business conditions are characterized by rapid changes in the global business environment. 
Businesses are exposed to crises with hardly predictable development, the changing conditions in financial 
markets, fluctuations in economic growth and demand. Strong competition and pressure on product prices 
force companies to increase efficiency, innovate products, manufacturing processes and equipment, 
transfer production capacities. This is reflected in the management of industrial enterprises and their 
investment and technical development projects, including metallurgical production. 

The paper deals with the method of planning and management of investment and technical development 
projects in industrial enterprises under increased risk and uncertainty. In such conditions it is appropriate 
to use methods of project management with an integrated risk management. In the project planning phase 
especially uncertainty in metallurgical products market, prices of raw materials, availability and cost of 
corporate financing and exchange rate fluctuations should be included in decision making. It is necessary to 
evaluate the economic stability of customers and suppliers and potential threats from competitors. The 
project execution speed as well as meeting its goals is an important success factor. It is often necessary to 
analyze several key scenarios of possible development of business environment and our planned project. 
Besides the negative risk, i.e. threats, it is also useful to search for positive side of uncertainty and risk, i.e. 
opportunities. The project execution plan should be divided into phases and stages with checkpoints. 
Identified risks should be continuously monitored and controlled. Principles and practices described in the 
paper significantly contribute to increasing project success and efficiency. 

Keywords: Risk, Risk Analysis, Project Management, Metallurgy, Investment and Development Project 

1. INTRODUCTION 

An unwritten rule pays in business that whoever wants to make a profit, they must constantly explore new 
opportunities and, therefore, one of the key opportunities is the correct understanding of the concept of 
risk as a threat and an opportunity. Current business conditions characterized by rapid changes in the 
global business environment exhibit companies to crises with hardly predictable development, the 
changing conditions in financial markets and fluctuations in economic growth and demand. Strong 
competition and pressure on product prices force companies to increase efficiency, innovate products, 
manufacturing processes and equipment or to perform transfers of production capacities. This is reflected 
in the way of management of enterprises and their investment projects and technical developments across 
the spectrum of industries, including metallurgical production.Paperwantsto point out thecurrent 
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economicsituation ofdomesticmetallurgical companiesand the need ofusingmethods of 
projectmanagementwith an integratedrisk managementfor the plannedinvestmentprojects andresearch 
and development anddesignpossibilities forwhich canincrease in the successand effectivenessof these 
projectsand leadto increasedstabilizationtheireconomies. 

2. THE DEVELOPMENT OF THE METALLURGICAL PRODUCTION IN THE CZECH REPUBLIC 

Currently the metallurgical production in the Czech Republic is affected by high demand in the automotive 
industry and mechanical engineering and is slowly recovering from economic recession. Six to seven 
hundred kilograms of steel per capitain the Czech Republic annually is a parameter of highly developed 
countries. European steel industrycurrentlycontributes 16 percent to the global production of steel. Along 
with the Japanese steel industry it is the cleaneststeel production in the world with twelve percent share of 
greenhouse gas emissions. 

For enterprises engaged in the manufacturing industry, relatively stable growth can be observed in Fig. 1 
until 2007, with a slowdown in 2002 and 2003[1]. Between 2008 and 2009 especially steep decline in 
production comes followed by its subsequent recovery. Next decline in the manufacturing industry is 
expected in 2012 and renewed revenue growth should come from 2013. 

 
Fig.1 Sales of Czech Industry by sectors:manufacturing and manufacture of basic metals, total (left) and 

only domestic (right) according to Czech statistical office [1] 

Basically much more rapid changes occur in the manufacture of basic metals, metallurgy and foundry than 
in the manufacturing industry as a whole, e.g. twice as high decrease is visible in 2009. For domestic (CZ) 
sales in the same sectors (right graph in Fig. 1) downward trend since 2005 is seen in the field of 
metallurgy, while the growth in this period has been achieved thanks to exports. 

One of the causes of decline in economic results of metallurgical enterprises in the period 2008 - 2009 was 
the growth in global demand for input raw materials (iron ore, coal and coke), driven by growing economies 
such as China and India. Prices of raw materials rose faster than prices of finished products. The rise of 
prices of raw materials last year created upward pressure on steel productsprices according to [2]. In 2010 
the prices of coal increased by an average of 37 percent, the price of iron ore by 63 percent and scrap 
prices by 44 percent.It is also necessary to mention that the cause of the decline in economic results and 
the big disadvantage of the European steel industry is the controlling of finished products prices by local 
markets. 
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3. INVESTMENT, RESEARCH AND DEVELOPMENT IN MAJOR STEEL COMPANIES IN THE CZECH 
REPUBLIC 

The current crisis conditions force companies to think about each invested crown. It leads the most 
important producers in the area of metallurgy to investing into the area of reducing operating costs, 
research and development of new technologies and reducing negative environmental impact.  

A major producer of pig iron and steel in the Czech Republic ArcelorMittal Ostrava plans to continue to 
implement major investment projects initiated in previous years. During 2011, they launched in Ostrava a 
project to restore and install the hot-blast technology to coal dust blowing blast furnace and project 
building a new steel convector. These projects aim to help improve environment, safety and reduce 
production costs. In research and development, AM focuses on two main areas of production, namely 
production of liquid steel and rolling hot-finished products. These areas are supportedby research and 
development into energy and pig iron production, coking and chemical research, upgrading technologies 
and practices to reduce environmental impacts and compliance with emission limits. (Source: Annual 
Report AM 2010). 

Investments in TŘINECKÉ ŽELEZÁRNY are oriented towards increasing the share of high-grade materials 
with higher added value, reducing cost of production, modernization of existing equipment and reducing 
the negative impacts on ecology. The modernization, reconstruction and overhaul of coke oven battery and 
reconstruction of the machine on benzol absorption belongs among the most important investment 
projects in 2010. Investments in 2010 amounted to 1.3 milliard CZK and a technical development plan for 
2011 represented the financial amount of the volume of 612 million CZK. (Source: Annual Report TZ 2010). 

Worldwide, the economic development in China and consolidation in the U.S. economy remains a key 
factor for steel products market. The ability to raise money from European funds or from the EU Research 
Fund for Coal and Steel on high-quality science and research and application of its results in the industry 
will be one of the key issues over the next ten years. 

Within the next few years the industry has already prepared environmental projects for more than eight 
billion CZK. This will be essential for the competitiveness of Czech industry. Modern technology and 
research and development are key areas in which the Czech steel industry hasa competitive advantage 
against producers from cheaper countries.Only the program managed by the Ministry of Industry and Trade 
contributes to the projects in steel industry in the range 80 to 100 million CZK. 

In the future metallurgical enterprises will have to deal with increasing prices of raw materials and an 
increase in investment costs. Enterprises should therefore negotiate long-term contracts that will help 
ensure stability. 

4. INVESTMENT AND INNOVATION PROJETS AND THEIR RISKS 

The above text shows that metallurgical companies are on one side exposed to fluctuations in demand with 
rapid impact on their revenues and profits and from the other side they continue in research, development 
and investment activities to improve quality and meet stringent environmental requirements. 

Also in future the main factors supporting the competitiveness of the metallurgical companies will be high 
product quality compared to cheaper competitors, but also flexible organization that will enable businesses 
to better respond to market changes and changing customer requirements. Therefore, it is necessary to 
focus the above mentioned research and development projects and investment projects properly and to 
complement them with other projects to improve internal business processes. 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1651 

During planning of projects it is a standard to prepare a portfolio of potential projects that are assessed in 
terms of expected benefits for the company, return on investment and the resources available for 
implementation [9]. Return on investment should be evaluated and the benefits of each project should be 
transferred to the financial form, usually as project net present value (NPV) and internal rate of return 
(IRR). It depends on the size of the project butNPV and IRR should be calculated for projects important for 
the entire company, including the influence on the profitability of the final company products. 

The knowledge of future development of the external environment as well as internal company activities is 
important for the implementation of projects. Both external and internal business environment is marked 
by uncertainty. The main factors affected by uncertainty in investment and development projects in the 
metallurgical business are shown in Fig. 2.  

 

 

Fig. 2 Uncertainties in the planning and implementation of investment and development projects 

 

The uncertaintiesare reflected in the prices of inputs and availability of materials, energy and other 
supplies, also in the reliability of suppliers, wage developments, the exchange rate when buying in foreign 
currency and the availability and price of corporate financing if outside sources of funding are necessary. 
The outputs depend on changes in market demand and prices [8], the impact of competitors, which may 
come to market with innovative products, new patents or aggressive pricing. The customer may change the 
timing of orders, or he can delay or suspend payments due to financial problems. The policy in regulation 
and taxes is also the subject of change and cash income from export is influenced by exchange rate 
fluctuations. Internal uncertainties are mainly in the ability to achieve the desired objectives of 
development or investment in technical results and to succeed in implementation. The field of industrial 
property rights is important when the suitable technical solution may be patented or vice versa the benefits 
can be won by patenting the results of own development. Also the availability of personnel and other 
resources can be vital for the implementation of the project. The relation to other projects may be in the 
form of a conflict of resources, sometimes it is necessary to use the results of other parallel projects. 

These uncertainties mean risks to project success as measured by the achievement of the required 
technical as well as financial (NPV) parameters of the project. The above examples make clear that the 
uncertainties can affect the results of the project both not only negatively but also positively and the 
opportunities should be exploited [3]. For example in terms of sales there is the potential of a threat of the 
market downturn as well as an opportunity to gain higher profit during market growth. The ability to 
correctly evaluate the risk when deciding on the project implementation as well as to monitor and control 
risk factors affecting the project during project execution has a key importance for both project and 
company success. 
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5. PROJECT RISK MANAGEMENT UNDER UNCERTAINTY 

In the previous section we gave examples 
of risksin the investment and development 
projects carried out in metallurgical 
enterprises. Risks are present in individual 
projects or influence the enterprise as a 
whole, as shown in Fig. 3 [4]. 

The ability to solve business and project 
risks becomes crucial for the company's 
success in times of economic uncertainty 
[10].The effort to standardize risk 
management was completed by the 
release of ISO 31000:2009 Risk 
management - Principles and guidelines [5]. The standard provides in particular the possibility to use a 
uniform terminology for risk management in an enterprise and its projects and helps to unify the approach 
to risk management, while giving the possibility to customize for particular applications. 

 

The project risk management methodology focused especially on industrial enterprises [4] is in accordance 
with the standard ISO 31000 [5]. Risk management process follows practical experience of the authors and 
is summarized in Fig. 4 where the process phases are compared with the risk management process 
according to ISO 31000. 

 
Fig. 4 Risk management processaccording to [3] and ISO 31000 [4] 

The scope of this paper allows only to highlight the need for and benefits of risk management, therefore 
only a brief comment to Fig. 5 is given.Available information on the project are gathered during setting the 
context (phase R1) to gather and specify the next steps of risk management. The risk assessment should 
first identify as many risks as possible (R2), analyze their impact on the results of the project (R3) and 

Fig. 3 Risk structure in an enterprise – project and 
enterprise risks 
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propose options for treatment (R4), i.e. reducing the negative impacts (threats) and strengthen the positive 
impact of risk (opportunities). In the course of project implementation the risks should be monitored, 
controlled and reviewed (R5) and the feedback to phases R1-R4 isrepeated as necessary. After project 
completion the results are evaluated in order to maintain the experience for future projects. In parallel to 
phases R1-R6 communication and consultation as well as continuous documentation takes place. 

Practical experience of active risk management in enterprises has shown that this approach leads in 
particular to the early identification of risk - the risk may be treated in time and future problems can be 
prevented, which, without a consistent risk management would inevitably occur. The risk management is 
vitally important in projects with high innovation content [6]. An important finding is that firms prepared to 
face uncertainties and risks can gain a competitive advantage [7]. 

6. CONCLUSION 

When planning and managing investment and technicaldevelopment projects in metallurgical enterprises 
under today's turbulent conditions it is necessary to account for the influence of risk involved in the 
project. Risks should be considered in the selection of projects and during their implementation it is 
necessary to monitor the latest developments and implement the necessary measures to mitigate negative 
risks (threats) and enhance risks with the possible positive impact on project results (opportunities). For the 
success of project risk management we recommend to introduce a methodology tailored to the needs of 
particular business and this methodology consistently apply to projects. Practical experience shows that the 
ability to effectively manage risk is today a substantial competitive advantage, and conversely the absence 
of risk management leads with a high probability to deterioration of results and threatens the very 
existence of the enterprise. 
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Abstract  

Development of e-commerce shops leads to intensification of competition among various business entities. 
When trading in any products on the Internet it is no longer enough just to present the basic components 
of the offer - product, price, delivery method and payment method, but we also need to offer various forms 
of support to clients' purchases. In doing so, it is not enough just to use various tools of support to the 
direct purchases of customers, such as standard (transactional) forms of sales promotion. It is also 
necessary to use different tools to support repeat purchases, which will lead to an increase in the e-
commerce client loyalty and strengthening of relations between them and the e-shop. The point is to 
induce repeat purchases by customers, enhance their retention and increase their emotional attachment to 
e-shop products and also build a desirable image of the e-shop in the market. This fully applies to all sectors 
in which products are sold in this distribution channel. The paper deals with changes in the concept of 
customer value attributes as emotional and social attributes are becoming increasingly important. This is 
also reflected in changing the effectiveness of various incentives to customers' repeat purchases. The paper 
summarizes selected results of a quantitative marketing research among clients of an e-shop with over-the-
counter drugs and dietary supplements, aimed to determine the extent to which the clients of this e-shop 
consider individual components of the offer and various incentives to repeat purchases important. The 
research results are a valuable source of knowledge for the cultivation of demand for e-commerce products 
in industries whose products are intended for final consumers. 

Keywords: Changes in the concept of customer value, customer preferences for e-shop components of the 
offer, client preferences for forms of online support to repeat purchases 

1. INTRODUCTION 

The dynamics of market development, increasing competitive pressures and increasing penetration of 
Internet into commercial activities in all sectors, all this implies the need to upgrade the system of working 
with the market in selling through e-shops and adapt it to changing customer preferences with regard to 
the components of the offer and attractiveness of various forms of incentives to repeat purchases. 
Although the number of e-commerce shops in most sectors is growing exponentially, most of them adhere 
to the classical model of supply and sales. After finding an e-shop, the clients of these e-shops have the 
opportunity to see the supply in which there is an audiovisual presentation of the product mostly in the 
form of pictures or short video spots, price and sometimes the product description. Gradually after 
choosing a product and saving it to the shopping basket, the client clicks through giving personal contact 
information and mailing address to selecting the payment method and delivery method and confirming the 
order and sending it. The question arises whether in the time of increasing competition in the electronic 
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commerce this business model is sufficient to attract and retain clients and establish long-term 
relationships with them. We do not think so. Only a comprehensive approach to meeting the needs of 
customers [1] and supply of fresh and innovative solutions to their problems [2] may lead to the 
establishment of long-term relationships with customers [3] and winning their loyalty [4, 5]. 

2. CHANGES IN THE CONCEPTION OF CUSTOMER VALUE AND THEIR IMPACT ON THE FORMS OF 
SUPPORT TO CUSTOMER REPEAT PURCHASES AND LOYALTY 

At present, customer value is viewed as an integrated configuration which creates a comprehensive model 
of customer value [6, 7, 8]. Customer value should be understood more broadly than just products and 
services that are useful for the customer. At present, it should move from the emphasis on products and 
services to a wider and more comprehensive basis for customer satisfaction and pleasure by inserting these 
products and services to experiences generally meaningful to the customer. The shape of products and 
services should thus incorporate elements associated with the overall customer experience that creates or 
enhances the value. Increasingly accented is the multi-dimensional concept of customer value, which points 
to a number of attributes associated with the customer value and allows to better reveal how the customer 
derives benefits from products and services offered in real life [9, 10]. The intangible emotional and social 
attributes of customer value have been gaining increasing importance since they are difficult for the 
competition to copy and they create assets that lead to gaining of more intensive customers’ experience 
and deepening relationships with customers and increasing their loyalty [11, 12, 13, 14]. One way to get an 
innovated customer value and to cultivate of demand [15] is thus strengthening the ability of the firm and 
its staff to develop strong relationships with customers and to raise positive experience of customers as an 
inherent part of the products and services offered. In strengthening the emotional and social components 
of the customer value, that means to cooperate more closely with the suppliers of the products, with 
distributors and other entities of the value network to work together to create the strategic benefits, 
enabling strong and long-term increases in the customer value as a result of synergies arising from 
cooperation of these entities of the value network [16, 17]. The question arises, what tools can be used to 
increase the customer value in this modern concept in serving customers of e-shops.  

Typical tools to make the customer purchase are various forms of transaction-related sales support 
(transactional sales support). These are various instant discounts, gifts, as well as competitions, coupons, 
etc. [18]. We are witnessing an explosion of the use of these forms of support. As the experience with their 
use shows, the customers of traditional shops meet with them every day. The consequence thereof is that 
they gradually lose their effectiveness and do not make the clients purchase repeatedly. In addition to the 
transactional forms of sales support, various forms of rewards programs and loyalty programs have begun 
to be used, consisting in the fact that the customer receives some form of rewards for repeat purchases 
[19, 20]. All these forms can also be used to create offer in e-shops. The question arises to what extent 
these are appealing to the clients of e-commerce shops.  

3. RESEARCH METHODOLOGY OF PREFERENCES FOR COMPONENTS OF THE OFFER AND FORMS OF 
SUPPORT TO REPEAT PURCHASES WITH E-SHOP CLIENTS 

Internet pharmacy customers' preferences for sales support forms were researched in a quantitative 
research through an online interview. We carried out this quantitative research in September 2011. By a 
simple random selection 1,200 customers were chosen of an Internet pharmacy from the population of 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1657 

5,630 clients. Its owner also operates a bricks-and-mortar pharmacy in the centre of Prague and also runs a 
private clinic for overweight reduction, modification of metabolism and healthy lifestyle. The research was 
conducted through Internet polling. 761 clients returned the completed questionnaire, representing a 63.4 
percent return of questionnaires. The data were processed and analyzed using the IBM SPSS Statistics and 
through synthesis of the findings obtained. This research was (among other things) focused on mapping the 
importance that the e-shop clients attach to various parameters of the offer, including the range of 
products offered. Examined was also the extent to which the clients consider important, from their 
perspective, various forms and tools of support that make them purchase repeatedly. In doing so, we also 
investigated how important it is for them to get online counselling on the e-shop's website and what should 
be the content of this counselling.  

4. RESULTS OF RESEARCH INTO PREFERENCES FOR COMPONENTS OF THE OFFER AND FORMS OF 
SUPPORT TO REPEAT PURCHASES WITH E-SHOP CLIENTS  

4.1. Preferences for components of the offer in choosing an e-shop  

First of all, it was examined what criteria the respondents consider when choosing an e-shop (in our case an 
online pharmacy) and how important these criteria are for the e-shop clients when choosing an e-shop. The 
findings are summarized in Fig. 1.  

 
Fig. 1: The average importance of the components of the offer in choosing an e-shop 

 

The research showed that customers of online pharmacies consider the basic components of the e-shop's 
offer, such as the broad range of products, product description, price, amount of postage, delivery method, 
speed of delivery, contacts on the website and method of payment offered, to be very important and 
therefore not one of them may be excluded for the offer presented on the e-shop's website.  
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It was also discovered that they want the widest possible range of products sold. At the same time, the 
clients appreciate references from other customers and online counselling on the e-shop's website. They 
would appreciate it if each product had its detailed description, information on the ingredients of products, 
method of use, side effects, notice of complementary products, notice of substitution products so that their 
choice of products was as easy as possible. The clients expressed themselves that they require a choice of 
different methods of delivery from delivery by post to delivery by courier or picking-up the product in the 
bricks-and-mortar shop. They also demanded payment not only for cash on delivery but also by credit card 
or via electronic banking. Very beneficial for them was also providing information on the status of the order 
and notice when the goods ordered are delivered. The online pharmacy clients considered reviews and 
shared experiences with the use of products from other customers very important.  

The Crosstabs analysis revealed that there are significant differences among the clients in the online offer 
component "price" and "product reviews from other clients," as these components of the offer are much 
more important for the age group under 35 than for other ages. Also, the product description is important 
for women than for men. Description of the product is very important for clients with medium and basic 
education while for clients with higher education description of the product is rather important.  

Pearson correlation coefficients in terms of the importance of various components of the offer in choosing 
an e-shop showed which components of the offer clients consider simultaneously. A stronger correlation 
was demonstrated between the method of delivery, speed of delivery, payment method and price and 
between the product range, reviews by other clients and contacts on the website, and between the 
method of delivery and contacts on the website. This means that we can specify three different market 
segments in terms of what various segments of the market consider important when selecting an e-shop. 

4.2. Preference for forms of support leading e-shop (online pharmacy) clients to repeat purchases 
The aim of the research was to further determine the extent to which e-shop clients are encouraged by the 
various forms of support to repeat purchases. The research results are summarized in Fig. 2.  

The research results lead to the knowledge that while a short-acting stimulus is more attractive for the 
clients of e-shops to repeat purchase – getting an instant discount when they purchase a certain amount, 
long-term incentives are almost equally important to them (marked in red in Fig. 2). These are mainly 
references from clients about positive experience with e-shop, online counselling and permanent discounts 
for certain points from the previous purchases. The Crosstab analysis revealed that the long-term 
incentives are significantly more important for clients with higher (particularly secondary and tertiary) 
education and older age groups over 51 years. All these incentives are emotional and social components of 
the value provided to the customers, leading them to a stronger emotional attachment to an e-shop 
reinforcing their positive attitude to the e-shop while increasing their loyalty.  

Somewhat less, but still above average, important for the e-shop clients is discount they can get with the 
next purchase for a previous purchase, or a gift they get for some points for previous purchases (marked in 
orange in Fig. 2). Interestingly, the purchase discounts for the clients of e-shop are significantly more 
important than the gifts, especially for men and age group under 35. The fact is that their impact on repeat 
purchases is short-lived.  
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Very valuable for deciding 
on forms of support 
programs is the finding 
that the e-shop clients are 
encouraged to repeat 
purchases much less by 
classical forms of short-
term sales support, such 
as gifts that the customer 
gets immediately for a 
purchase for a certain 
amount, term discounts 
(special offers) and 
rewards for compe-titions 
when the customers 
respond to a question, 
and one of them is drawn 
and wins a gift. In terms 
of increasing e-shop 
customer loyalty and 
retention, short-acting forms of sales support are mostly less effective (mar-ked in green in Fig. 2).  

Pair correlation of significance of the various stimuli is shown in Tab. 1. The darker the colour is in the 
correlation matrix in the cell, the stronger the pair correlation is between certain incentives to repeat purchases. 

 Tab. 1: Pearson pair correlation coefficients of importance of incentives to repeat purchases 

The importance of 
incentives to repeat 

purchases: 

Discount 
from 

previous 
purchase 

Choose a 
gift for 
certain 

number of 
points 

Instant gift 

Constantly 
higher 

discount for 
points 

Instant 
discount for 

a certain 
amount 

Competitions Special 
discounts 

Online 
counselling 

References 
from clients 

on the e-shop 

Discount from 
previous purchase" 

1 ,340** ,235** ,416** ,394** ,324** ,263** ,214** ,217** 

Choose a gift for 
certain number of 
points 

,340** 1 ,457** ,393** ,227** ,324** ,299** ,139** ,127** 

Instant gift ,235** 

 
,457** 1 ,165** ,318** ,341** ,259** ,154** ,156** 

Constantly higher 
discount for points 

,416** ,393** ,165** 1 ,464** ,155** ,160** ,163** ,209** 

Instant discount ,394** ,227** ,318** ,464** 1 ,166** ,153** ,104* ,144** 

Competitions ,324** 

 
,324** ,341** ,155** ,166** 1 ,590** ,244** ,184** 

Term discounts ,263** ,299** ,259** ,160** ,153** ,590** 1 ,354** ,235** 

Online counselling ,214** ,139** ,154** ,163** ,104* ,244** ,354** 1 ,524** 

References from 
clients on the e-
shop 

,217** ,127** ,156** ,209** ,144** ,184** ,235** ,524** 1 

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 

Fig. 2. Preferences for forms of support to repeat purchases in e-shop 
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The Tab. of pair correlations shows that the clients who require online counselling also require references 
from clients on their experiences with e-shop. Also, importance of different types of discounts is strongly 
correlated. A strong correlation between incentives is obvious, in which they are offered gifts and, finally, 
there is an obvious stronger correlation between short-term incentives in the form of discounts and 
competitions. These four areas of stronger correlations reveal that e-shop clients in terms preferences for 
incentives to repeat purchases can be divided into four market segments, as confirmed by the subsequent 
cluster analysis. 

5. CONCLUSION 

The Internet penetration in business practices and the growth of e-commerce in various sectors, offering 
products for final consumption, require changing business models used in the marketing of products and 
services over the Internet. It turns out that in creating value for customers it is necessary to provide 
customers, in addition tangible benefits, with more intangible emotional and social benefits that make e-
commerce clients to a far greater extent repeat purchases, increasing their loyalty and strengthening 
relationships with them. The representative quantitative research showed that online pharmacy customers 
consider basic components of the e-shop's offer, such as the broad range of products, product description, 
price, amount of postage, delivery method, speed of delivery, contacts on the web and method of payment 
offered, to be very important, therefore neither can be excluded from the e-shop's offer, and, on the 
contrary, they should adjusted to the needs and requirements of the clients of e-shops. At the same time, 
the clients of e-shops appreciate references of other products by other clients on the e-shop website. To 
repeat purchases in the e-shop, instant discounts on purchases over a certain amount are important for 
them now but it isn’t enough. The research has shown that for repeat purchases in e-shops equally 
important to customers are the long term incentives. The clients of e-shops would welcome in particular 
access to references on the clients' experience with the purchase at the e-shop and an extensive online 
counselling, preferably by an expert for the category of the product offered. They demand advices on how 
to use the products, which products are complementary to the products ordered, which products are 
substitution products. They want to also address potential problems associated with purchasing and using 
the products. Conventional short-acting forms of sales support, such as competitions and term discounts, 
for no attractive enough for the clients of e-shops to repeat purchases. 
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Abstract 

Identification of assignable causes of the process variability and restriction and elimination of their 
influence are the main goals of statistical process control (SPC). Identification of these causes is associated 
with so called tests for special causes or runs tests. From the time of formulation of the first set of such 
rules (Western Electric rules) several different sets have been created (Nelson rules, AIAG rules, Boeing AQS 
rules, Trietsch rules). This paper deals with the comparison analysis of these sets of rules and with the 
analysis of the computer support of them. At the end of this paper some recommendations for the correct 
use of these rules are formulated. 

Keywords:, Common causes, special causes, runs tests, natural pattern, unnatural pattern 

1. INTRODUCTION 

Statistical process control (SPC) is an approach to process control that has been widely used in any 
industrial or non-industrial fields. It is primarily a tool for understanding process variation [1]. SPC is based 
on so called Shewhart´s conception of the process variability. This conception distinguishes variability 
caused by obviously effected common causes (process is considered to be statistically stable) from 
variability caused by abnormal special (assignable) causes (process is considered not to be statistically 
stable) using control charts. The main goals of SPC is an identification of abnormal variability caused by 
special (assignable) causes with the aim to make the process stable, minimize the process variability, 
improve the process performance. To meet these goals SPC must be built as the problem solving 
instrument and the sequence of the subprocesses “Out-of control signal revelation – Root cause 
identification – Action acceptance – Verification of action” must be the axis of the SPC application. In this 
paper the stress is put on the first subprocess applying to so called Shewhart control charts.  

Control chart is the main SPC instrument for the analysis of the process variation over time. It is a graphical 
depiction of the process variation and its natural and unnatural patterns. Control chart displays a value of 
the quality characteristic that has been measured or some sample statistics that has been computed from 
measured values in sample versus the sample number or time. Central line in the control chart represents 
the average value of the quality characteristic corresponding to the statistically stable process (only natural 
pattern is presented and only common causes influence the process). Control limits are set so that when 
the process is statistically stable, nearly all the points in control chart fall between them (for mostly applied 
±3σ control limits and assumed normal distribution it is 99,73% points). As long as the points are within the 
control limits and they show natural random pattern, the process is considered to be statistically stable. But 
if some points are out of the control limits or the points inside the limits show nonrandom (unnatural) 
pattern it is assumed that assignable cause of the abnormal process variation is present and must be 
removed from the process via searching for it and corrective action or some improvement must be realized.  
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In general the points plotted on a control chart form an irregular up-and-down pattern – natural or 
unnatural. An advantage of using control charts is that it enables observation of the process behaviour over 
time to search for occurring of any unnatural pattern [2] as a symptom of the special (assignable) cause and 
as a signal for the reduction of the process variation and for improvement.  

Natural pattern is such pattern where the points fluctuate randomly. It can be characterized as follows [3]: 
most points lie near the central line; only few of the points spread out and reach the control limits; very 
rarely some point goes out of the control limit. When some or all these attributes are missing the pattern 
will be classified as unnatural. Many types of unnaturalness can be recognized in control charts. But several 
generic patterns that can be detected for various processes were defined. In Tab. 1 we can find mostly 
recommended (for instance in [3], [4], [5], [6], [7]) and applied nonrandom patterns for Shewhart control 
charts with their description and their typical symptom in control chart. To standardize and simplify the 
process of the typical unnatural patterns recognition statistical tests (rules) that quantify the length of the 
unnatural patterns were formulated. 

Tab.1 Unnatural pattern description 

No. 
Unnatural (non-
random) pattern 

Pattern Description Symptom in control chart 

1 
Large shift 

(strays, freaks) 
Sudden and high change Points near and or beyond control limits 

2 
Smaller 

sustained shift 
Sustained smaller change Series of points on the same side of the 

central line 

3 Trends 
A continuous changes in one 
direction 

Steadily increasing or decreasing run of 
points 

4 Stratification 
Small differences between 
values in a long run, absence of 
points near the control limits 

A long run of points near the central line 
on the both sides 

5 Mixture 
Saw-tooth effect, absence of 
points near the central line 

A run of consecutive points on both sides 
of central line, all far from the central line 

6 
Systematic 
Variation 

Regular alternation of high and 
low values 

A long run of consecutive points 
alternating up and down 

7 Cycle 
Recurring periodic 
 movement 

Cyclic recurring patterns of points 

2. TESTS FOR UNNATURAL PATTERNS RECOGNITION 

Tests for unnatural patterns supplement the evidence of the unnatural pattern given by the position of the 
points relative to the control limits or central line with evidence based on the statistical theory of runs [8] 
except the Shewhart rule (point out of the control limit). They are based on the probability calculations that 
tell us the portion of points lying near the central line, near the control limits, etc. We will discuss tests that 
cover unnatural patterns no. 1 - 6 (see the former table), i.e. shifts, trends, mixtures, systematic variation 
and stratification. Tab. 2 contains sets of the rules that are the most well – known and applied (Shewhart 
rule [9], Western Electric rules [3], Nelson tests [10], ISO 2859 tests [11], special sets formulated by large 
companies (Boeing [12], AIAG [13]) and the most new set by Trietsch [2]. 
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Rules 1 - 4 were defined to quickly recognize patterns linked to the shifts in the process. Rule 5 is connected 
with the trends, rule 6 and 8 with patterns caused by incorrect sampling and rule 7 with abnormal 
oscillation. 

Historically first rule for the detection of the assignable cause developed W. S. Shewhart – in Tab. 2 it is 
Rule 1. Set of Western Electric Rules added to the Shewhart criterion run tests covering such unnatural 
patterns as smaller or sustained shifts (called zone tests), mixtures, stratification and systematic variation. 
To be able to apply these tests the region between control limits in control chart must be divided into 6 
zones each of 1 sigma width and the location of the predefined sequences of the points in relation to these 
zones must be evaluated. As normal distribution of the applied sample statistics is supposed, in zones C 
68,27% values, in zones B 27,18% values and in zones A 4,28% values are expected when process is 
statistically stable. 

Tab.2 Tests for unnatural patterns 

Tests for unnatural patterns 
Shewhart 

Rule 

Western 
Electric Rules 

Nelson 
Tests 

ISO 8258 AIAG 
Rules 

Boeing 
ASQ Rules 

Trietsch 

Rule 1 

One or more points more than 3 
sigma from the mean (beyond 
zone A) 

 1 

 

1 1 1 1 1 

Rule 2 

2 of 3 consecutive points 
between 2 and 3 sigma from 
the mean (in zone A or beyond) 

 2 5 5  2 5 

Rule 3 

4 of 5 consecutive points 
between 1 and 3 sigma from 
the mean (in zone B or beyond) 

 3 6 6  3 6 

Rule 4  

8 consecutive points on one side 
of the mean (in zone C or 
beyond) 

 4 2 

 

9 points 

2 

 

9 points 

2 

 

7 points 

4 2 

 

9 points 

Rule 5 

Six consecutive points steadily 
increasing or  

decreasing 

  3 3 3  3 

Rule 6 

15 consecutive points both 
above and below central line (in 
zones C) 

  7 7   7 

 

13 points 

Rule 7 

14 consecutive points 
alternating up and down 

  4 4   4 

 

13 points 

Rule 8 

Eight points in a row on both 
sides of the central line with 
none in zones C 

  8 8   8 

 

5 points 
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Rules 2, 3 and 4 were designed for quicker identification of the shifts from the mean as compared to the 
test 1 (early warning indicators).  
As it can be seen in Tab. 2 the most complex as to the rate of covering all eight defined rules are Nelson 
rules [10]. In addition to the Westerns Electric set Nelson defined run test for the oscillation and for the 
trends. In rule 4 he changed the length of the run from 8 to 9 points. As compared to the Western Electric 
rules the sequence of the rules had been changed by Nelson, too. Standard for Shewhart control charts ISO 
8250 has wholly copied the Nelson set of rules. Also Trietsch in his publication works with the Nelson rules 
but in rules 6, 7, 8 he has changed the length of the runs to reach better statistical properties of these tests. 
Rules of the companies Boeing and AIAG have less complex sets of rules based on the first four Western 
Electric zone rules. 

3. METHODOLOGY FOR APPLICATION OF THE RULES FOR UNNATURAL PATTERN RECOGNITION 

In literature (see for instance [9], [3], [14], [15], [10], [16], [17], [4]) several strategies for the application of 
the rules for unnatural pattern recognition from different authors can be found. They have many 
differences but the main idea is common: runs test must not be applied routinely; it is really impractical 
and simultaneous application of all known rules brings a danger of unacceptable rise of the false alarm.  

As it can be found in the mentioned literature some authors differ in the idea what rules to apply routinely. 
But predominantly they recommend rule 1 in conjunction with rule 4. For additional sensitizing of the 
control charts some of the authors recommend rules 2 and 3. Wheeler recommends using of these rules 
only when increasing sensitivity of a control chart is absolutely necessary. From some strategies it can be 
seen an effort to apply separately rules for the identification of patterns for shifts and patterns for 
subgrouping problems (for instance Wheeler intents [16] that the main use of Rule 6 is at start-up of SPC 
than in an on-going control). Some authors put the stress on the phases of the SPC implementation when 
selecting suitable rules. Montgomery means that „Sensitizing rules can be helpful when the control chart is 
first applied and the focus is on stabilizing an out-of-control process. However, once the process is 
reasonably stable, the routine use of these sensitizing rules to detect small shifts or to try to react more 
quickly to assignable causes, should be discouraged” ([4], p. 177).  

4. TESTS AND TYPES OF CONTROL CHARTS 

When selecting suitable rules for the selected control chart it must be considered that ([10], [3], [2], [16.]): 

� All rules can be applied to x-bar chart and individuals chart supposing normal distribution of the 
variable; 

� Rules 1- 4 can be applied to the dispersion charts (R, s) without any modification when sample size is 
5 or more (it should lead to the symmetric control limits); 

� Nonparametric rules (Rule 5 and 7) work sufficiently well for any continuous distribution. 

� The rules can be applied without any problems to attribute control charts np and c supposing that 
normal approximation is valid and control limits are reasonably symmetrical.  

� The same pays for the control charts p and u with constant control limits. 

 

 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1666 

5. ANALYSIS OF SELECTED SW PRODUCTS SUPPORTING UNNATURAL PATTERNS RECOGNITION 

As it was mentioned in the previous chapter routine application of runs rules can lead to reducing the 
effectiveness of SPC implementation. Now days there are many SW products that support this part of SPC. 
They enable to increase effectiveness of the problem solving in SPC but at the same time they bring danger 
of routine application of the runs rules with its negative effects.  

In this charter the analysis of SW (Statgraphics [18], [19], Minitab [20]) used for the education at the 
Department of quality management at the University of Ostrava, Czech Republic and really excellent 
statistical SW used by many well known Czech universities (Statistica [21]) will be done in connection with 
their support to the control chart unnatural pattern recognition and with respect to the problems discussed 
in the previous chapter.  

In general all analysed SW products cover the set of Nelson rules (the same used in ISO 8258) with some 
little departures. All Nelson rules (all tests for assignable causes) including Shewhart criterion 1 (Rule 1) 
contains only SW Mini Tab. The rest of the analysed SW have rule 1 incorporated into the basic control 
chart analysis outside the set of runs tests. Statgraphics products have slightly different definition of run in 
rule 5, rule 8 (Statgraphics Plus) and Rule 8 (Statgraphics Centurion). Detailed characterization of every 
analyzed SW can be found in Tab. 3. 

As to the complexity in general it can be stated that all analysed SW cover the set of Nelson rules (the same 
used in ISO 8258) with some little departures. Only SW Minitab contains all Nelson rules (tests for 
assignable causes) including Shewhart criterion 1 (rule 1). The rest of the analysed SW have rule 1 
incorporated into the basic control chart analysis outside the set of runs tests (for that reason in these SW 
the term „runs tests“ is used). From the point of view of the common types of the unnatural patterns 
defined in this paper (large shift, smaller sustained shift, trends, stratification, mixture, systematic 
variation) all analysed SW cover all these types except Statgraphics Plus where systematic variation is not 
considered. 

All analyzed SW cover all standard Shewhart control charts for variables and for attributes. Statgraphics 
products cover in addition ARIMA residuals chart and CusCore chart. 

To use the tests correctly the user needs to have at least basic knowledge of the statistical base of the tests. 
This request is to a certain extent solved only in SW Statistica.  

Different default runs length definition as compared to the Nelson rules can be found in the Statgraphics 
SW products in rule 5, rule 8 (Statgraphics Plus) and rule 7 (Statgraphics Centurion).  

The analyzed SW also differ in the default rules. SW Statgraphics Plus and Statistica have preset all defined 
rules, covering unnatural patterns as all types shifts in the mean, systematic variation, stratification and 
mixture; Statgraphics Centurion only first four (according to the numbering in Tab. 2 - rules 4, 2, 3, 5, i.e. 
rules covering different types of shifts).WS Minitab has only first four rules ((according to the numbering in 
Tab. 2 - rules 1, 4, 5, 7 covering basic types of the mean shift and systematic variation). For less experienced 
user setting all the tests as a default can be confusing. Better access is setting the limited number of rules. 
It is not good strategy to apply all tests simultaneously – it leads to the higher false alarm and to more 
complicated analysis of the process. The limited number of rules as a default is a smaller evil.  

In addition every rule is not suitable for each type of the chart. In SW Statgraphics Centurion and Minitab 
the user is to some extend protected from incorrect application of runs rules as to the type of control chart 
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by the limited default set of runs that can be applied to various control charts. But most precisely it is 
solved in  

Minitab where the system itself enables to use only suitable runs tests when it is needed – for R, S, moving 
Range, np, p, u, c charts only tests 1, 4, 5 and 7 (numbering according Tab. 2) are allowed.  

 Tab. 3 Multicriteria analysis of the selected SW 

Properties/ SW 
Statgraphics Plus 

V.15 

Statgraphics 
Centurion 

v. XV 

Minitab 

v. 15 

Statistica 

v. 16 

Term used for unusual pattern Unusual pattern Unusual 
sequence 

Nonrandom 
pattern 

Systematic 
pattern 

Term used for tests Runs chart Runs tests Tests for special 
causes 

Runs tests 

Complexity  6 from 8 7 form 8 8 from 8 7 form 8 

Statistical base of tests no no no yes 

Coverage of unnatural pattern     

� Large shift  yes yes yes yes 

� Smaller sustained shift yes yes yes yes 

� Trends  yes yes yes yes 

� Stratification yes yes yes yes 

� Mixture yes yes yes yes 

� Systematic Variation no yes yes yes 

Different default runs definition as compared to 
Nelson rules 

2 2 0 0 

Default number of rules 6 all First 4 First 4 (WE)  7 all 

Possibility to choice the rules yes yes yes yes 

Possibility to change the length of runs yes yes yes yes 

Possibility to change definition of zones yes yes no yes 

Indication of patterns in control chart yes yes yes yes 

Record of assignable causes into control chart no no no yes 

Record of actions into control chart no no no yes 

Warning about simultaneous using more rules  no no yes yes 

Warning about the necessity to have a deep 
knowledge about process  

no no yes yes 

Types of control chart covered (S- Shewhart, O- 
other) 

S + 0 S +0 S S 

The same default set of rules for different control 
charts  

yes yes yes yes 

Information to that control charts are rules 
applicable 

Yes (no precise) Yes (no precise) partial partial 

Defined potential general assignable causes  no no no yes 

References  yes yes yes yes 

Description of rules yes yes yes yes 

Interpretation of rules no no no yes 
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All the tested SW are flexible as to the choice of the run test and the run length. We can select only test or 
tests we need. It offers the possibility to set the unique strategy for the analysis of the process instability 
related to the process behaviour. The possibility to change the length of the runs can lead to the selection 
of the optimal length connected with the acceptable value of false signal. Except SW Minitab all tested SW 
enable to change definition of zones. It offers possibility to adopt the rules to control chart that is not based 
on the normal distribution. It is sufficiently flexible for the user but the information how to decide about 
suitable tests or the length of runs is not appropriately detailed. 

Indication of patterns in control chart is solved in all analyzed SW. SW Statistica offers in addition the 
following function: when the out-of-control conditions are investigated and an explanation for them is 
found, investigator can assign descriptive labels to those out-of-control samples and explain the causes and 
actions that have been taken. Having causes and actions displayed in the chart will document that the 
centre line and the control limits of the chart are affected by special cause variation in the process. 

As it was mentioned above simultaneous application of more rules leads to rise of false alarm and it can 
lead to worse and longer identification of really affected uncommon causes. Warning about simultaneous 
using more rules is included only in the adviser of SW Minitab and Statistica. The same conclusion can be 
done as to the warning about the necessity to have a deep knowledge about the analyzed process. But 
without appropriate knowledge about the process the unnatural patterns analysis can´t offer acceptable 
results. 

Description of the set of the rules can be found in each analyzed SW. But the most detailed description 
including possible interpretation of the rules and definition of possible assignable causes offers only SW 
Statistica.  

The former analysis of the properties of the analyzed SW showed that the best solution in the field of runs 
tests application offer SW Minitab and Statistica. But they also suffer from some disadvantages that can 
lead little experienced user to incorrect results and to complicate procedure of the process control. It can 
unfortunately result in ignoring these runs tests in the analysis of the process stability or failing of the 
whole SPC application. For that reason in the next charter simple methodology for the correct application 
of tests for special casus is formulated. 

6. RECOMMENDATIONS FOR THE APPLICATION OF RULES FOR UNNATURAL PATTERNS RECOGNITION 

� Before applying runs tests or tests for special causes check the default set of tests for selected 
control charts.  

� Never routinely apply all runs tests or tests for assignable causes even if they are preset in your SW. 

� Check if chosen control charts have reasonably symmetrical control limits because in such situation 
next conclusions are valid: 

� all tests (Rule 1 - Rule 8) can be applied to x-bar chart and individuals chart supposing normal 
distribution of the variable; 

� rules 1- 4 can be applied to the dispersion charts (R, s) without any modification when sample size 
is 5 or more; 

� the rules can be applied without any problems to control charts np and c supposing that normal 
approximation is valid and control limits are reasonably symmetrical.  

� The same pays for control chart p and u with constant control. 
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� Tests 5 and 7 work sufficiently well for any continuous distribution because of their nonparametric 
nature. 

� In the situation when control charts have reasonable symmetrical control limits, select suitable test 
according to the following schema: 

� Rules 6 and 8 apply at the beginning of the SPC implementation to verify rational subgrouping.  

� In the phase of the statistical stability ensuring start with Rule 1 and 4. 

� If additional sensitizing of control chart is necessary add Rules 2 and 3 or only one of them.  

� When your knowledge of the process has risen during the previous SPC implementation adds some 
of the other standard tests or your own fitted test. 

� Test 5 apply singularly (its marginal increase in sensitivity to real signals is more than offset by the 
greater increase in false alarm ([16], p. 137). 

� Rules 1 – 4 apply to both halves of the control chart but separately. 

� When using a couple of control charts (for instance x-bar and R) start with an analysis of the 
dispersion control chart. 

� Keep in mind that where the run test is violated does not always indicate where the process change 
had occurred. 

7. CONCLUSIONS 

Based on the theoretical background made in the introductory chapter this paper dealt with the analysis 
and comparison of the several known sets of the rules for the special causes identification. Shewhart rule, 
Western Electric Rules, Nelson tests, ISO 2859 tests, special sets formulated by large companies (Boeing, 
GE) and the most new set by Trietsch were compared. In the light of the conclusions of these analyses the 
next multi-criteria analysis of the selected SW product with the focus on the tests for the special causes 
identification were done with the aim to reveal the advantages and disadvantages of every discussed SW 
from the point of view of the support for meeting the main goal of SPC. Based on this analysis several 
recommendations for the correct and effective application of these tests were then formulated. 
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Abstract  

The article is devoted to the problem of assessment of the quality of technological process management, 
using a multivariate loss function. An attached example also illustrates the calculation of the TSL criterion 
and the possibility of an optimal set-up of a process. 

Keywords: loss function, regression analysis, optimization 

1. INTRODUCTION  

In principle, the same problems to be resolved occur in most technological processes. The problems are 
related to inputs, outputs and the course of the process.  

First, in order for the process to run successfully, its key inputs must be set appropriately. This setting, 
however, must be based on the knowledge of required outputs for which one defines quality characteristics 
Yi and their required levels, or additionally boundaries within which Yi ’s must fall. Also, one tries to answer 
the question of which inputs Xi have the most significant influence on the output characteristics Yi before 
setting them up. At the same time, monitoring of both the inputs and outputs must be in place to ensure 
the process runs its predetermined course. The course of the process is assessed so that the process can be 
further improved or its potential imperfections corrected. In terms of organization, such problems may be 
considered as part of the pre-production stage (inputs selection and their set-up), production stage or post-
production stage. A variety of statistical methods is used for each of these stages. Nowadays, the design of 
experiments (DOE) and control charts are the most effective tools for the pre-production planning. The 
latter is used for process output monitoring as well. In the post-production stages, the so-called process 
capability assessment is carried out, using a variety of capability indices.  

Many statistical methods are used in the described stages. The least attention is probably paid to the 
statistical assessment of outputs, for which it is usually only stated whether the characteristic Yi falls within 
the prescribed bounds. At the customers’ request, capability indices are fairly often calculated as well. See 
[toš], for example, for further details on these measures.   

 A less known alternative to capability indices is the concept of loss function introduced by dr. Genichi 
Taguchi. This approach is interesting for two reasons. It expresses the level of the process by a financial loss 
resulting from not achieving the pre-defined values of Yi’s. It also enables one to calculate the optimal set-
up of the process under very general conditions involving an arbitrary number of input parameters Xi and 
an arbitrary number of outputs Yi, which are potentially functions of the inputs, Yi = f(X1,...,Xk). The outputs 
may also be mutually dependent. This situation is what this article deals with. 
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2. UNIVARIATE LOSS FUNCTION  

Loss function is based on the simple principle that the customers have a certain idea about what they 
expect from the supplier, and the farther the result is from this idea, the less the customers are satisfied. 
Formal description of this principle is embedded in the loss function [4] which quantifies customer’s 
dissatisfaction by a financial loss according to the equation  

2)()( TYkYL �� ,                                         (1) 

where 

T = target value of the quality characteristic (the customer’s idea), 

Y = trully achieved value of the quality characteristic,  

Y-T = difference between the reality and the idea,  

k = constant, 

L(Y) = financial loss of the customer due to not achieving T.  

The calculation of L(Y) is not interpreted only as the ability to meet customer’s demands, but also as the 
ability of the suppliers to set up their processes correctly. Higher L(Y) means lower quality of the 
management, whereas values near zero confirm a perfect production set-up.  

The constant k in equation (1) follows the relation  

2d
Ak � ,                                                (2) 

where 

A = constant expressing costs (a usual loss resulting from exceeding the tolerance), 

d = tolerance 

A more interesting measure than the individual loss calculated for each separate product is the average loss 
resulting from exceeding the tolerance T. The average loss satisfies the equation  

22
2 .)( sks

d
AYEL �� ,                                      (3) 

where  

s2 = variance of the observed quality characteristic 

EL(Y) = average value of L(Y)  

Since finding the constant A might be a problem, a standardized loss function SL(Y), see [2], was introduced 
by the equation  

2

.4)( %
&
'

(
)
*

�
�

�
LSLUSL
TYYSL .                                      (4) 

This function doesn’t require the value of A. The resulting value of SL(Y) has no physical dimension, so that, 
for instance, SL(Y) = 0,7 may be interpreted as a 70% loss caused by the difference Y – T.  

3. MULTIVARIATE LOSS FUNCTION  

Dimensionless standardized loss function enables to sum values of different quality characteristics, and 
thus enables to define a multivariate loss function for independent quality characteristics, forming a vector 
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y = (Y1,...,Yp), and their target values Ti, summarized by the vector t = (T1,...,Tp). The function described in [2] 
has the form  

2

1
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�                                   (5) 

If the Yi ’s depend on the vector of variables x = (X1,...,Xm), the relation (5) can be rewritten as  
2
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where Yi(x) is the function of the form Yi = f(X1,...,Xm).  

If the quality characteristics Y1,...,Yp are mutually dependent variables, equation (6) can be generalized as in 
[3], i.e.  

( ( ) ) ( ( ) ),TLY y x t C y x t� � �                                      (7) 

where 

y(x) = vector of the quality characteristics Yi which depend on the vector of inputs x = (X1,...,Xm), 

   so that Yi = fi(X1,...,Xm), 

t = vector of the target values, 

C = costs matrix (analogy to the cost constant A in relation (2)). 

The coefficients cii on the main diagonal of the matrix  

7
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are calculated according to the equation  

2)(
4
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ii LSLUSL
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�

�                                          (9) 

If the variables Y1 and Y2 are independent, the matrix C is diagonal and cij = cji = 0. 

Example (data from [2] are used here) 

Suppose the process has two outputs Y1,Y2 and three inputs X1,X2,X3, through which the process is 
managed.  

 Tab. 1 Process specification 

 Inputs 

LSL Actual USL  

5 10 20 X1 

50 60 75 X2 

140 150 200 X3 

   Outputs 

LSL Target USL  

615 625 635 Y1 

75 80 85 Y2 
TSL 19,47689   
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Target values Ti and boundaries not to be exceeded, the lower bounds LSLi and the upper bounds USLi, are 
prescribed for the outputs. For the inputs Xi, only the lower and upper bounds LSLi a USLi are defined, and 
target values are replaced with the currently used levels at which the inputs are set up (tab.1). These data 
are called the process specification.  

The level of the settings is assessed with multivariate loss function (6). Its use, however, requires us to find 
regression functions that would describe the dependence of the outputs Yi on the inputs X1,...,X3. These 
regression functions are [2] 

31
2
1

2
33211 25,0875,1013,025,42563,1679,6639,190)( xxxxxxxxY 
��
���  

31212 025,02365,08357,21264,58)( xxxxxY 

��  

Now, substituting these into (6) for Y1(x),Y2(x) and setting X1 = 10,X2 = 60 and X3 = 150  

gives Y1(x) = 580,964 and Y2(x) = 81,4594. 

For the specification T1 = 625, T2 = 80, LSL1 = 615, USL1 = 635, LSL2 = 75, USL2 = 85, the resulting TSL is  
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This calculation can also be performed with matrices according to (7). In this case, it follows that  
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The matrix form is more convenient as it enables to generalize the calculation for the case when outputs 
are dependent, i.e. when the matrix C contains non-zero elements cij. Their calcuation is described, for 
instance, in [3]. 

In case of non-zero coefficients 02112 N� cc , the matrix calculation has the form  
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Based on TSL, we may now compare the quality of different process settings, and also solve the following 
optimization problem: what setting of the inputs X1,X2 a X3 minimizes TSL and causes the outputs Yi to be 
close to the values Ti. 

TSL is very sensitive to parameter changes: for instance, setting x3 = 200 and leaving the other inputs 
without changes results in TSL = 51.3, or x1 = 15 gives TSL = 155,97. If the process was assessed with 
capability indices, such as the most frequently used Cpk, there would be no connection with the regulated 
inputs and no possibility to calculate the optimal setting.  

 Tab. 2 Optimiziation of inputs 

 Inputs 

LSL Optimal USL  

5 7,8 20 X1 

50 51,4 75 X2 

140 162,9 200 X3 

   Outputs 

LSL Target USL  
615 625 635 Y1 
75 80 85 Y2 

TSL 1,9.10-11  

4. CONCLUSION  

Using loss functions to assess the managerial quality turns out to be very suitable because not only does it 
assess the state of the management, but it also enables to calculate the optimal settings. TSL is usable for 
an arbitrary finite number of inputs and outputs, regardless of whether independence of the outputs is 
required or not. At the same time, assessing the managerial quality with the TSL calculations is very simple, 
although optimization requires a special software.  
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Abstract  

For the last dozen years Polish metallurgic products supply networks have undergone strong changes in 
their logistic systems. The article analyses the formation of metallurgic products supplies as regards 
suppliers and recipients. The author indicated a shift of the material distribution point for the determined 
assortment groups. Simultaneously, the author underlined the role of service centres and steel yards in the 
reorganization of a distribution network. It was also indicated that distribution networking is an 
opportunity to increase adaptivity of both individual distribution enterprises and all supply chains. The 
study presented in the article was carried out as part of the author's own research project entitled: An IT 
system to assist the management of material flows in a network as exemplified by metallurgic products. 

Keywords: decoupling point, supply network, metallurgic products 

1. INTRODUCTION  

The notion of a supply network in the logistic literature is referred to the terminology concerning supply 
chains. Numerous authors specializing in research into supply chains [including especially: 1,2,3,4] indicate 
that this notion is intuitionally is referred to simple hierarchical relationships between organizations 
cooperating in order to add value to the product at the stage of manufacturing it and delivering it to the 
customer. Supply chains understood in this way provide the basis for research into shared planning, 
predicting or designing the product. In reality, however, relationships between enterprises are very 
complex and often bidirectional, which means that the same organization can be both a supplier and a 
recipient for an enterprise, and in connection with the large variability of micro and macro factors of the 
environment, they are often built horizontally. Such a look at contemporary networks of cooperating 
enterprises provides new research possibilities as regards logistic systems and processes. 

A special role in such complex systems is taken by organizations which combine the part of the chain 
oriented on supply in the chain with the part oriented on demand. Such organizations are called decoupling 
points. The purposes of the study presented in the article was to indicate challenges faced by decoupling 
points in supply networks of metallurgic products and tendencies of locating them in supply networks of 
metallurgic products depending on the type of the product.  

In connection with the above Chapter 2 analysed approaches to determining decoupling points and 
indicated the criterion for selecting objects fulfilling the assumptions of the decoupling point in a supply 
network. The production and logistic network (The term: production and logistic network, used in this 
article as identical with the notion of the supply network) of metallurgic products was described according 
to attributes of complex adaptive systems, indicated on the basis of the carried out literature research. The 
secondary data analysis (Data of the Polish Central Statistical Office in 2003-2010). 
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enabled characterization of metallurgic products supply chains according to sectors of industrial 
production, assortment categories as well as for every category according to supplies formed at suppliers' 
and at recipients'. The statistical analysis, carried out on the basis on those data, allowed, on one hand, 
selecting assortment groups in which there occurred shifting supplied from suppliers to recipients, and, on 
the other hand, describing the relationship between such variables as supplies (quantitatively and 
qualitatively), the stock turnover, the consumption of products in sections and industrial production 
sectors. The statistical analysis carried out on the basis of these data allowed, on one hand, selecting 
assortment groups in which there were the biggest fluctuations of the stock turnover indicator at suppliers' 
and at recipients', and on the other hand describing the relationship between such variables as supplies, 
the stock turnover, the consumption of products in sections and departments of industrial production. On 
this basis the authors indicated the manner of changes in the structure of tasks completed by decoupling 
points in this business line. 

2. SUPPLY NETWORK OF METALLURGIC PRODUCTS  

Enterprises cooperating in supply chains must react efficiently to variable conditions of the external 
environment as well as adapt skilfully to changes inside the structure of the chain. Turbulent and stormy 
environment is the main factor to influence reconfiguration and changes in the structures of supply chains, 
including increasing the width of individual steps of the chain (The width on individual steps of the supply 
chain refers to the terminology of distribution channels, where the channel width means the number of 
subjects on a given step of distribution (wholesale, retail).). Increasing the number of formed relationships 
on the supply stage, production or distribution is especially characteristic in periods of the growth of 
demand on products flowing in a supply string. Relationships between enterprises, created in this way, are 
defined in the literature as network supply chains [5] or supply networks [6,7]. The level of formation of 
complex networks (supply, production, distribution) depends on the product type (degree of its complexity, 
multivariantness, the differentiation level) and the characteristics of the recipients' market (the 
differentiation of segments, the acceptable lead time, other service standards ).  

Changes in Polish metallurgy observed for the last 15 years indicate the adequacy of choosing this business 
line in order to investigate the problems of distribution points in the supply networks. The Polish metallurgy 
gradually changes its own production offer towards deep-converted products. The specialization of 
metallurgic enterprises becomes a market necessity. Such tendencies concern both the production side of 
the supply chain and the distributional part. Offering value added services by distribution enterprises so as 
to differentiate their metallurgic products according to the specification of placed orders, is an answer to 
changes both in the environment of the supply chain and in its structure itself. Consequently the strongest 
distributors on the market combine their tasks resulting from the realization of the push strategy as well as 
tasks resulting from the completion of the pull strategy). These organizations are defined in the metallurgic 
terminology as service centres (flat products) and steel yards (long products). The completion of production 
and logistic tasks entails necessity to build numerous cooperation relations so as to gain substitution and 
complementary resources. Production and logistic systems designed in this way enable complex and 
punctual realization of complex orders. 

Supply networks of metallurgic products consist of numerous cooperating nodes connected by different 
formal and informal relationships. Such a structure enables the network configuration to match current 
market needs. The adaptation of enterprises cooperating in a production and logistic network of 
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metallurgic products to changes in the environment induces to characterize such structure as a complex 
adaptive system.  

Complex systems consist of multiple parts which can adapt and transform into new forms with every step 
coming closer to solving a problem [8]. Finding an optimum solution of a complex problem is not real, parts 
of the problem enter into interactions with other elements of the system. Riddalls C.E. et al. (2000), 
characterizing supply networks as complex adaptive systems, indicated their feature: „every node can 
possess complex components allowing creating subsequent network connections with other supply 
chains”. Zhang L. et al. (2009) underline that every network supply chain is inherently complex because of 
its multi-level and multidimensional structure. Piramuthu S. (2005) proves that entre possibilities of various 
configurations for network supply chains result from the number of levels of the chain and the number of 
combinations between enterprises on each level. Sahin F. and Robinson E.P. Jr. (2002) notice, however, 
that the complexity is reinforced by the fact that enterprises in business networks can be included into the 
structure of different supply chains and play various roles in them.  

The analysis of decoupling points in systems characterized in that manner is a new area of research into 
logistic tasks. An enterprise playing the role of the decoupling point in a supply network is responsible for 
synchronization of flows. Simultaneously, the need to establish network relations in order to gain specialist 
unique resources additionally imposes on this organization a duty to co-ordinate production and logistic 
tasks in the formed network. Due to the dynamic character of contemporary business networks, underlined 
in publications characterizing supply networks as complex adaptive systems, tasks realized by decoupling 
points are especially complex, hence it is essential to carry out research in this ran.  

3. DETERMINING THE DECOUPLING POINT  

Studies on production and logistic processes in network supply chains of metallurgic products are carried 
out by scientists both on the strategic level and the operating level. On the strategic level researchers 
analyse the configuration of metallurgic enterprises with regard to the strategy of central subjects in the 
network [13] and factors determining the structure of production networks in metallurgy [14].  

On the operating and tactical level though, attention is concentrated on scheduling tasks [15] and 
managing material flows [16]. Lenort R and Samolejova A (2007) indicate the importance of bottlenecks in 
production processes in the steel industry indicating problems of limited capacity of resources. 
Disturbances in completed tasks, resulting from limited capacity of resources, become more intense with 
large fluctuations of demand. Enterprises which are decoupling points in a supply chain are to a greater 
extent than other chain links, exposed to fluctuations of the utilization of production capacities, and 
consequently to disturbances resulting from insufficient production capacities during a sudden increase in 
demand. 

So, the article assumes that one of the factors decisive about the structure of a supply chain, including also 
the level of networking of the chain, is the location of the decoupling point (The interpretation of the 
decoupling point can be found in works by Bozarth C., Handfild R.B. (2007). The decoupling point can be 
situated in a supply chain according to one of the four options: manufacture to stock and/or production 
and shipment to stock, assembly to order, production to order, designing to order. The decoupling point 
separates two sides of the chain: the supplier-oriented (the supply side) and customer-oriented (the 
demand side). Its position depends on the adopted production strategy (ETO - manufacture of products 
designed to order, MTO - manufacture to order, ATO - assembly to order, MTS - manufacture to stock). In 
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the ETO strategy the supply chain is not activated until there is no binding order placed by the customer. 
The order is completed in the pull system (The pull system is a system in which processes realized by 
individual participants of the supply chain are activated by the customer's order.). The push system (The 
push system concerns those supply chains where products, beginning from the manufacturer, are 
transferred in batches to the subsequent steps of the distribution system, and are as it were "pushed” by 
the subsequent links of distribution channels.) is the most suitable when the demand is predictable (MTS 
method). The decision about the location of the decoupling point is connected with the leader's 
competitive strategy and determines the logistic strategy of all cooperating subjects, first of all by choosing 
the key node gathering supplies thus enabling efficient material flows in the whole supply chain. 

A logistic challenge which is faced by an enterprise playing the role of a decoupling point, is not only 
handling a quantitatively variable demand but also delivering products in many variants, highly specialized 
for the customer's needs. Building into the chain of deliveries a buffer in the form of supplies for multi-
variant products is very risky because it involves the risk of wrong prognoses and consequently costs of 
overstock or lost sales. This problem was considered in Chapter 3 indicating how tendencies for growth of 
product differentiation influences the formation of decoupling points for different product categories of 
metallurgic products.  

Barriers connected with limited production and logistic capabilities, individual organizations analysed by 
Lenort R, Samolejova A (2007) and Kramarz M, Kramarz W (2011) consequently translate into the minimum 
time of the logistic and production cycle (P). The logistic and production cycle is determined by the total 
time essential to produce and deliver the product to the customer. Simultaneously, the demand side of the 
supply chain is determined by competitive parameters manifesting themselves in attributes both necessary 
and sufficient for taking over the customer's order. All of the factors which the customer's logistic service 
(The logistic service of the customer is understood here as a capability of the logistic system to reacting to 
the customer's orders in respect of time, reliability, communication and comfort.) consists of, such as 
flexibility, the lead time of the order, the availability of products from stock, complexity, reliability, etc., 
ought to be considered in respect of the level making it possible to enter the market (necessary attributes) 
and in respect of the level which enables gaining a particular order (sufficient attributes). Sufficient 
attributes are the basis of competitive struggle. Hence, failure to provide their suitable level can result in 
the customer's leaving for a competitive enterprise. A. Harrison and R. van Hoek (2010) defines the 
acceptable lead time (D) as the maximum time which the customer is in a position to accept awaiting the 
completion of the order. The time of the production and logistics cycle and the acceptable lead time were 
presented on Fig. 1. 

 
 

 

 

 

 

 

 

Fig. 1 The decoupling point according to the time gap 

The length of the production and logistics cycle P 

 Acceptable Lead Time D P - D 
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The difference between the production and logistic cycle time and the acceptable time of the order 
completion cycle determine the so-called production gap which indicates the level of the supply chain 
where materials a decoupling point should be situated. This point presented on Fig. 1 indicates the vertical 
line separating the time (D) from the time (P - D). In this point processes based on expectations (push) 
transform into processes subordinate to the reported demand (pull).  

The presented ways of determining decoupling points persuaded the authors to attempt to indicate the 
main factors defining the organization playing such a role in the supply network. The key factor, indicated 
by many researchers into this issues, is the structure of supplies. From the perspective of the analysis of 
individual organizations in the enterprise playing the role of the decoupling point the condition concerning 
the structure of supplies is as follows: (input supplies / output supplies ) >1. This condition means that 
enterprises are supplied with large batches of the base product, which then, according to the reported 
demand, is transformed into the final product, adapted to specific needs of its recipients. Moreover, in a 
supply network, regardless of its complex character, in the group of additional factors characterizing the 
organization playing the role of the decoupling point one can indicate: a large intensity of the material 
stream and a strong differentiation of the material stream. From the perspective of the whole supply chain 
this point is characterized with a high level of supplies with relation both to its preceding links and the links 
which follow it. The article concentrated on the second from perspectives of the analysis as presented 
above.  

The structure of supplies in a supply chain defines tasks completed by the decoupling point. This structure 
(the ration of supplies at suppliers' to supplies at recipients')depends on the degree of differentiation of the 
product according to the recipients' needs. Strongly differentiated products require bigger supplies at 
suppliers' with relation to supplies at recipients'. Standard products, in accordance with the push strategy 
are located closer to the recipients. This specificity of products determines the tasks completed by the 
decoupling point. It indicates, on one hand, on strategic investment areas and, on the other hand, on areas 
where enterprises playing the role of decoupling points should build network relationships. In connection 
to the above, Chapter 4 examined tendencies in the structure of supplies at suppliers' and the recipients' 
for selected classes of metallurgic products.  

Supply chains of differentiated products for the recipients' needs can be designed according to the 
postponed production strategy in compliance with one of the variants: early differentiation and late 
differentiation. Early differentiation is fulfilled in a production enterprise, however, late differentiation 
means shifting the last stage of the production process(decisive about the product differentiation) to 
selected distribution enterprises [19]. In supply networks of metallurgic products one can observe a 
tendency for designing structures in compliance with the second variant. Hence the results of the carried 
out statistical analyses and conclusions concerning the tasks completed by decoupling points are related to 
distribution enterprises, defined in this business line as service centres and steelyards.  

4. DECOUPLING POINT IN A SUPPLY NETWORK OF METALLURGIC PRODUCTS - SUPPLIES AND 
CONSUMPTION OF METALLURGIC PRODUCTS IN DEPARTMENTS OF INDUSTRIAL PRODUCTION 

The tendency to specialize and concentrate on products with a high added value in the Polish steel 
industry, indicated by experts, is a factor which influences changes in the structures of supply chains. Deep-
converted products, including especially flat products, are differentiated on different stages of delivery to 
the customer. In connection with the above it was hypothesized that the structure of supplies in a supply 
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chain was indeed differentiated depending on assortment groups and segments of recipients. 
Simultaneously it was investigated whether the structure of supplies depending on segments of recipients 
is significantly correlated with consumption of products in these segments. 

 

The study took into account data concerning the stock turnover at suppliers' and the recipients' as well as 
the consumption and the stock level for 5 assortment groups:  

� W1 hot-rolled products, including: metal sheets, tapes, wire rod, rods, rails,  

� W2 cold-rolled steel sheets,  

� W3 metal sheets and tinned strips,  

� W4 sheet metal and galvanized steel strips, 

� W5 steel tubes 
 

The average consumption of steelwork and the stock level at recipients' was investigated at the turn of 
2006 - 2009. The segmentation of recipients was proposed according to the classification of the Polish 
Central Statistical Office (GUS), where among industrial production departments the following are 
mentioned: O1 - metal manufacturing, O2 - metal product manufacturing, O3 - computer, electronic and 
optical product manufacturing, O4 - electric device manufacturing, O5 – machine and device 
manufacturing, O6 – car vehicle, trailer and semitrailer manufacturing, O7 - other transport equipment 
manufacturing 

Fig. 2. Relative consumption at recipients' and relative supplies at recipients' 

At the first stage of research the authors calculated relative values of consumption of metallurgic products 
in individual segments of recipients and relative levels of supplies in the investigated years establishing the 
year 2006 as the base period (Fig. 2). The consumption of products increased intensely in the segment O3 
(computer, electronic and optical device manufacturing) in 2009 and 2010, which, however, did not entail 
any essential increase in supplies in this period of time. In 2008 one can observe an increase in 
consumption of products in segment O5 (machine and device manufacturing), supplies of products in this 
segment in each year show an increase with relation to the base period. However, in 2008 there was a 
strong increase in supplies of metallurgic products in segment O4 (electric device manufacturing) and O1 
(metal manufacturing). Consumption in these segments was slightly higher than in the base period. The 
analysis of variance for the relative values of consumption indicates the strongest increase in consumption 
in the trade O3. This section indicates tendencies in the Polish metallurgy towards supplying deep-
converted products. The analysis of variance indicated a significant effect of differentiation of consumption 
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in this section between products, years and for the interaction year*section of industrial production (Tab. 
1). 

 Tab. 1. The analysis of variance - the consumption of products according to departments of industrial 
production 

The consumption of metallurgic products was indeed differentiated in following research years, but did not 
show essential differences in hesitations of the consumption among segments of recipients. The interaction 
factor "year*section PP” provides the answer to the question whether the variability among individual 
years is the same in individual sections. The significant level of interaction (p<0,05) shows that the 
differences in consumption of metallurgic products in individual sections in years 2006, 2007, 2008 and 
2009 were essential. The results of the carried out analyses indicated an essential interaction in 
consumption of products in individual segments in the investigated years. This interaction means that the 
consumption of metallurgic products did not change in the same manner in all sections in years 2006 - 
2009. 

Moreover, the differences in variability of consumption of metallurgic products are statistically bigger 
between individual classes of products than between the investigated years. 

 Tab. 2. The analysis of variance - the stock level at recipients' according to departments of industrial 
production 

The analysis of variance for repeated measurements - the consumption of products according to 
departments of industrial production, Decomposition of effective hypotheses 

  SS  
Degrees of 
freedom MS  F  p  

Absolute term 4,94E+02 1 4,94E+02 42,47835 0,00000 
Section PP 2,86E+01 5 5,73E+00 0,49282 0,77821 
Error 2,67E+02 23 1,16E+01 
YEAR 4,65E+01 4 1,16E+01 2,8565 0,02788 
YEAR* Section PP 5,85E+01 20 2,93E+00 0,71886 0,79740 
Error 3,75E+02 92 4,07E+00 

The analysis carried out similarly for the stock level of supplies formed at recipients' according to segments 
(Tab. 2), showed the importance of the differentiation between the stock levels only between years. 
However, there are essential relationships between differences in the formation of supplies among 

The analysis of variance for repeated measurements - the consumption of products according to 
departments of industrial production, Decomposition of effective hypotheses 

SS  Degrees of freedom MS  F  p  
Absolute term 4,18E+03 1 4,18E+03 4,342006 0,04800 
Section PP 3,82E+03 5 7,64E+02 0,794451 0,56428 
Error 2,31E+04 24 9,62E+02 
YEAR 2,63E+03 4 6,58E+02 1,13633 0,34411 
YEAR* Section PP 1,15E+04 20 5,75E+02 0,991805 0,47899 
Error 5,56E+04 96 5,79E+02 
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departments of industrial production and also between stock levels in sections of industrial production in 
the investigated years (the interaction: year*section PP).  

Striving to answer the question how the structure of supplies changes in a supply chain of metallurgic 
products, in the next step the authors examined correlations between supplies and consumption of 
products in particular years. The factor introducing changeability in the structure of supplies is classes of 
products and sections of recipients. For factors of changes determined in this way the authors observed 
strong correlations between changes in the area of consumption of individual categories of products in 
segments in 2006 - 2009 and differences in the stock level of individual classes of recipients according to 
segments in the investigated years. The obtained results indicate adaptation of the stock level in individual 
years to the real consumption of each of the groups of products in individual segments.  

Expanding the analysis of supplies in supply chains of metallurgic products, in the next step the authors 
examined the stock turnover at the suppliers of metallurgic products and at recipients' (all segments in 
total) for all of the five product categories in years 2003 - 2010 (Fig. 3). 
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Fig. 3. The stock turnover at suppliers and the recipients of metallurgic products in 2003 - 2010 according to 

classes of products 

The stock turnover of products: W1, W2, W4, W5, in the investigated period was considerably higher at 
recipients’ of these products than at suppliers’ (producers’). Supplies of the W3 product are shown only at 
recipients'. The strongest tendency to the increase of supplies at suppliers' can be observed at the W3 
product, however, in case of the stock turnover at recipients' one can notice large fluctuations of this 
quantity in the investigated period. What may seem definitely alarming is data from 2010, where with 
relation to the previous year the stock turnover decreased for products: W5, W3, slightly for W1 and W2 
and only for the W4 product a slight increase was observed. 

Globally (for all classes of metallurgic products) the stock turnover at suppliers' is considerably lower than 
at recipients' in all the investigated years. The results of the analysis of variance, presented on fig. indicate 
that the major factor differentiating the stock turnover are the categories: supplies at supplier's ZD and 
supplies at recipient's ZO. However, the time does not differentiate significantly the stock turnover 

The structure of supplies in a supply chain of metallurgic products, where one can observe a slight stock 
turnover at suppliers' with relation to supplies at recipients' indicates a decoupling point located in the 
distributional part of the supply chain. Depending on the width of assortment, including especially the kind 
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of assortment groups which are in the distributor's offer, it plays a different role. Products with the greatest 
differentiation of rotation at recipients' require formation of a buffer in the supply chain. These are mainly 
cold-rolled products and steel pipes. Other flat products require the distributor to provide supplies of base 
products which then are differentiated depending on placed orders. The increasing stock turnover at the 
suppliers (manufacturers) of metallurgic products is connected with the growth of the role of distributors of 
metallurgic products in the Polish steel industry. Distributors fulfil their own role enabling a growth of the 
stock turnover in the production part of the supply chain. However, in the demand part of the supply chain 
the increase of orders strongly individualised according to the recipients' needs caused difficulties in 
adaptation of the distributors' potential. Large fluctuations of the demand on metallurgic products and 
their individual variants results in worsening indicators of the stock turnover in individual segments of 
recipients. Hence distributors face the necessity to improve their own processes so as to finally ensure the 
enlargement of the stock turnover for all assortment groups and to protect recipients against negative 
results of fluctuations of demand. Building a network relations in order to gain complementary resources of 
other distributors is an opportunity to increase the efficiency of distribution enterprises playing the role of 
the decoupling point. 

5. CONCLUSIONS 

Supply chains of metallurgic products dynamic undergo dynamic changes. Both the consumption of 
individual assortment groups and the formed supplies show substantial differences in departments of 
industrial production in the investigated years. The structure of the consumption of steelwork indicates a 
strong growth of demand in the segment: computer, electronic and optical product manufacturing. This 
segment reports demand for precise products, deep-converted with a high added value. The structure of 
supplies in individual segments generally corresponds to the level of consumption of products in these 
segments. The increase of supplies was observed especially at recipients' belonging to the segment "metal 
manufacturing” and also a slightly lower increase in segments: “electric device manufacturing” “machine 
and device manufacturing”. The stock turnover at suppliers' and recipients' at the turn of the investigated 
years indicates the role of contemporary distributors of metallurgic products. The low stock turnover at 
recipients characterizes such products as: metal sheets and galvanized steel strips and steel pipes. In the 
investigated years there as a strong increase in the stock turnover of cold-rolled steel sheets. The stock 
turnover of hot-rolled metal sheets remained on a relatively high level. Globally, the stock turnover at 
suppliers' in the investigated period showed an upward trend. Definitely stronger fluctuations in the stock 
turnover for individual product categories were reported at recipients. Metal sheets and tinned strips have 
the highest indicator of the stock turnover at recipients, however, this indicator is clearly on the decrease. 
Steady but slight growth of the turnover is noticed as regards such assortment groups as: hot-rolled 
products and metal sheets and tinned strips.  

As revealed by the carried out research, the decoupling point of steelwork is located in the distribution part 
of the supply chain. Such a configuration of the chain is connected both with characteristic features of steel 
products and with conditions imposed by recipients. The analysed structure of supplies in the whole supply 
chain and the consumption of products in individual segments confirms that the meaning of the 
organization manner of distribution processes is on the increase. The high levels of supplies in all the 
investigated assortment groups at suppliers and a slight stock turnover with relation to the stock levels and 
the stock turnovers at recipients confirm that service centres and steel yards are the points in a supply 
chain which transform the part of the supply chain controlled with supply into the part of the supply chain 
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controlled with demand. Depending on the segment of recipients, distributors playing the role of the 
decoupling point fulfil tasks in compliance with the strategic option accepted by the leaders of the supply 
chain, which is: manufacture to stock or assembly to order. In the first case enterprises fulfilling tasks of the 
decoupling point concentrate on typical functions of the warehouse, while manufacturing processes are 
realized comprehensively by manufacturers. In the second case distributors additionally take over tasks 
connected with postponed production. The second strategic option is the direction at which steelwork 
supply chains aim and it gradually eliminates the model of manufacture to stock. The realization of the 
postponed production strategy, connected with the tendency to differentiation of the product in chain links 
of the supply chain as close to the customer as possible requires enlargement of the supply base of 
distributors. The necessity to enlarge the access to specialized resources is an impulse to build network 
relationships. Complex production and logistic systems created in this way require a new approach to the 
problems of flow management. The management of material flows by the distributor playing the role of a 
decoupling point in such a network is a new area of analysis, a source of the of authors' further research. 
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Abstract 

Such companies become successful which flexibly and effectively respond to customers’ demands. 
Therefore, the customers' pressure increases along the supply chain to accelerate the reaction of suppliers. 
Companies need to accelerate and streamline not only their particular internal processes, but they must 
also accelerate and streamline all streams, including decision-making, throughout the supply chain if want 
to succeed. Encompassment of supply chain management becomes an important competitive advantage 
mainly for enterprises staying at the beginning of the chain and metals, metallurgic and metalworking 
products manufacturers are one of them. Companies realize however that they cannot perform all their 
activities effectively. This is the reason of growing interest in outsourcing of logistics. Companies thus can 
employ the best logistic services providers. Beside the difference in provided services they also vary in 
speed of response on changes on the market, planning, performance and control activities. Being 
connecting link between industry, business and customers they take over key role for management and 
optimization of the whole material stream. But outsourcing is bringing beside advantages also some risks. 
The highest risks for logistics providers are in the field of customer assignment and in the supply of 
insufficient or misrepresented information in the field of demand forecast development. Demand 
knowledge, forecast of orders or sales are entrance information for the supply chain management. 
However just this field does not work often effectively. This paper therefore deals with the role of demand 
planning as a part of supply chain management in the context of developing outsourcing of logistics. 

Keywords: Outsourcing, supply chain management, demand planning 

1. INTRODUCTION  

In today’s era, which can be characterized by development of a turbulent character, it is more and more 
difficult for enterprises to keep their position on the market. A strategic factor of competitiveness can be 
seen in time in the form of flexibility while satisfying the customers’ needs and while innovating in the 
areas of products, services and technologies. That is why we can see increasing importance of logistics and 
supply chain management, which aims to build up a perfectly flexible and resistant system that is able to 
satisfy the customers’ exacting requirements efficiently. Thus effective management of supply chains is 
becoming an important competition advantage, particularly for production companies, which are at the 
beginning of the chain, i.e. companies processing basic raw materials, including, for example, chemical and 
food industry companies and also metals, metallurgic and metalworking products manufacturers. However, 
companies realize that they cannot perform all their activities effectively and on a competitive level. A 
number of companies find it financially, but also from the point of view of the staff, impossible to ensure all 
the activities related to development, production, operations, maintenance, and distribution by 
themselves. They restructure their processes [1] and transfer some of their activities to external suppliers. 
As a result of this, outsourcing has recently become increasingly popular. The knowledge-based economy 
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and the demand for intangibles, either for consumption or investment purposes, as well as international 
outsourcing, has led to a major restructuring of many European economies, with a shift away from 
industrial activities towards services. Many of these business services have benefited from the outsourcing 
phenomenon, which may explain, in part, the structural shift towards services. More than two thirds of the 
EU-27’s credits (67.7%), and almost three quarters of its debits (70.2%) in the international trade of services 
in 2009 were accounted for by three categories: transport, travel and other business services [2]. 

Outsourcing can be beneficial for a company in a lot of aspects. However, extension of outsourcing itself 
leads, among a lot of other factors (e.g. focussing on central distribution, aiming at efficiency instead of 
securing the chain, globalization of the supply chain, reduction in the number of suppliers, minimization of 
the stock, increasing the product variability, centralized production), to an increased potential risk of a 
failure of the supply chain. The highest risks for logistics providers are mainly in the field of customer 
assignment and in the supply of insufficient or misrepresented information mainly in the field of demand 
forecast development. Demand knowledge, forecast of orders or sales are entrance information for the 
whole supply chain management. However, this is just the area where a number of problems that are, 
among others, specific in a lot of aspects from the point of view of individual lines of business and position 
of the enterprise within the supply chain, arise. Solution to these problems is often crucial for enterprises, 
but it is also protected by enterprises as their know-how.  

That is why this paper aims, in the first place, to describe the current trends in outsourcing, particularly 
with respect to the providers of logistics services, and then to focus on the essence and role of demand 
planning within a company, and necessary changes in the context of developing outsourcing in the area of 
logistics focusing on businesses at the beginning of the supply chain, i.e. also on metallurgical companies.  

Targeted literature search in scientific literature, a method of in-depth interviews with managers in chosen 
companies were used as research methods and sources. 

2. PRESENT TRENDS IN OUTSOURCING AND LOGISTICS SERVICES PROVIDERS 

The importance of services in the EU economy has risen, while the EU's industrial sector has been 
characterized by outsourcing and subcontracting, as well as the globalisation of production [2]. 

Outsourcing is to let an outside contractor produce a certain part or component, or provide certain 
services, which they may specialize in, such as software development. A business process outsourcing 
service provider brings a different perspective, knowledge, experience and technology to the existing 
function and will work with the firm to reengineer its process into an improved or new process. The new 
process will interact or be integrated into the company in a way that can bring value to the customers. 
Businesses are outsourcing for a broad range of reasons, such as the need for provision of existing and 
additional services, lack of available expertise to produce certain products, and operating expense 
reduction, but also to deliver an increased value. [3].  

One reason why the services sector has grown in importance is the outsourcing phenomenon that has seen 
the demand for services increase, as many enterprises use service providers either for: non-core activities 
(such as transport, warehousing or marketing services), or for a part of their core activities to increase 
flexibility (for example, through the use of labour recruitment services). Other reasons include 
technological development – particularly in relation to ICT, which may allow services to be delivered over 
considerable distances (for example, Internet sales or call centres). 
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Outsourcing in the area of logistics services in the Czech Republic now most often includes warehousing 
and storage services, transport, marking and packaging through so-called third parties, or through public or 
contractual forwarders while ensuring shipping services. Logistics Service Providers (LSP) are now 
experiencing boom. Massive market dynamics and increasing competition on the market makes them 
extend the portfolio of their services. Thus outsourcing provides entrepreneurial entities with the 
possibility of using the best providers to satisfy their own needs. Those differ in their offer and the range of 
services, but also in the speed of reaction to changes arisen on the market, planning, fulfilment and control 
of the activities they carry out. For example 73 companies presented themselves as Full-Service Logistics 
Providers only in the Czech Republic in 2010 year, which provide most frequently 5 – 7 from following 
services: customs clearance, cargo insurance, warehousing, packaging service, groupage service, express 
delivery, tracking [4]. Another fact that is taken into consideration is the time point of view, i.e. how long 
relationships between a client and an LSP are maintained. Professional literature is mainly interested in 
third-party or fourth-party logistics service providers e.g. 3PL or 4PL [3, 5, 6]. However, we can also meet 
providers of types 2PL, 5PL, LLP (Lead Logistics Provider), and courier, express and parcel service providers 
[7, 8]. 

3PL are companies providing a range of logistics activities for their clients. 3PL take over the entire 
implementation of either a part or the whole logistics chain thus ensuring its outcome. They provide 
individualized services, including transport, warehousing, provision of information concerning 
consignments and the status of inventory; they carry out consolidation and deconsolidation of 
consignments. They can also take over the entire purchasing, or distribution for their clients. 

The idea of a 4PL was originated by the consulting company Accenture. The underpinning principle was that 
because modern supply networks are increasingly global and certainly more complex, the abilities to 
manage the network probably do not exist in any organization. In such situations, there is a need for an 
organization – possibly coming together with the focal firm through a joint venture - who can use its 
knowledge of supply chains and a specialist 3PL to manage and integrate a complete end-to-end supply 
chain [5]. They offer complex services on a very mature level including analysis, project solutions, 
implementation, management and integration of a complete end-to-end supply chain. They include 
distribution network management, decision-making in the supply chain on restructuring, for example, of 
the warehouse and redistribution of tasks among other levels, redistribution of the inventory, changes in 
the transport network, rearrangement of the roles and responsibilities. They act as neutral integrators, 
interconnecting and harmonizing activities of a number of the involved specialized companies (3PL, 
specialists in information and communication systems and technologies, consulting organizations, etc.). 
Mutual dependence on the success of the chosen strategy is established among all the companies involved. 
They work on the basis of partnerships and mutual confidence. It is a strategic grouping led by an integrator 
that focuses on customer relationship management, while connecting the own sources, capacities and 
technologies with the sources, capacities and technologies of the involved specialists. It means that 4PL 
providers do not dispose of physical means. Know-how and information systems are their only assets. 4PL 
providers’ basic pillar is independence.  

Whether a 4PL be a joint venture or another model, there are four key components that must be in place. 
They are: systems architecture and integration skills, a supply chain “control room”, the ability to capture 
and utilize information and knowledge across the network and access to “best of bread” asset providers. 
[5] 
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In the Czech Republic, there are still not many 4PL providers. They are more likely to be understood as a 
certain form of consultancy or a higher level of 3PL. The clients want to see physical means rather than 
consultancy in the provider. That is why 4PL providers in the Czech Republic are still more often understood 
as a good marketing manoeuvre aiming to make the company visible. 

5PL providers offer activities consisting only in providing know-how and in combining someone else’s 
sources, capacities and technologies. They function on the principle of virtual provision of logistics services. 
The services on 5PL level can also be provided by consulting firms or by companies from the area of ICT. In 
fact, 3PL providers naturally try hard to set up logistics processes tailored to their own infrastructure, 
storage solutions, etc., which does not always have to be a perfect solution for the users. And it is just this 
what creates a space for an independent consultant, later on a coordinator, who should be able, thanks to 
a view from outside, to find an optimal solution. The border between terms 4PL and 5PL in unclear in 
practice, and so these terms are often confused. 

As for LLP, they are mostly met in the automotive industry and in computer manufacturers. This type of a 
provider takes over the entire client’s equipment of the production plants, including mutual harmonization 
of logistics chains. As for the supply parts of the client’s logistics chains, they manage the manufacturers’ 
suppliers, process information for the supplier, manage the involved shippers, and unify deliveries from 
different suppliers. As for the distribution parts of the chain, they manage relationships with the customers, 
optimize and carry out transport among production plants, distribution centres and sellers. The clients 
expect cooperation with LLP to bring optimal course of processes, cuts in the logistics costs, shorter 
delivery times, smaller loss, and a better level of supplier services [7]. 

Outsourcing does not bring advantages only, but it is also connected with certain risks resulting from more 
complicated business and logistics links within the chain and from a change in the existing processes and 
procedures. What can also be risky is delimitation of the transfer of responsibilities from the logistics 
partner to the customer and vice versa. The most severe risks on the side of the PLS can be seen in the area 
of assignment of the subject matter of outsourcing and in provision of insufficient or distorted information 
by the client, particularly in the area of the demand development forecast that is not functioning 
effectively. To achieve significant reduction of the risk of a wrong or unreliable estimate of the volume of 
future demand, the client makes use of demand planning. 

3. ESSENCE OF DEMAND PLANNING 

Forecasting creates the basis for planning business processes. It enables managers to plan future needs or 
requirements and thus make rational decisions. These decisions should be based on the demand forecast. 
The process of forecasting future customer demand is often called demand planning in the literature [9]. 
The strategic targets of demand planning include, above all, detection of the trends and structure of the 
future customer demand, while on the operational level the main target of demand planning is to provide 
as accurate information as possible about the future sales for management of the other business processes. 
Therefore, demand planning takes over the role of strategic and mid-term sales planning in the supply 
chain management. 

However, the function of demand planning within a company does not consist only in the best possible 
estimate of the volume of the future demand. Its tasks also include determination of the structure and 
horizon of forecasts, setup of the process of creation of forecasts across the company departments (data 
gathering, selecting and coordination participants and sources of information, choosing the right 
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forecasting techniques, choosing the department responsible for forecasting, etc.), and controlling of the 
quality of the forecasts as well as the demand planning process. [10] 

Nowadays, the problems of demand planning enjoy significant attention because it represents a necessary 
tool of integrated management of business processes. In these modern management systems, integration 
of business processes is secured by creation and sharing of a sole demand forecast on which all the 
business processes are based [11]. The best-known systems of integrated process management include the 
Advanced Planning Systems (APS), which are now being implemented in metallurgical enterprises [12, 13]. 
While making forecasts in the APS, the fact that is decisive is whether the forecasts are up-to-date and 
accurate, which directly affects the quantity of raw materials, semi-finished products, and production 
throughout the entire material flow in the company. Choice of the right qualitative forecasting technique 
and determination of the forecast accuracy in metallurgic company is discussed in scientific work written by 
Lenort et al. [14]. However, the emphasis is also put on determination of the forecast reliability rate, which 
can be used in advanced mathematical methods during optimization of business processes and assessment 
of the volume of the safety stock [11]. As a result of this, the quality of forecasts has a direct influence on 
the success rate of the APS implementation in the supply chain management. 

The design of demand planning process depends on forecasting management approaches and the level of 
integration selected. However, this process should not result only in the demand forecast, but also in a 
complex demand plan that balances the needs and costs of manufacturing, logistics, sales, and the 
suppliers to meet anticipated demand. It requires not only understanding the level of demand, but also the 
velocity at which the product is required at each touch point in the supply chain [15]. Researches [16, 11] 
also show that to achieve harmony between the profile of future sales in time (structure and volume) and 
the strategic targets of the company and its capacity limits, it is not sufficient that the demand is just 
forecast, it also has to be actively managed. 

Effective demand forecasting and management requires close cooperation of the company with the 
market, or its customers and other supply chain partners. In the last ten years, the need for this 
cooperation has had a substantial impact on a rapid development in the approaches to integrated 
management of the supply chains based on sharing information concerning the future demand [17]. Non-
integrated chains most suffer from the lack of information in the companies that are, in the supply 
networks, most distant from the end consumers. In particular, they are typically suppliers and 
manufacturers of the basic mineral raw materials, also including metals, metallurgic and metalworking 
products manufacturers. Although the demand for their products is finally affected by the wishes and 
needs of the end consumers, they obtain most information concerning future sales from their customers on 
B2B markets. That is why the demand planning effectiveness in these companies is mainly dependent on 
the rate of cooperation of the company with its customers and on the accuracy of forecasts created by the 
customer. 

4. IMPACTS OF OUTSOURCING ON DEMAND PLANNING IN METALLURGICAL COMPANIES 

As outsourcing has become more popular in recent years, most supply chains are getting more complex. 
Consequently, the more parts, components, services, functions, and processes a company outsources to its 
suppliers, the less visibility and control of the problems it has [3]. Outsourcing can, for example, have a 
negative impact on the rate of cooperation of a company due to more complicated communication of 
information thanks to another intermediary in the supply chain, errors in the information, distrust when 
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they are shared [18]. However, development in the area of ICT has made it possible, as a response to these 
problems, to develop higher forms of outsourcing with the above mentioned 4PL, 5PL or LLP. These virtual 
integrators dispose of on-line information from all the segments in the supply chain, and thus they have, 
without any doubt, significantly better conditions for management of the process of forecasting future 
customer demand.  

In such integrated supply chains, the function of demand planning is transferred from manufacturers, 
which are more likely at the beginning of the chain and so they are far away from the end consumers, to 
the chain segments that are closer to the end consumers, i.e. mostly to the sellers or just to the LSP 
(Logistics Service Providers). This means there is a substantial desired shift of the demand penetration point 
in the supply chains, which leads to management from a ”production push” to a “demand pull” principle. Its 
application then brings a number of benefits; see e.g. Christopher [5].  

However, if these LSP also have extra hardware and software equipment for simulation of 
expected/potential situations and corresponding progress of processes, the right conditions for chains with 
a synchronous flow have been created. Those are considered as an ideal type of supply chains, as they are 
capable of full adaptation to any changes on the side of the demand [7]. The thing is that the possibility of 
simulations enables the LSP to consider the consequences of their controlling interventions into the chain 
earlier than they are implemented, and thus it is possible to choose the best of the possible decision 
alternatives. LSP then become the managing segment in the entire supply chain, and they coordinate, 
synchronize, and optimize all the processes within it on the basis of actual order. Involvement of 4PL, 5PL or 
LLP as integrators should lead to their responsibility for demand management and provision of forecast 
across the whole supply chain. Demand planning should be then transferred from the position of a business 
function to the entire supply chain.  

Nowadays, LLP are mainly engaged in supply chains of the automotive and computer industries. And a 
number of metallurgical companies supply their products to automotive companies, e.g. Třinecké 
železárny, and so they are a part of such integrated chains. The impacts of the LLP type outsourcing on 
demand planning in these enterprises, or the supply chains, are usually very positive. This is also enhanced 
by the fact that metallurgical companies process raw materials and they are at the beginning of the supply 
chain, and obtaining information from the end consumers would otherwise be very difficult for them and 
often distorted due to, for example, the effects of the bullwhip effect. Moreover, they are the industrial 
branches where forecasts of the demand are not shared with other business clients, not even with direct 
suppliers of raw materials and materials used for manufacturing processes as it is in the chemical industry. 
The reasons for the lack of shared information in these branches are more closely dealt with by [13, 18]. 
Another complication for effective demand planning can be seen in the fact that Czech metallurgical 
companies often focus on suppliers from remote destinations i.e. from Asia, South America and Australia. 
The lead times are relatively long, in the order of months. Production of iron and steel in the Czech 
Republic is mainly dependent on the imports of iron ore for production of raw iron (about 8 million tonnes 
per year), and also on the imports of primary metals for further processing in the nonferrous metal and 
foundry industries [19]. The present and future development of the steel industry in the Czech Republic is 
significantly affected by the concentration of establishment of multinational groups, e.g. by privatization of 
NH Ostrava into LNM Holdings (Ispat), subsequently into Mittal Steel, together with seizing full control over 
all the subsidiaries and inclusion of Vysoké Pece Ostrava in ArcelorMittal, the world biggest steel producer. 
In consideration of the importance and sensitivity of the given industry, the fundamental processes running 
in the steel sector are consulted with the European Commission on a regular basis, and the outcomes are 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1693 

used in the work of the steel committee of the OECD. In the steel industry, there is a global transition from 
a supplier of commodity character products towards products with a higher added value and towards 
technological partnerships. In the Czech Republic, this development can be found, above all, in relation to 
the automotive industry, for which outsourcing on the highest level is typical. 

5. CONCLUSION 

The importance of services outsourcing in the economy has risen. Outsourcing in the area of logistics 
services in the Czech Republic is now most often carried out through so-called third parties, or through 
public or contractual forwarders while ensuring shipping services. There are still not too many 4PL or 5PL 
providers. To exceptions belongs for example automotive industry, where Lead Logistics Providers (LLP) je 
exploited and where metallurgical companies serve as suppliers. LLP takes over the entire client’s 
equipment of the production plants, including mutual harmonization of logistics chains. The clients expect 
cooperation with LLP to bring optimal course of processes, cuts in the logistics costs, shorter delivery times, 
smaller loss, and a better level of supplier services.  

Outsourcing does not bring advantages only, but it is also connected with certain risks resulting from more 
complicated business and logistics links within the chain, from a change in the existing processes and 
procedures, from the transfer of responsibilities from the logistics partner to the customer and vice versa 
etc. To achieve significant reduction of the risk of a wrong or unreliable estimate of the volume of future 
demand, the client makes use of demand planning. The design of demand planning process depends on 
forecasting management approaches and the level of integration selected. However, this process should 
not result only in the demand forecast, but also in a complex demand plan that balances the needs and 
costs of manufacturing, logistics, sales, and the suppliers to meet anticipated demand.  

Development in the area of ICT has made it possible to develop higher forms of outsourcing - 4PL, 5PL or 
LLP. These virtual integrators dispose of on-line information from all the segments in the supply chain. In 
such integrated supply chains, the function of demand planning is transferred from manufacturers to closer 
to the end consumers, i.e. to the Logistics Service Providers. However, if these LSP also have extra 
hardware and software equipment for simulation of expected/potential situations and corresponding 
progress of processes, the right conditions for chains with a synchronous flow have been created. Those are 
considered as an ideal type of supply chains, as they are capable of full adaptation to any changes on the 
side of the demand. Involvement of 4PL, 5PL or LLP as integrators should lead to their responsibility for 
demand management and provision of forecast across the whole supply chain. Demand planning should be 
then transferred from the position of a business function to the entire supply chain. 
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Abstract  

Paper presents results of comparative analysis focused on some factors of strategic management 
(centralization versus decentralization of decision making, strategy formulation, type of strategy followed 
by subsidiaries, perception of market environment etc.) of MNCs subsidiaries located in the Czech Republic, 
namely comparison of subsidiaries operating in basic and fabricated metal products manufacturing industry 
and subsidiaries from other industries. The comparison, in some cases supported by statistically confirmed 
significance, reveals that behaviour and perception within strategic management of subsidiaries, belonging 
to different industries, differs.  

Keywords: Strategy, centralization, subsidiary, environment, MNC 

1. INTRODUCTION 

Czech Republic counts among countries relatively very attractive for foreign direct investment. According to 
KPMG report 2011 [1] it is the most successful transition country in terms of FDI per capita despite decline 
of inflows in 2009. Except investment into greenfield projects, a big portion of investment flows also into 
acquisitions. Reasons for companies to directly invest in foreign countries are numerous but basically 
companies try to make use of potential opportunities which foreign countries offer for to be more or 
sustainable competitive. 

According to Berman Group study (2010) [2] many of Czech subsidiaries of multinational corporations 
(MNC) are in value chains in very far distance from final markets and customers. Final value-added activities 
as sale, marketing as well as supporting activities fundamental for value creation, i.e. research and 
development and innovation activities are usually centralised in headquarters of MNC or in other 
subsidiaries abroad.  

For official statistics companies doing business in metal industry in the member countries of the European 
Union are classified into two divisions according to so called CZ – Nace – Statistical classification of 
economic activities in the European Community - to division 24 - Manufacture of basic metal, and to 
division 25 -  and they both belong to 
sector of Manufacturing enterprises (so called section C). If the competitive position of Metal branches 
should be evaluated, both divisions in this country fall into industries with low technological demands. The 
main barrier of innovation activities is the lack of financial resources, especially also because of high 
financial requirements [3]. Both divisions, in particular Manufacture of basic metal can be termed as basic 
industry producing inputs for further value-added industries and thus very dependent on seasonality and 
cyclicality of demand [2]. 

Since every industry has some specificities that are less or more reflected also in managerial behaviour and 
Metal industry rank continuously to those industries with the highest FDI in the Czech Republic [see Czech 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1696 

Statistical office reports] this paper examine several issues of MNC - subsidiary management practices 
through comparative analysis of chosen industries. The aim of this paper is 1) to contribute to existing 
empirical knowledge; 2) to verify a part of theory and 3) to outline the situation of MNC management of 
subsidiaries in Metal industry in this country. 

2. THEORETICAL BACKGROUND 

MNC subsidiaries operate and to some extent also take part at formation of external environment in the 
country where they are localised and as a part of environment of the parent company. It means that they 
are less or more influenced by various forces stemming from the environment. In order to remain 
competitive MNC must be flexible to be able effectively react to challenges and opportunities as well as 
barriers and threats from internal and external environment [4] and the nature of concrete reaction is 
reflected in management activities and strategy setting. Subsidiary overall performance is mainly 
determined by the influence of following groups of affecting factors: a) existing structural conditions of the 
industry in which the subsidiary competes [5], where rivalry is based on industry concentration and market 
growth [6]; b) existing environmental conditions of economy where subsidiary is established; c) resources 
and capabilities, which subsidiary have according the Penrosian resource-based view [7]; d) competences 
given from the parent company that should rooted in its policy and strategy; e) performance of parent 
company and whole MNC and finally f) resources and capabilities of parent company together with those 
owned or being in disposal of other subsidiaries. Subsidiary performance is more or less dependent also in 
the degree of control that subsidiary management within each country can exert [6]. 

Management of parent company is expected to design such coordination mechanism over whole MNC that 
facilitate and optimise sharing and transferring resources across whole corporation to reach settled 
objectives. One of coordination mechanism that are applied in management is centralization (or 
decentralization, resp. autonomy) of decision making within multiunit business, that „…determines whether 
the locus of decision-making authority lays in the higher or lower levels of the chain of command…“[8, p. 
500]. Centralisation or autonomy of subsidiaries lies mostly in evaluation of role and position of subsidiaries 
in value chain and/or in fulfilment of specific unique role which every subsidiary has [9]. 

On the basis of the above introduced knowledge and regard to the aim stated in the introduction following 
hypothesis for survey was formulated: 

H1: Character of industry has statistically significant impact on existing differences among industries 
referring to degree of centralisation/autonomy in decision making of MNC subsidiaries, perception of 
external environmental forces and strategy formulation and tracking 

3. METHODOLOGY 

To examine the hypothesis stated above we analysed selected collected data from large-scale quantitative 
survey targeted on management of Czech MNC subsidiaries realized in 2011 by the research team of 
Research Centre for the Competitiveness of the Czech Economy at Masaryk University in Brno, Czech 
Republic. Three groups of industries (or branches as well) were examined and compared. Metal industries 
represent group “Metal” with 34 subsidiaries in sample (9,3%). 20 branches (or divisions) of the rest of 
Manufacturing branches for comparison - in this paper they represent the group “Manufacturing” with the 
number of 184 subsidiaries (50,4%). The last group constitutes of subsidiaries doing business in commerce 
and service (wholesale and retail, and various types of services) with total number of respondents 147 
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(40,3%) - in this paper this group appears as S&C group. 26,6% of all subsidiaries (3% Metal) are small 
companies (from 50 to 99 employees), 38,4% (4,4% Metal) middle companies (100 to 249 employees) and 
35,1% (1,9% Metal) large companies. Size structure of 34 companies in Metal branches is as following: 11 
small, 16 middle and 7 large. No from the global metal players that do business also in this country (Arcelor 
Mittal, Evraz Vítkovice Steel or Třinecké železárny) participated in the research. In total answers from 
managers of 365 subsidiaries were analysed. 

Five questions, concretely four compound semi-open scale questions with 10-point unipolar rating scale for 
the degree of centralisation (wording of scale answer from 1 = no centralisation to 10 = fully centralised) 
and evaluation of environmental components (1. environment dynamism where in scale 1 means 
absolutely static without any changes and 10 means extremely dynamic; 2. environment uncertainty with 1 
in scale stands for no uncertainty and 10 for extreme uncertainty; 3. and 4. extent of rivalry and size of 
corruption where 1 at the scale means “no” and 10 means “extreme”) and one closed question 
investigating tracked strategy were analysed for the purpose of this paper. Four types of strategy describing 
probable “typical” content were to check by respondents. In brief strategy A means: wide portfolio of 
products, many innovations, first at the market, quick reaction to market challenges, initiator of changes; 
strategy B means: stabile product portfolio, higher quality and lower prices than competitors, 
improvements in productivity, economy of scale, no innovation, capacity optimisation; strategy C means: 
market followers, lower price than first mover, innovation when needed and D strategy means: no long-
term strategy, passive, reactive behaviour, defensive behaviour. Informants were asked to tick the right 
strategy. 

For analysis of data basic statistical methods were used, namely frequencies and relative frequencies, 
crosstabulation and t-tests for equality of Means to detect potential differences among groups of MNC 
subsidiaries. 

4. RESULTS 

4.1. Centralisation and autonomy of decision making 

 Tab. 1: Areas of centralisation decision making 
AREA OF 

CENTRALISATION DECISIONING 
Metal (N=34) Manufacturing (N=183) C&S (N=145) 

Mean Rank SD Mean Rank SD Mean Rank SD 
(1) Choice of main suppliers 4,21 8. 3,013 5,77 6. 3,104 5,37 5. 3,512 
(2) Choice of other suppliers 2,24 11. 1,970 3,45 11. 2,399 3,13 10. 2,512 
(3) Choice of main customers 6,15 4. 3,847 6,09 5. 3,556 3,72 9. 3,340 
(4) Choice of other customers 4,38 7. 3,455 4,60 8. 3,550 2,88 11. 2,923 
(5) Choice of product portfolio 6,73 1. 3,300 6,86 2. 3,002 5,88 3. 3,242 
(6) Technological procedures 5,06 6. 3,209 5,35 7. 2,920 5,69 4. 3,237 
(7) Information systems 5,79 5. 3,328 6,92 1. 3,163 6,72 1. 3,208 
(8) Marketing 6,53 2. 3,305 6,71 3. 3,036 5,18 6. 3,203 
(9) Logistics 3,88 9. 2,739 4,58 9. 2,768 4,82 7. 3,140 
(10) Personal management 3,59 10. 2,439 3,87 10. 2,384 4,26 8. 2,928 
(11) Financial management 6,21 3. 2,972 6,47 4. 2,549 6,36 2. 2,877 
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As we can see from Tab. 1 within Metal the highest perceived degree of centralisation is in choice of 
product portfolio (Mean 6,73), followed by marketing (Mean 6,53) and financial management (Mean 6,21). 
On the contrary, the highest degree of autonomy is within choice of other suppliers (Mean 2,24), personal 
management (Mean 3,59) and logistics (Mean 3,88). With Manufacturing branches highest degree was 
discovered within decisioning about information system (Mean 6,92), choice of product portfolio (Mean 
6,86) and marketing ((Mean 6,71). Results for the highest degree of autonomy are the same as with Metal - 
choice of other suppliers (Mean 3,45), personal management (Mean 3,87) and logistics (Mean 4,87). First 
rank when measuring highest degree of centralisation at C&S subsidiaries is the same as with 
Manufacturing (Mean 6,72), but the second rank is for financial management (Mean 6,36) and third the 
choice of product portfolio (Mean 5,88). Subsidiaries in commerce and service perceive the highest degree 
of autonomy with choice of other customers (Mean 2,88), choice of other suppliers (Mean 3,13) and choice 
of main customers (Mean 3,72). Just choice of customers stands for the biggest difference between Metal 
(but Manufacturing as well) and C&S subsidiaries which are substantially much more autonomous in this 
area (main customers – t:2,429, p=0,000, 2-tailed; other customers – t:1,506, p=0,010, 2-tailed). Bigger 
difference between Metal (and Manufacturing as well) and C&S (in favour of higher autonomy of C&S ) can 
be found also in degree of autonomy or centralisation in Marketing although in this case it is not so distinct 
(t:1,350, p=0,029, 2-tailed). If we compare Metal and Maufacturing, statistically significant differences are 
supported with choice of both groups of suppliers (main – t:-1,563, p=0,007, 2-tailed and other – t:-1,213, 
p=0,02, 2-tailed) and with decisioning about information system (t:-1,129, p=0,074, 2-tailed) we can 
conclude that subsidiaries in Metal perceive higher degree of autonomy in both areas. The same conclusion 
can be made when comparing Metal and C&S (main suppliers – t:-1,167, p=0,076, 2-tailed; other suppliers 
– t:-0,891, p= 0,029, 2-tailed) 

4.2. Environment dynamism 

 Tab. 2: Degree of the environment dynamism 
COMPONENT OF 
ENVIRONMENT 

Metal Manufacturing C&S 
Mean Rank SD Mean Rank SD Mean Rank SD 

competition 5,09 2. 2,170 5,39 2. 2,166 5,60 2. 2,252 
customers 5,94 1. 2,371 5,38 3. 1,985 5,58 3. 2,064 
suppliers 4,85 4. 1,805 4,97 4. 1,727 4,55 4. 1,780 
technology 4,94 3. 1,694 5,47 1. 2,029 5,73 1. 2,094 

Degree of competition dynamism is most strongly perceived by C&S subsidiaries (Mean = 5,60), slightly less 
by Manufacturing (Mean = 5,39) and the lowest Mean was ascertain with Metal subsidiaries (Mean = 5,09). 
Metal, on the contrary consider dynamism of customers stronger than both other groups (Mean = 5,94 
compared to Mean = 5,58 with C&S and Mean = 5,38 with Manufacturing). Very small differences are 
detected when analysing perceived degree of suppliers’ dynamism among all three groups of subsidiaries 
(see Tab. 2). Nevertheless statistically significant difference is revealed only with technology dynamism (t:-
0,791), p=0,045, 2-tailed) when comparing Metal subsidiaries (Mean = 4,94) and C&S subsidiaries; the latter 
perceive the dynamism of technology stronger (Mean = 5,73). Ranking of environment components also 
show that for Metal industries customers represent the strongest degree of dynamism whereas these 
competitive force for both other groups of industries is on the third rank. On the contrary both 
Manufacturing and C&S subsidiaries reckon technology as rather dynamic component (1st rank) but for 
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Metal this is perceived less (3rd rank). Suppliers rank last with all three groups of subsidiaries when ranking 
four environmental components and their degree of dynamism.  

4.3. Degree of environment uncertainty 

 

 Tab. 3: Degree of environment uncertainty 
COMPONENT OF 
ENVIRONMENT 

Metal Manufacturing C&S 
Mean Rank SD Mean Rank SD Mean Rank SD 

competition 5,33 2. 2,160 5,19 2. 1,952 5,31 2. 2,081 
customers 6,48 1. 2,373 5,50 1. 2,110 5,99 1. 2,082 
suppliers 5,03 3. 2,023 4,80 3. 1,856 3,98 4. 1,761 
technology 4,15 4. 1,642 4,15 4. 1,856 4,12 3. 1,983 

Metal subsidiaries perceive degree of uncertainty concerning customers significantly stronger than 
Manufacturing (t: 0,988, p= 0,016, 2-tailed).The other statistically supported difference concerns suppliers 
and Metal and C&S industries (t:1,052, p=0,003, 2-tailed) which means that managers in Metal se believe 
that degree of uncertainty in the case of suppliers is relatively high (Mean is 5,03 at 10-point scale) while 
managers u C&S find this competitive force “more certain” (Mean =3,98). Other results show big portion of 
constituency among all three surveyed groups. 

4.4. Rivalry and corruption 

 

 Tab. 4: extent of rivalry and size of corruption 
 Metal Manufacturing C&S 

AREA OF EVALUATION Mean Rank SD Mean Rank SD Mean Rank SD 
competition 7,19 2. 2,286 7,31 2. 2,056 7,74 2. 2,216 
corruption 3,77 1. 2,431 3,35 1. 2,289 4,20 1. 2,586 

T-test for equality of Means for Metal and Manufacturing and Metal and C&S did not show any statistically 
significant support for potential differences. Nevertheless, as can be seen from Tab. 4, rivalry is evaluated 
stronger by C&S than by Manufacturing and even stronger than by Metal. These findings can be explained 
by market characteristics. Especially market of wholesale and various service companies (logistics, 
accommodation and HoReCa, accounting, ICT companies) is very competitive in the Czech Republic with 
thousands of small and middle enterprises fighting with low prices and value-added offer) and most of 
demand lies in consumer market. Majority of commerce and service supply are sold in country – export is 
very rare in these branches, so the market size is very limited. This maybe explained with the second 
variable - also corruption is regarded as higher by C&S in comparison with both other groups. Managers 
from Manufacturing perceive size of corruption at least.  
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4.5. Strategies 

 Tab. 5: Strategies followed by industries 
 STRATEGIES 

INDUSTRY Strategy A 
(N=65) 

in % 

Strategy B 
(N=135) 

in % 

Strategy C 
(N=130) 

in % 

Strategy D 
(N=18) 

in % 

Total in % 
(N=348) 

Metal (N=33) 12,1 36,4 42,4 9,1 100,0 
within all industries 6,2 8,8 10,8 16,7  
Manufacturing (N=179) 22,9 38,5 33,0 5,6 100,0 
within all industries 63,1 51,1 45,4 55,6  
S&C (N=136) 14,7 39,7 41,9 3,7 100,0 
within all industries 30,8 40,0 43,8 27,8  

Total within strategy in% 18,7 38,8 37,4 5,2  
Total in % 100,0 100,0 100,0 100,0 100,0 

Results for type of strategy followed by subsidiaries are very common for companies in Metal industries 
and companies in commerce and service branches – the majority of subsidiaries in both groups follow 
strategy C (Metal - 42,4% of companies, C&S 41,9%,) a bit less companies follow strategy B (Metal 36,4%, 
C&S 39,7%). Subsidiaries in Manufacturing mostly follow strategy B (38,5%), while strategy C is on the 
second rank (33%). Just with strategy C we can find difference between Metal subsidiaries and C&S 
subsidiaries (not statistically ascertained) which in percentage stands for 9,4%. Generally at least strategy D 
is followed (only 5,2% of all companies in sample), when subsidiaries from Metal industries reach the 
highest share (9,1%) whereas the lowest share can be seen by subsidiaries from C&S branches (3,7%). 
Percentage of subsidiaries following strategy A is the biggest one with C&S (22,9%) compared to the 
smallest one just with Metal (12,1%). This difference, though not statistically significant, show some 
tendency of strategic orientation by different industries. The very low share of subsidiaries in Metal that 
track strategy A means that these companies are very dependent on their headquarters and do not 
innovate and – corresponding to general knowledge of these branches in the Czech Republic – they are 
passive in front value-creating activities (R&D, sales, marketing or services).  

5. LIMITATIONS, DISCUSSION AND CONCLUSIONS 

Presented survey has many limitations. First, only very simple statistical tools were applied and results do 
not offer richer picture of reality. Second, only the views of one manager from subsidiary were investigated 
what can lead to skewed results. Third, more indicators of subsidiary existence should be analysed and 
fourth the extent of paper is very limited as well. We can conclude that survey bring many opportunities for 
deeper analysis. 

Nevertheless, findings show that hypothesis can be confirmed, although not fully. Subsidiaries in different 
industries or branches behave and are managed differently and the reasons have their roots also in the 
external environment. Subsidiaries in Metal branches, although probably conscious of opportunities and 
threats in the environment, are dependent on the centralised decisions of their owners and their behaviour 
is more reactive.  
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Abstract  

The article describes the metallurgical system is defined as the logistics chain, which defines its individual 
parts and characteristics and modes of expression are distinguished by their dependability. Emphasis is 
placed on create a chain as a model of dependability to support operational control and maintenance 
control of process. For modeling the reliability over time are used Markov random processes 

Keywords: logistic, dependability, metallurgical processes, control of process 

1. INTRODUCTION 

With implementation of philosophy of computer integrated manufacturing (CIM) the range as well as the 
way of the system controlled is being extended both on the enterprise and on wider inter-company level. 
This system is defined from inputs which are created by suppliers up to output which is created by the 
customer’s requirements. The system approach to analysis and management of systems defined in such a 
way permits to apply the logistic understanding, to determine the logistic chains in the structures and to 
deal with their characteristics in the sense defined in advance. The following contribution will be devoted 
to problems of dependability of logistic chains outlined.  

For the purpose of logistic chains dependability investigation we will accept the definitions of basic terms 
from the sphere of logistics, e.g. from literature [1]. 

2. AUTOMATED MANAGEMENT SYSTEMS, DEFINITION AND CHARACTERISTICS OF LOGISTIC CHAINS 

In earlier understanding of the enterprise management the strict hierarchic breakdown of its activities was 
saved with which also the selected technical means of automation on single levels corresponded. This 
situation can be presented with the help of Fig. 1.  

It is necessary to take into account the existing trends in the enterprise management as a whole when the 
computer technique penetrates into all enterprise departments. The CIM philosophy can be considered as 
the penetration of two information flows. Both the vertical flow which represents the data oriented 
technologically, representing the design and construction (CAD-Computer Aided Design) and ensuring of 
direct management of technological process (CAM-Computer Aided Manufacturing), both the horizontal 
flow representing the planning, transport, supplying, marketing, trade, finance, personnel matters etc. The 
penetration of both flows than is expressed by CIM management ensuring, in its consequence, the multi-
purpose optimization of final product.  

The computer aid of management realizing this conception which can be illustrated according to Fig. 2, 
provides a sufficient quantity of documents for extension of the system managed in such a way so that its 
input values would be the information from suppliers and the output ones than the data from customer 
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where also the required values of the process controlled are created. [2]. The system understanding of this 
task solution permits to define the logistic chains in the system structure enabling effective solution of 
these problems, its continuous improving in the process of gradual integration as well as utilization of 
efficient software means determined for modeling and management of logistic chains as the discontinuous 
systems. 
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Fig. 1. Structure of automated control systems  Fig. 2 Plant control according to philosophy CIM 
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The logistic approach to solution of given problem management requires the orientation on the customer’s 
needs who is the final target of material flows and also the decisive source of information necessary for this 
management from the viewpoint of final production [3]. At the same time, the solution from the viewpoint 
of this final production is focused on coordination, synchronization and optimization of all material as well 
immaterial processes which are connected with delivery of final product to customer, and namely from the 
viewpoint of time consumption and economy under keeping of requirements on total quality.  

It is necessary, for realization of these intents, to define the logistic chains on logistic system as the dynamic 
interconnection of partial systems – chain elements – corresponding to division of work where due to 
coordination, synchronization and optimization of functions and structures the flexible and economic 
achieving of final target is possible at reaching the maximum synergic effect.  

The elements of logistic chain themselves can be considered as the individual logistic subsystems with the 
possibility to define the own logistic chains. Their behavior, however, must be influenced in favor of global 
criterion set together for all chains of logistic system.  

In practice, the chain elements can be created e.g. by suppliers, purchase, transport, storage, production, 
sale, customer etc. These chains contain both passive elements as raw materials, stores, manufacturing 
machines etc. and active elements as handling means, control systems etc. which enable the handling, 
regulation and optimization on local level of particular elements but also effective synchronization and 
coordination of logistic chains managed from the central level. From the viewpoint of dependability then 
the contact places between the elements (interface) which are the sources of information for calculation 
and modeling of dependability indicators are important. 
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Three types of basic logistic chains exist: 

Classic chain working according to push principle, where preceding component sends products to 
subsequent component, which it created according to agreement in amount and time, which fit it. The 
method is accompanied by a larger amount of store both on the side of supplied raw materials and 
subcontracts and on the side of finished products. Information propagates in the chain by serial means. 

Chain with continual flows working according to pull principle, where a method JIT (Just in Time) uses at 
product deliveries, when preceding component supplies its products to subsequent component only in the 
moment, when it is ready to accept them. Stores on the side of raw materials supplies and subcontract fall 
off, stores on the side of finished products remain. Information flows have again serial character. 

Chain with synchronous flow, which works on symmetry principle, when only minimally necessary amount 
of raw materials or products is found in each moment inside and between the chain components. It is 
possible in consequence of parallel information flow and existence of control component of the whole 
chain ensuring synchronization, coordination and 
optimization of all processes in the chain according 
to the model, which creates in the real time 
simulation of all possible states and permits to 
choose an optimal solution variant for the 
realization. Block diagram of such chain control is 
described on Fig. 3. 

Logistic chains with synchronous flows are the most 
advanced type of chains. The tendency is to move 
gradually from less perfect to more perfect chains. 
It is an integration process of the logistic system. 
Concrete methods of this integration are termed as 
„reengineering”. 

3. MODELING OF LOGISTIC CHAINS DEPENDABILITY 

Dependability of the object, which also a logistic chain can be, is defined according to ČSN ISO 9000 as an 
availability and factors, which influence it, are reliability, maintainability and maintenance support. With 
respect to the range and intention of the paper we note an important characteristic in logistic chains 
behavior. They must fulfill requirements in terms of: 

� timely delivery  

� complete delivery. 

These requirements must be accepted both between particular components and at the whole chain. As a 
reliability state we mark e.g. early delivery fulfillment. As a failure we mark default delivery in time. As a 
renewal time we mark repeated delivery fulfillment after preceding failure. 

For expression of dependability indexes, their modeling and determination of a further development to the 
future (prediction) it is necessary to gain operational data about early fulfillment or default deliveries 
between particular nodes and also at the whole chain in time, including renewal times, to employ these 
data for determination of reliability and failure states probabilities in frequency terms, to determinate 
failure and renewal intensity and thus also conditional probabilities of transition of the chain from 
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Synchronization and 
coordination 

Model of 
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Fig. 3. Logistic chain with synchronous flows 
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functional to nonfunctional state and to the contrary. However in the given case we can choose a process 
with a simple renewal, where renewal duration is considerably shorter than duration of reliability state. 
Thus we introduce further simplification. Similarly we can treat also at judging delivery completeness. 

 

  
Fig. 4 Technology representation section of the blast furnace technology - steelworks – rolling mill 

 
For solving technological section was chosen smelter - steel mill - mill, which is shown on Fig. 4. 
From the perspective of supply chains and the selected resolution level of technology can stretch images 
represent Fig. 5 and Fig. 6. 

 

Fig. 5 Logistic representation section of the blast furnace technology - steelworks - rolling mill at the highest 
resolution level 

 

 

Fig. 6 Logistic representation section of technology – steelworks 

 

For creation of logistic chain dependability model in defined time period a modeling method on the basis of 
Markov´s random processes theory was chosen. It was chosen for the following reasons: 

� it provides direct probable model of state behavior, 
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� multi-state situations are easy processed by this theory,  

� it is very useful for availability indexes calculations. 

Disadvantages of this method are: 

� it can become too complicated at a large number of states, 

� it depends on the assumption that failure and renewal intensities are constant, 

� only systems with gradual development of failures can be modeled by this method. 

 
Markov’s random process can be characterized as a function of two random variables: system state and 
tracking time. 

Random process of Markov’s type with a definitive set of states and continuous time is determined by the 
triad: 

� �S, , 0D p             (1) 

Where: 

S = {s1,s2,...,sn} ;   2 D � �n   is set of states, 

D = (dij); i,j = 1,2,...,n    is matrix of transition intensities 

p(0) = (p1(0),p2(0),…,pn(0))T  is vector of initial probabilities. 

Variable dij dt , i N j determines a probability, that system, in which Markov’s process proceeds and which is 
in a moment t in state si, transfers in infinite time interval (t,t+dt) to state sj 

The solution of Markov’s process, which is defined according to (1), is a vector equation: 

� �p( ) ( ), ( ),..., ( )t p t p t p tn
T� 1 2     �t < �0,          (2) 

where  pi(t) is probability, that system occurs in a moment t in state si 

This function we can find as a solution of system of linear differential equations: 

� � � �d
dt
p

D p
t

tT�
            (3) 

which is completed by equation: 

pi
i

n

�
�
� 1
1              (4) 

and with initial conditions given by a vector p(0). 

Algorithm of the dependability model can be divided to the following parts: 

� calculation of initial probabilities of dependability states of particular chain components, 

� calculation of probabilities of particular states in chain and execution of their analysis. 

At present the modeling is executed by means of software CARMS (Computer-Aided Rate Modeling and 
Simulation). It is application software of American firm DAINA Corporation for modeling and analysis of 
reliability, availability and maintainability of systems by means of models based on Markov´s random 
processes use. The models are created in graphics environment by means of diagram of Markov´s random 
processes states and matrix of transition intensities. Results of simulations are represented not only in 
digitally but also in graphic form. 
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As with increasing number of elements a number of states grows exponentially and thus also number of 
equations of solved differential equation system increases, it is useful to apply for solution factorization 
method of Markov´s random processes, that enables to decompose the Markov´s model of a complex 
system, in our case of logistic chain, to a hierarchical system of simple and well-realizable models. For use 
of this method a structure dependability model expressing dependability of particular components of the 
whole chain can be created. 

Theory of Markov´s random processes was not in larger range practically employed yet especially from the 
reason of a hard solution of the compiled system of differential equations. At present state of technical 
means we can assume, that this theory will gain ground in different industrial applications. 

Numerical characteristics of dependability indexes are achieved on the basis of given objects tracking. 
Statistic significance of dependability indexes estimation is dependent on a tracking time of the given 
logistic chain. The tracking time of the chain, or its components, can be determined by means of computer 
program SPOL_4, which was created on Department of Automation and Computer Applications in 
Metallurgy VŠB - Technical University of Ostrava. SPOL_4 is a computer program for determination of 
necessary tracking time of the chain. 

  
Fig. 7. Diagram of transient states of chain  Fig. 8: Results of simulation calculations 

 
The model was applied to a logistic chain in this paper. On Fig. 7 a diagram of transient states of the 
modeled system is presented. State S expresses a functional state of the whole chain, states S1 up to S2 
express failure states of particular chains. Edges of graph express probability of transitions from state S to 
states S1 up to S6. In the given case we can assume, that renewal times are significantly shorter than times 
of functional state. So a graph of transient states is a graphic expression of a logistic chain dependability 
model, on which we can gain also predictions of probabilities of its failure states in time. On Fig. 8 results of 
simulation calculation of state probability of chosen object in dependence on time are described. Curve 
with downward trend expresses probability of reliability state of the whole chain, other curves express 
failure probability of particular components of the chain. 

At present source data about dependability of logistic chains in necessary range are not in disposal. This 
state does not permit to compile a practical application. Therefore an algorithm of dependability indexes 
determination from data file and above all from incomplete data files is elaborated. 

 

 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1708 

4. CONCLUSION 

On the basis of summary of present state at realization of plant automated control systems a logistic 
approach to analysis and control of system defined from its inputs on suppliers side up to outputs on 
customer side was chosen. Logistic chains were defined on selected logistic system. Logistic chain types 
were introduced, a method of their integration was stated and tracked dependability indexes were selected 
on the model of chain with synchronous flows. Markov´s random processes were used for dependability 
modeling and for determination of its prediction. Transient graph was created and on the basis of chosen 
input values simulation calculations of selected dependability indexes in time were executed as an 
illustration. 

Using presented method of logistic chains dependability modeling rich knowledge from technical objects 
dependability modeling by means of Markov´s random processes could be utilized on Department of 
Automation and Computer Applications in Metallurgy, which were gained in the framework of works 
[4],[5],[6],[7], solved for needs of computer support of continuous steel casting process control and for 
needs of maintenance of this technological process. 
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Abstract 

Non-renewable resources management is one of the key issues of sustainable development. Therefore it is 
important to implement methods for assessing of the materials and fuels use in industrial processes. In this 
paper evaluation of fossil fuels consumption in blast furnace technology based on different life cycle impact 
assessment methods was presented. In order to evaluate the consumption of resources was used four life 
cycle impacts assessment methods: Ecoindicator 99, Cumulative Energy Demand, Cumulative Exergy 
Demand and ReCiPe. Different scenarios of using waste plastics as alternative fuels to reduce consumption 
of fossil fuels was presented. Life Cycle Assessment (LCA) analysis was carried out in accordance with 
standard EN ISO 14040:2006, by four phase: goal and scope definition of LCA, inventory analysis LCI (Life 
Cycle Inventory), impact assessment LCIA (Life Cycle Impact Assessment) and interpretation. In order to 
perform LCA analysis was used SimaPro 7.3 software. 

Keywords: Life Cycle Assessment (LCA), Life Cycle Impact Assessment (LCIA), environmental assessment, 
fossil fuels, pig iron production 

1. INTRODUCTION 

The iron and steel industry is very energy-intensive industry, especially iron-making. The largest source of 
greenhouse gas emissions in the blast furnace technology is due to the high coke consumption. Based on 
previous work in this field was set two emission reduction lines: the replacement of coke by substitute fuels 
and the use of alternative technologies to the blast furnace process [1,2]. In [2] was presented assessment 
results of environmental impacts in conventional blast furnace iron-making system based on LCA (Life Cycle 
Assessment), and found that fossil fuels are the main sources of greenhouse gas emissions for steel plant, 
especially for iron-making. Therefore, in this study were evaluated fossil fuels consumption in blast furnace 
technology based on different life cycle impact assessment methods. This paper presents LCA application in 
blast furnace technology and the results of LCA study comparing used coke (common fuel) and waste 
plastics (alternative fuel). Tests were performed at the Central Mining Institute. In order to perform LCA 
analysis for blast furnace technology were used SimaPro 7.3 software and were applied four of the life cycle 
impact assessment methods - Ecoindicator 99, Cumulative Energy Demand, Cumulative Exergy Demand and 
ReCiPe – to evaluate fossil fuels consumption of five scenarios depending on used waste plastics. 

2. METHODS  

Environmental impact assessment of alternative fuels - waste plastics used in the blast furnace technology 
based on the technique of LCA were conducted for five scenarios. In accordance with ISO 14040:2006, set 
the objective, scope, system boundaries and limitations of LCA and the analysis of inputs and outputs of 
LCI. The system boundary was defined as “cradle to gate” production of pig iron including all inputs, raw 
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material, energy, emissions and waste. Life Cycle Inventory (LCI) data for the blast furnace technology were 
adopted from the publication [3]. For comparative purposes, all data were determined in relation to the 
same functional unit, a ton of liquid steel. In this paper, the analysis focuses on consumption of fossil fuels, 
without regard to other categories of impact (such as human health, ecosystem quality, global warming, 
etc.). The amount of the coke and waste plastic used in analyzed scenarios is shown in Tab. 1. For fossil 
fuels consumption evaluation in blast furnace iron-making system four life cycle impact assessment 
methods were used (Tab. 2).  

 Tab. 1. The amount of the coke and waste plastic in analyzed scenarios [3] 

Scenarios Symbol Waste plastic 
Coke 

kg/ Mg l.s. 

Waste plastic 

kg/ Mg l.s. 

Scenario 1 W0 without waste plastics 384,9 0 

Scenario 2 W1 polyethylene (PE) 326,2 50,0 

Scenario 3 W2 polypropylene (PP) 334,2 50,0 

Scenario 4 W3 polystyrene (PS) 320,9 50,0 

Scenario 5 W4 polyethylene terephthalate (PET) 356,5 50,0 

where: l.s. – liquid steel 

 Tab. 2. Chosen life cycle impact assessment methods for fossil fuels consumption evaluation 

Method Abbreviation Impact category Unit 

Eco-indicator 99 (H/A) V2.08 / Europe EI 
99 H/A 

EI 99 Fossil fuels MJ surplus 

Cumulative Exergy Demand V1.02 CExD Non renewable, fossil MJ 

Cumulative Energy Demand V1.08 CED Non renewable, fossil MJ 

ReCiPe Endpoint (H) V1.05 / Europe 
ReCiPe H/A 

ReCiPe Fossil depletion $ 

 

The basic structure of impact assessment methods in SimaPro is characterization, damage assessment, 
normalization and weighting. The last three steps are optional according to the ISO standards. This means 
they are not always available in all methods. Two methods used in this studies – EI 99 and ReCiPe - allow 
weighting across impact categories. This means the impact (or damage) category indicator results are 
multiplied by weighting factors, and are added to create a total or single score [4].  

Eco-indicator 99 (EI 99) is a damage oriented method for life cycle impact assessment. This method allows 
obtain results into three damage categories: Human Heath, Ecosystem Quality and Resources. Damages to 
Resources, minerals and fossil fuels, are expressed as surplus energy for the future mining of resources. For 
fossil fuels surplus energy is based on the future use of oil shale and tar sands [5]. Fossil fuels consumption 
is evaluated as surplus energy per extracted MJ, kg or m3 fossil fuel, as a result of lower quality resources. 
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Cumulative Energy Demand (CED) is expanded for energy resources available in the SimaPro database. CED 
of a product represents the direct and indirect energy use throughout the life cycle, including the energy 
consumed during the extraction, manufacturing, and disposal of the raw and auxiliary materials [6]. “Non 
renewable, fossil” is one of five resource categories: two non renewable - fossil, nuclear and three 
renewable - biomass, water and “wind, solar, geotherm” given for the energy resources as characterization 
factors [7]. 

Cumulative Exergy Demand (CExD) is introduced to depict total exergy removal from nature to provide a 
product, summing up the exergy of all resources required. CExD assesses the quality of energy demand and 
includes the exergy of energy carriers as well as of non-energetic materials. The impact category indicator 
“non renewable, fossil” is one of ten resource categories: five non renewable - fossil, nuclear, primary, 
metals, minerals and five renewable - solar, potential, biomass, water and kinetic [7,8]. 

The primary objective of the ReCiPe method, is to transform the long list of Life Cycle Inventory results, into 
a limited number of indicator scores. These indicator scores express the relative severity on an 
environmental impact category. In ReCiPe we determine indicators at two levels: eighteen midpoint 
indicators and three endpoint indicators [9]. This method is considered as a follow up of the CML 2002 and 
the EI99 methods. The indicator scores are determined in a similar way as in the EI99 method. The impact 
category “fossil fuel depletion” (unit – surplus cost, $) is one of eighteen midpoint categories [10]. 

3. RESULTS AND DISCUSSION  

The results of an evaluation of fossil fuels consumption caused by blast furnace based on the technique of 
LCA were presented. Environmental impact assessment of waste plastics (alternative fuels) in blast furnace 
depending on used of the life cycle impact assessment method was shown in Tab. 3. 

 Tab. 3. Environmental impact assessment in category associated with fossil fuels consumption, per one ton 
of liquid steel (own calculations in the SimaPro) 

Methods Impact category Unit W0 W1 W2 W3 W4 

EI 99 Fossil fuels MJ surplus 682 77 100 -5 154 

CExD Non renewable, fossil MJ 32521 21732 22813 20660 25355 

CED Non renewable, fossil MJ 31655 21042 22070 20069 24769 

ReCiPe Fossil depletion $ 12114 8053 8446 7683 9481 

 

According to the Ecoindicator 99 factor for fossil fuels consumption for scenarios with waste plastic are 
very low compared to the scenario without waste plastic only with coke (W0) and decrease on average by 
85% was observed. For other life cycle impact assessment methods factors related to fossil fuel 
consumption in the W1-W4 decrease on average by 30% was observed.  

Life cycle assessment based on all LCIA methods shows that scenario 4 (W3) causes the lowest impact on 
fossil fuels consumption. It is means that using of polystyrene (PS) in blast furnace causes the greatest 
environmental benefit. 

Figs. 1-4 present five main elements of the input of blast furnace technology, which have the largest impact 
on fossil fuels consumption (in accordance with the four chosen LCIA methods). It was found that the 
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largest impact has coke, which is primarily used in the production of pig iron in a blast furnace, while the 
use of waste plastic caused avoiding of part of coke in the process. 

In next step of these studies was conducted a comparative environmental analysis with two methods - EI 99 
and Recipe after the weighing step, which is presented in Tab. 4.  
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Fig. 1. Influence of main input factors in blast furnace technology on fossil fuels consumption, per one ton 
of liquid steel based on EI 99 method (own calculations in the SimaPro) 
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Fig. 2. Influence of main input factors in blast furnace technology on fossil fuels consumption, per one ton 
of liquid steel based on CExD method (own calculations in the SimaPro). 
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Fig. 4. Influence of main input factors in blast furnace technology on fossil fuels consumption, per one ton 
of liquid steel based on ReCiPe method (own calculations in the SimaPro) 

 Tab. 4. Environmental impact assessment after weighting 

Method Impact category Unit W0 W1 W2 W3 W4 

EI 99 H/A 

Total Pt 265,87 216,38 221,89 214,32 233,02 

Fossil fuels Pt 18,07 2,05 2,64 -0,14 4,08 

Fossil fuels % 6,79 0,95 1,19 -0,06 1,75 

ReCiPe 

Total Pt 256,46 186,72 194,32 178,27 211,93 

Fossil depletion Pt 90,39 60,09 63,02 57,33 70,75 

Fossil depletion % 35,25 32,18 32,43 32,16 33,38 

 

LCA can be used in blast furnace technology as a means to comprehensively evaluate processes, material 
and fuel choices and their effects on life cycle GHG emissions. One of the option for broadening the Life 
Cycle Assessment approaches could be to integrate this methods with economic methods into eco-
efficiency. It is important to integrated economic assessment and results of LCA into product design at an 
early stage to improve eco-efficiency of the product or technology [11]. Life Cycle Assessment can be used 
for environmental impact assessment it (LCA), Activity Based Costing (ABC) can be used for cost estimation 
[1,12]. On the basis of the obtained indicators could be used to design the decision support system [13], 
[14].  

4. CONCLUSION 

Fossil fuels are the main sources of greenhouse gas emission for iron-making, therefore in these studies 
evaluation of fossil fuels consumption in blast furnace technology based on four different life cycle impact 
assessment methods was performed. 

The aim of the study were to compare five scenario depending on waste plastic amount and to highlight 
the differences between the methods used for the life cycle impact assessment. For resources impact 
category, only fossil fuels consumption was taken into account. The impact category “fossil fuel” is one of 
the most important impact categories when studying blast furnace technology 
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Different scenarios of using waste plastics as alternative fuels to reduce consumption of fossil fuels showed 
the possibility of avoiding the coke, which is the main fuel in the iron production process is coke and causes 
the largest impact of greenhouse gas emissions. 
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Abstract  

In production processes used materials and final products must be assessed to discover whether they 
complete the expected technical objectives, contribute to the expected economic performance and 
whether environmental expectations and requirements have been met. It is essential to find suitable 
attitudes to improve the used materials and final products characteristics, especially by means of system-
controlled processes. Economic performance have typically been dealt with by means of well-known and 
sophisticated financial and marketing analysis methods, while technology and engineering methods are 
used for technical aspects assessment. On the other hand environmental requirements have often been 
neglected if not completely missing. There exist several generic attitudes to support assessment methods 
involving the connected economic and environmental criteria. Many companies in metallurgy introduce 
environmental management systems and environmental accounting in consideration of potential savings 
and avoiding material wastage. But effective environmental management system should bring more 
information, especially about all relevant and important environmental aspects of company’s production 
processes. 

The contribution deals with the assessment of environmental aspects of metallurgical materials production 
and their impact on environment. The main objective is to determine optimized ways of selection and 
evaluation of sustainability aspects for company materials and products to reinforce company 
competitiveness, environmental performance and sustainability. The opportunity to save costs and the 
effort to prevent rare materials wastage seems to be a strong motivation for the improvement of 
company´s environmental performance; therefore the improvement of the corporate assessment 
processes is an inevitable step on the way to environmentally responsible company.  

Keywords: Environmental aspects, life cycle analysis, corporate sustainability, material flow management 

1. INTRODUCTION 

Many companies implement waste management or environmental departments to empower potential cost 
savings and avoid wasting, but concept of sustainability requires much more. Ensuring that aspects of 
sustainability were considered within business processes requires basic implementation of Life Cycle 
Assessment (LCA) followed by Environmental Impact Assessment (EIA) to improve decision making 
processes for sustainable or greener practices. These methods should serve as supporting tools for 
managers considering each relevant environmental aspect of company’s processes. Assessment of 
environmental aspects of metallurgical materials production and their impact on environment was 
discussed by many authors, i.e. Van Berkel 2000, Giurco 2001, Lunt 2002, Norgate 2006, Narita 2008 or 
Haque 2010 [1, 2, 3, 4, 5, 6] and mostly used approach is based on LCA principles implemented as the 
standards of the International Standards Organization (ISO) 14001 – Environmental Management Standard. 
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Using of ISO 14001:2004 enable to company identify and control the environmental impacts, improve its 
environmental performance and implement a systematic approach to set environmental objectives and 
targets and achieve them. For assessing the environmental performance of processes exist numerous 
approaches, not only mentioned LCA, but there should be either used Environmental Impact Assessment 
(EIA), Materials Intensity per Unit of Service (MIPS), Materials Flux Analysis (MFA) or Material Flow Cost 
Accounting (MFCA) [2]. Regardless of approach used, companies must be able to accurately analyze the 
environmental aspects and impacts caused by manufacturing processes [5]. Unfortunately aspects and 
impacts of metallurgical technologies remains insufficiently evaluated and determined and the relationship 
between metallurgical technologies and environmental impact unsatisfactory discussed.  

Methodology of our research was based on search of bibliographical databases to identify scientific articles, 
review monographs and ‘grey literature’ reports. The use of the Internet also identified steel and metals 
producers, in order to obtain the environmental data and life cycle studies for their products. An 
environmental specialist from a Czech company manufacturing steel products (ZDAS, plc.) was also 
consulted and small business case was realized in the company.  

2. ENVIRONMENTAL ASPECTS  

According standard definitions environmental aspect is a feature or characteristic of processes that affects 
or can affect the environment and every time an activity, product, or service interacts with the 
environment, it has an environmental aspect. [7] As a first and obviously crucial step must be logically 
performed identification of all relevant environmental aspects, but that is not the intention of Standards 
and especially for metallurgy processes must be aspects considered carefully, because metallurgical 
industry comprise of potential harmful processes with serious impacts on an environment. 

2.1. Identification of environmental aspects 

Certification bodies for EMS standards such as ISO 14001 require formal and logical assessment of 
environmental aspects and impacts. In order to identify environmental aspects must be determined how 
company’s processes or final products affect the environment. For each company’s process and product 
managers need to list unique environmental aspects. Identifying environmental aspects is usually realized 
by transferring the input and output information from the processes to environment aspect identification 
forms, determining significant environmental aspects by evaluating against pre-established significance 
determination criteria, documenting your approach to environmental aspects identification and 
significance determination and reviewing and revising environmental aspects over time. Managers only 
have to work on the most significant environmental aspects and furthermore, not have to work on all 
significant aspects, only those that can actually influence or control. [7] 

Aspects can be direct or indirect, direct sustainable aspect are related with projected activities over which a 
company can be expected to have an influence and control and indirect sustainable aspect are related with 
actual or potential activities over which the organization can be expected to have an influence, but no 
control. Complete register of environmental aspects should contain a list of all potential environmental 
aspects, an assessment of the significance of each environmental aspect following with a note of what 
actions should be taken to reduce the impacts of significant aspects. For each significant environmental 
aspect should be assigned an objective to ensure control and improvement. It is recommended to describe 
identified aspects and determine their significance in the form of a written procedure and keep the 
resulting information updated [8]. 
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2.2. Environmental aspects in metallurgy 

In metallurgical industry during mining and processing solid, liquid and gas emissions are directly produced. 
During mineral resource extraction and processing when ores from mining are physically adjusted and then 
chemically transformed to extract metals and produce industrial materials are mentioned potential 
releases of gas, liquid and unwanted solid emissions. [4] Emissions contains toxic metals (e.g. cadmium, 
nickel, mercury, arsenic and lead) and other biologically essential metals (e.g. zinc and copper) but in huge 
amounts. In association with the consumption of raw materials and utilities, significant amounts of energy 
are required. The impacts are extended by used reagents, detergents, water and fuel.  

On the other hand final products – steel and metals, are stable, „reversible“ products and wastes from 
production processes - slag, ash, cinder or sands from foundries are „processable“ for other purposes with 
relatively acceptable impact on environment. Some wastes arise from auxiliary processes (e.g. energy 
production, greasing or cutting mixtures). From this general production conditions results main aspects 
categories that should be primary monitored and solved concerning primary: Acidification, Eutrophication, 
Greenhouse Gases Emissions and Photochemical Ozone Creation Potential. 

Acidification is caused by emissions with acidifying effects to the environment and is expressed as kilogram 
SO2 Equivalent. [9] The major acidifying emissions in metallurgy are nitrogen oxides (NOx) to a lesser extent 
sulfur dioxide (SO2) and ammonia emissions that lead to ammonium deposition.  

Eutrophication is caused by emissions with eutrophying effects to the environment and is expressed as 
kilogram of Phosphate Equivalent. The eutrophication in metallurgy is primarily caused substrates and 
gasses (like NOx, NH3, PO4-) to the water and air (mostly as a result of dissolving or bate processes).  

Measure of the emission of greenhouse gases (GHG) such as CO2 and methane (CH4) express The Global 
Warming Potential (GWP); expressed as kilogram of CO2-equivalents. Greenhouse gas emissions trap some 
of the reflected outgoing solar energy and retain heat somewhat like the casting of the greenhouse. 

The Photochemical Ozone Creation Potential (POCP) measures the emissions of precursors that contribute 
to low level smog, produced by the reaction of NOx and volatile organic compounds (VOC) under the 
influence of ultra violet light. [9] POCP is expressed as kg Ethene equivalent.  

Importance of mentioned impact categories can be demonstrated by presented LCA studies where main 
importance was focused on greenhouse and acidification gas emissions (i.e. Global Warming Potential 
[GWP] and Acidification Potential [AP], respectively), with the IPCC (Intergovernmental Panel on Climate 
Change) characterization model being used to calculate these impact categories [10]. 

3. ASSESSMENT OF ENVIRONMENTAL ASPECTS OF METALLURGICAL PROCESSES 

Based on case study realized in steel production company was formulated proposal of methodology for 
assessment of environmental aspects. To identify the environmental aspects and impacts according 
principles of LCA is necessary to realize the inventory analysis. Environmental aspects in metallurgical 
sector may be classified according to various criteria. In the process of environment aspect identification 
are useful detailed process flow diagrams along with material and energy balance. Assessment of 
environmental aspects of metallurgical processes should follow sequence of logical steps:  

� Definition of all relevant aspects.  

� Estimation of each aspect.  

� Selection of most important – „key“ aspects.  
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� Assigning an objective to each “key” aspect to ensure control and improvement. To implement 
correctly the process of identifying significant environmental aspects at a company must ensure 
periodical evaluation of selected aspects and sequence of steps during time must be regularly 
repeated.  

3.1. Definition of relevant environmental aspects 

 Tab. 1: List of other aspects 
Aspect Category: Environmental Aspect 
Emissions to air Automobile, bus, truck emissions 
 Industrial emissions: evaporation (furans, alkenes, etc.) 
Energy Consumption Renewable Sources (biofuel) 
 Heating discharge 
Materials (Storage and Use) Air deposition 
 Safe and Secure Storage 
Product Safety product 
 Product weight - dematerialization 
 Possitive environmental profile of product 
Waste Management Reuse 
 Recycle 
 Collection of used products  
 Depletion, combustion,  
Natural Resources Over consumption 
 Habitat destruction 
Visual, Noise, Nuisance Construction 
 Production, processes, waters 
 Machinery, traffic 
Other issues Impact on communities 
 Other local environmental and community issues 

 

Companies must determine all relevant environmental aspects. In accordance with ISO 14001 requirements 
a company should develop a procedure for identifying environmental aspects of its activities, products and 
services, that are to be controlled by the company. [10] Companies register current, past, future and 
potential aspects. There are external aspects as well as internal aspects. As mentioned above the process of 
identification of aspects is concerning primary Acidification, Eutrophication, Greenhouse Gases Emissions 
and Photochemical Ozone Creation Potential. From these impact categories can be specified list of 
indispensable aspects mentioned by many sources [4, 11, 12].  

� CO2, CH4 fossil fuel combustion 

� CFCs, halons, other chlorinated compounds 

� SO2, NOx, NH3  

� Spillage of chemicals, mostly acids (HCl, H2SO4, H3PO4, HNO3, …) 

� Volatile organic compounds (VOCs) 
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� Contamination of land, (metals: Hg, Cd, Ni, As, Pb, etc.) 

� Electricity consumption 

� Use of raw materials and natural resources (ore, coal for heating) 

� Waste generation from auxiliary processes 

But apart from these aspects must be mentioned other aspects, although those are not discussed 
extensively in literature. Following list represent findings from depth interviews with managers of 
metallurgical and chemical industries. [8] Findings result to formulation of list of other important direct and 
indirect environmental aspects that should be taken into account (Tab. 1).  

To determine properly all relevant environmental aspects must be importance focused not only on mostly 
mentioned impact categories, but either on other aspects, because those can be evaluated as important. 

3.2. Estimation of environmental aspects 

To evaluate aspect must be selected appropriate criteria for estimation. Commonly main criteria in the 
process of environmental aspect evaluation include environmental criteria and economical criteria. [11] 
According our findings estimate aspects only on base of 2 criteria should be extended with other criteria 
reflecting legislation importance, social criteria (employee influence). Following Tab. 2 shows simple scale 
for all mentioned criteria.  

 Tab. 2 Scales for evaluation criteria 

Environment / Social criteria Economic / Legal criteria 

1 – very small impact 1 – unimportant aspect 

2 – small impact 2 – less important aspect 

3 – average impact 3 – average importance 

4 – strong impact 4 – very important aspect 

5 – very strong impact 5 – critical (mandatory) aspect 

After evaluating each aspect using points (from 1 to 5) should be set final sum multiplying all coefficients to 
express Total importance of the aspect. Total sum should identify key activities in the company. Calculation 
of „Total importance“ could be illustrated on example of Night noise emission. (Tab. 3)  

 Tab. 3 Calculation of Total aspect importance (Night noise emission - (points are exampled)) 

Criterion Environmental Social  Economical  Legal  

Evaluation small impact very strong impact less important aspect very important aspect 

Value 1 5 1 4 

Calculation Total importance of aspect: 1 x 5 x 1 x 4 = 20 

3.3. Selection of most important environmental aspects 

Determination of significant aspects should follow several rules: 

� The first criterion is whether the aspect is subject to environmental or any other regulation. All of 
these aspects are significant.  
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� The second point of view is whether an aspect is the subject of facility policy, goals, or voluntary 
commitments. If these facility policies/goals apply to the company, then the associated aspects 
should be considered significant. 

� The third criterion to consider involves the views of stakeholders. Aspects that the external 
stakeholders (most often community or customers considers important should be significant). 

� The fourth criterion is whether the aspect improves environmental profile, for example has good 
potential (technical and financial) for pollution prevention improvements. 

� The fifth criterion is whether the aspect has the potential to seriously damage the environment or 
involve society. 

Calculation based on total sum should select the important aspect out of the whole set of all relevant 
aspects, which have to be controlled and monitored by the company. Company should set minimal value of 
total importance value for important aspects. All aspects above this value are significant. According our 
findings only total sum is not sufficient condition. Along with mentioned determination of significant 
aspects when evaluation shows highest value (value 5) for aspects either in environment, social, legal or 
economic criterion, this aspect should be considered as important. Previously mentioned aspect Night 
noise emission has value 5 in Social criterion, although total sum is relatively low (20 points), for a particular 
group of stakeholders seems to be as a crucial aspect and thus it should be important for the company as 
well.  

3.4. Control and improvement of important environmental aspects 

Reviewing and revising environmental aspects over time represents last step of environmental aspect 
assessment process. Company must bring list of aspects up to date periodically and periodically estimate 
(calculate) importance of all relevant aspects. Only regular monitoring, reporting and continuous 
improvement ensure elimination of risks arising from underestimated impacts of company’s activities. 
Proposed methodology considers also potential environmental impacts like natural resources consumption, 
traffic emission or visual, noise and nuisance impacts. 

4. CONCLUSIONS 

In most life cycle studies from metallurgical industry the environmental impact categories considered are 
greenhouse and acidification gas emissions and the total energy consumption, although other 
environmental impact categories are also important in LCA studies, although those are not discussed 
extensively in literature. Other important direct and indirect aspects that should be taken into account are 
related with product dematerialization, wastes from auxiliary processes, reusing and recycling of steel and 
other metals or visual, noise and nuisance effects. 

Assessment of environmental aspects of metallurgical processes should follow succesively: definition of all 
relevant aspects; estimation of each aspect; selection of most important aspects; assigning an objective to 
each important aspect to ensure control and improvement. Proposed evaluation methodology should 
ensure that none of important aspects will be omitted. Determination sustainable aspects of metallurgical 
processes is a first necessary step for improvement of company’s processes in order to be sure that 
company’s activities leads to corporate sustainability, corporate social responsibility and sustainable 
development. Therefore it is necessary continuously improve evaluation systems and Environmental 
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Impact Assessment processes, covering and considering mentioned methodology we propose in our 
research findings. 
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Abstract 

The evaluation of the technology outside the company. In principle, its result is assessed, the product. In 
the paper the 3x3 matrix used to evaluate relationship between technological capabilities of the steelworks 
and competitiveness of the produced ribbed wire was applied. The results show that respondents invest 
mainly in 4 of 9 possible part of the matrix. These parts of this matrix indicate that the steelworks 
management should: search for occasions, focus on the revealed chance, improve the marketing and 
develop its technological potential. The study was conducted in one of the steelworks in Poland, which is 
owned by an international corporation. 

Keywords: 3x3 matrix, ribbed wire, technology 

1. INTRODUCTION 

Manufacturing technology of steel products, including ribbed wire, is a very important factor influencing 
the final result of production and hence the cost of production. The product competition decides about the 
existence of the manufacturer on the market. Therefore, it was decided to use the 3x3 matrix to evaluation 
manufacturing technology of ribbed wire. This matrix can be easily used to evaluate the technology of all 
steel products. 

2. RIBBED WIRE PRODUCTION 

In the new-built and modernized steelworks the technologies, which are characterized by continuity of the 
processes, reduced energy consumption, reduced material consumption, reduced impact on the 
surrounding environment, which may be used to give the required qualities of shapes, sizes, and the 
necessary mechanical properties to products, are introduced [1].  

Capabilities and parameters of the rolling mill have impact on the rolling technology of the product. Each 
mill has a certain peculiarity in the selection of rolling stands and their relative positions, in the choice of 
stock feeding devices and heating devices, parting equipment and receivers of the final product, as well as 
auxiliary devices [2,3]. A characteristic features of these rolling mills are their high efficiency and low cost of 
production. The use of flow production allows for complete mechanization and automation of the 
production process. This affects the high speed of rolling, and consequently, a shorter rolling pace and heat 
loss reduction [4]. 

The New Long Products Rolling Mill was launched in 2009. The Danieli Company was the supplier of 
equipment of this rolling mill. In the mill rods and wires and structural components are produced. The 
opening of the new mill allowed the steelworks to increase production capacity more than twice. 
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3. METHODOLOGY OF THE RESEARCH 

Machines and devices, regardless of human activity, use a 
specific technology, giving the specific characteristics to the 
product. These features of the products (besides money) 
may decide about the existence of the manufacturer on the 
market. So there is a defined relation between the 
characteristics of the products (quality) and their 
competition in the market. On the other hand, the existing 
technologies are not utilized in 100%. The gap could be 
named as technological possibilities that are conditioned 
absolutely by technology innovation, training of operators.  

In the paper the 3x3 matrix [5], with some its modifications 
[6-8], was used to evaluation of the relation between 
technological possibilities (TW) and competition of the 
product (ribbed wire) (TK). In the original [5] the Y-axis by 
the position in the market. The matrix shows that the 
adopted scale of assessment must be divided by 3. 
Therefore, in a survey [7-8], 40 respondents were asked for 
the assessment on a scale from 1 to 9 of the competitive of 
the product (TK) and the technological possibilities of the 
manufacturing process (TW) (1 - low, 9 - high). 
Characteristics of the 3x3 matrix with the description of its 
parts is presented in Fig. 1. 

4. THE RESULTS OF STATISTICAL DESCRIBTION OF 
RIBBED WIRE COMPETITION EVALUATION AND THE ROLLING MILL TECHNOLOGICAL POSSIBILITIES 

The first stage of the BOST survey results included calculation of the average, variance, standard deviation, 
coefficient of variation, skewness and kurtosis for the assessment sets of the factors: competition of the 
wire (TK) and technological possibilities of the rolling mill (TW). From the results (Fig. 2) it can be concluded 
that the average of the technological possibilities (TW) is greater than the average competition of the wire 
(TK), but they are not statistically different. The variance of the analyzed assessment sets is greater in case 
of the competitive factor of wire (TK), and hence the standard deviation. 

The variation coefficient (Fig. 2d), which determines the strength of the dispersion of the statistical test is 
between 28 - 35%. This means that the diversity of features (assessment) is moderate. The skewness of the 
assessment set (Fig. 2e) is negative, what indicates that both features are characterized by a left-sided 
moderate asymmetry.  

The kurtosis in case of both factors is negative, what means that the assessment sets of the wire 
competition as well as the technological possibilities are characterized by the distribution with bigger 
flatting than normal distribution [7-8]. 

Fig. 1. Characteristics of 3x3 matrix and 
denotation of its parts: 

1. Focus on the revealed chance 

2. Improve the marketing 

3. Search for partners 

4. Discover the incidental market 

5. Keep in the background 

6. Keep in the background 

7. Buy the ready technology. 8. Develop 
your technological potential. 9. Search for 
occasions 
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Fig. 2. Comparison: a) average, b) standard deviation, c) variance, d) coefficient of variation, e) skewness, f) 

kurtosis for factors of matrix 3×3 

5. ANALYSIS OF THE RESEARCH RESULTS 

5.1. Presentation of the research results 

Typically, results are presented in the form of tables. In our case, a tabular variant would take to much 
space and, certainly, do not point out the results peculiarities. Therefore, using the observations [7-8] the 
authors used a graphical interpretation of the results. Fig. 3a shows the map of the evaluations number on 
the 3x3 matrix background. Visually, we could notice that the evaluations distribution is not even. The 
evaluations couples (TW and TK) are concentrated in the central part of the matrix, whereas in the early 
part of the matrix there were no results. For better understanding of obtained results, as proposed by the 
various graphic forms of presentation were used, as expressed in Fig. 3b. In individual parts of the 3x3 
matrix, the number of evaluation were summed, while on the axes the letter symbol were introduced.  

 
Fig. 3. Presentation of research results in the form of: a) map of evaluations b) map of sum 

of evaluations number for each area of 3x3 matrix, c) radar graph 

 

It is easy to find out that in the existing conditions, 13 pairs of evaluations (TW and TK) are in Part 9. This 
shows that the rolling mill should search for occasions, which leads to "enhance the attractiveness" of the 
wire. The example of the product attractiveness enhancing, may be a reduction in the wire price. Further 
analysis of Fig. 3b shows the fact, that technological possibilities and competiton of the wire have been 
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evaluated with highest note by 9 out of 40 employees. Therefore, the practical recommendation is the 
rolling mill to operations intensification in order to make greater use from technological possibilities. 
Increase the marketing interest that the results should displaced to the right and up the 3x3 matrix. Then 
the mill reached a temporary success by focusing on the opportunities revealed (Part 1 matrix). The analysis 
of Fig. shows that 32 out of 40 respondents the technological possibilities and wire competition, evaluated 
with high note (4 or more), and the results are placed on coordinates of the matrix > 44.  

From the substantive point of view, it is appropriate to perform a graphical presentation of results, 
relatively simple, without annoying description of the axis - radar chart (Fig. 3c). Supporting with 3x3 matrix 
characteristics (Fig. 1) the analysis of the Fig. 3c easily indicate the earlier statements: area 5 contains no 
evaluations couples, while the area 9 include 13 couples. An interesting form of results presentation using 
3D space is in the particular case (Fig. 4) for some readers is certainly more understandable than the 
previous forms of graphics. As it was shown in Fig. 1, to interpretation facilitate there are marked also the 
parts of 3x3 matrix. This kind of the results graphic form we could read and confirm earlier dependences. 

 
Fig. 4. Research results’ combination in 3D system with marking elements of matrix 3×3 

5.2. Influence of the respondents’ characteristics on the assessment of the technological possibilities 
and the competition of ribbed wire 

The results interpretation variants are extremely versatile, in [7-8] there are proposed to introduce an 
additional variable parameter during the research. In our study such a variable parameter could be the 
rolling mill and above all the personal characteristics of the respondents. It has been proposed to use as 
parameters: gender, education, age, length of service, mobility, and mode of employment of respondents. 
In Fig. 5 the effect of the respondents work experience (SC8) on the evaluations is presented, the effect is 
evaluated based on the maps (Fig. 5a). 

In part 9 of 3x3 matrix the evaluations value irrespective of work experience are presented. Group with 31-
35 years of work experience (SC6) up to 80% of their evaluations placed in the matrix (Fig. 5a), the other 
20% of evaluations are placed in part 2 of the matrix. About high evaluation of technological possibilities of 
the rolling mill and competition of ribbed wire the respondents with 21-25 years of experience (SC2) have 
decided. The 50% of the votes for this group were in part 1 of the matrix, the remaining 50% (equally about 
25%) were divided into sections 7 and 9 of matrix 3x3. The part 2 of matrix its importance in the evaluation 
of rolling mills technological possibilities and ribbed wire competition owes the respondents indicated as 
SC1, SC4, SC5, SC6, SC7, and high value of votes percentage couples evaluations (25, 20, 11, 20 and 20% 
respectively). 
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In the case of part 8 (Develop their technological potential) of its importance in this issue decided 
respondents indicated as SC4, SC5, SC8. The group of respondents with the range of experience length > 41 
years had the greatest influence on the result.  

It can be concluded that in the case of rolling mill technological possibilities and ribbed wire high 
competition the respondents with short work experience (> 15 years) and with extensive experience (<31 
years) had decided.  

 

 

Fig. 5. Sum of evaluations in individual elements of matrix 3*3 depending on respondents’ job seniority. a) 
< 5, b) 6 to 15, c) 16 to 20, d) 21 to 25, e) 26 to 30, f) 31 to 35, g) 36 to 40, h) > 41 years 

5.3. Summary influence of the respondents’ characteristics on the results of the assessment of 3x3 
matrix factors 

Fig. 6 shows the correlation coefficients between the characteristics of respondents and evaluation 
assigned by them, concerning on rolling mill technological possibilities and ribbed wire competition. The 
correlation coefficients in the form of histograms were presented. 

On the X-axis value of 0 was applied, to the left and right side of this distinction there are three 
characteristic lines present. The lined marked on the graphs representing the degree of statistical 
significance level 3 = 0.05, 0.10, 0.20 (accordingly to the graphs description). From a superficial analysis of 
the characteristic line graphs can be easily observed that the result of subjective evaluations factors, rolling 
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mill technological possibilities (TW) and the wire competition (TK) are dependent on gender and 
respondents employment mode. It appeared that the women more than the men recognized the rolling 
mills technological possibilities (TW) (Fig. 6a). This correlation is important for 3 = 0.10 and 3 = 0.20. 

The influence of the respondents age on product competition evaluations is seen (Fig. 6c), while the 
employment mode is linearly correlated with evaluations of technological possibilities (Fig. 6f). 

There remains the problem of explaining a significant impact of the respondents characteristics on the 3x3 
matrix factors result. No correlation can be explained by enterprises culture, which according to Toyota's 
philosophy is defined and specific for each company. 

 

 
Fig. 6. Correlation graphs of evaluations for matrix 3*3 factors depending on the respondents feature: a) 

gender, b) education, c) age, d) job seniority, e) mobility, f) mode of the employment. α = 0,2 (internal 
lines), α = 0,1 (central lines), α = 0,05 (external lines) 

6. CONCLUSION 

In the paper the results of the assessment of the rolling mill technological possibilities and one of its 
product competition (ribbed wire) in accordance to description of the 3x3 matrix are presented. Both 
factors were evaluated by employees working in the wire rolling mill. Statistical evaluation of the both 
factors sets was conducted. The evaluation sets are not correlated with each other and their averages are 
not statistically different. 

It was shown that the technological possibilities as well as competition of the wire were highly evaluated, 
because the total score (the coefficient in the 3x3 matrix) was in 32 cases out of 40 greater than 44. 

The researches and analysis of the results contributed to achievement of the research goal, which was to 
determine the current position in the market for steel mills and to indicate the conditions of its 
reinforcement. To Focus on the revealed chance (the target of the 3x3 matrix) it is important to Search for 
occasions, Improve the marketing and Develop technological potential. 
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Abstract  

A possibility how to technically and economically provide a wide range of materials input in the process of 
full facilities utilization and keeping the desirable quality of production is a gradual alternation of pig iron by 
DRI or pig iron produced out of blast furnace aggregate. The construction of facilities for DRI/HBI or smelt 
reduction is unreal because of high investment. Therefore the prospects are aimed at processing of pre-
reduced feedstock. The pre-reduced feedstock could be generated in a blast furnace out of operation which 
could operate after technical modification as an aggregate of pre-reduction similar to Midrex facility. 

Keywords: alternative technology, Midrex, direct reduction 

1. INTRODUCTION  

Nowadays when prices of energies and materials are continuously growing, more and more emphasis is 
placed on the production of high-quality iron produced in ecological and economic way either by classical 
or by alternative methods of iron production. In blast furnace department the decrease of total costs of 
production is possible mainly by decrease of the costs of fuel [1]. Fossil fuel is the main source of 
greenhouse gas emissions for steel plant, especially for iron-making. [2] 

World steel production will continue to be dominated by blast furnaces using coal.In process of pig iron 
production besides main product, pig iron, also secondary products are formed, that have character of 
secondary raw materials and industrial waste.[3] 

Direct ironmaking technologies that produce a solid metallized product which can be used to make pig iron 
and steel are also not true alternatives to blast-furnace smelting, but they can play an important role as 
sources of a clean metallic charge material for electric steelmaking or as processes which can recycle iron -
bearing waste products at integrated metallurgical plants.[4] 

Alternative methods of iron production can be divided into processes of direct production (Direct 
Reduction Iron) and smelting reduction (SRI). Processes of direct production of the iron reduction from its 
carriers run from the solid state and product is in the solid state as well. Particularly DRI (Direct Reduction 
Iron) methods producing sponge iron are becoming a part of iron production because sponge iron can be 
replaced by scrap iron. 

2. DRI PRODUCTION  

Total DRI production in 2010 was 70.4 million tons. More than sixty-four million metric tons of DRI in the 
form of pellet, lump and HBI was produced in 2009, according to Midrex Technologies, Inc. Despite harsh 
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economic conditions, world DRI production only decreased about 5% from the previous year’s record 
production of 68 million tons. 

More importantly, despite other economic challenges, the world of direct reduction is still growing. 
Favorable factors show the outlook for world DRI also to be on the rise for the next decade. Fig. 1 shows 
world DRI production by region. Focus of new plants will be on flexibility, efficiency, coal gasification and 
hot transport of DRI.[5] 

 

Fig. 1. World DRI production by region in 2010 [6] 

Preparation of reduction gas in conversion equipment is specific for the production of sponge iron. Natural 
gas is usually an input gas for conversion and it is transformed through CO2 or H2O at the presence of 
catalyst.[7] 

2.1. Midrex technology  

Direct reduction is the removal of oxygen 
from iron ore without melting. The MIDREX® 
Direct Reduction Process is the leading 
technology for converting iron ore into a 
high-purity direct reduced iron (DRI) product 
for use in steelmaking, ironmaking and 
foundry applications. The MIDREX® Process 
typically uses natural gas as the reductant 
and fuel. Fig. 2 shows world DRI production 
by process.[5] 

 

Fig. 2 2010 World DRI production by process 

2.2. Gas for Midrex technology  

Reducing gasses with different content of carbon monoxide and hydrogen prevail as deoxidizer during 
these processes. Gasification by oxygen is an exothermic reaction, on the contrary gasification by CO2 or 
H2O is an endothermic reaction [8]. Process energy balance in principle depends on proportion of both 
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these gasification methods, though in case of the furnace it is necessary to take into account hot blast 
enthalpy and preheating of converged natural gas in case of direct reduction from ores. 

Midrex equipment uses natural gas that could be replaced by carbon gas or degazation gas under the Czech 
conditions. 

Coal deposits constitute a special case when the same deposit is a coal resource as well as a gas reservoir. 
In the plant residues coalification process, so-called carbon gas was created, the main component of which 
is methane. 

The methane release that accompanies the coal mining from the coal deposits is a risk factor, because this 
mixture is explosive at the concentration of 5 to 15 % of methane mixed with air. Therefore, the mixture of 
air with methane (degazation gas) is exhausted during the underground exploitation of coal. The 
importance of the mining operations degazation consists not only in reducing the explosion risk, but also in 
preventing emissions of methane to the atmosphere. Besides carbon dioxide emissions, methane is the 
second most significant component of emissions causing the greenhouse effect.  

In the Czech Republic, a lot of attention was paid to the problems with securing carbon gas exploitation 
after 1992 [9]. Tab. 1 shows composition of the degazation gas and carbon gas. 

 Tab. 1 Composition of the gases 

 CH4 N2 O2 CO2 

Degazation gas, [%] 54,6 38,8 3,5 3,3 

Carbon gas,  [%] 94 6 0 0 

3. CONSIDERING POSSIBILITIES OF USING SOME DRI METHOD FOR THE CZECH CONDITIONS  

Because of high investment costs the immediate construction of needed capacities for sponge iron 
production (DRI/HBI) or construction of smelting reduction equipment is not feasible. Therefore 
considerations are concentrated on existing blast furnaces and possibilities to modify them so that they 
could process pre-metalized charge. 

Pre-metalized charge could be produced in some blast furnace put out from operation. This small blast 
furnace after a technical modification would work like a pre-metallization aggregate on the similar principle 
such as Midrex equipment. 

Conversion equipment is necessary for pre-metallization equipment under consideration. Some of hot-blast 
stoves put out of operation could work like conversion equipment after it is modified. 

3.1. Calculation 

There were carried out some economic calculations of theoretical coke savings in a blast furnace operating 
with 30%-metalized charge (50 % pellets with 60% of metallization and 50 % of ordinary sinter) for: 

� 4 % in decreasing of coke consumption per each 10 % of metallization 

� 7% in decreasing of coke consumption per each 10 % of metallization 

The coke consumption in the blast furnace is 470 kg .t-1 of pig iron (p.i.) with the carbon content 90 %.[10] 
Carbon coke consumption is 378 kg C. Provided that the ratio of carbon burnt in front of the tuyeres to 
carbon for direct reduction is amount of 94,5 kg C, for reduction of accompanied elements 8,5 kg C, then 
total carbon amount is 86 kg.t-1 p.i. For 50 % metallization, the decrease in reducing agent consumption is 
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about 10 %. Within heat consumption for the process about 5,4 GJ . t-1 p.i. is carbon coke saving 546 MJ . t-1 
p.i., which presents decrease in heat consumption about 10 %. 

Economics of variant A : 4 % coke consumption per every 10 % of metallization  

Coke savings in the blast furnace operating with 30 % metalized charge (50 % pellets with 60% of 
metallization and 50 % of ordinary sinter): 423 . 0,04 . 0,3 = 50 kg of coke. 

As the price for a ton of coke is 7800 CZK [11], the savings within the production of 1 mil tons per the blast 
furnace per year are: 0,05 . 1000 000 . 7800 = 390 mil. 

For pre-reduction of 60 % metalized pellets, 200 m3 of the coal bed methane further converged would be 
possible to use. For 1 million ton of pig iron, 700 000 tons of sinter and 700 000 tons of metallized pellets 
are needed. For production 700 000 tons of 60 % metalized pellets it is per year : 390 . 700 000 = 273 000 
000 m3 of degazation gas. 

As the savings of coke consumption is 390 mil., the price for 1m3 of degazation gas should not exceed the 
value 1,43 CZK. 

Economics of variant B : 7 % decrease in coke consumption per each 10 % of metallization, the charge is 
metalized for 30 %. Coke savings in blast furnace are : 423 . 0,07 . 0,3 = 89 kg. 

For annual production of 1 mil tons of pig iron, the coke savings are : 0,089 . 1000 000 . 7800 = 694,2 mil. 

From which the needed price of degazation gas is 2,54 CZK. 

4. CONCLUSION 

Issue of blast-furnace smelting innovation and outlook of the usage of alternative methods of iron 
production under the Czech conditions is currently a financial issue. They are just financial reasons because 
of which it is not possible to considerate the option of construction of new aggregates, either alternative 
methods or updated blast furnaces. That is why considerations are concentrated on existing blast furnaces 
and the possibility to modify them so that they could process pre-metalized charge. The possibility of 
modification of the existing blast-furnaces to the suggested aggregates would be not only financially 
acceptable but at the same time it would also contribute to the solution of a specific problem of Ostrava 
region and it is a usage of degassing gas. So that the saving on the coke consumption would reach the 
above specified, the price of 1 m3 of gas should not exceed 2,54 CZK. 
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Abstract 

This paper deals with way how to monitor life cycle of crystallizers at continuous casting devices. There are 
some irregular changes where the crystallizers desks are during their life time - actual working position in 
continuous casting device, emergency position in continuous casting device, transport to the maintenance 
and diagnostic service, diagnostic and maintenance it selves.  

This cycle we can consider as a logistic chain and therefore it is suitable to implement some new innovative 
technologies in the wireless identification area. Automated monitoring of each crystallizers desks is a key 
process to achieve better maintenance estimation. 

Keywords: RFID, continuous casting, RF, antenna 

1. INTRODUCTION 

This paper deal with the way of monitoring crystallizer’s lifetime cycle, which are using in continuous 
casting devices. During the lifetime cycle of crystallizer’s desks, there are many irregular changes of these 
desks. There can be a working position of the desk on continuous casting device, standby position, some 
transports to the maintenance and diagnostics centre and so on. 

This cycle can be simply consider as a logistic chain and that’s why is appropriate to use an automated 
monitoring and localization of single crystallizer’s plates. There are many innovative technologies in 
wireless identification area (RFID) 

2. PROPOSAL OF SPECIALIZED MODULE FOR LOGISTIC SUPPORT WITH USAGE OF WIRELESS 
TECHNOLOGIES 

Wireless identification 
system is based on radio 
frequency data transfer 
principle. This transfer is 
among sensor (base station) 
and moving object (person, 
car, palette in storage house 
and so on). Monitored object 
has to be equipped with so 
called transponder (RFID tag), 

which basically is electronic circuit, which contain transmit/receiving antenna module, power supply 

Fig. 1.Basic function principle of RFID transponder 
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capacitor, memory (ROM, EEPROM) and control circuit. It’s essential advantage is fact, that it don’t need 
battery power source. In principle whole system operate as double antenna system, where one is on the 
transmitter side (base station) and the other one is connected to the transponder (tag). Transponders are 
in various types of constructions in dependence of target implementation. These tags may be in shapes and 
sizes of credit card, glass sticks, plastic circuit plates, cylinders and so on. 

Function principle of transponder is presented on (Fig. 1). The base station is continuously transmitting 
pulses of RF signal through the antenna to the surrounding environment. 

As soon as the transponder is on coverage of the antenna, it will receive the transmitting signal and 
through it charge up the power capacitor. This energy is sufficient to activate transponder and transmit 
information, stored in memory. The base station then receives transponders data to evaluate them. After 
that, the data are processed and stored in the database. Data can be passed to the computer immediately, 
or can be stored in mobile reader’s memory and copy to the database system later. 

In our case were used passive RFID transponders. Passive transponders are dramatically cheaper than their 
active versions, unpretending to maintenance, climatically and environmentally resistant, they have 
variable working read distance from 0.5m to 10m, long life time, they are using RTF (Reader Talk First) 
communicating method and memory sizes from 64b to 256b.Transponders which work on highest 
frequency UHF, has reading radius from 1m – 10m at maximum. Tags with the lowest transmitting 
frequency 125kHz, has only 0.5m action read/write radius. In industrial ambient may be used special RFID 
transponders working on 134.2kHz and 13.56MHz (Fig. 2.). 134.2kHz frequency is typical for Texas 
Instrument products. This RFID system is characteristic because of using frequency modulation (FM), not 
like others. Standard modulation in RFID communications is amplitude modulation (AM). This advantage 
guarantee longer working radius of reading and better interference immunity. 

 
Fig. 2.Communication channels dedicated to RFID system 

Practically it means, that each part of crystallizer should be equipped with passive wireless identification 
sensors – tags (for example cylindrical model RI-TRP-R9TD or ceramic transponder which about to be 
mounted on the metal). These tags will carry set of information for logistic control support. There have to 
be a set of base station too. These base station should be mounted on exposed spots, mostly entrance 
gates, train cross roads or places in large hall, where the maintenance happen (for example microreader RI-
STU-MRD-1). These devices are currently under testing conditions in laboratory environment [1],[2],[4],[8].  

Suggestion of whole logistic chain is presented on visualization proposal on (Fig. 3.). During the working 
cycle will crystallizer pass through the monitoring station, crystallizers transponders will react and send its 
information to the base station. This station processes the data, add its own information header and 
contact the monitoring system. Testing operation in industrial environment proved itself that is necessary 
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to use various frequency bands, by reason of disturbance caused by other devices (remote heavy load 
crane, traction locomotive driving and so on). 

Main benefit of setting up this technology 
may be assume in automatic gathering of 
information about actual position of each 
crystallizers desks, their working state and 
logistics states and stands in real time. 
These information than help to optimize of 
logistic control process of 
operation/maintenance state. 

Passing to these technologies and their 
usage is subjected to development of these 
technologies and also to making 
corresponding support from application 
side of SW equipment. 

Cooperation with Phobos and Sick company brought new possibilities, which can be used to improve this 
task. In present time, we have two main candidates for industrial operation. The first option counts with 
usage of LF RFID, running on 134kHz. Problem with disturbance and low read radius is balanced by used 
frequency modulation. With its help and big frame antenna the read distance should extend to 2m. This is 
sufficient for most cases. Important thing is to verify this technology directly in the industrial environment 
because of huge RF disturbance on testing spot. The second option is to use industrial reader base station 
from Sick company working on 868MHz band. Used directive antenna vector output power into the certain 
area and so it is not a major source of disturbance to surrounding wireless devices. New methods of 
communication allow two way operation (full duplex) and that’s why other usage possibilities in logistic [3]. 

3. PRACTICAL TESTS IN OPERATION 

There was a testing on the model before real testing operation of reading mechanism. One of the 
realization conditions was a graphical expression of upcoming system. It was made to be able to exclude 
possible collisions with surrounding devices and in addition graphically show directive characteristics of 
used antenna system.To prove this detail photo documentation was made. There were choose a spots, 
where the RFID system should be installed. Than were made a 3D model in Rhinoceros 3D software 
environment. Antenna directivity than was import into the 3D model. Result roughly shows field of action 
of electromagnetic field generated from the antenna in guarded directions. Results of this simulations are 
presented on (Fig. 4.). 

Real system was disassembly onto the basic elements and modeled on PC. Created wire model serve to 
primary orientation in space. Next step were textures, which were piled up on the model and lights were 
added. Most power generated from antenna was substituted by cone. Model was rendered and incurred 
pictures were presented to competent person to examination.  

 

Fig. 3. Early suggestion of visualization of main screen 
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Antenna itself was identified separately. 
It was necessary to make detail RF 
coverage area. Powerful beam generated 
by antenna should reliably shade any RF 
control device in closed area. RF power is 
relatively high, about 20W at maximum. 
Antenna itself is standard panel 
construction. Coverage area is sector 
type. Measurement proceeded in lab 
environment and results were 
extrapolated on computer model. 
Measurements results are presented on 
(Fig. 5.). Antenna system was measured 
in horizontal and vertical polarization. 
Systems sensitivity were tested under 
several conditions. RFID transponders 
were shielded by various type of material 
and then was examined influence of the 

material to the reading range and system stability [5],[6],[7],[8],[9]. 

4. CONCLUSION 

Measurement in lab environment proves some supposed conclusions in context of RDIF systems. 
Measurements concern especially a reading distances and RF coverage area of antenna system. Low 
frequency systems show itself with good selectivity, but very low read distance. Even a bigger antenna 
didn’t help. But price of these systems is very favorable and its implementation is mentioned in mass 
scale.High frequency RFID systems working in sub gigahertz band (860MHz) are on the contrary high 

 
Fig. 4. 3D model of industrial environment made in Rhinoceros 

3D environment 

 
Fig. 5.Coverage area of used antenna 
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appropriate to read transponder data on longer distances (12m).One disadvantage is disturbance of other 
RF devices in surroundings. Output RF power is in order of ones of watts and that’s why can easy suppress 
low power remote controls of other industrial systems. So it was necessary to use high quality, sector 
antennas to suppress any disturbance outside of coverage area. Price of this HF RFID systems is tenth as 
high as LF systems. RFID technology show itself as a good alternative to other identification technologies 
used in industrial environment. This article can originate thanks to support of Ministry of Industry and 
Trade of Czech Republic. Grant project TIP evidencenumber. FR-TI1/319 "Vývojnovýchprogresivníchnástrojů 
a systémůpodporyřízeníspolehlivostíprimárníhochlazenínabramovémzařízeníplynuléhoodléváníocelí pro 
zvyšováníkvalitynáročnýchplochýchvýrobků" and in terms of project SP2012/42. 
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Abstract 

Metallurgical production, despite the pessimism of previous years is still important areas of our industry. 
This branch of industry is characterized by the high energy demands. We can say that even a small 
percentage reduction in energy consumption can lead to very interesting economic benefits. The wide 
range of steel production in terms of potential energy savings interesting plants rolling mills. Hot rolling 
mills, if not processed directly blooms still hot, they have incorporated technology in continuous reheating 
furnaces. Optimization control heating furnaces are complex tasks with the above-mentioned optimization 
of heating furnace is to be addressed in relation to the rolling line, rolling lines as stroke affects the 
character heating in an oven. Part of the design of optimized control heating furnaces a thorough 
evaluation of the kiln operation in regular operation. Data from this operation forms the basis of the 
optimum procedure. They have a the numerous purposes: to verify the models of heating the material, 
selection of suitable operating models of heating, the dynamic behavior of the model furnace technology. 
Data that are necessary for the creation and verification of the model is usually necessary to obtain data 
mining methods. As a mathematical-physical model can be used heating optimization model based on the 
principle idea Pontragin’s principle of maximum. On the base of operating data an example of a heating up 
the material in the continuous furnace and the potential benefits of optimal control of the same material 
will given. 

Keywords: Reheating furnace, heating curve, optimal control, structure of control system 

1. INTRODUCTION  

Metallurgical production, despite the pessimism of previous years is still important areas of our industry. 
This branch of industry is characterized by the high energy demands [1]. We can say that even a small 
percentage reduction in energy consumption can lead to very interesting economic benefits [2]. The wide 
range of steel production in terms of potential energy savings interesting plants rolling mills [3]. Hot rolling 
mills, if not processed directly blooms still hot, they have incorporated technology in continuous reheating 
furnaces. Optimization control heating furnaces are complex tasks with the above-mentioned optimization 
of heating furnace is to be addressed in relation to the rolling line, rolling lines as stroke affects the 
character heating in an oven. Their including into technological line essentially dictates running of heating 
aggregate. Furnace power is determined by requirements of linked technology and own control system of 
furnace must give suitable response on these requirements [4] and [5]. We suggest fitment of furnace 
aggregate with feasible control of stabilized type, the main task is to design high level of control, what 
means: to describe process of material heating up; to establish for this process suitable mathematics 
models; to determine control algorithms and to define control system structure. 
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Optimal control 

Part of the design of optimized control heating furnaces a thorough evaluation of the kiln operation in 
regular operation. Data from this operation forms the basis of the optimum procedure. They have a the 
numerous purposes: to verify the models of heating the material, selection of suitable operating models of 
heating, the dynamic behavior of the model furnace technology. Data that are necessary for the creation 
and verification of the model is usually necessary to obtain data mining methods. 

 
Fig. 1 The main parts of optimal control system and off-line and on-line computing 

 

The main parts of creating of optimal control system and so the main parts of optimal control of reheating 
furnace are given in Fig. 1. It can be seen that technological data are used in two forms. First they are used 
for identifying of parameters of dynamic system temperature of furnace atmosphere - the surface 
temperature of material and with cooperating with data of calibrating measurement they are used for 
identifying of heat transfer parameters. 

2. SOLUTION OF OPTIMAL HEATING PROCESS  

Analytical solutions of an optimal heating process accept a lot of restrictions, what makes their practical 
applications questionable. By modification of method used in [4] algorithm of automatic search of optimal 
control with usage of optimizer is proposed. 

2.1. Optimal control with minimum of oxygenation 

Task of optimal control in this case is transfer material from initial state described by mean temperature of 
material )( 0S tT  in time 00 �t  at input of furnace to the end state at output of a furnace so that losses by 

oxygenation of material would be minimal. Optimal control has to accept concurrently set of restrictions 
based of acceptable material temperatures, temperatures of zones and duration of heating up process. 
Dynamic system is described in form 
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(1) 
 

Individual parts of state vector are functions of time (the time as function parameter will be omitted). 
Mean of parts of state vector are: 1x - mean temperature of material, wx �2  - power of metal loss, ux �3  - 

temperature of material surface], u
B

povT
Kw

�
� e2

 
- power of surface metal loss. It can be shown that Hamilton’s 

function has extreme within all usable temperature range. For extreme of Hamilton’s function can be 
written 

 

(2) 

 

Extreme of Hamilton’s function is determined by using numerical solution equation (2) for current 

simulation time t  and for corresponding value of time constant 1st. , which is calculated for mean 

temperature of material )(S tT  by using 

(3) 

 

 

Constant r adjusts fulfillment of restricted conditions, adjusts especially useful duration for heating up and 
starting temperature of material, that are necessary for achievement of optimal control condition. 
Temperature of furnace environment is estimated on base of surface temperature of material and on base 
of transition of system furnace environment temperature – surface temperature of material. Surface  

temperature of material established by using Hamilton’s function extreme is compared with output of 
system temperature of furnace atmosphere – surface temperature of material. Time constant of this 
system is determined using calibrating data. Calibrating data - the temperatures of selected points of 
material especially its surface temperature can be measured directly using thermocouples situated at 
heating material. Corresponding furnace environment (atmosphere) basic level of control system can 
produce. Identified time constant is shown in Fig. 2a as the function of material position in the furnace and 
in Fig. 2b as the function of difference of furnace and material temperatures. 

  

Fig. 2a Time constant r.  in material positions 
Fig. 2b Time constant r. - dependence on 

temperature difference 
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2.2. Minimize of oxygenation and fuel consumption 

Task of optimal control in this case is to carry material from input of furnace in time 0�t  and from its 
beginning state, determined by mean temperature )(S tT , surface temperature of material ),( tST , to the 

end state in time ct  with given ending mean � �cS tT  and surface and costs for heating up determined by fuel 

consumption and oxygenation of material can be minimal. 

Components of state system vector will have following sense: 1x  - mean temperature of material ST  [°C], 

2x  - power of metal loss [ 42mkg �  ], 3x - temperature of material surface � �tST ,  [°C] and 4x  - per unit 

consumption of fuel for heating up [ 1kgJ � ]. Command variable will be per unit power, that 4xu ��  

[ 1kgW � ]. 

Cost functional in this case has form 

 

(4) 

 

where 1K  and 2K  are constants, which value is determined by ratio of fuel costs and metal loss, 

dimensions and character of heating up material, engineering property of furnace; their ratio establishes 
conditions of optimal control. 

Hamilton’s function minimum we will again fix by its first derivation acc to controlling variable, so 

(5) 

 

Here 3p  and 4p  are conjugated variables 

Mode A. Optimal control consists of parts, where 0�
$
$

u
H

 can be determined from set of allowable values 

of control quantity u. Value of extreme of Hamilton’s function we will find by using numerical solution of 
equation 

 

(6) 

 

Modes B and C Within periods for those expression 0�
$
$
u
H

 is not valid, by literature [6] optimal control is 

given by equation 

(7) 

 

 

Mode C will be that mode, when control variable is set on minu  and mode B will be that, when control 

variable will be set to value maxu .Using this control constant r  will determine period of heating up and ratio 
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Modes D and E. Starting period of heating up we will solve using two variants, first by procedure 
mentioned above, second by addition of faster starting period of heating, when we increase furnace 
atmosphere temperature by the same way as during normal operation. This section is marked as mode E 
inside graphs. Next mode D is transition to mode C. 

2.3. Approximation of heating up curves 

Necessity of accurate determination of heating up time results from fact, that material is prepared with 
required temperature at output of furnace sooner, holding this temperature for longer than necessary time 
deals to non-economic efficiency of production. For operational purposes it is necessary to make 
simulations of heating up for: a) selected weight (dimensions) categories of heating up material, b) selected 
quality of material and c) selected heating up speeds. 

2.4. Data mining usage for process data analyze 

The huge data producing of control system of a furnace determine usage some modern system of date 
analyze to select and to prepare data for control or model purposes. One of these methods is data mining. 
In industrial control systems there is an amount of archived data, which would generally be appropriate for 
predictive purposes, but for these purposes they are not properly sorted. For purposes of data mining is 
necessary to convert the data into a suitable form. It can be shown that the problem of analysis of these 
data can be converted into a sequence of symbols that can be evaluated as an artificial and finite machine 
can be constructed. It can be assumed that based on this data data mining technology can evaluate the 
different technological states of the furnace and on the basis of these states parameters the predictive 
model of the furnace control can be assessed. 

3. THE NEURAL NETWORK APPROACH 

For optimal control of reheating furnace is necessary to know the actual temperature of material in each 
position into furnace. Direct measuring of this temperature in most types of continuous furnaces is not 
possible. So the mathematical model of material temperature is usually used. But the calculation is 
extremely time-consuming. Artificial neural networks (ANN) have been nowadays more and more exploited 
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in technical praxis [7], [8]. The goal was to verify the ability of artificial neural networks exploitation for 
prediction of the moment of accomplishment a model based temperature of material within the process of 
heating up before rolling. The neural network model advantage depends on promptness determination 
temperature of the material in the furnace. This method disadvantage is that only the range of goods using 
for ANN learning is applicable. On the opposite the mathematical-physical model can be used universally 
for any material dimensions (even those outside the range of having measurement). Next advantage is the 
information of temperature field over the entire dimension. On the other hand a low speed of computing 
improper for real time control is its disadvantage. The mix of both methods enables sufficient powerful and 
accuracy solution even if a lot of measurements are available [9], [10] and [11]. The values for ANN learning 
are generated using mathematical physical model using non limited intervals and the learned ANN can be 
used for rapid predefined temperature computing. 

4. CONCLUSION 

Optimization control heating furnaces are complex tasks. Optimization of heating furnace is to be 
addressed in relation to the rolling line, rolling lines as stroke affects the character heating in an oven. The 
main tasks of designing of high level of optimal control are describing process of material heating up, 
establishing suitable mathematics models, determining control algorithms and defining control system 
structure. One of the most important steps within this task is to determine the optimal temperature 
trajectory of reheating material. The Pontragin’s principle of maximum can be used. The optimal modes can 
metal loss and metal loss and energy consumption as optimal criterions can use. In real control system 
algorithm mathematical or better ANN model cam is used to determine the actual temperature of 
reheating material. So setting of temperature or power of zones can be done by comparing optimal 
temperature of material with actual temperature given by model or by learned ANN. 
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Abstract 

The article describes a laboratory model of non-destructive monitoring of crystallizers desks by laser sensor 
while on high surface temperatures, its possibilities and limitations. Uses this model will help us to scan 
blanks from all four sides and thus analyze its surface with purpose of control support of technology on 
continuous casting devices and increasing of quality of the blanks. 

Keywords: defect, diagnostics, quality control, control systems, continuous casting device 

1. INTRODUCTION 

The article describes a laboratory model of non-destructive monitoring of crystallizers desks by laser length 
sensor while on high surface temperatures. There will be described two laboratory models, on which the 
tests have passed. As a result of this research will be creation of laboratory model, which will be able to 
recognize the surface defect on continuous casting device. 

2. DEFECTS 

Continuous steel casting is a technological progress, whereat isn’t possible to exclude the defect 
occurrence. Liquid steel is pouring into the cold crystallizer, where the liquid steels surface is exposed to 
influence of oxidation atmosphere. Solidification runs from perimeter to the centre. That’s why we can find 
similar or the same defects when the liquid steel is processed by both ways. This presumption is concerned 
as the surface so the inners defects. In the frame of this article are presented research results incurred on 
the lab models. 

3. MODELS PRINCIPLE AND USED HARDWARE  

The goal of this solution is to design a system, whereby we could scan blanks from all of the sides, so that 
we can analyze its surface (from the view of lengthwise defect). Current suggestion supposes sensors 
placing, behind the straightening devices, respectively behind dividing and marking device (where the blank 
is uniquely identified). 

 Into this spots we are supposing to place four laser distance sensor, which could scan the entire surface 
from all sides of the blank (Fig. 1). 
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Scanned data would be recorded to the 
monitoring system. On the staffs 
monitor would be displayed four 
windows, in which would each blanks 
surface be monitored. In the case of 
surface defect the system could be able 
to generate alarm signal. In current time 
the laboratory model is making to verify 
possibilities of this approach, without 
influence of flakes, which are limiting 
factor of this solution.  

 

 

4. HW COMPONENTS AND DATA EVALUATION FROM THE LABORATORY MODEL TO SCANING 
DEFECTS ON BLANKS 

In this 

section will be described current state of work on laboratory model, when all tasks were focused to 
connection of distance laser sensor, to all scanned data could be stored to PC and so to the measuring of 
some surfaces for example metal ingot. Measured data were stored to the PC through the special HW card 
NI-PCI-6221-37 (Fig. 2). To allowed current surface scanning through NI-MCI 6221 we have to setup the 
MATLAB environment (Fig. 3). After that the measuring was made. On the (Fig. 3) we can see 
interconnection of each components intended to measure in laboratory diagnostics system. 

Further was necessary to setup parameters: measuring mode between synchronous and asynchronous, 
measuring card type, samples per second number setting, block size, measuring channel setting and so on. 
For measurement, there was setup these parameters: asynchronous signal, 10k samples per second, 
channel A8, measurement time 0.08s and measurement type Normal. These parameters were setup in 
simulink environment. We did several measurements, which were displayed in block called Scope. File with 
time domain running was inserted to the block called Simout with possibility of visualize of measured 
running.  
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Fig. 1 Diagnostics principle defects 

 

 

Fig. 2. Special HW card NI PCI 6221 37 – pin Fig. 3 Block diagrams in Simulink 
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The first laboratory model (Fig. 4, 5), ensure automatic shift control of laser sensor in x axis direction and 
controlled movement of sample in y axis direction. This model comes from assembled laboratory model for 
crystallizer’s surface measurement. 

A software application is developing which is able to visualize measured data. On Figs. 6 and 7 can be seen 
a demonstration of the proposal of this application. Application should be able to visualize individual 
measurement points as in discrete so as in continuous spectrum and visualize sample profile on selected 
coordinates. 

Core of the model will make decision of defects and its classification. 

5. SYSTEM TESTING  

Result is to verify possibility of surface scanning by laser distance sensor, when temperature is increasing. 
For measuring purposes was in the VSB-TU premises made a laboratory model (Fig. 8). It was completed 
from heating rods, ratio pyrometer (Fig. 10) and distance sensor (laser sensor) (Fig. 11). On the further Figs. 
12. and 13. there is presented a heating rod, placed in special holder. This holder carries also a ratio 
pyrometer and laser sensor. After the laser sensor was connected, the heating rod was heating up and a 
fake defect were simulated. This defect is monitored while increasing temperature. As we mentioned 

  
Fig. 4 Laboratory model, overall look Fig. 5 Laboratory model of surface scanner 

  
Fig. 6 Visualization of surface in discrete form Fig. 7 Visualization of surface in continuous form and 

profile in current position 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1749 

above, the purpose is to verify sensor behavior under the high temperature levels. . Temperature was 
closed to real ZPO working temperature. 

 
Fig. 8. Laboratory models scheme 

 

  

Fig. 12. Laser sensor pointed to the hottest place 
of the rating rod 

Fig. 13. Laser sensor and the ratio pyrometer 

After the initial testing was necessary to find out what is the maximum sensing temperature for used 
distance sensor. For that test were used a heating rod with 2,9Ω resistance. The heating rod was connected 
to the power supply and then burden with current of several values. Passing current invoked temperature 

 
Fig. 9. Heating rod 

  

Fig. 10. Pyrometr LAND FP12 and processing unit Fig. 11. Laser distance sensor 
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to increase. The heating rod reaches its maximum temperature of about 1300°C. This is an appropriate 
temperature which is responding to blank on continuous steel casting devices (CSTD) temperatures. 

In this phase of experiment didn’t need to fasten laser sensor and pyrometer on interposer bar. Aiming on 
the individual spot (hottest place on the rod) was enough. 

The experiment was started, when the heating rod reach the temperature of 500°C. This temperature value 
was increased to the limit value of 1250°C. It was increased after 100°C steps to the limit value of 900°C. 
From the 900°C the temperature steps were lowered (50°C). When the temperature has changed, we wait 
for the while, to stabilize final temperature value. Than the laser sensor was applied and we red if the 
output value is in limits and if is possible to detect defect. Output signal were red from the oscilloscope. 
This temperature is enough to measure inner defect on CSTD. 

6. CONCLUSION 

Two laboratory models were made. The first is scanning surface defect. Main contribution were 
possibilities, where can be special equipment can be fixed and what possibilities we have, if scanning 
surface defects. The second model was intended to tell us, what is the maximum read temperature or that 
sensor. Both models shows us, what is the next direction of research when designing diagnostics device to 
identification of surface defect on continuous steel casting devices. 
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Abstract 

Material heating in heating furnaces is often accompanied by drop-outs in furnace setting, which results in 
final parameters destabilization of a heated material. It concerns preferably surface temperature shifts and 
degree of temperature adjustment based on the volume of heated material closely after furnace leaving, 
compared to service technologically defined values. Deviations from standard set values of heated material 
will show up during the following processes in connected forming technologies. The goal of heat governing 
in heating furnaces is an effort to keep the parameters of heated material as stable as possible with the 
lowest deviation of standard set values. To achieve this goal, controlling systems do not get along with 
optimization algorithms, which need on-line heat prediction for their operation. These predictions may only 
be realized when high-grade heat models are at disposal in combination with time curves of input data 
necessary for model work for the whole time of heating (stay of heated material in the furnace). This 
contribution is preferably aimed at acquiring the input data from databases that are created as a result of 
archiving of all measured values of heating technological process. Long-lasting archived data may properly 
serve as information source when creating a model and data archived during the stay of heated material in 
the furnace may be exploited for parameters prediction of final product when drawing out of the furnace. 
Based on these predictions it is then possible to optimize the heating if it is necessary to adjust parameters 
of the final product in the process of drawing out of the furnace. 

Keywords: Optimization, control, models 

1. INTRODUCTION 

Heating furnaces are necessary part of industrial hot forming technologies. The quality of heating 
influences to a great extent the quality of final products after forming. Concurrently it goes about 
technological aggregates, where optimization of heating control may substantially influence an energy 
demand and as a result the production profitability of the whole technological assembly. Optimization of 
heating control in heating furnaces may be based on the choice of the best option, resulted from the result 
heating predictions for various settings of control values heating process, which come out of tolerable 
controls operation defined sets. Predictions may be realized only on simulation bases on heating models 
[1], [2]. Because for models of heating material computation mainly boundary condition of III. category are 
expected, it is necessary to know the environment temperature of heated material for the whole period of 
their stay in the furnace. It may be realized if time trajectory of heated material movement is known and 
then temperature field in a furnace as a function of time and position. From these two entries it is then 
possible to define temperature curve of the furnace belonging to heat of monitored heated material. 
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Nowadays control systems digitize and archive all measured values of technological heat process together 
with identification data of heated material. This, however, is realized in various separated databases. To 
acquire integrated information for heat mathematical models application, data mining technology is 
required [3], [4], [5]. 

2. TEMPERATURE FIELD MODEL LENGTHWISE THE FURNACE 

The accuracy of temperature 
field definition is limited by 
technical possibilities of 
environmental temperature 
measurement at the place of 
monitored heated material. 
Operational measurements 
enable only mean temperature 
measurement at places where 
thermocouples are placed. 
Other deviations are caused by 
the fact that furnace 
temperature is known only in 
some few places that represents 
individual zone furnace 
temperatures. Temperature 
time flow in individual furnace zones during the stay of monitored heated material in the furnace is 
demonstrated in Fig. 1. 

 

For the temperature furnace 
computation in any place lengthwise the 
furnace, it is necessary to execute an 
approximation. Even if it would be 
possible to use approximation functions 
of various types with non oscillating 
character, it seems to be sufficient to 
use an approximation refracted per 
partes by linear functions. Another 
appropriate alternative seemed to be an 
averaging approximation exploiting per 
partes quadratic function. More 
significant differences compared to 
simpler linear approximation shown up 
only in the first furnace zone, where 

errors negligibly influence the heat result. The information about temperature field lengthwise the furnace 
is necessary to know for the whole time of heated material stay in the furnace. Space-time illustration of 

Fig. 1 Temperature time flow in individual furnace zones 

Fig. 2 Furnace temperature field at time 
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furnace temperature field during the heat time of monitored material in the furnace is demonstrated in Fig. 
2. 

3. MOTION MODEL OF HEATED MATERIAL LENGTHWISE THE FURNACE 

From heating parameters computation point of view it is necessary to know the moment when heated 
material have reached certain position lengthwise furnace hearth and time, for which it stayed in this 
position. Databases usually contain registration numbers of individual pieces of heated material when 
charged to furnace together with a timestamp; sometimes are data about heated material in individual 
positions lengthwise the furnace collected in regular time intervals. By exploiting data mining technology is 
then possible to acquire information about momentary position of monitored material in the furnace. 
Based on this information is then possible to construct time trajectory of the position of monitored material 
in the furnace (see Fig. 3). For instance, at the process of steel blocks heating in a carousel furnace is more 
convenient to monitor the whole row of blocks situated in one monitored furnace position determined by 
step of the hearth shift. From the Fig. can be seen how rhythmically the furnace worked, graphically longer 
dead time and instant position of heated material in the furnace during the whole heating period are 
evident. 

4. TEMPERATURE MODEL 

For temperature and degree of 
temperature equalization alongside 
the cross section of heated material 
computation when leaving heating 
furnace is necessary to deal not only 
with external heat transfer, but also 
with internal heat transfer during the 
time of heating. Having connected 
time synchronization information, 
which resulted from "the furnace 
temperature field model lengthwise 
the furnace" with information from 
"the movement of heated material 
model lengthwise the furnace", all 

input data for the external heat transfer computation are acquired. The data may be processed to furnace 
temperature time flow at each current position of heated material during its heating process in the heating 
furnace. In Fig. 4, furnace temperature time flow at a place of monitored material is represented by a solid 
red line. Environmental time dependency, which is necessary for model operation based on heating 
computation from boundary condition of III. category is then known. 

 

Models of various types may be used for a solution of external and internal heat transfer. Mathematical 
models that were verified by comparison with measured values [7] were used in this case. 

The work fundamentals of used models may be expressed with the exploitation of the following 
mathematical formulate [7]: 

Fig. 3 Time trajectory of the heated material movement in a heating 
furnace 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1754 

� �material
material T

t
Tc PP�
$

$ �-                (1) 

and  

� �mediumsTT
n

T
surface

surface ��
$

$
� 3�               (2) 

 

Having applied them, temperature 
time curve in two basic points of 
heated material are obtained (see 
Fig. 4). Dotted line expresses 
temperature time curve of the 
heated material surface and 
dashed line corresponds to 
computed temperature time curve 
in its centre. Cost of these two 
values at the end of the heating 
state about the preparation quality 
of heated material for the following 
forming technology. 

 

5. SUMMARY 

Data mining technology from separated databases, which collect individual data entities about each 
individual material heating in heating furnaces, enables to sort out and synchronize a certain data set to be 
sufficient input data source for heating optimization algorithms that for their activity exploit mathematical 
heat models. The majority of known heat models stem from boundary condition of III. category. The goal of 
data mining and subsequent modeling is an effort to acquire the most precise information about 
temperature time curve in the furnace always in current position of heated material in the whole process of 
its stay in heating furnace. It may be realized when model of temperature field time flow in heating furnace 
and time model of heated material movement in the furnace are created. Having synchronized the two 
models, necessary data for heat model realization with exploitation of boundary condition of III. category 
may be calculated. Long-term stored data may as well serve as an information source in the process of 
model creation and for their verification. Current data, archived during the stay of heated material in the 
furnace may be exploited for parameters prediction of the final product when pulling out of the furnace 
and the following heat process optimization by adjustment corrections of controlled parameters required 
values of control system in heating furnaces separate zones. The aim of optimization should be the 
stabilization of final product parameters by minimizing energetic heating demand. 

 

 

Fig. 4 Time flows of significant temperatures in the process of 
material heating in heating furnace 
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ABSTRACT 

The correct and effective interventions in the processes, quality of their management and continuous 
improvement are one of the basic assumptions for the success of companies not only in the metallurgical 
industry. Successful fulfillment of these assumptions can’t be achieved without quality measured data of 
important quality characteristics of the product and process, which provides only acceptable measurement 
system. For that reason the analysis of the most important properties of measurement systems (e.g. 
stability, bias, repeatability, reproducibility etc.) must be one of the integral part of quality planning 
activities. The acceptability of the measurement system is currently assessed with using results of 
combined gage repeatability and reproducibility study (GRR). The most used methods for evaluation of GRR 
study is a average and range method (A&R) and analysis of variance (ANOVA). In the latest editions of 
guides for the measurement system analysis is the ANOVA method still more preferred method for 
evaluating the acceptability of measurement system. Some practical experience lead to the conclusion that 
results obtained with both methods can be significantly different. It can lead to different conclusions about 
the quality of the used measurement system. The purpose of this paper is the analysis of results obtained 
with using both methods for various practical situations. The results of this paper will lead to more precise 
determination of the differences and weaknesses of both methods in order to improve the reliability of the 
results of gage repeatability and reproducibility study. 

Keywords: Measurement, repeatability, reproducibility, interaction, range method, average and range 
method, ANOVA 

1. INTRODUCTION 

The success of the companies on the market has been for several decades dependent on quality of offer 
products and services. We cannot achieve this quality without quality management system, whose principal 
task is planning, controlling and continuous improvement of all processes in organization. All decision in 
this quality trilogy should be performed on the basis of gained data, which are facts. In case of production 
processes these facts represent measured data of all monitored quality characteristic. The important 
condition for making a right decision in this case is enough of quality data, which provides only quality 
measurement system. The standard ISO/TS 16949 that contains requirements for quality management 
system in automotive industry in chapter 7.6.1 tells that it is necessary to do statistical studies for analysis 
of all types of measuring and test systems.  

These statistical studies are done according to several methodologies in the practice. One of them is 
methodology VDA 5, that was created within the framework of German car industry. The basic principle of 
this methodology is narrowing of the tolerance of quality characteristic by calculated uncertainty. This 
method is not used very often and the evaluating of uncertainty is done only in testing and calibrating 
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laboratories. The most frequent methodology, not only in the sphere of automotive and or metallurgical 
industry is the MSA methodology (Measurement System Analysis), which was created by three American 
car producers Chrysler Group LLC, Ford Motor Company and General Motors Corporation [1]. Its main 
principle is evaluation of the most important statistical properties of measurement system, there is 
stability, bias, linearity, repeatability and reproducibility among them. The most often done is GRR (gauge 
repeatability and reproducibility) study and based on obtained results we assess acceptability of 
measurement system. There are three methods for evaluation of these studies: 

� Range method 

� Average and range method 

� ANOVA 

The use of each this method has some advantages and disadvantages, that can affect quality and 
informative value of achieved results. In the following text the studies GRR are done on real data with help 
of all three mentioned methods and the situations and conditions in which the results of these methods 
will be the same or totally different are described. Based on these results the weak and strong aspects of 
used methods will be defined. 

2. RANGE METHOD 

The method of GRR study, that takes the least time, is the range method, it is called short method too. This 
method is not normally used for basic comprehensive measurement system analysis, but serves for speed 
verification, weather %GRR value is acceptable. The big disadvantage is the fact, that it is not possible to 
evaluate individually repeatability and reproducibility of measurement system. It is joined with 
minimization of the number of measurements, when two operators measure five samples and each 
operator measures each sample just once. The value of combined GRR is evaluated on the basis of average 
range of measurement of individual samples according to relation: 

*
2d

RGRR �
                                           (1) 

where: 
 
 
 
 

The criterion for measurement system acceptability is percentage proportion of GRR from total variability 
TV, which is often estimated by help of standard deviation of production process. The minimization of the 
number of measurements can have negative effect on quality of achieved results. The achieved results can 
be very affected by the choice of operators, by the choice of measured samples and by the fact, that each 
operator measures given sample only once. Because of few processed data, the reliability of processed 
results is considerably decreasing. 

The variability of achieved results obtained by the range method was analyzed on the basis of data from 
basic study of the measurement system of the height of nuts (Tab. 1) processed for three operators, ten 
samples and two trials [2]. The data needed for GRR study by range method were chosen from this file. For 
various combinations of operators and measured samples were done twenty-four analyses. 

R  - average range of repeated measurements for individual samples 

*
2d  

- coefficient depending on the number of trials (m) and number of measured samples (g)  
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The determined %GRR values are listed in Tab. 2. The results show relatively high variability of %GRR value, 
which are between 6,35% and 33,56%. It means, that for various options of operators and measured 
samples, the measurement system could be classified as acceptable but also unacceptable. The average 
value %GRR for all 24 analyses was 17,83%, which is tally with the value achieved for application of average 
and range method for measured values (17,83%). 

 Tab. 1 Measured data of nuts height (mm) [2] 

O
pe

ra
to

r 

Tr
ia

ls
 

Measured sample 

1 2 3 4 5 6 7 8 9 10 

A 1 10,96 10,9 10,67 10,35 10,71 10,82 10,55 10,65 10,46 10,55 

2 10,97 10,89 10,68 10,4 10,68 10,81 10,56 10,63 10,47 10,57 

B 1 10,99 10,89 10,68 10,42 10,73 10,8 10,54 10,64 10,45 10,57 

2 10,96 10,93 10,74 10,39 10,72 10,84 10,6 10,69 10,43 10,54 

C 1 10,94 10,85 10,71 10,36 10,73 10,75 10,48 10,65 10,42 10,55 

2 10,91 10,84 10,64 10,33 10,65 10,76 10,49 10,66 10,45 10,53 

The results from Tab. 2 show, that %GRR value in that case is highly affected especially by the choice of two 
appropriate operators. While during the choice of operators A and B average %GRR was 12,93%, during the 
choice of operators A and C 17,69% and during the choice of operators B and C 22%. 

 Tab. 2 The %GRR values determined by the range method 

Operators %GRR for various combinations of operators and measured samples Average 
A, B 12,70 6,35 7,26 11,79 14,51 18,14 17,24 15,42 12,93 

A, C 12,70 16,33 17,24 11,79 22,67 19,05 19,96 21,77 17,69 

B, C 16,33 15,42 15,42 16,33 33,56 22,68 31,75 24,49 22,00 

3. AVERAGE AND RANGE METHOD 

Average and range method (A&R) is most commonly used for measurement system repeatability and 
reproducibility assessment in the practice. Required data are obtained by repeated measurements of 
product samples realized by various operators. With using defined procedure, which includes both numeric 
and graphical evaluation, repeatability (EV) and reproducibility (AV) are determined. On the basis of their 
values it is possible to calculate combined repeatability and reproducibility (GRR) according to the relation:  

          (2) 

As criteria of measurement system acceptability the percentage proportion of GRR in total variation and 
number of distinct categories (ndc) are used. They are calculated with using relations (3) and (4).  

100
TV

GRRGRR% 	�
           (3) 

GRR
PV41,1ndc 	�

                                         (4) 

where: TV – total variation                           

� � � �22 AVEVGRR 
�
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    PV – parts variation  

Measurement system is considered as fully acceptable in the cases, when %GRR value is lower than 10% 
and at the same time ndc value is 5 minimally.  

4. ANOVA 

The last fourth edition of manual MSA puts stronger emphasis on evaluating of combined GRR study by 
help of analysis of variance (ANOVA). In case of this method we can total variability divide into repeatability 
(EV), reproducibility (AV), variability between parts (PV) and into interaction between operators and parts 
(INT). The evaluation of GRR study by help of this method enables to achieve more information than in case 
of average and range method, because it provides information about how big part of total variability is 
caused by interaction between individual operators and parts. If this interaction is statistical important, its 
value states separately and GRR study is counted by this way: 

                                      (5) 

 

In case that the interaction is statistical unimportant, it is assigned to repeatability value. The ANOVA 
method can find out more accurate estimate of variance assuming the faults of measurement have normal 
distribution. We can verify this assumption by help of suitable graphical tools adduced in work [4]. The 
disadvantages of this method are more complicated calculations of individual part of variability, and that it 
is necessary to use computer during its application. 

5. INFLUENCE OF INTERACTION 

As the above was mentioned, the results of GRR study achieved by help of both methods can be different in 
theory. The difference can be caused by defaulting of assumption about normality of errors distribution or 
occurrence of statistical important interaction between operators and measured parts. In this article we 
will focus only on the effect of interaction. The results of GRR study achieved by average and range method 
and ANOVA method were compared again on real data of measurement of height of nuts by three 
operators (see Tab. 1). To be able to analyze partial results of these analyses also, for both methods were 
processed applications in MS Excel 2010. The rightness of results was verified by the help of MiniTab. 16. 
The achieved results are listed in the first line of Tab. 3. From comparison of fixed %EV, %AV, %GRR values 
and ndc value are evident minimal differences between results of the application of individual methods. It 
is because the variability caused by interaction between operators and samples was evaluated by ANOVA 
method as statistical unimportant (it is considered to be zero). 

In the next phase of solution the effect of increasing variability caused by the interaction between 
operators and parts was simulated on the results achieved by both methods. For this purpose the 
measured values were gradually changed in case of operator A in two chosen samples (the values were 
increased in the first one and decreased in the second one) that way, so as not to happen the change of 
total average of all measurements of given operator, neither the change of average range of repeated 
measurements. For appropriate changes the samples number three and eight were chosen, their original 
measured values got closer to average value off all measurements of given operator, so there was no 
change of range of averages of all measurements of individual samples. The setting of performed changes 
ensured constancy %EV, %AV, %GRR values and ndc value evaluated by average and range method (see 
Tab. 3). 

� � � � � �222 INTAVEVGRR 

�
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There are total results of 
GRR study in Tab. 3 
achieved by average and 
range method and 
ANOVA method in 
reliance on number of 
standard deviation, by 
which measured samples 
increased and decreased 
in samples three and 
eight. While in average 
and range method the 
results are constant, 
there are strong changes 
that relates especially with the value of interaction operator – sample in the case of ANOVA method. When 
we change the value of appropriate samples just by one standard deviation, the interaction is still statistical 
unimportant and the results are almost the same. When changing by two or more standard deviations, the 
value of interaction is strongly decreasing. It also causes strong growth of %GRR (see Fig. 1). The interesting 
is behavior of values of repeatability (%EV) and reproducibility (%AV). While the %AV value with increasing 
interaction operator - sample is strongly decreasing and during change of values by ten standard deviations 
reaches zero, %EV value is decreasing only a little. 

 Tab. 3 Simulations results for A&R and ANOVA methods 
Shift A & R ANOVA 

σ %EV %AV %GRR %PV ndc %EV %AV %INT %GRR %PV ndc 

0 13,55 11,62 17,85 98,39 7,77 12,93 11,14 17,09 98,53 8,13 

1 13,55 11,62 17,85 98,39 7,77 13,34 11,10 17,35 98,47 8,00 

2 13,55 11,62 17,85 98,39 7,77 12,88 10,85 7,41 18,39 98,29 7,53 

3 13,55 11,62 17,85 98,39 7,77 12,83 10,50 10,94 19,86 98,01 6,96 

4 13,55 11,62 17,85 98,39 7,77 12,76 10,01 14,44 21,72 97,61 6,34 

5 13,55 11,62 17,85 98,39 7,77 12,69 9,36 17,89 23,85 97,11 5,74 

6 13,55 11,62 17,85 98,39 7,77 12,60 8,52 21,28 26,16 96,52 5,20 

7 13,55 11,62 17,85 98,39 7,77 12,50 7,45 24,59 28,58 95,83 4,73 

8 13,55 11,62 17,85 98,39 7,77 12,39 6,04 27,83 31,05 95,06 4,32 

9 13,55 11,62 17,85 98,39 7,77 12,27 3,97 30,97 33,55 94,20 3,96 

10 13,55 11,62 17,85 98,39 7,77 12,13 0,00 34,02 36,12 93,25 3,64 

11 13,55 11,62 17,85 98,39 7,77 11,98 0,00 36,93 38,82 92,16 3,35 

12 13,55 11,62 17,85 98,39 7,77 11,82 0,00 39,73 41,45 91,00 3,10 

13 13,55 11,62 17,85 98,39 7,77 11,65 0,00 42,43 44,00 89,80 2,88 

14 13,55 11,62 17,85 98,39 7,77 11,48 0,00 45,01 46,45 88,56 2,69 

15 13,55 11,62 17,85 98,39 7,77 11,31 0,00 47,47 48,80 87,28 2,52 

16 13,55 11,62 17,85 98,39 7,77 11,13 0,00 49,83 51,06 85,98 2,37 

17 13,55 11,62 17,85 98,39 7,77 10,95 0,00 52,08 53,22 84,66 2,24 

18 13,55 11,62 17,85 98,39 7,77 10,77 0,00 54,22 55,28 83,33 2,13 

19 13,55 11,62 17,85 98,39 7,77 10,59 0,00 56,26 57,24 81,99 2,02 

20 13,55 11,62 17,85 98,39 7,77 10,40 0,00 58,19 59,12 80,66 1,92 

 

Fig. 1 Changes in GRR study results depend on shift against original data 
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With increasing value of interaction there is slight decrease of %PV. The increase %GRR and slight decrease 
%PV cause strong decrease of ndc value. Already during the change of values by seven standard deviations, 
the ndc value is decreasing under five and measurement system would be classified as unacceptable.  

6. CONCLUSION 

Performed simulations confirmed that used method of GRR study can influence achieved results and by this 
way decision about acceptability of measurement system. For example results obtained with using of range 
method can be very sensitive to the choice of appropriate two operators, especially in cases, when 
measurements of individual operators are different. Average and range method and ANOVA method 
provide very similar results when interactions between operator and measured samples are not occurred. 
But in the cases of these interactions occurrence the results of both methods can be considerably different.  

From results of performed simulation we can see, that average and range method does not enable to 
impact some strangenesses of measured values relating with the interaction between operator and 
measured samples. In the practice the influence of interaction can prove in any samples, which can have in 
case of evaluation of average and range method the consequence total decreasing %GRR value. During the 
use of ANOVA method, the occurrence of interaction is leading to higher %GRR values. The cause of higher 
variability caused by the influence of interaction operator - sample is not possible to identify on the basis of 
numerical analysis. There is need to apply recommended graphical tools for it [4].  
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Abstract 

The aim of the successful company is to provide added value of all inputs by connecting all the value-adding 
steps to a continuous flow. Other activities that do not add value to the inputs and are not necessary, we 
refer to as the waste or inefficiency. The article deals with the forms of inefficiency removal by Lean 
principles. Practical experience shows that many companies are focused mainly on introducing elements of 
lean manufacturing. Production has a massive effect on added value for the customer, but other business 
activities as logistics, determine how fast and effectively the company will finally earn money. 

Keywords: Logistic, methods, research, lean principles 

1. INTRODUCTION 

Logistics and its processes are an integral part of any industrial enterprise. It can be seen only as a separate 
area. Logistics processes are so variable, that their change is way to increase productivity and save money 
without changing the manufacturing or production facilities. There are tested methods and techniques, 
that specifically deal with cost reduction of processes, which do not create a value. In our article, we will 
pay attention to these methods. 

At present, the car factories put pressure on their suppliers and force them to be lean, often leaner than 
they themselves. Similarly, many companies from other fields try to apply the concept of leanness. This sort 
of approach enters the banks, retailers, chain stores, hospitals, public sector, construction and civil 
engineering companies, and so on. The leaning period occurs worldwide. Recently, many organizations 
dealing with the “lean logistics” appeared [9,10].  

The U.S. National Institute of Standards and Technology as a part of The United States Department of 
Commerce is a federal technology agency offers the following definition of lean manufacturing: [1]: “A 
systematic approach to identifying and eliminating waste through continuous improvement (non-value-
added activities), flowing the product at the pull of the customer in pursuit of perfection and sustainable 
development.” 

According to Košturiak the leanness of the company means [1, p. 17] “doing only those activities that are 
necessary, doing them right away, faster than others and spending less money. However, No one ever 
becomes rich by saving money. Lean philosophy is on improving business performance by higher 
production on particular area than competitors, a given number of employees and equipment create a 
higher added value than the others, at that time, we carry out more orders, the particular business 
processes and activities require less time. The leanness of the company is that we do exactly what our 
customer wants, with a minimum of activities, which increase the value of a product or service. Therefore, 
being “lean” means earn more money, make them faster and with less effort.” 
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The aim of the successful company is to provide added value of all inputs by connecting all the value-adding 
steps to a continuous flow [7]. Other activities that do not add value to the inputs and are not necessary, 
we refer to as the waste or inefficiency. To express its meaning, the Japanese use the term “Muda”. 

 

Its impact results within logistics in a form of [1,2]: 

� stocks, excess property, components and spare parts – materials are delivered to companies in an 
untimely fashion or in excess quantity, the reason being inexact documentation or mistakes made in 
the planning system or by the supplier, 

� redundant handling – useless material movements, relocation, transport, 

� waiting – for components, materials, information, vehicles, 

� repair failures – in transport, handling or information system, 

� mistakes – setting out materials and components in incorrect quantity and time, 

� absent transport capacities, 

� absent skills of the employees. 

The following section will be devoted to the characteristics of particular Lean methods used in business 
logistics. 

2. MAIN TEXT 

Methods of Lean concepts can be used in 
all areas of business. The biggest 
intersection can be seen between 
logistics and production area. Therefore, 
we attempted to separate the methods, 
that directly enter into the business 
logistics. We conducted a survey in V4 
countries, focused on knowledge and 
level of use of lean techniques in 
industrial enterprises. Within this 
questionnaire, we contacted 605 
respondents from industry. The 162 
organizations answered the 
questionnaire, which represents return 26.8%. 39% of that were large companies with a staff of more than 
250, 35% of small companies employing up to 50, and 26% of medium-sized companies, where the number 
of employees ranges from 51 to 250 We evaluated the usage of the fundamental concepts of lean 
manufacturing techniques usable in the logistics system, namely: Kaizen, teamwork, kanban, visual 
management, VSM, 5S, TPM. 

The results of our survey showed, that companies use this method regardless of the type of production. 
The type of production is closely related to the vastness and complexity of the logistics system. The 
methods are ranked from most used to least used in mass production in order by frequency: Teamwork, 
5S, Kaizen, visual management, TPM, KANBAN and VSM. 

Fig. 1 Utilize LEAN techniques in practice 
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From the graph you can see the differences between different types of production. The most frequent is 
the usage of lean techniques in businesses dealing with mass production. For this type of production has 
also been suggested LEAN concept. It is also clear, that neither type of production will remain outside the 
disused. 

There are all types of productions in the metallurgical industry. From small companies dealing with the 
casting of an order to large companies dealing with production of stocks for anonymous market. The 
specifics of such a logistics system are vastly different from each other, but the wide adaptability of lean 
methods allows to use them. In the following part of this paper we will briefly address the characteristics of 
different methods and their use in practice. 

Teamwork – is a way of organising the work based on common participation, common cooperation and 
responsibility all of the team members. It affects logistic processes supportively. Benefits in the area of 
increasing production and application of the idea “more people, more inspiration” are appreciable. 
Application of teamwork decreases the risk of making wrong decisions; it helps to strengthen interpersonal 
relationships and brings many other benefits, which are undeniable. Teamwork has disadvantages, too. 
Some of them are: we cannot utilise the management methods based on commands; shared responsibility 
can have consequence of lower personal responsibility; if the work can be cumbersome; if the team has too 
many members, there are higher demands on time than individual. The research also shows that method of 
teamwork is one of the most common [2,8]. 

5S – the name of the method is a short cut for five steps that help us to achieve clean workplace which is 
adapted only to work. It seems that the tidiness is a matter of every single employee, but it is not like that. 
Clean and to work adapted workplace enables the worker to utilise the time which he spends on searching 
for the tools and equipment. Saving the time is not the only benefit. Another benefit after application of 
this method is faster fault detection of the devices; increasing the workplace; increasing the stocks in 
workplace and also improvement of the corporate culture. Utilise of this method is suitable in all areas of 
the corporation. These are the five steps of 
implementing 5S method: 1. removing all the 
unnecessary elements from the workplace, 2. 
positioning necessary elements to a good 
reachable place, 3. cleaning the workplace and 
defining the areas of cleaning, 4. standardizing of 
the first three steps, 5. adherence of established 
standards and signing the confirmation of work 
which was done. 

KAIZEN – the method is designed to capture the 
improvement from all the corporate employees. 
This method is not designed only for 
manufacturing process, but it is designed also for 
every process where it will be implemented. Its 
principle is to process every suggestion of 
improvement. The main part is to analyse the 
impact of the change to corporation. Only after this step we are enabled to apply the change. The changes 
are captured anonymously without any claim on reward or directly from the employee. The aim of 

Fig. 2 KAIZEN 
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application of this method in corporation is to transfer the effect of change on employees and motivate 
them to search for another possible improvement. Effort of this method is to implement big and also small 
changes and after this we are able to achieve more productive corporation. There is a traditional 
improvement opposite the KAIZEN. In traditional improvement the impact of the innovations is gradually 
disappearing. The picture shows us a gradual improvement by small steps after big innovations, instead of 
loss of performance without the gradual improvement[5]. 

Visual management – it is possible to share important information through visual management. Shared 
information can be static or dynamic. The benefit is that they are permanently available, but the 
disadvantage of static information is that they can be outdated. Of course not all of the commands can be 
mediated through visual management. Through visual management we can have information about 
positioning the elements of production, number of operating units, operating aisles, transit route, 
restriction of movement of the employees, operating performance, the aim of corporation, operating plan 
and process. Visual management influences the logistic processes directly. The benefits of this kind of 
management are: increase of the productivity, clarification of material flows, clarification of information 
flows, increase of work safety, decrease of accidents and reduction of stock [6]. 

TPM – this method is utilised to maintain the constant working pace without unexpected failures. 
Operating equipment has to be under control such as maintenance of the manufacturing machinery and 
equipment. The TPM method is closely related to the 5S method. The TPM program consists of six areas: 
program of autonomous maintenance of equipment, program of planned maintenance, program of 
education and trainings, planning program for new equipment and units, maintenance system and 
information system, program of increasing of OEE (Overall Equipment Effectiveness). The TPM method 
influences the logistic processes indirectly by maintaining the system in operation without unexpected 
downtime. 

KANBAN – application of KANBAN supports decreasing of production batches. Lower production batches 
mean fewer semi-products in production. This minimizes the requirement for space (warehouse). The 
KANBAN system is trying to gradually eliminate the entire stocks. There are several conditions that have to 
be met for successful application of The KANBAN system: 

� trained and motivated staff, repeated production without large fluctuations in sales, 

� balanced capacities, fast sorting, fast removal of failures, efficient control of quality, 

� properly designed layout[3]. 

VSM (Value Stream Mapping) – The VSM method belongs to the first ones that are applied in the concept 
of lean production. It is possible to reveal areas in which we have to start improvements through VSM. This 
method reveals the most of the waste in logistics [3,11]. 

In conception of the lean management it is possible to divide the methods to the ones that are directly 
involved in creation and editing logistic processes; and to the others that can be understood as a supportive 
and their effect is secondary. Tab.1 shows the divided methods. 
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 Tab. 1 

Methods with 
direct effect on 

logistic 
processes  

Method Effect on manufacture process 
KANBAN � Pull production control 

� Production only required items 
� Increase of quality 
� Reduce of stock 

VSM � Searching for waste 
� Process mapping 

Visual management � Support for production management through visual 
tools 

Methods with 
indirect effect 

on logistic 
processes 

Teamwork � Increased efficiency of work 
KAIZEN � Gradual improvement of recent situation 
5S � Clarification of workplace 

� Support of faster search for equipment 
TPM � Support for operation of machinery without failures 

3. EXAMPLES FROM PRACTICE 

A good example is the company Hella, a manufacturer of signal lights and lighting equipment for the 
automotive industry, which by mapping of the value stream in their company achieved significant savings in 
shortening of the interim period of production as well as manufacturing cycle, the tact time acceleration of 
the production line, reduction in personnel and a significant reduction of work in process. 

The problems of standardization and visualization are currently the subject of interest in many companies. 
The attempt to the flexible material flows, labelling, clarity and order in the workplace leads many of them 
to think about changes that need to be taken. 

The company IMC Slovakia struggled with similar problems in the organization of material flow in an 
assembly hall. It had to solve problems related to long material flows and complicated intersections of 
traffic routes. Likewise, the problems associated with a decrease in efficiency and productivity of assembly 
workers were reported. They resulted from: 

� inadequate and inconsistent labelling of pallets with parts, 

� lack of transparency of warehouse space for transportation pallets, 

� inadequate or no labelling of the defined operating area, 

� bad labelling of individual parts, 

� missing labelling of space for tying balers and handling equipment, 

� weak labelling of shared and specialized tools, 

� as well as messiness at the workplace (see Fig. 3). 

(not marked and blocked the flow path of material, clutter and dirt, not labelled machinery, breach of 
safety at work, poor ergonomics in the workplace). 

Applying the principles of Lean Logistics in the form of visualization, standardization, by 5S approach and 
reorganization of material flow, the company has achieved the elimination of the above mentioned 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1767 

problems, an increase in labour discipline, cleanliness at the workplace, and the growth in productivity of 
assembly workplace by approx. 10%. 

 

   

Fig. 3 Deficiencies in the workplace [4] 

Applying the principles of Lean Logistics in the form of visualization, standardization, by 5S approach and 
reorganization of material flow, the company has achieved the elimination of the above mentioned 
problems, an increase in labour discipline, cleanliness at the workplace, and the growth in productivity of 
assembly workplace by approx. 10%. 

KAIZEN: German manufacturer of the aluminium cans received new orders, so the next year it planned to 
buy two new machines to the six existing. At the same time they were trying to implement Kaizen and hired 
a specialized consultant. The advisor asked the Director of the company: How many percent capacity of 
existing machinery do you utilize? The director did not know. They together measured the use and found 
out that the machines are used only at 38%. This was followed by consultations and consideration of how 
the machine would be better used. Finally, the manufacturer was able to streamline their production so 
that at the new orders five machines were enough. They could sell one of the six machines. Kaizen 
approach cost them a lot of thinking, but not only they did not miss the money, they even earned them [5]. 

4. CONCLUSION  

In the article, we described selected methods from the basic concepts of lean manufacturing techniques, 
suitable for application in the logistics business. We based survey of the use of lean techniques in the V4 
countries. The application of these methods is necessary to take complex and the methods described in the 
article seen as a stimulus for the development and adoption of lean manufacturing ideas. The use of lean 
manufacturing techniques can be separately and their benefit is largely without the huge investment in 
development. In the article, we divided the methods of entering directly and indirectly into the processes of 
logistics; likewise we have to understood benefits of their production processes. For indirect benefits of 
accessing methods we have to wait longer and vice versa. In the last part of the article we give a concrete 
example of the practice, pointing to the benefits arising from the use of the above-mentioned methods in 
practice. 
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Abstract  

This article focuses on the company’s financial health. The financial health is very important for sustainable 
development of every firm or at least for market survival. Companies related to metallurgical production 
are selected as examined business units.  

Classical techniques are used for testing the financial situation. From a wide range of techniques, the 
Altman prediction model and Index IN05 are selected. The Altman Z-Score was originally published in 1968, 
and is used as a simple formula that is globally accepted. On the other hand, the Index IN 05 was created 
for Czech conditions in 2005 and is based on a similar background as the Altman formula. The research 
method is based on statistical data processing. Data input originates from corporate databases. 

It is obvious that due to the recent economic crisis, results in years 2008 and 2009 will worsen. There was a 
dramatic decrease in demand and therefore, return ratios and activity ratios, which are components of 
these indices, will be negatively affected. The analyzed period covers the years 2006 – 2010 which should 
demonstrate any differences caused recently by economic turbulences.  

A healthy situation is very important for the continuation of a company as well as a prerequisite for 
obtaining sources from financial support programmes. This article also addresses the issue if companies 
related to metallurgical production are financially healthy enough to obtain money from European funds 
(namely, the regional operational programme ROP NUTS II Moravia-Silesia). 

Keywords: Metallurgical production, financial health, prediction models, Czech Republic 

1. INTRODUCTION 

This article focuses on the financial health of companies. The financial health is a crucial issue for every 
company otherwise any company is able to develop or survive on a market. Our research focuses on 
companies operating in one industry branch. The branch “Manufacture of basic metals” has been selected 
for this research. According to the Classification of Economic Activities CZ-NACE it is the group CZ-NACE 24 
[1]. Classical techniques as well as one specific approach will be used for testing the financial situation. 
From a wide range of classical techniques, the Altman prediction model and Index IN05 are calculated. The 
specific approach will be represented by the prediction model which is used by the regional operational 
programme ROP NUTS II Moravia-Silesia. This operational programme is selected because many companies 
connected with metallurgical production were established and traditionally operate in the region Moravia-
Silesia. 

As mentioned previously, financial health is very important for the continuation of a company. A healthy 
financial situation is also a prerequisite for obtaining sources from financial support programmes. As an 
example, ROP NUTS II Moravia-Silesia regional operational programme has been selected. Companies 
related to the metallurgical production may attempt to gain non-returnable subsidies which could be 
exemplary used for regeneration of brown fields in particular for non-business purposes. 
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2. METHODOLOGY 

Value and bankruptcy models are tools that analyze the financial situation of a company and provide a 
quick answer about financial health. These models are often called prediction models. Today, nobody is 
able to say how many prediction models have been constructed because financial institutions, such as 
banks or insurance companies, and consultant firms usually use their own models which are not published 
[2]. Financial supporters are no exceptions. They also monitor financial situation of supported companies 
and create their own methodology. 

The most famous models worldwide are the Altman formulas. His first model was published in 1968 [3] The 
Altman Z-score was tested many times and was not replaced by any other better model yet (for example 
[4]). For purposes of the research, the Altman formula which is written bellow will be used [5]. This 
equation was created later and it is determined for companies which are not publicly listed. It reflects the 
situation in the Czech Republic where most of companies are not publicly listed. 

A
NWC

A
RE

L
E

A
S

A
EBITScoreZ G
G
G
G
G� 717.0847.042.0998.0107.3

   (1) 

where: 

EBIT Earnings Before Interest and Tax 

A  Total Assets 

S  Sales 

E  Equity 

L  Total Liabilities 

RE Retained Earnings 

NWC Net Working Capital. 

 

Calculated value of Altman Z-Score has to be evaluated according Tab. 1. 

 Tab. 1 – Evaluation of Z-Score [5] 
Evaluation Z Score 
Unhealthy Z <1.23 
Grey Zone 1.23<Z<2.9 
Healthy 2.9<Z 

Indices IN were created as a national approach for bankruptcy models in the Czech Republic. During the 
years IN 95, IN 99, IN 01 or IN 05 were invented. IN indices are prediction models which directly respect 
conditions of the Czech economy. For purposes of the research the index IN 05, which was published as 
last, will be used. The formula of IN 05 and its evaluation can be found bellow [6]. 

STL
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G� 09.021.097.304.013.005

    (2) 

where: 

EBIT Earnings Before Interest and Tax 

A  Total Assets 
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L  Total Liabilities 

I  Interest 

R  Revenues 

CA Current Assets 

STL Short-term Liabilities. 

 Tab. 2 – Evaluation of IN 05 [6] 
Evaluation IN 05 
Unhealthy IN <0.9 
Grey Zone 0.9<IN<1.6 
Value Creation 1.6<IN 

The last prediction model will be the specific approach used by ROP NUTS II Moravia-Silesia regional 
operational programme. Unfortunately, the formula or method of the calculation is not known publicly. 
There exists an Excel file which calculates after data filling itself the result [7]. Three types of the result can 
be gained as in the case of Altman Z-Score or IN 05. Possible results are: a company has very good financial 
health (A, B, C); for the purpose of operational programme a company qualifies but it must be paid 
increased attention to potential risk (D, E); a company is not suitable as a beneficiary (F). 

The values of Altman and IN indices are calculated for our data set. The Excel file will be used for gaining 
the verbal descriptions of companies. Research results are based on statistical data processing. Especially 
tools of descriptive statistics will be used. 

3. EXPERIMENTAL PART 

Our research is based on a data set of companies. As we have already mentioned we focus on companies 
operating in one industry branch. It is the group CZ-NACE 24 - “Manufacture of basic metals”. As an input 
for our analysis we need items which are included in financial statements of companies. Data input comes 
from corporate databases.  

The time period which is analyzed covers the years 2006-2010. It means that financial statements for each 
year are needed. Without the help of corporate databases this approach would not be possible because 
real collecting data takes too much time. As corporate database “Albertina a Report” was used. 

Our first criterion is that all companies 
dominantly operate in the group CZ-NACE 
24. The second criterion is the size of a 
company. We narrowed our data set 
because we took a decision that we will 
analyze “only” companies with the annual 
turnover higher than 100 million CZK. The 
criterion of 100 million CZK turnover is 
used by the Confederation of Industry of 
the Czech Republic and it separates 
middle-sized and big companies. If we 
compare the value of this criterion with Fig. 1 Results of the index IN 05 [5] 
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recommendations of EU (turnover of 50 million EUR) we do not have only extremely big companies inside 
our sample. It means that we excluded small and some middle sized companies. It could be a source of 
criticism but on the other hand we are following recommendations which are connected with prediction 
models. Limitation of prediction models arises with the company size. Especially the bankruptcy model 
created by professor Altman is not appropriate for small and medium size enterprises (SME). Narayanan 
discusses the Altman Z-Score is not appropriate for small firms with assets of less than $1 million [8]. On the 
other hand the family of indices IN was applied to Czech data in 2004. The sample consisted of big, medium 
and small size companies. The best results were reached in the group of big and medium size enterprises. 
The index IN05 has also worse results for small and medium enterprises how following Fig. illustrates. 

Most established and operative companies can be described as SMEs as these firms are the backbone of 
economy. We will follow the recommendations and results of prediction models so only companies with 
annual turnover higher than 100 million CZK are included in data sample. 

Number of companies in our sample could be changed during the time because analyzed time period 2006-
2010 is long. In general companies can exit the market, can be merged or financial statements are not 
available or complete. Tab. 3 shows number of companies included in the sample according the years. 

 Tab. 3 – Number of analyzed business units in the sample 
 2006 2007 2008 2009 2010 
Number of companies 66 71 70 73 74 

Results included in Tab. 3 prove that number of companies during years is stable. Changes are only slight 
and incomplete financial statements are the reason. During the analyzed time only one company exited the 
market. 

The next procedure is to calculate values of Altman Z-Score and Index IN 05 for each company and use the 
Excel file of the regional operational programme. It is not obvious how the excel file calculates or evaluates 
financial data because equations are not publicly available. The file needs financial data for two following 
years which means if you want to rate the company for the year 2011 you will use financial data of years 
2009, 2010. Data must be entered manually and therefore we will do evaluation only with the use of years 
2009 and 2010. It is a simplification but we still get the latest result. This specific approach is designed for 
needs of the operational programme ROP NUTS II Moravia-Silesia and therefore only companies which 
have their registered office in this region will be evaluated (19 business units). Results of all presented 
approaches are described in the next chapter. 

4. RESULTS AND DISCUSSION 

Aggregated results of Altman Z-Score and IN 05 calculation are displayed in Tab. 4 and 5. The value 
represents mean of all values of prediction index. It is obvious that Altman Z-Score evaluates companies 
higher than IN 05 because according to Altman prediction formula our sample is evaluated as healthy. If we 
use IN 05 companies are evaluated in grey zone and in 2009 even in bankruptcy zone. It is undoubtedly a 
consequence of the global economic crisis. 

 Tab. 4 – Evaluation of Altman Z-Score – mean for all units 
Altman 2006 2007 2008 2009 2010 
Value 2.9858 3.0942 2.9645 3.3003 3.1797 
Verbal description healthy healthy healthy healthy healthy 
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 Tab. 5 – Evaluation of Index IN 05 – mean for all units 
IN 05 2006 2007 2008 2009 2010 
Value 1.4482 1.2782 1.2855 0.8363 1.0488 
Verbal description grey zone grey zone grey zone bankruptcy grey zone 

Mean does not reflect the time development properly because inside our data set there are several outliers 
whose value exceeds typical numbers. Tab. 6 and 7 will help us because they are using statistic categories 
as median and quartiles. For years 2008 and 2009 we see deterioration of lower quartile and median for 
both predict approaches.  

 Tab. 6 – Median and quartiles of Altman Z-Score 
Altman 2006 2007 2008 2009 2010 
Median 2.7356 2.8522 2.6303 2.3176 2.5581 
25% 1.8884 2.0716 1.8361 1.0877 1.7763 
75% 3.4750 3.7518 3.8193 3.5349 3.8246 

 Tab. 7 – Median and quartiles of IN 05 
IN 05 2006 2007 2008 2009 2010 
Median 1.5384 1.4955 1.3761 0.8466 1.2718 
25% 1.0088 0.8564 0.6810 0.0570 0.7157 
75% 1.9721 2.0285 2.0433 1.6182 1.8764 

Number of firms in different zones is found in Tab. 8 and 9. It confirms results displayed in previous tables. 
Prediction Index IN 05 responds significantly to the worsening situations. The first deterioration is visible in 
the first year of crisis (2008), the bottom is reached in 2009 and in 2010 we monitor recovery. Results are 
same for both indices which represent classical approach. 

 Tab. 8 – Evaluation of Altman Z-Score 
Altman 2006 2007 2008 2009 2010 
Healthy 26 34 30 26 29 
Grey zone 32 29 29 28 33 
Bankruptcy 7 8 11 19 12 

 Tab. 9 –Evaluation of IN 05 
IN 05 2006 2007 2008 2009 2010 
Healthy 28 31 27 19 28 
Grey zone 25 21 21 16 20 
Bankruptcy 13 19 22 38 26 

We also tried to apply the specific approach which is used by regional operational programme ROP NUTS II 
Moravia-Silesia. Results are shown in Tab. 10. Most of companies were evaluated as completely financial 
healthy. None was evaluated as a unit with potential risks which have to be monitored and 4 were 
unsuccessful and they would not get the financial support because of poor condition. 
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 Tab. 10 – Evaluation of specific approach IN 05 
 A B C D E F 

Number of companies 13 1 1 0 0 4 
Evaluation       

Specific approach was used only for the sample of 19 companies which have their registered office in the 
region Moravia-Silesia. We are not able to compare results of Tab. 10 with previous conclusions because 
for them we used bigger data sample. Tab. 11 compares results of specific approach and classical 
techniques when we use same data sample. Specific approach polarized our companies because the grey or 
middle zone is completely missing. In the case of bankruptcy zone it works comparatively as IN 05 or 
Altman Z-Score. 

 Tab. 11 – Classical techniques compared with specific approach 
 Altman IN 05 Specific approach 

Healthy 9 8 15 
Grey zone 8 6 0 

Bankruptcy 2 5 4 

As a conclusion, prediction Index IN 05 responds significantly to the worsening situation than Altman 
formula. Both indices had worse results in years 2008 and 2009 as we expected. As we have already 
mentioned the basic reason for worsening values of indicators is global economic crisis. Bankruptcy models 
should work in general as predictors of problems because it is their basic function to inform two years in 
advance about probability of bankruptcy. During the time of economic turbulences these models do not 
work properly because they were created for stable economic environment. Prediction formulas do not 
follow directly causes of difficulties caused by economic crisis. To sum it up, prediction models reflect 
consequences of crisis better than they predict these consequences. 

On the other hand prediction models are able to show us how weak company is going through the crises 
and if it is possible to overcome crisis. If we had analysis also for another industry branch we would be able 
to assess the branch resistance during economic crisis. It is potential for further research. 

5. CONCLUSION 

Classical prediction models as Altman Z-Score and IN 05 were calculated for one industry branch in the time 
period 2006-2010. The chosen industry branch was the category CZ-NACE 24 “Manufacture of basic 
metals”. A comparison of Altman Z-Score and IN 05 supplemented by the specific prediction approach was 
done. Prediction Index IN 05 responds significantly to the worsening situation Altman formula. Weakness is 
that we cannot compare results of this industry branch with another branch so we are not able to assess 
the branch resistance during economic crisis. It is an area for further research. 

The article is one of the outputs from the research project "Analysis and evaluation of investment projects 
financed from European funds" registered with the Internal Grant Agency of University of Economics, 
Prague under the number F3/32/2011. 
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Abstract  

This paper deals with some methodical problems connected with utilization of the financial accounting for 
the financial analyses of the firm. It points at the variances in the assets and liabilities items that may arise 
from a strict respect devoted to the accounting principles and realistic view involving the property and its 
coverage resources in a metallurgical enterprise. The paper further deals with the extent of objectiveness, 
as well as the ability of the financial analysis having been compiled from the accounting data to give 
appropriate evidence. The paper’s focus is, in particular, on the appreciation of long-term tangible assets in 
the accounting, and in the context thereof, it also deals with such issues as repairs, technical 
refurbishments and upgrades, reserves for the tangible property repairs, and accounting for grants and 
leasing operations. 

Keywords: Financial accounting, financial analysis, long-term tangible assets, appreciation, financial leasing 

1. INTRODUCTION  

A key source of information for the financial analysis of any accounting unit is such unit’s system of 
accounting. A substantial problem deemed inherent in each system of accounting of the entrepreneurial 
entity is, in particular, the issue of its assets and liabilities appreciation, including the appreciation of own 
capital, as well as the costs, revenues and economic results. It is quite understandable that the accounting 
system’s ability to give the tangible evidence mostly depends on the appreciation mode. This paper deals 
with the financial accounting, i.e. the official system of accounting, which namely serves as the source of 
information for the external users of the entity’s financial statements like, for example, the banks, inland 
revenue authorities, the stock exchange bodies, the shareholders, the suppliers, etc. 

2. APPRECIATION OF LONG-TERM TANGIBLE ASSETS 

As far as the industrial enterprises (and namely those involved with metallurgy) are concerned, we consider 
the long-term tangible assets as being the most significant component in the category of assets. Therefore, 
we see as essential to examine as to how such assets are subject to the appreciation in the financial 
accounting. The appreciation mode employed affects not only the data presented in respective accounting 
unit’s financial statements, i.e. the balance sheet, the profit and loss account including the annex thereto, 
but also various further aggregated items calculated on grounds of the financial statements, e.g. financial 
analyses, or those using the information from the financial accounting for subsequent decisions aimed at 
both strategic management of the enterprise, as well as its routine and operative management. 
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In the Czech Republic, the long-term tangible assets are appreciated by virtue of a historic prices based 
upon the acquisition prices. This involves either the procurement prices, in case such assets were under 
certain conditions and terms acquired by means of respective purchase, or own costs, in case such assets 
were acquired by means of incurred overheads, or rather exceptionally incurred replacement costs. To 
perform the long-term tangible assets appreciation with the use of procurement price is relatively 
complicated matter. The question is, which costs (expenses) relating to such assets’ procurement need to 
fall into the appreciation scope and which need to be excluded. In principle, it is possible to state that the 
procurement price (i.e. capital expenditure – capex) is inclusive of a majority of costs incurred in 
conjunction with a long-term tangible assets’ item purchase, basically with the exclusion of penalty costs, 
and from the timeframe viewpoint, in some cases it is also required to pay attention to a time period when 
such respective long-term assets’ item has been put on stream. It is with certain simplification that we can 
say that the price for the long-term tangible assets’ item procurement does not include namely a 
contractual fines, as well as penalty interest accrued on an overdue payments, or any other contractual 
fines or penalties, which the income tax laws omit from the category of expenses to have been incurred 
with aim to achieve, ensure and sustain the revenues, and/or an exchange rate variations. 

The appreciation of long-term tangible assets is also enhanced by the expenses incurred on their effected 
reconstructions and refurbishments. In contrast, the repairs (including overhauls) and maintenance are 
always an integral part of the accounting unit’s operating cost. Thus, the accounting unit is entitled to 
create repair reserves, including those that are lawful, i.e. tax-deductible from the income tax viewpoint, 
provided, of course, that the rules such as set forth in the act on reserves are observed. In conjunction with 
the aforesaid it is necessary to say that some problems may occur in practice quite often, when it comes to 
distinguishing between the repair and the technical upgrade (revaluation) in a particular case. 

An erroneous decision is leading not only to an erroneous appreciation of such assets, but also to the 
income tax base erroneous calculation.  

As it follows from the aforesaid, on grounds of the financial statements, i.e. directly from the balance sheet, 
there is no one who could be able to assess the real state of the long-term tangible assets wear and tear, in 
terms of their physical and moral obsoleteness. There may be some post-overhaul equipment, which would 
be entered into the financial statements as almost written-off, despite being almost new.  

The long-term tangible assets procurement and technical revaluation from a grant appear to be the 
problem within its own merits because each grant is decreasing the assets appreciation. Therefore, in such 
case the tax laws view is deemed prevailing in the system of accounting. In case the grant would be equal 
to the property’s 100 % procurement price, then such property would be entered as the off balance sheet 
item. In our opinion, it is incorrect that the financing mode employed in respect of tangible assets 
procurement can influence such assets appreciation amount in the balance sheet hence subsequently both 
accounting depreciations and accounting replacement value thereof. For the sake of completeness it is 
worth mentioning that if the accounting unit would receive a grant for the purpose of cost coverage, such 
grant would be entered into the system of accounting as the other operating revenues item, in both 
material and time compliance with corresponding cost accounting for the given purpose. It could also be a 
grant serving as the source of financing for the long-term tangible assets financial leasing.  

Some problems are also arising from a non-uniform methodology of accounting in respect of the financial 
leasing. Upon procurement of the long-term tangible assets under the framework of the financial leasing, 
the lessee in the Czech Republic is required to enter respective leasing fee as the cost item into respective 
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accruals/deferrals account during the term of leasing, while the object of leasing is evinced in the property 
of the lessor, who is also in charge of such leasing object’s respective depreciating (in view of possibilities, 
such as provided for in the Income Tax Act). Thus, the lessee is charging its respective assets accounts with 
the object of leasing no sooner than upon such object’s takeover after the leasing term elapsing. Provided 
such assets appreciation is lesser than the amount of entering price for long-term tangible assets such as 
set forth in the Income Tax Act (now 40 000 CZK), such assets are taken as so called small long-term 
tangible (formerly investment) assets, which can be written-off upon putting on stream pursuant to the 
accounting unit’s decision (for example within 2 years). Provided a free of charge takeover of the financial 
leasing object would be involved (what relates namely to those leasing contracts that were concluded in 
the early nineties), such object of leasing would enter the appreciation as replacement cost, and its 
depreciations would be entered in the same amount. Provided the object of leasing procurement price on 
the financial leasing term’s elapsing would reach the limit such as set forth in the Income Tax Act for long-
term tangible assets, such object would enter the long-term tangible assets.  

As far as the above mentioned cases are concerned, the long-term tangible assets having been acquired 
under the financial leasing scheme are subjected to the appreciation in the lessee accounting upon their 
takeover basically in the symbolic value only in comparison with their original entry price (except for the 
use of replacement cost). In our opinion, such approach very often paves the way for 
underestimation/undervaluation of the long-term tangible assets status, what is typical mainly for those 
enterprises, which in that manner (often within the leaseback framework) had procured sometimes even 
quite substantial proportion of their long-term tangible assets. Therefore, some enterprises in order to 
arrive at appropriate accounting stipulations as regards the long-term tangible assets status would load the 
objects acquired after the financial leasing term elapsing into the tangible assets category in appreciation 
with the price according to the expert evidence (deemed written-off 100 %), however current accounting 
standards do not impose such procedure on them.  

The accounting aimed at the financial leasing is, nevertheless, significantly different from the procedures 
implemented under the IAS/IFRS or the US GAAP, where there is recommendation to intercept the leased 
assets and liabilities towards the lessor in the lessee’s balance sheet. As stipulated in the IAS 17, if any 
alternative approach was adopted, the lessee’s balance sheet assets and liabilities would remain 
undervalued. As further stipulated therein, the financial leasing ought to be entered into the lessee’s 
balance sheet in a fair value, after deduction of any grants and tax credits, which the lessee might obtain, 
or in a current value of minimum lease payments, provided such amount is lower than a fair value amount. 
As it follows from the above notice, there is a difference between the material conception of the financial 
(capital) leasing pursuant to the IAS/IFRS and respective Czech standards, as the former gives a clear 
precedence of the economic ownership over the legal aspects of respective subject matter. The 
appreciation of leased assets is performed on grounds of different rules than those that apply domestically, 
and such leased assets enter the balance sheet compiled by the lessee who is also in charge of respective 
leased assets depreciation.  

The above described problems indicate that the long-term tangible assets deserve a thorough analysis 
within the financial analyses framework, in particular in respect of manufacturing enterprises, where such 
assets are usually retained in a greater extent. Those assets are appreciated in historic prices that no longer 
correspond with contemporary price levels. Such problem, however, may occur within the enterprise in 
various intensity extents, depending on how such assets were acquired by the accounting unit.  
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As it follows from preceding text, the long-term tangible assets appreciation is influenced, in particular, by 
accounting methodology aimed at their repairs and technical refurbishment/revaluation, accounting for 
capex grants, financial leasing and, in some cases, the use of valuation difference towards the acquired 
assets. Such circumstance is important namely for the enterprises, which need for their business operations 
a large volumes of such assets, where the metallurgical enterprises are a typical example. In our opinion, 
the possibility to revaluate such assets has been neglected during the past years period and, therefore, it is 
necessary to take that aspect into account when one is involved with the analyses of those companies’ 
development, regardless whether on sector, company or intra-company levels. For the intra-company 
management’s purposes, it is possible to perform an adjustment of long-term tangible assets appreciation 
and then to use so called calculating depreciation. The possibility to revaluate the long-term tangible assets 
in the same way as alternatively permitted by the IAS/IFRS provisions ought to be, in our opinion, 
incorporated into the wording of the entrepreneurial book-keeping rules and regulations.  

3. PRECAUTIONARY PRINCIPLE 

Whilst elaborating the financial analyses, it is good to remember that in view of the appreciation exercised 
at the end of the accounting unit’s balance sheet date (i.e. on a date on which the financial statements are 
compiled), the accounting units are incorporating only the profits achieved and are taking into their 
account all envisaged risks and potential losses relating to the assets and liabilities they are aware of at the 
moment of respective financial statements compilation, as well as any value decreases, regardless whether 
the economic result for respective accounting period is profit or loss. It appears necessary to assess such 
risks at the financial statements and to express them by incorporating appropriate adjustments to assets or 
reserves. That means the accounting units should proceed with the financial statements compilation 
observing the precautionary principle.  

If the accounting unit, for example at inventory stocktaking, finds out that inventory’s selling price, reduced 
by a selling cost, is lower than the price having been used for their appreciation in the accounting, it is 
necessary to appreciate inventory in the accounting, as well as in the financial statements using such lower 
price. Thus, the accounting unit is to create an adjustment to such inventory, which will temporarily reduce 
their appreciation such as presented in the balance sheet (inventory stock is presented under the 
application of precautionary principle), such adjustment is then introduced to cost what leads towards 
reduced presentation of the accounting economic result (also accounting economic result is presented 
under the application of precautionary principle). Whereas such state of matters is not a finite one, any 
creation of adjustments due to the application of precautionary principle is not tax-deductible in view of 
income tax calculation for the purposes of the legal entities’ income tax.  

A typical example of the adjustments are the trade receivables, where the Czech regulations permit to 
create also legal adjustments, i.e. tax-deductible (pursuant to the Reserves Act) besides those adjustments 
that are instigated by the precautionary principles application.  

Nonetheless, the question remains, whether the individual accounting units (in particular a smaller ones) 
are proceeding in the same way while asserting precautionary principles, i.e. whether they are applying the 
same rules while creating said adjustments. Although the Accounting Act provisions impose on the 
accounting units to use such principle, the assertion extent thereof is varied, in my opinion. Would the 
accounting units assess in the same way, for example, the risks arising from the trade receivables that are 
e.g. 1 year overdue? Some units would definitely create adjustments to such receivables at the amount of 
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100% of their value, in which they are intercepted in the said unit’s books, while some other units would 
assess such risks due to various reasons otherwise. Nonetheless, such approach would be reflected in the 
net amount of receivables, such as shown in the balance sheet and hence in various indicators calculated 
from the net amount of assets. Similar problems may occur when adjustments are created in respect of 
some slow-turning inventories.  

4. CONCLUSION 

The above mentioned problems may also involve the other tangible assets’ components. In case the 
accounting unit kept its books with view to the precautionary principles, it has basically created certain 
reserves for the envisaged risks. The question remains whether the unit had undervalued or overvalued 
such risks. A similar, quite specific problem, which is not always uniformly methodologically resolved within 
the accounting units, is also a deferred tax. These are the issues discussed among the accounting units’ 
managers and auditors in the course of the financial statements auditing. Nonetheless, for smaller, non-
audited firms, these issues may instigate some problems that may affect also the financial analyses results. 
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Abstract 

The financial crisis in 2008 – 2010, which global nature was started by the fall of investment bank Lehman 
Brothers in September 2008, touched most sectors on a global scale. Because of this crisis, the investments 
and consumption decreased in the economy. The reduction also influenced the metallurgical industry 
negatively. The demand for metallurgical products plummeted rapidly, because the production of 
metallurgical industry is essential part of the consumption and investments principally. 

The article investigates an impact of the financial crisis on the metallurgical industry in the Czech Republic. 
The development is analyzed during and before the crisis. The current years are mentioned as well. The 
impact of the crisis is investigated by using return ratios, especially the return on assets. The return on 
assets expresses performance of companies without influence on capital structure. The paper contains the 
analysis of liquidity, especially focusing on how efficiently the free cash was used, and the analysis of capital 
structure as well as its changes during the crisis. 

The impact of the crisis on the metallurgical industry is compared with the development of the Czech 
economy before and during the crisis. One of the most important finding is, in comparison with the other 
industrial companies, the above-average decrease of return ratios of metallurgical companies. On the other 
hand, the level of liquidity is higher than the other industrial companies. The intensity and quickness of the 
crisis on metallurgical companies is very interesting. The downswing of return ratios began immediately in 
2008; the intensity of the crisis was deeper than in common industries' companies. As the consequence of 
the crisis can be listed the changed capital structure of metallurgical companies – the equity has increased. 

Keywords: Liquidity, Profitability, Crisis, Metallurgy, Financial Analysis. 

1. INTRODUCTION: FINANCIAL AND ECONOMIC CRISIS 

The financial crisis in 2008 – 2010, whose global impact was significant, changed the world economy. The 
U.S. subprime mortgages are usually identified as the most important origin of the crisis. Consequently, the 
crisis infected the U.S. security market, which led to financial crisis of many banks, financial institutions and 
national economies. The fact is that the crisis has influenced the development in many countries around 
the world, especially in Europe.  

The causes of the financial crisis were researched deeply during the last years. The financial crisis is a 
source of many economical articles, which were already published. Although, the crisis has influenced the 
development of Czech economy significantly, the Czech financial system was not contaminated by the 
structural problems as it is for example in [1] and [2]. Czech banks did not extend credits to insolvent 
companies and the Czech economy was not affected by large bankruptcies as well. However, the Czech 
economy is dependent on export, as it is displayed in the Tab. 1 and as it is analyzed in [3]. Therefore, 
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decrease of demand in other countries influenced the economy significantly. Czech export is orientated on 
EU and the main trade partner of the Czech Republic within EU is Germany. 

Tab 1: Czech export Figs.. Source: [4], [5], [6], [7], [8], [9] 

 2006 2007 2008 2009 2010 

Czech export as a part of GDP 76% 80% 77% 69% 79% 

EU countries - totally 31.8% 30.8% 30.7% 32.5% 31.9% 

Germany 85.7% 85.2% 85.2% 84.7% 83.8% 

The influence on the whole economy can be measured by the GDP. According to [10], the financial crisis 
affected Czech economy immediately. In 2008, the growth was stopped and in 2009 the economy fell in 
recession. The Czech Republic has not fully recovered so far. The development of GDP in Czech and 
Germany is displayed in Tab. 2. The correlation coefficient between both countries is 0.93, which 
demonstrates strong dependence of the Czech economy on the German economy. 

Tab 2: Gross domestic product in the Czech Republic and in Germany. Source: [10] 

GDP 2006 2007 2008 2009 2010 
Czech Republic 7.0% 5.7% 3.1% -4.7% 2.7% 

Germany 3.7% 3.3% 1.1% -5.1% 3.7% 

The main aim of the paper is to analyze the impact of the financial crisis on the metallurgical industry in the 
Czech Republic. The research is done on the base of a financial analysis especially with using ratios of index 
analysis. 

2. IMPACT OF THE CRISIS ON THE CZECH METALLURGICAL INDUSTRY 

The observed metallurgical industry is defined by the CZ-NACE 24. According to [11], there were listed 80 
companies with turnover over 100 million CZK within the industry between 2006 and 2010. We took into 
account all companies with some exception. There were 400 observations totally (80 companies * 5 years) 
and we excluded years when a company did not exist or have not complete statements. The aim is also to 
examine companies, which have their own production of metallurgical goods. It implies, when a company 
had a significant fraction of sales from traded goods in its income statement, it was excluded as well. It 
means that the analysis is done on the base of 368 observations and companies, which produce some 
metallurgical goods, are only taken into account. Based on this approach, we can state that the analysis is 
highly relevant. 

2.1. Profitability 

Profitability of a company is measured by three important ratios. They are the Return on Assets (ROA), the 
Return on Equity (ROE) and the Return on Sales (ROS). We can use the ROA as a conclusive ratio, because it 
expresses performance of companies without influence on capital structure. It expresses how many 
currency units the company generates from each asset, which the company controls. We Fig.d out the ROA 
as the EBIT divided by total amount of assets. In the Tab. 3, we can observe, that there was significant 
decrease of ROA during the crisis. Even more, the metallurgical industry had negative profitability in 2009, 
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which was the year, when the crisis influenced the economy as a whole at most. In 2010, we can observe 
slight recovery of the industry. 

Tab 3: Profitability. Source: Authors´ computations. 

 2006 2007 2008 2009 2010 Std. dev. Relative dev. 

Return on Assets 17.36% 14.89% 8.45% -0.95% 2.42% - - 

Return on Equity 20.70% 16.71% 8.86% -1.78% 2.76% - - 

Earnings after Tax/Sales 0.12 0.10 0.06 -0.02 0.02 0.06 1.00 

Sales/Assets 1.12 1.12 1.04 0.72 0.88 0.17 0.18 

Assets/Shareholder´ Equity 1.59 1.51 1.50 1.35 1.41 0.09 0.06 

Return on Sales 11.66% 9.94% 5.68% -1.82% 2.23% - - 

The ROE measures profitability from shareholders´ point of view. It is usually the key indicator, which 
measures firm efficiency and says how many times are invested money appreciated. We can see Figs. quit 
satisfactory during 2006 and 2007. The year 2008 was affected by the crisis, but the worst year was 2009, 
when invested money was depreciated. Generally, we can state, that development of the ROE ratios is 
reasonably similar as the ROA ratios progress. The explanation can be high fraction of shareholders´ equity 
in capital structures (Tab. 3). In order to find the origin of the ROE changes we can break the ratio down on 
three separated indicators. They are 1) Earnings after Tax/Sales, 2) Sales/Assets and 3) Assets/Shareholder´ 
Equity (Tab. 3). The standard deviation shows, that the main indicator, which caused the decrease of 
profitability, is Sales/Assets, respectively decrease of sales influenced the ROE ratio most of all. From 
relative point of view, the most important indicator is Earnings after Tax/Sales. In addition, this was an 
indicator, which became negative. An explanation could be that firms in the metallurgical industry have 
high fixed costs (capital intensive production) and the decline of sales caused the increase of fixed costs on 
a production unit. Last indicator Assets/Shareholder´ Equity was relatively stable and its impact on the ROE 
is the smallest of all. 

The ROS is the third profitability indicator, which measures effectiveness of sales and it is compounded as 
Earnings after Tax divided by Sales. We can observe that the indicator become negative in 2009 as well and 
it is in compliance with previous profitability indicators. 

2.2. Liquidity  

According to [12] “Liquidity ratios have been developed to assess just how readily current assets could be 
converted to cash, as well as how much current liabilities those current assets could pay” (p. 188). The 
liquidity is important in the “bad times” of a company. The company does not have to achieve a positive 
profit and it is able to survive. However, if the company is not able to ensure financial resources it is going 
bankrupt. The financial crisis decreased number of orders and ability of companies to sell products. 

The current ratio was computed as a percentage between the current assets and current liabilities. The 
ratio should express ability to transform the current (operational) assets into the financial resources. The 
metallurgical industry is more long-term-assets-demanding. Therefore, the company can transform only a 
part of the assets into the financial resources “immediately”. In the same way, the long-term assets are 
needed for the production. According to [11] statistical research of sector data, companies achieved ratios 
presented in the Tab. 4.  
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The time before the crisis (2006 – 2007) is connected with growth of the ratio. The growth was caused by 
quicker increase of current assets than current liabilities. The year-on-year difference between current 
assets is 42.37%, between current liabilities only 22.49%. The growth of current assets was caused 
especially by growth of short-term receivables (between 2006 and 2007 to 79.9%), which signifies quick 
growth of trade. This type of development can be called “typical one” for the time of prosperity. However, 
the growth of ratio continued in 2008 as well. In 2009 and 2010 the ratio fell, but the decrease was 
minimal. This development is surprising, because we would expect that companies should have solved 
problems of the decreasing ratio. The research showed that growth in 2008 was caused by the same 
reasons as in 2007. The reason for stable development in 2009 and 2010 is only marginal change in 
proportion. The development of total number followed the Czech economy, 2009 is in token of fall and 
2010 in token of growth. 

Tab 4: Liquidity ratios in metallurgical industry. Source: Authors´ computation. 

Ratio 2006 2007 2008 2009 2010 

Current ratio 2.07 2.41 2.71 2.49 2.44 

Quick ratio 1.36 1.65 1.92 1.74 1.73 

Immediate liquidity 0.57 0.48 0.54 0.23 0.10 

Debt ratio  0.63 0.66 0.67 0.74 0.71 

The current ratio discovered untypical development of liquidity in the time of the crisis. As it is possible to 
see in the Tab. 4, the same development can be seen in quick ratio. The difference between current and 
quick ratio is in the inventory. The quick ratio is computed as the percentage between the current assets 
without inventories in numerator and current liabilities in denominator. The quick ratio does not use the 
inventories, because they should not be as liquid as the other current assets. After excluding inventories 
the development of quick ratio stays approximately the same as the development of current ratio. 
Therefore, it is possible to make a partial result that the inventories did not grow. To ensure, the 
inventories turnover was computed. As it is possible to see in the Tab. 5, the inventories turnover 
decreased. However, the decrease is smaller than the decrease of turnover or is not as rapid as, for 
example, the decrease of receivables turnover. The result is the metallurgical industry did not cumulate 
inventories in the time of crisis. Companies were able to react on the actual situation and decrease orders. 
Due to this the current liabilities decreased as well. In the Tab. 4 there was computed the debt ratio, which 
indicates decreasing of debts for whole period and significantly after start of crisis. We assume, the 
decrease of inventories had caused there was more money in the sector. The assumption is money could 
have been used for decreasing short-term debts. 

Tab 5: Turnovers ratios. Source: Authors´ computations. 

2006 2007 2008 2009 2010 

Current assets turnover 2.44 2.26 1.83 1.69 1.63 

Short term liabilities turnover 5.05 5.45 4.97 4.21 3.98 

Inventory turnover 7.14 7.19 6.32 5.62 5.63 

Receivables turnover 6.55 4.82 3.66 2.82 2.47 
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The assumption of increasing free financial resources due to the decrease of inventories, we have done in 
the quick ratio, should be confirmed by analyzing the immediate ratio. The quick ratio is computed as 
percentage between the short-term financial assets in numerator and current liabilities in denominator. As 
it is possible to see in the Tab. 4, the immediate ratio is decreasing constantly all the time. There was only 
one exception in 2008. The small increase in 2008 was approximately caused by the immediate decrease of 
production after the crisis started. We expect the ratio plummeted in 2009 and 2010 due to two factors. 1) 
The short-term receivables grew and 2) the companies faced changed attitude of banks – it was better to 
repay loans. The reasons for rapid growth of short-term receivables should be worse payment discipline of 
purchasers or power of purchasers to ensure the longer payment limits. However, the reasons are too wide 
topic, which should be researched in separate article. 

3. RESULTS AND DISCCUSION 

We also tried to compare the ratios of the metallurgical industry with some Czech macroeconomic 
indicators. This analysis is focused on comparison with development of the Czech industry sector, the Czech 
service sector and the national economy as a whole. To compare the results of research with other sectors 
of economy, the Financial analysis of industry made by Ministry of Industry and Trade was used. According 
to [13], [14], [15], [16], [17], the ratios for liquidity and return were used. On the other hand, the results for 
industry and for services were used. The coefficients for different strategies of liquidity were used from 
[18]. 

3.1. Comparison with other industry 

As it is possible to see in the Tab. 6, the current ratio in metallurgical industry is higher than the ratio in 
industry sector and then in services all the time. We assume the reasons are inventories, which the 
metallurgical companies have to own for production. The quick ratio testifies the assumption, because after 
removing of inventories, the ratios of metallurgical and industry sector are closer. The correlation 
coefficient is -0.67, which identifies the contradictory development of both. Although, the positive 
development of inventories in the metallurgical sector was showed, the comparison with industry sector 
shows that the metallurgical industry has to have more inventories, which cannot be sold in a crisis. This is 
confirmed by the correlation coefficient of the quick ratio, which is -0.13. The development of inventories is 
opposite in the metallurgical industry. The essential level of inventories influenced the return, which is 
more significant in metallurgical industry. The current and quick ratio after the crisis stayed approximately 
the same in metallurgical one opposite to the industry sector. This shows higher stability of these 
companies and the ability to manage receivables. Although, the rapid growth of receivables was shown in 
metallurgical industry, it was not as large as in the industry sector. The purchasers of metallurgical 
companies are more creditable. The immediate liquidity developed contrary after crisis. The metallurgical 
industry decreased the short term financial assets after crisis. Contrary to it, the ratio for the whole 
industry increased. The reason can be seen in stability of metallurgical companies – they were able to cut 
the financial resources to meet a part of debts. The companies are stable for banks and can use, for 
example, the overdraft or extraordinary debt to gain the mains immediately, as [18] has recommended 
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Tab 6: The liquidity-ratios for Czech industry. Source: [13], [14], [15], [16], [17] 

Year/sector 
2006 2007 2008 2009 2010 

industry industry services industry services industry services industry services 

Current ratio 1.55 1.35 1.11 1.32 1.18 1.51 1.56 1.53 1.57 

Quick ratio 1.12 1 0.82 1.03 0.95 1.19 1.27 1.21 1.27 

Immediate 
ration 0.25 0.2 0.19 0.19 0.17 0.35 0.29 0.28 0.32 

The next Tab. 7 presents the strategies for managing liquidity in Czech companies which was gain from 
[18]. As it is possible to see, the metallurgical companies move in the conservative strategy (or near to it) all 
the time. This is the difference, all the industry carried out the aggressive strategy or was on the border 
with ordinary strategy. In the time of crisis, the industry moved on the border of ordinary strategy. As it is 
possible to see, the metallurgical industry is stable in liquidity. 

Tab 7: The strategies for liquidity. Source: [18] 

3.2. Correlation with the Czech Economy 

At first, we prepared correlation analysis of the profitability ratios with the GDP growth ratio. There is very 
significant dependence between the GDP growth and profitability ratio. We can state that the Czech 
metallurgical industry is highly cyclical industry, respectively its development was significantly depended on 
the GDP development. 

Secondly, there are correlations between metallurgical industry and industry and correlation between 
metallurgical industry and service. Correlation with industry is also quite high, especially the ROA. On the 
other hand, services are less correlated and decrease of profitability within the service sector was not as 
high as metallurgical industry. 

Third, the correlation coefficient of liquidity is negative. While the liquidity of industry and services grew, 
the metallurgical industry moved in opposite way. This development can be visible in current ratio and in 
immediate ratio, especially. The negatively correlated liquidity announces that the metallurgical industry is 
more stable compared with whole industry or services sector and is more resistant to potential liquidity 
problems.  

Tab 8: Correlation coefficients. Source: Authors´ computations. 

 ROA ROE ROS Current 
ratio 

Quick ratio Immediate 
ratio 

Debt ratio 

GDP growth 0.89 0.90 0.94 - - - - 

Industry 0.89 0.68 . -0.67 -0.13 -0.70 -0.65 

Services 0.42 0.51 - -0.30 -0.03 -0.99 0.42 

Strategy Current ratio quick ratio 

Conservative >2.5 >1.5 

Ordinary 1.5-2.5 1-1.5 

Aggressive <1.5 <1 
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4. CONCLUSION 

The impact of financial crisis on the Czech metallurgical industry was significant. Profitability of the industry 
measured by three main indicators decreased from very good values in 2006 and 2007 to acceptable values 
in 2008. Consequently, the efficiency of industry was negative in 2009. Slightly optimistic year was 2010, 
when the industry went back to positive numbers. The analysis also shows that profitability of metallurgical 
industry copied the economic cycle between 2006 and 2010. All indicators are significantly positively 
correlated with economic growth measured by GDP. 

The impact on the liquidity was not as deep as on return ratios. The liquidity grew in 2008 especially due to 
growth of inventories and receivables. It is important to say, it was more involuntary than wanted. Liquidity 
ratios were stable during 2009 and 2010. The ratios were managed conservatively. Compared to the 
industry sector and services, the impact of the financial crisis was not so significant. Only the immediate 
ratio went down substantially. 
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Abstract  

Global crisis has in the recent years shown that widely used controlling tools do not provide sufficiently 
valid results regarding the danger of financial instability and therefore fail to provide relevant information 
to the top management. This phenomenon narrows the possible managerial decisions regarding the 
securing of sufficient level of liquidity to usage of banking loans. In the time of crisis banks on the other 
hand tighten up the financial stability requirements for enterprises, which are often dependant on the 
financial help from them. By setting the strict loan rules, banks condemn enterprises with wrongly set 
controlling system, due to which they find out their financial difficulties at the last moment, to collapse as 
they are deemed too risky to be provided with a banking financial help. That’s why it is vital for enterprises 
to modify their controlling tools so they provide them with accurate information about their financial 
health and are able to detect the threat of financial instability in advance. The main goal of the article is to 
create a set of recommendations, on the base of which the controlling system should be modified in order 
to provide the management with the valid information in the time of crisis and to be able to detect and 
reveal the threat of financial instability in time. During the research we have worked with the data provided 
from the financial institutions, scientific literature and self-made questionnaires. The obtained data are 
being analyzed mainly by statistical methods, benchmarking and internal and external analysis of significant 
factors.  

Keywords: controlling, crisis, metal, working capital management, short term loan 

1. INTRODUCTION  

In recent years, we have witnessed an unusually strong and coordinated global economic recession that 
hits much more the firms which can’t react in a shorter time period, because they are strongly encumbered 
by high share of fixed assets and fund by greater share of debts. These three attributes are unfortunately 
common for metallurgical industry (according to the Czech CZ-NACE classification regards C 24.1). Fig. 1 
shows a comparison of year on year growth of the industry in the CZ and clearly demonstrates a high 
sensitivity to fluctuations. Companies faced and still face long-term problems, which were further 
deepened by the recession. However, it is important to point out that recession wasn’t the trigger but just 
the accelerator of these problems. The economic crisis has shown that deficiencies in controlling system 
are reflected in the market success of products that can be limited by failures in the capital market. 
Researches of the behaviour of Czech companies and using the controlling tools for managing business risks 
have shown long before the crisis that management prefers short term tools with easy application (solving 
well-structured problems) and easy presentation of problems [1]. Because of simplicity the controlling 
focused on quantified calculations (financial analysis, short term plans controlled with the deviation 
analysis) rather than strategic analysis tools. These assumptions are confirmed by researches [1], [2]. 
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Focusing on short term 
static tools used for long 
term investment 
decisions is confirmed by 
other researches [3], [4]. 
One of the reasons is 
often principal-agent 
problem and subsequent 
poor or inadequate 
communication between 
the owners and 
managers. Managers then 
use tools, which prefer 
their short term goals to owner’s long term goals [5]. This article aims to demonstrate the idea, that 
absenting use of strategic controlling tools may be noticeable in the growth phase, but causes huge 
problems in the phase of economic downturn. The elaborates on the results and outputs of the research 
project Analýza uplatňování controllingových nástrojů a vyhodnocení rozdílů v přístupu ke controllingu v 
době krize a postkrizovém řízení (Analysis of the use of controlling tools and the evaluation of different 
controlling approaches in crisis and after crisis) registrated at FPH VŠE in Prague, Czech Republic under 
registration number IGA F3/26/2012. 

2. TOOLS FOR MANAGEMENT OF LONG TERM PROSPERITY OF FIRMS  

The starting point are the pre-crisis researches of the use controlling tools 

2.1. Pre-crisis signals 

Long before the 
economic crisis 
occurred, it was clear 
from various surveys of 
companies that firms are 
focused on short term 
goals. This can be 
documented e.g. by 
system of plans that are 
developed in various 
areas of business 
activities. As it is clear 
from a research carried 

in large Czech companies 
[1], repeated again in 
2000 (unpublished), there are few areas of business activities, where the companies were willing to go 
beyond the scope of 5 years (see Fig. 2). 
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Fig. 1: Comparison of sales in metallurgical industry (according to[6]) 
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Fig. 2: Creation of business plans (processed according to [1]) 
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We can tolerate focusing on short term goals in some areas of management (production), but in others we 
are likely to miss any deeper interconnection of plans. Why then is the production planned in a longer 
scope than sales? It is alarming that most of the surveyed firms didn’t create long term plans even for the 
typically long term and strategic-oriented areas (investment, finance, research and development).  

In the survey made by KPE FPH VŠE in 2007 [2] firms (256 large firms from CZ involved) confessed again that 
they tended to focus more on short term control. Although experts[7] recommend to create a strategy, the 
real life is absolutely different (as seen in our researches). Only 45 % of these firms have processed a 
written form of their strategy, but it is shared only by management (all employees share it only in 36 % of 
these firms). In over 80 % of firms, the responsibility of controlling focused on checking of deviations, sub-
plans, operational plans and reporting. Only 20 % of firms apply strategic tools as forecasting models, 
strategic balance or balanced scorecard[8]. This pre-crisis survey confirmed short term orientation in 
business management. It is alarming that 69 % of firms use bank loans as a source of their long term 
financing and for operating financing use overdraft (50 %), but the risk management use only verbal 
definitions of risks (90% of firms shared their practice of merely discussing the possibility of risks without 
quantifying them). One could simply say that firms used the pre-crisis market potential for growth, but used 
inadequate controlling tools while taking risks that weren’t managed nor identified. 

2.2. Financing of metallurgical companies – benchmarking industry leader 

Czech Statistical 
Office provided 
initial source of 
data for the 
analysis, but since 
the scope of 
research is so non-
homogenic, in-
dividual values are 
eventually distor-
ted by the ration 
indicators. For this 
reason, we tried 
to ana-lyse the 
industry through 
the ana-lysis of annual financial statements of the leaders in this industry [9]. Fig. 3 shows the development 
of indebtedness of the five selected major firms in Czech metallurgical industry (according to the Czech CZ-
NACE classification regards C 24.1). 

 

With only minor exceptions, the indebtedness has fallen in the period 2006 – 2010. However, if we apply 
the best known indicator of creditor risk index, i. e. Altman index (for comparison between the selected 
companies a version for non-public traded companies was used) [11] (see Tab. 1.), then the creditor‘s risk 
didn’t significantly change. The critical value of Altman index is 1.23. Any value greater than 2.89 signifies 
that the firm is considered as financially healthy. 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

2006 2007 2008 2009 2010

ArcelorMittal Ostrava a.s. Železárny Veselí,a.s.
MORAVIA STEEL a.s. VÍTKOVICE HEAVY MACHINERY a.s.
ŽĎAS, a.s.

Fig. 3: Indebtedness of selected firms and its development in period 2006 - 2010 
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 Tab. 1: Altmann index creditor’s risk of selected firms and its development in the period 2006 - 2010 

Altmann 2006 2007 2008 2009 2010 
ArcelorMittal Ostrava a.s. 3,1 3,3 3,4 4,2 3,9 
Železárny Veselí,a.s. 0,6 2,3 2,0 1,5 2,3 
MORAVIA STEEL a.s. 5,5 5,8 5,7 4,0 4,6 
VÍTKOVICE HEAVY MACHINERY a.s. 2,4 1,9 1,5 1,3 1,1 
ŽĎAS, a.s. 2,3 2,1 2,5 2,1 2,3 

 Tab. 1 clarifies the idea that firms have been in good or worse financial position and have stayed in the 
same zone for all five years. That means that level of creditor risk remains at the same level. This fact 
indicates that creditors do have completely different criteria in deciding on the conditions of lending. 

Banks denied establishing stricter lending conditions [10], their approach to lending resulted from 
automatically set processes of the input control. Most of the surveyed companies got worse in the 
monitored indicators, so they fell in stricter regime and banks monitored them more carefully. Banks, for 
obvious reasons, do not publish client assessment systems, but it is known that they keep an eye on firm’s 
operating financing. This is a logical approach for creditors, because they have only short time interest (in 
contrast to owners). Operating financing is represented mainly by Working Capital (WC = current assets – 
short term liabilities). It is natural that their need for working capital changes with volume of sales (higher 
sales require more money to be owed), that’s why it is useful to focus on index WC/S (working 
capital/sales). Tab. 2. compares the development of a firm’s indebtedness and WC/S index. 

 Tab. 2: Correlation between indebtedness and WC/S index of selected firms 

Firm Indicator 2006 2007 2008 2009 2010 
Correlation 
coefficient 

ArcelorMittal Ostrava a.s. indebtedness  28% 23%  20% 12% 15%   
  WC/S index  6% 22%  70% 110% 118% -0,95 
Železárny Veselí,a.s. indebtedness 84% 70% 66% 65% 68%   
  WC/S index -40% -13% -3% 0% -1% -0,98 
MORAVIA STEEL a.s. indebtedness 57% 48% 43% 46% 48%   
  WC/S index 1% 3% 4% 2% 3% -0,82 
VÍTKOVICE HEAVY MACHINERY a.s. indebtedness 62% 60% 66% 58% 58%   
  WC/S index 14% 24% 15% 27% 46% -0,71 
ŽĎAS, a.s. indebtedness 39% 44% 44% 34% 30%   
  WC/S index 26% 29% 29% 32% 35% -0,75 

If we use correlation between both time series, we can see a strong negative correlation between 
indebtedness and WC/S index. What complicates the interpretation of these data is the fact that WC/S 
index represents the period of a time, while indebtedness represents the state in time. It is difficult to say 
whether lower indebtedness suggests an increased need (not ‘state of’) for WC or a better controlled need 
for WC is easier way to use loans. Working capital management is definitely an essential component of 
obtaining good credit conditions. 

2.3. Controlling tools for working capital management 

Management of WC (as an important component of obtaining good credit conditions) makes it necessary to 
use appropriate controlling tools in relevant time horizon. Terms of financing must be conFig.d in a way 
that corresponds to its core business.  
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Metallurgical firms share these common attributes: 

� stable higher proportion of fixed assets, 

� a stable structure of costs, 

� a small possibility of rapid adaptation of pruduct portfolio, 

� dependence on commodity markets. 

Small overall flexibility of core business creates higher need for solving operating financing. Financing has to 
be optimized for long run (not only for short run – as was mentioned in the introduction of this article). If 
firms were to focus on optimization of need for WC, it would be necessary to concentrate on the 
components, which cause this need. 

 The definition [12] of the need for WC can be expressed as follows 

need for WC = cash turnover cycle * average daily expenses       (1) 

If we modify this formula, we can express it as 

need for WC = (stock+ trade receivables – trade payables) * daily expenses/ daily sales   (2) 

thus need for WC = needed NCWC * expenses /sales       (3) 

From formula (3) it is clear that the need for WC can be minimized in two ways 

� minimizing the ratio expenses/sales, i.e. maximizing profit margin (it is a direct indicator of basic 
prosperity of firm) which means maximizing EBITDA, 

� minimizing needed NCWC, i.e. the sum of capital in a form of inventories and the net receivables and 
payables.  

Net receivables and payables should be balanced for the long term, especially in industry with dominant 
B2B trading. For a firm’s financing it is favourable to use the so called supplier credit, i.e. superiority of 
payables over receivables (especially with no other fees). 

 Tab. 3 illustrates that there is no stable equilibrium between payables and receivables (especially in terms 
of variation rate).  

 Tab. 3: Equilibrium between payables and receivables before maturity  

Firm 2006 2007 2008 2009 2010 Variation rate 
ArcelorMittal Ostrava a.s. -8 58 216 286 352 75% 
Železárny Veselí,a.s. -221 -101 -76 -76 -42 -60% 
MORAVIA STEEL a.s. 2 9 12 5 10 49% 
VÍTKOVICE HEAVY MACHINERY a.s. -4 7 -24 1 55 376% 
ŽĎAS, a.s. 5 -24 -3 -1 9 -416% 

Firms must monitor capital bound in form of inventories and its consumption or transformation into sales. 

 Tab. 4: Stock/consumption ratio  
Firm 2006 2007 2008 2009 2010 Variation rate 

ArcelorMittal Ostrava a.s. 17% 16% 21% 20% 22% 12% 
Železárny Veselí,a.s. 20% 16% 19% 25% 12% 23% 
MORAVIA STEEL a.s. 47% 36% 34% 32% 30% 16% 
VÍTKOVICE HEAVY MACHINERY a.s. 20% 35% 31% 45% 36% 24% 
ŽĎAS, a.s. 47% 67% 56% 68% 59% 13% 

 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1794 

The whole industry achieves much better results in the area of inventories management (see in Tab. 4.), 
the coefficients of variations are quite low in this time period. All the aforementioned facts do not mean 
that firms haven’t excess of inventories and could not reduce its overall level. However, the deficiency in 
balance between payables and receivables is obvious and firms should seek tools for its management.  

There are few fields of interest that the firms would focus on:  

� tools for reducing receivables bound in firm[13] i.e. 

� monitoring maturity and observance of receivables, 

� providing incentives for acceleration of payments (discount), but for carefully considered conditions 
(discount must not burden EBITDA too much), 

� monitoring and using of deferred payment (this must not decrease firm’s credibility for suppliers), 

� the setting of receiving advances from customers,  

� continuously monitoring and evaluation of balance between payables and receivables in short and 
long term, i.e. 

� not only application of local and global manage but plans of creating operating cash flow too. 

3. CONCLUSION 

Firms need to think in long term, because even short term financing parameters cannot be changed 
immediately. It is possible in normal economic situation, but it is connected with higher expenses and in 
time of crisis these expenses even increase. The efficiency of bound capital is monitored as a creditors’ 
index. If the working capital of management is poor, firms get under double pressure. The result is a higher 
bound of capital under worse financial conditions. Both increased expenses and creditors’ pressure limit 
the decisions of executives and owners, reducing the firms’ long term prosperity. That’s why firms need to 
consistently and continuously use specific tools for efficient working capital management.  
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Abstract  

Small and medium production enterprises from the metallurgical sector must now compete with large 
companies, which have much larger capital, more advanced technologies and information systems. One of 
the possibilities for the development of the sector of SME’s is the creation of regional metallurgical clusters 
and the joint production of industrial products in production networks.  

Creating production networks in regional clusters strengthens the position of the region and reduce the risk 
of a cooperation with completely unknown companies and enables an execution of more complex and 
more capital-consuming production orders which exceed the capacities of individual enterprise from the 
cluster. Thanks to the network, it can be made the products more quickly, sometimes cheaper, and above 
all better use the production capacity of enterprises belonging to the network, which increases the profits 
of enterprises. 

The article presents the idea of prototyping production networks in the regional metallurgical clusters. An 
essential component of the proposed production networks prototyping concept is the broker. The strong 
position of the broker in the cluster structure allows for better cooperation with local authorities and 
development of both the cluster and the region. Apart from that there is the possibility of applying for and 
obtaining European Union funds to support development and innovation activities, as well as central and 
regional state funding (funding of innovative products, introducing new technologies, etc.). An important 
task of the broker is also a rapid exchange of information between partners and the cluster's market.  

Keywords: regional metallurgical cluster, production networks, SME’s 

1. INTRODUCTION  

The development of the global economy, building long-term competitiveness of enterprises requires 
cooperation through the various forms of networking between businesses, the science sector, business 
institutions and local government units [3], [6], [7], [13]. One of the most advanced forms of networking is 
known as clustering. A modern industrial cluster is understood as a union organization that is characterized 
by geographical proximity, a common industry sector (e.g. metal industry) and similar employment levels, 
relations which are also a motivating factor in building mutual trust between the partners [1].  

The cluster concept is becoming more popular both in the scientific and business communities. The 
potential that lies in the SME sector can, through appropriate policies to support the development of 
regional industrial clusters and the formation of production networks within them, provide an additional 
source of development across the region. This helps to maintain a high level of employment and 
innovation, and develops and improves the competitiveness of businesses connected to the cluster [4], 
[11].  
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The realization of the production order in the cluster is based, on the one hand, on taking into account the 
requirements of carrying out the planned production order (project), and on the other hand, the 
possibilities of potential partners. Possibilities for fulfilling the order are determined mainly by the available 
competencies, production and human resources and logistical constraints (transport, storage) in the cluster 
[2], [5], [15].  

In the paper a concept of prototyping a production network of regional metallurgical cluster is presented. 
The proposed model of formation of the networks in the cluster should resolve most concerns related to 
the accession of enterprises to the production network [12]. This applies above all to building trust 
between partners, defining the basic framework for cooperation, responsibilities in providing information 
and acceding to the network to achieve a single production order, rules for participation in the costs and 
benefits of its implementation. The proposed model should reduce the risk of unfair competition and loss 
of know-how of the participants of the cluster. 

2. THE PROBLEM FORMULATION 

In the considered case, there is a production network, which consists of a set of small and medium 
production enterprises specialized in limited field of production with specific production capacity and a set 
of transportation enterprises which can guarantee material flow between partners. Such a defined network 
should allow the execution of a new production process on time. Production order planning in a production 
network shows in Fig. 1. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1 Production order planning in a production network. 

 

 

Fig. 1 Production order planning in a production network 
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broker is matching enterprises which are able to realize given production undertaking according to 
resource and logistic constraints. A key role of the broker is to work out a production undertaking 
(constructional and technological) and then to select enterprises which function in logistics 
communications system and guarantee production order execution on time and with the lowest total cost 
of production order realization.  

The model of a network dedicated to realizing a new production order is formed to take into account given 
limitations such as: production capacity (nature of operations, time of availability, cost of using production 
resources), transportation routes and means of transport (quantity, capacity, time and cost of transport) 
and capacity of warehouses. A planned-to-execute production order is an undertaking which is realized by a 
network of geographically dispersed organizations using the available transportation system. The 
production order is specified by the size of the planned production, given time of execution and costs of 
realization (price).  

The method of production order realization is described by the production process which is a set of partial 
processes (operations) executed in individual enterprises. In common cases, there is a production order 
planned to realization and a set of production enterprises with free production capacity which function 
within a known communication structure and a set of transportation enterprises with known shipping 
potential. The answer is sought to the question:  

Is there a production network in a regional metallurgical cluster which can realize the production order on 
time with the assumed costs?  

3. THE METHOD OF A NETWORK PROTOTYPING 

The proposed model of the production network should be treated as a conceptual model that attempts to 
solve the major problems associated with the appointment and operation of a temporary network created 
for the purpose of the joint implementation of production orders within the cluster. Orders accepted in a 
cluster often exceed the individual production capacity at the disposal of each company because of 
production capacity limitations (machinery, equipment, time availability), competencies, skills, hence the 
idea of implementing such orders in a network of companies. The proposed method of production network 
forming allows to be planned production workflow between enterprises which take part in the network 
(compare [8], [9], [10]). 

The proposed working model is similar to the Danish or Dutch cluster model, where an important role is 
played by the so-called network broker, who initiates contact between the partners and coordinates the 
cluster [16]. These models differ, especially with the cooperation of separate and strong scientific research 
institution, which provide a constant supply of innovative products and technologies affecting the 
continued development of the cluster. An interesting issue is raised by the results of the survey, which was 
conducted in one of Polish metallurgical cluster, according to which more than half the companies surveyed 
are willing to co-create a network by answering the query of a reliable broker, accepting the role of 
organizer of the network (55% of respondents). Companies are afraid of entrusting sensitive information 
about the current state of the production capacity, the costs of resource use or fields of competence to 
another company with whom they usually compete. The issue of information on spare capacity of all 
participants in the network is associated with serious resistance from potential partners. This is confirmed 
by numerous cases of a lack of interest from companies, especially SME’s, in revealing capacity. 
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The strong position of the broker in the cluster structure also allows for better cooperation with local 
authorities and development of both the cluster and the region. An additional advantage of this strong 
representation of the cluster is the possibility of applying for and obtaining European Union funds to 
support development and innovation activities, as well as central and regional state funding (funding of 
innovative products, introducing new technologies, etc.). An important task of the broker is also the 
balancing of both the demand and supply sides of the sphere, through a rapid exchange of information 
between partners and the cluster's market. The broker should not act as a decision maker, for example in 
determining the choice of variant, which consequently involves the rejection of the other potential 
enterprises applying for participation in the execution of the order. The reason for this is the possibility of 
conflict at the broker - business interface which may consequently lead to the disintegration of the cluster. 
In this situation, the role of the broker must end with the development of proposals for feasible solutions, 
based on information gathered from potential partners, while the final decision on the network variant 
must be taken by the principal or manager appointed by the cluster network.  

The main tool for the broker, which allows the realization of joint ventures (e.g. production orders, 
projects), is the capacity exchange platform, which allows both the entry of data relating to production 
orders planned for implementation, while also assessing the feasibility of timely completion of orders, 
based on the reported production capacity of the cluster participants. The platform should be a tool for the 
rapid selection of partners for a virtual production network, who guarantee the planned order execution 
and the production flow planning for the chosen network variant.  

The method for the formation of a production network can be represented as a three-phase procedure 
implemented by the broker holding the information about the cluster assignment of available production 
capacity and potential contractors planned orders. Fig. 2 shows the sequence of the formation phase of a 
production network. 
 

 

 

 

 

Fig. 2 Three phases of the formation of production networks 
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complete the task and the total cost, which is the sum of the cost of resource utilization, the cost of 
materials used for the task and other costs. In this phase, bids are also collected from transport companies, 
which are able to guarantee the implementation of the transport operation.  

A set of variants is limited to such ones which fulfill conditions connected with logistical constraints 
(transportation and storage systems). Each variant is checked according to available route structure 
between partners, quantity and capacity of transportation means and storehouse capacity of co-operators. 
In the proposed approach, the transportation system realizes operations of transferring material between 
enterprises according to the established schedule. Transportation means with known capacity move along 
given routes of connected participants of the logistic network. The schedule is established on the basis of 
offers of forwarding enterprises which guarantee availability of transportation means with given capacity in 
a length of time in a given section of the route. It allows for quick and credible assessment of the possibility 
of transportation operation execution, without time-consuming and cost-consuming planning of 
transportation timetables.  

In the last stage of the presented method, total costs of the production order execution are confirmed. In 
this work, the proposed concept assumes that manufacturing and cooperation costs are minimized through 
maintaining enterprises’ independence (using market mechanism in partner selection), and at the same 
time transaction costs are minimized through a casual and reversible integration of companies which form 
manufacturing production networks. The main objective of the formation phase is the selection of partners 
who can cooperate in the various systems to guarantee the timely execution of orders. In this phase, three 
basic stages of the production network of prototyping can be identified. In the first stage a set of 
production variants which fulfill constraints (production capacity, sequence of operations) is formed, in 
accordance to the preliminary schedule from first phase, followed by time limits and batch size of supplies 
depending on production capacity. In this stage, enterprises which do not guarantee sequences of 
operations and a quality correct workflow or whose operation time is too long are rejected. 

 

Fig. 3 The effect of prototyping of production networks in regional metallurgical cluster 
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Finally, in the presented approach all variants which guarantee production order execution on time with 
lower total costs than the given price are singled out. Information about costs allows selection of the 
cheapest variant of manufacturing production networks. When a set of solutions is empty, the proposed 
method assumes the rejection of a new production order. At the same time, reasons for order rejection are 
known. This information allows changes to be made in the structure of the system (e.g. additional 
negotiation process) and in a new production order (negotiations concerning time, price of realization, 
etc.). 

The application of the computer aided system for the suggested solution allows the use of this method in 
practice. The effect of the prototyping of production networks is the generation of variants of planned 
order realization, which are shown in Fig. 3.  

4. CONCLUSION 

The prototyping of production networks in regional metallurgical clusters allows more production order 
realization by groups of SME’s. This can allow cheaper or faster execution. The presented method 
guarantees the possibility of finding acceptable quality solutions to ensure that production workflow of 
orders which are currently being undertaken is not disturbed. As a result of this, there are acceptable 
variants of networks with variants of transportation-storage support, which guarantee sufficient quality 
production order execution on time. 

In the presented approach all variants which guarantee production order execution on time with lower 
total costs than the given price are singled out. Information about costs allows selection of the cheapest 
variant of production networks. When a set of solutions is empty, the proposed method assumes the 
rejection of a new production order. At the same time, reasons for order rejection are known. This 
information allows changes to be made in the structure of the system (additional negotiation process, 
extension of time of phase, etc.) and in a new production order (negotiations concerning time of 
realization, price, etc.). It is suitable to support the approach by means of control systems at lower control 
levels [14]. 
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Abstract 

The role of reverse logistics in creating added value for producers in metallurgy is presented here. The 
premise is the choice of reverse logistics for steel supply chain on the one hand, considering their versatile 
applications. On the other hand, an extremely important issue is that their production is characterized by 
high dynamics, has a significant impact on the environment, contributing significantly to the use of the 
valuable resource. This paper will focus on the economical and environmental optimization of reverse 
logistics processes in steel supply chain. The presented article is part of a research on developing 
application methods for the settlement of environmental-economic support for reverse logistics processes 
aimed at reducing consumption of energy and raw materials by metal manufacturers, which ultimately 
translates into added value in terms of so-called environmental benefits. The process of waste disposal can 
be significantly boosted by logistics, and especially by the logistics of recovery, which is "fixed" in traditional 
logistics and yet is representative of the ecological orientation of logistics and therefore very well suited to 
the imperative of sustainable development. Reverse logistics enables the realization of the idea of a circular 
economy, which is a departure from the linear model of raw material flow, to a model of closed material-
energy cycles, which significantly reduces the high entropy of the modern economy while enhancing the 
overall utility rate. 

Keywords: Logistics, Reverse Logistics, Recovery, Steel Supply Chain 

1. INTRODUCTION 

The process of waste disposal can be significantly boosted by logistics, and especially by the logistics of 
recovery, which is "fixed" in traditional logistics and yet is representative of the ecological orientation of 
logistics and therefore very well suited to the imperative of sustainable development. Reverse logistics 
enables the realization of the idea of a circular economy, which is a departure from the linear model of raw 
material flow, to a model of closed material-energy cycles, which significantly reduces the high entropy of 
the modern economy while enhancing the overall utility rate.  

This objective meets the assumptions of Integrated Product Policy (IPP) developed by the European 
Commission in 2003, whose basic tenet is to think in categories of life cycle (Life Cycle Thinking). The 
introduction of this principle to business practice requires such an integrated approach to waste 
management issues and dissemination of the flow of reverse logistics processes.  

Logistics systems activities require the assurance of adequate economical and environmental efficiency 
levels on the demands of sustainable development [1]. Reverse logistics – because of the complexity and 
increasing importance in logistics processes – has become one of the most important areas of the eco-
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efficiency rise. New system solutions are observed as essential to increasing the eco-efficiency level of 
reverse management. 

Current thinking about supply chain is focused on logistics flows from raw materials to finished goods, and 
therefore those processes which primarily lead to interest in creating and developing supply chain.  

The global market, technology improvement and sustainability development has involved new models of 
supply chain. A new trend in logistics is observed [2]. In recent years, in the context of sustainable resource 
management, there is a new concept, that of reverse logistics, for which there are synonymous terms such 
as: reverse logistics, Ecologistics, logistics in the field of recycling, or waste logistics. The problems of waste 
management are increasingly falling into the field of logistics – this is reflected in the growth of reverse 
logistics.  

Sustainable development, as defined by the EU, stands for meeting the development needs of present 
generations without jeopardizing the ability of future generations to meet their own development needs. 
Sustainable development does not focus solely on environmental issues, but broadly captures the different 
dimensions of development. Traditionally, sustainable development is conceptually considered in terms of 
three main pillars: 

� environmental sustainability 

� economic sustainability 

� social sustainability. 

There is obvious to maximising the environmental, social and economic benefits of human activities, while 
minimising the negative impacts, as far as possible. 

The implementation of the concept of sustainable development into business practice and the need to 
meet the challenges of the twenty-first century, at the root of which lies the widespread awareness of the 
profound global ecological crisis, are now causing particular attention to be given to issues related to 
environmental quality and cost-effective exploitation of resources [3].  

The assumptions of sustainable development clearly indicate that the search for new solutions to technical, 
technological and logistical resources, and rationalization of the economy, energy and waste should be a 
priority for all business sectors and services [4]. 

2. CHARACTERISTICS OF STEEL INDUSTRY 

In 2007 and 2008, the global steel industry was estimated to grow at about 6.5% – 7% a year, in terms of 
both supply and demand [5]. It has been reported by [6] that world’s production of crude steel in 2007 
amounted to 1.344 billion tonnes, up 7.5 percent from 2006 - the highest yearly spurt in history, and the 
second consecutive year in which the world’s output of crude steel rose by more than 7 percent. On the 
other hand, world steel consumption grew from 1.121 billion tonnes in 2006 to 1.198 billion tonnes in 
2007, representing a 6.8 percent increase [6]. The global steel industry once again underwent major 
readjustments in 2007 and 2008. Since 2006, China, who used to be a net importer of steel, has become a 
net exporter of steel, and its exports have risen significantly during the past year. To counter this, the 
Chinese government issued a number of export restriction measures, including higher export taxes on 
semi-products and lower export rebates on steel products [7]. The domestic production capacity in China 
was also reduced. In response, the prices of both semi-products and finished products in the world market 
jumped up sharply[8]. 
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Apparent steel use (ASU) in Poland was 12M tonnes in 2007. In 2009 steel marked turned to worse – 
adverse global crisis spillover hit Poland badly. Steel consuming sectors’ downturn made its painful mark on 
steel output and steel revenues. Poland’s ASU was merely 8.19M tonnes in 2009, down 32% as compared 
to 2007. 2010 saw Poland’s economy picking up again. GDP growing at 3.8% was to a high degree built by 
increasingly high internal demand and investments coming back. Positive impact was brought about by 
projects co-financed from Cohesion Found. 2010 saw all steel-consuming sectors growing production, and 
in effect Poland’s spiked 20% vis-a-vis 2009 [9]. 

3. THE STEEL SUPPLY CHAIN 

Over the past decade, many of the steel industry studies have been carried out. Most of them aimed to 
improve the performance of the industry [10, 11]. However, the results provided by those papers laid us to 
an understanding of the supply chain in steel industry. The steel industry has distinct characteristics that 
separate it from other industries [12] as follows: 

� High capital needed to be invested. 

� Long life of products. 

� Lots of players in the global market 

Therefore, this industry needs a well designed of methodologies or techniques to manage and integrate the 
supply chain leading to control cost while still having a competitive advantage.  

A schematic of the steel supply chain and current technologies used in national steel industry is shown in 
Fig. 1. 

Coke plant Blast 
Furnace

Converter Continuous 
Casting

Hot Rolling
Sinter plant

Steel Producer

Scrap steel EAF Casting Rolling

Raw 
materials

or

Steel

Steel

Steel Stockholder End  User
 

Fig. 1. A Schematic of the steel supply chain [own analysis] 

The steel supplier can be classified as a general steel producer who converts steel scrap into billets, which 
are then rolled into a variety of steel products. The end user sources their material from a steel stockholder 
who performs a break bulk role within the supply chain. They order in large quantities from the main 
producers on long lead times and then sell the material in small quantities on short lead times, according to 
the customer’s requirements [13, 14]. 

For steel supply chain it is typical that many European metallurgical companies are forced to import iron 
ore from remote destinations. For these companies it is necessary to determine the amount of iron ore that 
will have to be ordered and to create such a delivery schedule so that the continuous operation of blast-
furnace plant is not disrupted and there is no exceedingly large stock of this raw material [15]. 

The world steel industry applies the principles of reduction, reuse and recycling in many ways, in order to 
improve the sustainability of the industry. 
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4. REVERSE LOGISTICS, RECYCLING AND RECOVERY 

The problems of waste management are increasingly falling into the field of logistics – this is reflected in 
the growth of reverse logistics.  

Recovery means any operation the principal result of which is waste serving a useful purpose by replacing 
other materials which would otherwise have been used to fulfil a particular function, or waste being 
prepared to fulfil that function, in the plant or in the wider economy. Recycling means any recovery 
operation by which waste materials are reprocessed into products, materials or substances whether for the 
original or other purposes. It includes the reprocessing of organic material but does not include energy 
recovery and the reprocessing into materials that are to be used as fuels or for backfilling operations 

Logistics covers the planning, coordination and control both in the aspect of time and space, the course of 
actual processes in the realization of which organization is a participant, for the purpose of efficient and 
effective goal achievement by an organization [16, 17]. It particularly concerns spatial and timely 
arrangement (where?), state (how much and in what configuration?) and flow (where from, where to and 
by what means of transmission?) of goods constituting the components of these processes, i.e. people, 
material goods, information and funds [18]. 

Reverse logistics is defined as the process of planning, implementing, and controlling the efficient, cost 
effective flow of raw materials, in-process inventory, finished goods and related information from the point 
of consumption to the point of origin for the purpose of recapturing value or proper disposal [19]. More 
precisely, reverse logistics is the process of moving goods from their typical final destination for the 
purpose of capturing value, or proper disposal. 

Remanufacturing and refurbishing activities also may be included in the definition of reverse logistics. 
Reverse logistics is more than reusing containers and recycling packaging materials. Redesigning packaging 
to use less material, or reducing the energy and pollution from transportation are important activities, but 
they might be better placed in the realm of “green” logistics. If no goods or materials are being sent 
“backward,” the activity is probably not a reverse logistics activity. 

Reverse logistics also includes processing returned merchandise due to damage, seasonal inventory, 
restock, salvage, recalls, and excess inventory. It also includes recycling programs, hazardous material 
programs, obsolete equipment disposition, and asset recovery [20]. 

In recent years a marked increase in interest in the optimization of logistic processes in support of various 
types of recovery value of the products in the phase of postconsumer waste, including through reuse, 
regeneration, recycling and processing can be noted. In the wake of the emergence of new areas of 
logistics: reverse logistics and recycling. 

Defining these new areas requires a reference to the classification of the types of recovery process assigned 
to the various stages of integrated supply chain, which is presented by Thierry et al. - (Fig. 2). 

There are 8 types of recovery/disposal options. Direct reuse/resale, repair, refurbishing, remanufacturing, 
cannibalization, recycling, incineration, and landfilling. Each of the product recovery options involves the 
collection of used products and components, reprocessing and redistribution. The main difference between 
the options is in reprocessing. Repair, refurbishing, and remanufacturing upgrade the product. What they 
differ in is the degree of upgrading [21]. 
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Fig. 2. Different kinds of recovery in integrated supply-chain [21] 

 
The aim of repairing is to return the used products to working order. Quality of the repaired products is 
more likely less than the original. It requires limited disassembly and remanufacturing. This operation can 
be performed anywhere. Durable product manufacturers (e.g., IBM, DEC, and Philips) 

The aim of refurbishing is to bring used product to a specified quality level. Quality is less rigorous 
compared to the new products. It consists of fixing the improper modules and replacing them with working 
or technological ones. Military aircraft are examples of refurbished products. 

The aim of remanufacturing is to bring the products to the quality level of new products, that is, to make 
them “as new”. Used products are completely disassembled to the parts level. All parts are extensively 
tested. Worn-out or outdated parts are replaced with the new ones. Repairable parts are extensively 
tested. Approved parts are subassembled to the module level, and approved modules are subassembled to 
product. BMW has been remanufacturing for a number of years. 

Cannibalization. In the past three options, the identity of the used product was preserved. In this case, only 
a small amount of used products, which are recoverable, is taken out of the old product and reused. This is 
sometimes called selective disassembly. Those parts are used in repairing, refurbishing and 
remanufacturing activities. Quality of cannibalized parts depends on the process in which they will be used. 
Aurora, a US Company, is engaged in cannibalizing integrated circuits. 

As opposed to the previous activities, in recycling neither product nor part identity is preserved. The aim is 
to reuse the materials from used products. Quality required depends on the process in which the recycled 
material will be used. 75% percent of the metals from discarded parts are recycled in European countries, 
such as Germany, U.K.[21] 

The World Steel Association has estimated the recycling rates for products that contain a significant portion 
of steel, and identified target rates for 2050 (Tab. 1). 

 

 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1808 

Tab. 1. Steel industry recycling rates [22] 
Market 2007 2050 Target 

Construction 85% 90% 
Automotive 85% 95% 
Machinery 90% 95% 
Appliances 50% 75% 
Containers 69% 75% 
Total 83% 90% 
 

The strategic objective of waste management planning is the handling of waste in accordance with the 
principles of the waste management hierarchy, i.e. firstly the prevention and minimization of waste 
generation and to reduce their hazardous properties and, secondly, maximum utilization of material and 
energy components of the waste, and where waste cannot be subjected to recovery processes, to be 
neutralised. 

5. SUMMARY 

Recovery logistics in waste management systems meets the demands of the new Framework Directive of 
the European Parliament and Council 2008/98/EC of 19 November 2008 on waste (OJ. EU of 22 November 
2008 No. L 312 / 3) whose primary task is to develop instruments to promote the idea of a "recycling 
society", seeking to avoid waste and to use waste as a resource. 

Bearing in mind that in the hierarchy of waste management it is essential to prevent its formation, the 
Member States are supposed to prepare by 2013 national waste prevention programs, which may become 
an element of waste management plans. Their primary goal is to stop the directly proportional relationship 
between economic growth and the amount of waste generated. However, the European Commission aims 
to develop indicators to measure waste prevention and to create a system for exchanging information on 
best practice in waste prevention. 

Moreover, by 2012 the European Commission will prepare a special report on the cycle of waste production 
and the extent of preventing its occurrence. 

In light of the requirements, which introduced a new framework directive on waste is a particular challenge 
to introduce efficient and effective recovery logistics systems, in spatial, organizational, and information 
fields. The task of these systems is to direct all waste to designated storage locations, while maintaining the 
hierarchy of recovery values, which the legislature based on the principle of sustainable development 
pointed to. 

LITERATURE 

[1] WITKOWSKI K., The Innovations For Sustainable Development, 17th International Scientific Conference CO-
MAT-TECH, Trnava-Bratislava, 2009 

[2] WITKOWSKI J., KIBA-JANIAK M., Correlation between city logistics and quality of life as an assumption for a 
referential model, The 7th International Conference on City Logistics, Mallorca Island, Spain, 2011 

[3] SANIUK A., SANIUK S., WITKOWSKI K., Using activity based costing in the metalworking processes, in: 20. 
jubilejní ročnik mezinárodni konference metalurgie, METAL 2011, Brno 2011, CD-ROM, ISBN: 978-80-87294-22-
2 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1809 

[4] BURCHART-KOROL D., Significance of environmental LCA method in the iron and steel industry, Metalurgija 50 
(2011) 3, pp. 205-208 

[5] KANG D., LYSSOGORAKAYA V., “Emerging Markets Now Drive Global Steel Demand – World Steel Consumption 
and Production Trends to 2013”, 17 April 2008, Available: www.research.hsbc.com 

[6] IISI. International Iron and Steel Institute, Annual Statistical Report, 2007. 

[7] China Trade Summary: www.ustr.gov/sites/default/files/uploads/reports/2009/NTE/asset_upload_file868_15464.pdf 

[8] Study on the Competitiveness of the European Steel Sector Within the Framework Contract of Sectoral 
Competitiveness Studies – ENTR/06/054 Final Report, August 2008. Available: www.ecorys.com 

[9] Polski przemysł stalowy (Polish steel industry), Polish Steel Association Report 2011, Available: www.hiph.org 

[10] TAYLOR, D.H., (1999). Measurement and analysis of dem and amplification across the supply chain. 
International Journal of Logistics Management, 10(2), 55–70. 

[11] DASTUR M.N., “Total Quality Manaement in the Steel Industry”, the International Conference on Egyptian Steel 
Industry– Impact of Market Economy, Cairo, 15-17 November 1993 

[12] Standard & Poor’s, Industry Survey – Metals: industrial, 2007: 
http://sandp.ecnext.com/coms2/description_RS_MEI_ITM 

[13] McADAM, R., BROWN, L., Strategic alignment and the supply chain for the steel stockholder sector: An 
exploratory case study analysis. Supply Chain Management: An International Journal, 6(2)/2001, 83–94. 

[14] POTTER, A., MASON, R., NAIM, M., and LALWANI, C. (2004). The evolution towards an integrated steel supply 
chain: A case study from the UK. International Journal of Production Economics, 89, 207-216. 

[15] SAMOLEJOVÁ, A.; FELIKS, J.; LENORT, R.; BESTA, P. A Hybrid Decision Support System for Iron Ore Supply. 
Metalurgija, January-March 2012, vol. 51, no. 1, pp. 91-93. ISSN 0543-5846 

[16] BABČAN M., - VIDOVÁ H., BABČANOVÁ D., Logistics and its impacts on environment, Proceedings 12th Annual 
International Conference of PhD. students, young scientists and researchers, Prague, (2010), pp. 56-62 

[17] ČAMBÁL M., CIBULKA V., Logistika výrobného podniku, Bratislava: STU v Bratislave, (2008), p. 198 

[18] KRAWCZYK S., Zarządzanie procesami logistycznymi, PWE Press, Warsaw (2001) 

[19] Reverse Logistics Association, http://www.reverselogisticstrends.com, last access 20/07/2011 

[20] ROGERS D. S., TIBBEN-LEMBKE R. S., Going Backwards: Reverse Logistics Trends and Practices, Reverse Logistics 
Executive Council, (1998) 

[21] THIERRY M. C., SALOMON M., Van NUNEN J., Van WASSENHOVE L., Strategic Issues in Product Recovery 
Management, California Management Review, Vol. 37, No. 2, 1995, s. 114–135. 

[22] World Steel in Figs. 2009, World Steel Association 



23. - 25. 5. 2012, Brno, Czech Republic, EU 

 
 

1810 

INNOVATION MANAGEMENT IN METALLURGICAL ENTERPRISES 

Sebastian BAKALARCZYK  

Technical University of Lodz, Lodz, Poland, EU, sbakalarczyk@gmail.com 

Abstract 

In the current economic downturn increasingly important role in metallurgical enterprises plays an effective 
use of the available financial resources. Innovation management is one of the basic methods used in 
modern managed enterprises. The article describes methods of innovation management using modern 
banking products on the example of chosen metallurgical enterprises in Poland in years 2008-2011. 

Keywords: metallurgical enterprises, innovation, management, Poland 

1. INTRODUCTION 

Observing the changes in the world economy and the size of the competition for each type of business, it 
becomes advisable to add some heuristic methods of thinking into the strategy. If the company does not 
have any new, original solutions and duplicates the old ones, it will eventually weaken its position. That is 
why the innovation is so important nowadays. 

Lets first try to define innovation. We can find many definitions in literature. Samples of those are like: 
“Being innovative means new, so far not known method for fulfilling new kind of needs.”[4]; “Each idea, 
proceeding, matter which is new, is called innovative, because it is qualitatively different from hitherto 
ones.”[10]; “Innovation is the new competitive arena where present-day gladiators, equipped with similar 
information and access to similar resources, try to outsmart one another to victory.”[3] 

Defined simply, innovation is, of course, introduction of something new. We presume that the purpose of 
introducing something new into a process is to bring about major, radical change. Process innovation 
combines a structure for doing work with an orientation to visible and substantial results. It involves 
stepping back from a process to inquire into its overall business objective, and then effecting creative and 
radical change to realize order-of-magnitude improvements in the way that objective is accomplished.[1] 

According to E. M. Rogers innovation process can be divided into three stages: Invention of novel idea, 
beginning with recognition of market/user needs, Idea development, Idea implementation, or the adoption 
and diffusion of the innovation by users.[9] 

The innovation process ends, when the innovation is adopted and implemented by an organization, or 
when resources run out, or when political opposition prevails to terminate the developmental efforts. It 
should be pointed out that organization can’t gain competitiveness in the maturity stage of innovation 
process. In order to do it, it has to encourage employees to seek for continuous improvements and new 
brilliant ideas. 

One of the leaders in defining what really can be called innovation was Joseph Schumpeter. In his book 
“Capitalism, Socialism and Democracy” he described a process where “the opening up of new markets, 
foreign or domestic, and the organizational development illustrate the same process of industrial mutation, 
that incessantly revolutionizes the economic structure from within, incessantly destroying the old one, 
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incessantly creating a new one” which he called “creative destruction”. He saw great source of innovation 
in perfect competition, saying that: “[What counts is] competition from the new commodity, the new 
technology, the new source of supply, the new type of organization competition which strikes not at the 
margins of profits and the outputs of the existing firms but at their foundations and their very lives.” 

2. SPECIFIC OF INNOVATION 

The OECD methodology expands the concept of innovation into the area of organization and marketing and 
determines relationships with other companies in the course of the Innovation process. The fundamental 
change was the inclusion of companies found in lower research-development activity areas into studies, 
which allowed the appreciation of the role of Innovation in services and industry branches based on more 
traditional technologies.[7] Therefore, the present edition is suited to the requirements a larger recipient 
group/group of customers. This methodology constitutes the basis for current studies on innovations, not 
only in the OECD countries or the EU. 

A model of networks that takes into account subjects, activities and resources – a model that takes into 
consideration multidimensional relationships: industry-science, enterprise-enterprise. 

3. MANAGEMENT OF INNOVATION 

For the Polish companies and economy, innovativeness is a sine qua non condition for achieving a 
favourable position in the world economy in the future. Even now, when Poland is a member of the 
European Union, the economy of which surpasses the Polish economy with respect to innovativeness, this 
issue is particularly important. It can generally be stated that management of innovations in prosperous 
countries has the following characteristics [2]: 

� Economy – national/European GNP per inhabitant is above the average, high exports – an open 
region and high innovativeness, a diversified structure of the economy and industry, the significant 
presence of high-tech industries, well-qualified workforce. 

� Expenses on R&D – the predominance of expenses on R&D by private companies, the region, 
producer and user of technologies. 

� R&D infrastructure – strong and diversified research resources, the structure of intermediary 
institutions adapted to the needs of the economy. 

� Policy – a clear pro innovative strategy and policy based on social consultations, orienting the system. 

The majority of organizational units currently functioning in developed countries demonstrate four main 
challenges, such as: 

� Globalization and the freedom of capital flow, which orients an enterprise to the generation of value 
for the shareholders.  

� Market maturity, which results from competitiveness based on effectiveness and innovation. 

� The consumer’s force, which increases and by means of which the consumer expresses its 
expectations and participation in a better world and is supported by corporate culture. 

� Innovativeness expressed by the ability of an enterprise to introduce changes in marketing and 
organization. 
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In the managing of business, definite solutions of legal, organizational, economic and informative character 
occur, which are in invariable reciprocal relationships that affect the course of the management process. 
Nowadays, no one should question Drucker’s statement, formulated twenty years ago, that “there are no 
undeveloped countries, there are only countries of undeveloped management” and “the only constant 
thing is change”. 

The contemporary management of an enterprise is characterized by: 

� The orientation towards company’s value; 

� The market orientation taking into account the client’s expectations and the competition; 

� The developed relations with the environment, which constitute a dynamic-interactive system; 

� The creation of a model of a network, which takes into consideration three interrelated elements: 
subjects – actions – resources. Their reciprocal relations, supported by information technology 
should stimulate the development of a company; 

� The creations, in enterprises, of factors stimulate the development of Innovation such as information 
and knowledge. The manifestation of their development is the generation of new ideas and the 
effectiveness of processing them into marketing, organizational and financial innovations.  

All the changes occurring in the environment have an effect on the company’s activity. The proper 
recognition of these changes and their tendencies enables a company to adapt to the conditions prevailing 
on the market. There is one important fact lying at the foundations of business management that should be 
well understood by managing boards; the fact that only those organizations which will appropriately adapt 
themselves the contemporary business environment can survive and not lose a chance of development. 

4. RESEARCH AND DISCUSSION 

Metallurgical industry is one of the most significant branches of processing industry that deals with 
preparation of extracted ores to receive pure metal thereof, refining of metals, their heat treating, chemical 
and heat treating (quenching, etc.), modelling to give them specific shapes, and alloy production. 
Metallurgical industry may be broken down in ferrous and non-ferrous metallurgy.[5, 6] 

In Polish conditions a large majority of metallurgical production is constituted by steel (Fig. 1 - 91%). Copper 
production is also noticeable (7%). The share of other metals in the sector amounts to 1%. Since 2009, upon 
shutting down of the aluminium works in Konin, Poland has no aluminium works in its territory. 

  
Fig. 1: Metallurgical sector structure in Poland Fig. 2: Production of steel and copper in Poland 

In 2011 production of steel increased by 7.2% which indicated continuation of a trend from 2010 (increase 
by 12.3%). Despite a production growth in the last two years, it did not return to the level from before the 
crisis in 2009. The future development depends to a large extend on the condition in the automotive 
industry, which is the key recipient of the Polish steel sector (Fig. 2). Forecasted production growth in this 
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sector, in years 2011-2015, amounts to 5% a year. Increasing prices of electrical power, which constitute for 
a large part of steel works costs, create a significant threat. A higher excise duty on electricity entails lower 
competitiveness of Polish companies, in particular those applying EAF technologies. The output of the 
copper sector in turn was more stable in the last two years, despite the condition of the world economy. 
Yearly production of this metal in Poland amounted to 550 thousand tonnes. 
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Fig. 3: Number of entities running an activity related to the metallurgical sector 

Source: Metallurgical Sector in Poland [in:] Polish Information and Foreign Investment Agency, Economic 
Information Department, Warsaw 2011. 

Three quarters of enterprises operating in this 
sector are represented by micro-enterprises 
(employing less than 9 people – Fig. 3). However, 
this percentage is significantly lower than the 
national average for all the enterprises (about 
95%). This tendency is present also in other 
categories, that is the number of large-sized 
companies in the metallurgical sector is higher 
than average in the Polish economy. In the10-49 
range it constitutes 16% of companies (4% for the 
entire economy), in the 50-249 range it amounts to 
7 % (0.8%, respectively) and large-sized companies, 

Fig. 4: Companies operating in the metallurgical 
sector in Poland by employment size 
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having over 250 employers, represent 3%, compared to 0.13% for the entire economy (Fig. 4). 

 

The flow of foreign direct 
investments in 2009 amounted to 
EUR 9.9 billion, of which EUR 3.4 
billion was constituted by the 
processing industry. In the 
metallurgical sector an outflow of 
capital amounted to EUR 108.8. 
This tendency puts this branch in 
an unfavourable position, 
particularly in comparison with 
other branches of processing 
industry that in the majority of 
cases recorded an inflow of 
foreign investments. Accumulated 

foreign investments in the Polish metallurgical sector amounted to EUR 5.8 billion, which comprised 12% of 
investments in the processing branch, and 4% in the total of foreign investments. 

Polish international trade in the metallurgical sector (Fig. 5) amounted to EUR 24.7 billion. In addition, 
Poland faced a slight deficit equal to EUR 445 million. It constitutes for less than 10% of the trade of Poland. 
Cast iron, steel, cast iron and steel products represented the largest share in the international trade. 
Copper and copper products followed these. A positive balance of trade in this field is worth noticing – 
exports exceeded imports by more than twice.[8] 

5. CONCLUSIONS 

The metallurgical sector is one of the most crucial branches of industry in Poland. Production on the Polish 
metallurgical sector and its further increase is forecast at least until 2015. A majority, that is 23% of 
enterprises, has registered offices in the area of Śląskie region. In comparison to the national average, in 
the metallurgical sector large enterprises prevail. Metallurgical products represent an important position in 
Polish trading. However, an outflow of foreign investments was observed in this sector. [11, 12] 
In years 2007-2013 Poland is granted a significant flow of the EU funds which amount to over EUR 67 
billion. Entrepreneurs may apply for the funds from the following Operative Programs (OP): 5 national 
Operative Programs: (Infrastructure and Environment; Innovative Economy, Human Capital, Development 
of Eastern Poland, Technical Assistance), 16 Regional Operative Programs and Programs of European 
Regional Cooperation. Exemptions from tax on legal persons CIT (rate: 19%). They are available in Special 

Economic Zones, that is in selected regions of Poland, where economic activity is run on special terms - 
exemptions from income tax amount to 30%-50% of investment expenses or costs of personnel 
employment in the period of 2 years, whichever are higher. [13, 14] 
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Abstract 

Four years after the downturn began, the economies of the United States and the countries of Europe 
continue to struggle and markets remain driven by fears. Short-term crises are believed to eliminate weak 
and underperforming businesses. The effects of long-term downturns are to a large extent unknown. The 
author provides for a benchmark analysis of metal manufacturing companies in Poland focusing on 
consequences of global downturn. 

Keywords: basic metals, benchmark analysis, economic downturn, Poland 

1. INTRODUCTION 

The U.S. sub-prime crisis followed by a global financial crisis and consequently by the Euro zone crisis, 
increased the awareness of uncertainty and risk in managerial decisions. Shifting demand and changing 
prices of raw materials and energy pose challenges for all producers. Companies operating in mature, 
commoditized markets are particularly affected during crisis as low profit margins force decisions related to 
survival rather than growth. Volatile financial markets are placing a high premium on risk, so factors such as 
strong balance sheet and profitability gain in importance. All of these factors are relative and should be 
compared to branch and sector data. This economic downturn has been a painful lesson for many 
businesses and industries. Forecasted growth in demand and stable access to financing was the key to 
many business decisions. Based on these assumptions many companies have made over-optimistic 
investment decisions that will hamper their growth for years. The long awaited recovery is slow and seems 
to indicate that future economic environment will be different to the one before the crisis.  

Managers should establish information flows enabling benchmarking and conduct continuous analysis of 
branch, sector and competition with regards to balance sheet structure and profitability. KPMG survey 
results indicate that the industry is undergoing substantial strategic changes. According to Lakshmi N Mittal 
(chairman and CEO of ArcelorMittal) volatile economic environment, requires that businesses have a clear 
strategy, underpinned by a set of core strengths. For ArcelorMittal these strengths are: quality core assets, 
ability to make cost reductions, market leading automotive steel, world class mining business and a 
stronger balance sheet [1]. It is interesting to note that two of these strengths are financial and refer to 
profitability and financial standing rather than creating value for the shareholder. 

The contribution of this paper is to document a new set of facts that during the recent economic crisis vast 
changes in profitability and sales volume of basic metal manufacturing companies encouraged decisions to 
change their financing structure. This creates growing evidence of link between investment and financing 
decisions during economic downturn and enhances the importance financial analysis in crafting of business 
strategies. 
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2. DATA DESCRIPTION  

Dataset is based on survey data published by the Polish Central Statistical Office (GUS). The survey covers 
economic entities with 10 and more people employed. Manufacturing refers to NACE section D. 
Manufacture of basic metals refers to NACE section D code 27 (Tab. 1). Dataset has been limited to include 
the period 2006-2010 in order to emphasize (rather than dilute) the effects of the current economic crisis. 

 Tab. 1. Number of entities covered by the dataset 

  
2006 2007 2008 2009 2010 

Number of entities 
Total 47 048 48 165 53 148 53 847 53 220 
Group D  15 103 15 354 15 785 15 030 14 637 
Code 27 259 267 276 263 256 

3. RESULTS 

The impact of the crisis 
on basic metal 
manufacturers in 
Poland was substantial 
(Fig. 1). Decrease in 
revenues caused a 
substantial drop in 
asset turnover and 
profitability (measured 
in relation to revenues 
- ROS). The number of 
entities has dropped 
from 276 in 2008 to 
256 in 2010. Changes 
exceeded those ob-
served in manu-
facturing companies 
and total companies. 
Assessment of changes in the industry follows the methodology used by Pomykalski, Bakalarczyk, Weiss [2] 
and is based upon the standard du Pont Model [3]. 

 

Comparably weak profitability and asset turnover confirm the need for continuous analysis of financial 
standing. Losses incurred in 2009 and feeble performance in 2010 weakened the branch position on 
financial markets. Basic metal manufacturers decreased the share of debt financing, measured by capital 
multiplier (Fig. 2). Changes of financing structure are even more visible than in profitability and asset 
turnover. What’s more, these changes result from management decisions and cannot be attributed to 
falling revenues during the economic crisis. By decreasing the capital multiplier, while return on sales and 
asset turnover were falling, managers enhanced the drop in return on equity. The scope of changes in the 

Fig. 1. Return on Sales (ROS) and Asset Turnover (AT) in Polish companies 
2006-2010. Comparison of Total, Manufacturing companies (Manufacturing) 

and Basic metal manufacturers (BM) 
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structure of financing in basic metal manufacturers provokes questions related to financing structure 
decisions during economic downturns.  

 
Fig. 2. Return on Assets (ROA) and Capital Multiplier (CM) in Polish companies 2006-2010. Comparison of 

Total, Manufacturing companies (Manufacturing) and Basic metal manufacturers (BM) 

 

Investment and financing decisions, in theory, can be viewed independently. Referring to fundamental 
theory, Modigliani and Miller (1985) stated in their theorem, that the choice between debt and equity does 
not affect the value of a firm or its cost of capital [4]. Taking into consideration, that the financial crisis 
violated theorem’s assumptions related to asymmetric information, efficient markets and cost of 
borrowing, financing decisions became important in assessing firm’s value. Cost of financing and access to 
capital may be 
influenced by the 
structure of financing. 
Myers and Majluf (1984) 
model, presented in 
their seminal paper, 
implies that, due to 
information asymmetry, 
firms will prefer internal 
financing and debt to 
equity if they need 
external funds [5]. 
Myers and Majluf refer 
to investment opportu-

nities. During an 
economic downturn, 
decisions may focus on 
securing the continuity 

Fig. 3. Asset structure and debt ratio of basic metal manufacturers in Poland 
2006-2010 
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of operations rather then identifying and exploiting new investment opportunities. Essentially retaining 
profits, decreasing receivables and inventories and reducing (or delaying) investments, aim at improving 
internally generated cash flow. These activities increase the share of equity in financing (either by 
increasing equity or by decreasing liabilities).  

It is essential to understand that financial theory doesn’t become inapplicable during financial crises. We 
should rather accept that the assumptions to some models are temporarily violated and conclusions should 
be restated. Assuming that financing structure matters and should be compared to investments, managers 
should revert to traditional financial ratios and benchmark their financing structure. 

The share of current assets in total assets in basic metal manufacturers has decreased in 2009 (Fig. 3). 
Companies decreased inventories and receivables following the drop in revenues, net loss decreased cash 
positions and equity, increasing the share of fixed assets in total assets. In the period 2006-2008 the share 
of fixed assets in total assets was comparable to the share of equity in financing. Losses incurred in 2009 
have changed this relation. In 2010 companies continued to increase the share of equity in their financing 
while deferring capital investments (purchases of new fixed assets). 

Since continuity of business operations is growing in importance changes in asset structure should also be 
addressed. Internally generated cash flow has to be allocated. In theory, corporations (separate business 
entities) should not accumulate cash. Interest rates on deposits and returns on short-term financial 
investments are lower than expected by investors. In other words rational investors will expect the 
management to invest available resources in their operating activity. Some cash is necessary to maintain 
liquidity (ability to pay amounts due in time) but any remaining amounts should be paid out to investors. 

The structure of current assets indicates that since 2008 companies are accumulating cash (the share of 
cash in total assets has increased from 3,3% in 2006 to 13% in 2010). In nominal terms the total amount of 
cash held by basic metal manufacturers has grown fivefold during that period. This can be explained by lack 
of trust in financial institutions. Companies are accumulating cash to secure against events that would force 
them to repay bank loans. 

Basic metals producers in Poland (and many other countries) are to a large extent consolidated. Financial 
results of individual large business entities may have a significant impact on branch data and results. 
Further analysis including data and ratios of individual companies can provide additional information that 
can be used in assessment and forecasting of competitive changes within the branch (based on strengths 
and weaknesses of individual competitors).  

This paper focuses on the analysis of asset and financing structure it is however essential to remember that 
this is a part of broader financial analysis. Current economic downturn and decreasing sales stipulated 
changes in costs. Most manufacturers scaled down production and even closed facilities. Capacity planning 
[6] and detailed analysis of cost structure and its benchmarking remains vital and should accompany 
broader benchmarking initiatives. Due to accounting principles some initiatives may not be recorded as 
assets. Improvements in production processes [7] and changes in distribution channels can create 
significant competitive advantage. Their effect may however be initially overlooked by competitors as 
increasing revenues are attributed to market revival.  

4. CONCLUSIONS 

Vast changes in financial standing of basic metal manufacturers indicate that managers should gather and 
carefully analyze financial data of competitors to benchmark their performance and position. The effects of 
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the crisis upon companies in this branch have been far bigger than in the case of all manufacturing 
companies or all businesses in Poland. Falling profitability and asset turnover in 2009 and 2010 has forced 
the companies to change the structure of financing and increase cash holding. These results are also 
interesting for researchers as factors inducing management decisions in prolonged economic downturn 
conditions are to a large degree unknown. It is difficult to talk about rationality and forming theories, as 
equilibrium and timing are difficult to forecast during the crisis.  
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Abstract 

Economic activity carried on in times of recession or out of the crisis poses additional challenges of 
managers. Metallurgical enterprises do not relied of consequences of the current crisis in the industry. 
Paper presents an attempt to diagnose the business risk of Polish steel industry in the tine of economic 
downturn. 
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1. INTRODUCTION 

There is no single and ultimate definition of risk. Risk is universe. There is one reason for it – risk is abstract 
term because risks are everywhere. Risks have different background, different stakeholders and different 
impacts. This includes, but is not only limited to, corporate scandals around such companies like Enron, 
Lehman Brothers, Maxwell group. This is further rendered to risks which impact economies of bigger scale, 
namely countries, regions, and continents – USA, Japan and EU recessions which started in 2008, did not 
tranquil until now and still affect life of regular citizens. All in all, risk has different variants and people 
witness more often man-made disasters, both environmental and economic, around the world. They have 
direct and indirect effects on people and their lives.[1] 

2. RISK IDENTIFICATION 

Because risk is such universe term and it takes many forms, there is a need for systematic approach, which 
would help to categorize risks, so the right people with right knowledge could work with them in order to 
mitigate their negative effects or identify real business opportunities.[2] 

Theoretically, the more all-embracing the categorization and the more detailed sub-division, the higher 
chance the risk will be captured. In the real business life, process is constrained by many factors, including 
time, technology, data availability, and resources of people and funds.[2] Risks can be broadly grouped in 
the following categories: market, credit, liquidity, operational, legal and regulatory, business, strategic, and 
reputation. 

Strategic risk is often referred as a business risk. From the conventional point of view, strategic risk relates 
to uncertainty about significant investments, the demand for products, their pricing, and cost of production 
and transportation. Recent studies started presenting strategic risk also in the form of an opportunity for 
the business. This is because emerging threats and challenging market conditions are an opportunity for 
the change that can be advantaged by watchful organizations i.e. sudden change of dominant market 
players, shift of consumer preferences etc. Therefore, strategic risk should be treated with paramount 
importance by the organization because it affects its strategy.[4] 
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3. RISK MANAGEMENT 

Risk management could be said to originate from the early times when a chieftain pledged to fortify walls 
or create security alliances to protect local people from the opponents. Part of RM could be also a decision 
of storing incremental provisions to secure people from famine.[3] As of XX century, the early development 
of modern risk management started in the United States as a result of non-business oriented practices 
carried by insurance companies. Risk management became popular among businessmen because of two 
drivers. First, insurance in the 1950s was high-priced. Second, the extent of coverage was very limited what 
did not satisfy the needs of entrepreneurs. Latter reason was even more troubles, especially in the case of 
inadequate attention to people and property protection. Thus, insurance clients became concerned with 
the quality of asset protection, the standards of health and safety, product liability claims and other risks 
affecting business.[5] 

Paradigm of risk management was further explored in Europe during 1970s, by making a combined 
approach to risk financing and risk control. This established a new pinpoint on the concept of total cost of 
risk. Organizations found out that many risks they face are insurable. In result, businesses were forced to 
find tools and techniques helping them in the process of risk management. This eventually led to 
establishing fundamentals of a few specialist areas in risk management, specifically risk management over 
projects, operations, and energy. 

4. RESEARCH AND DISCUSSION 

With a population of 38 million, Poland is the largest country in Central -Eastern Europe. In 2008, Poland’s 
share in the EU gross domestic product (GDP) generated by all new Member States (including Bulgaria and 
Romania) was more than 40%. Poland’s accession to the European Union in 2004 was an important 
milestone in the dynamic development of the country. The adjustment of Polish legislation and 
administration to meet EU standards and the inflow of EU structural funds (some 67 billion Euros by 2013) 
has provided a major stimulus to economic growth. Poland has taken full advantage of these opportunities 
and embraced measures to meet the challenges of the common European market. The main sectors of the 
Polish economy are services (64% of GDP) and industry (32% of GDP). The remaining 4% of GDP is 
generated by agriculture. 

In 2010 State Treasury planned to sell up to 10% of the shares in KGHM Polska Miedź S.A., while retaining 
ownership control over the company. Also earmarked for sale on the regulated market is the Treasury’s 
4.52% stake in Grupa Kęty S.A. In 2010 the Treasury sold through the negotiations procedure 85% out of 
100% in Centrozłom Wrocław S.A., a company dealing with the collection and sale of scrap metal and waste 
recycling, and in Zakłady Górniczo-Hutnicze Bolesław S.A., Poland’s largest producer of electrolytic zinc. By 
2011-2012, 19 more companies from the iron and steel industry as well as the non-ferrous metallurgy 
sector are to be privatised, including 7 metallurgical plants. For sale in the rock mining industry are, among 
others, an aggregate producer, 2 mineral mines, marble, dolomite and quartzite mines as well as road 
material quarries. In order to support the restructuring process an agency (Towarzystwo Finansowe Silesia) 
has been set up to deal with the financial asset ownership transformation process associated with the 
sector. 

The privatization of metallurgical companies, mainly with the participation of foreign investors (Mittal), has 
mostly been completed according to the 2006 deadline set in the governmental strategy for the sector. The 
state still retains control over 11 companies, including the only Polish producers of zinc and lead and 
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several small iron and steel plants as well as a non-ferrous metal smelter. The privatization plan assumes 
complete sale of the companies except for the copper producer KGHM, the largest Polish industrial firm 
listed on the Warsaw Stock Exchange, in which the Treasury holds 41.79% of shares. With increased global 
competition, the EU steel industry faces a number of competitive risks and challenges. For the foundry 
sector, however, competition from outside the EU is still limited. Below, the most significant risks and 
challenges for the industry are highlighted. 

Challenge 1: The centre of the steel business is moving to the East, and EU producers are faced with new 
competitors The global centre of gravity for the steel business is moving to the East. China, Japan, India 
and South Korea represent more than 50% of world steel output (2007), and when adding Russia and 
Ukraine these countries represent more than 60% of world steel output. Moreover, the EU’s relatively 
strong position on quality and high quality product markets is increasingly challenged as these competitors 
are improving their technological capacities and competencies as well. Consequently, the EU steel 
producers face the risk of losing control and global market share, even for quality products. 

Although certainly not the only competitor, China constitutes the most concrete threat to the EU steel 
sector. Today, China is a net-exporter of steel and is offering steel products at all levels of quality and at 
very competitive prices. In this regard, direct and indirect state aid imply that Chinese steel producers are 
able to reduce prices to artificially low levels compared to the real cost of producing steel – preventing a 
level playing field for European steel producers. Moreover, Chinese steel capacity is increasing with 
prospects of even increasing its current excess capacity. And with strong incentives to export excess 
production, exports from China constitute a formidable competition to the EU steel industry. Already, 
excess capacity has fuelled Chinese exports into European markets: in 2006-2007, China flooded the EU 
market with both flat and long products. 

In addition, the threat from other countries is likely to increase in the future as well. E.g. steel production 
capacity is increasing in the C.I.S. and, depending on domestic demand, exports may increase. In case of 
decreasing demand for steel, this turns into a significant risk as excess-production leads to increased 
incentives to export and to stronger competition in general. Moreover, technological improvements in the 
C.I.S. in terms of EAF-technology imply that the volume of scrap exported from the C.I.S will decrease, 
leading to increasing scrap prices. This poses a threat to the EU being a net-importer of scrap. 

Thus, the European steel industry increasingly depends on maintaining and improving its ability to compete 
with products from China and other new and emerging world steel producers such as India and the C.I.S. 

Challenge 2: Imbalances in demand and supply for raw materials and increasing input prices With China 
entering the world steel scene and with the huge increases in Chinese steel consumption, capacity and 
production, patterns and conditions for steel production are changing globally. Among other things, the 
rapidly increasing Chinese demand for steel leads to imbalances in the supply and demand for iron ore. 

The increasing demand for steel, driven by China, has led to an increasing demand for raw materials, and 
the current raw material supply and demand imbalances are affecting the EU industry heavily as it is very 
dependent on raw material imports. Thus, access to raw materials has become a pressing issue for the EU 
steel industry. Moreover, countries outside the EU with better access to raw materials and energy have a 
competitive advantage in this regard related to lower transport costs. In this regard, it should be noted that 
the foundry industry is not as directly dependent on imported raw materials as other parts of the steel 
sector.[6] 
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Access to raw materials is also becoming a key factor in determining future location investments, with 
some third countries such as Brazil, China, India and Russia offering more attractive production conditions 
in terms of better access to raw material and cheaper energy. Moreover, Africa may gain greater 
prominence in the future as an iron or producing region. Consequently, a future scenario could be that 
primary steel producers will be located outside the EU in locations with good access to raw materials, 
exporting semi-finished products to the EU. In this scenario the EU will cease to produce semi-finished 
products. 

With the current heavy demand for all steel inputs, both raw material and energy prices have increased 
substantially. As prices of raw materials are set globally, increases affect all producers. Thus, increased 
input prices do not per se create a competitive disadvantage vis-à-vis other countries/producers outside 
the EU. However, in countries where state aid and subsidies are still in place (e.g., Russia, Ukraine and 
China) pressures on input may be partially alleviated through this kind of support, leading to an indirect 
disadvantage to the competitiveness of the EU steel sector. 

Challenge 3: Trade policies and the need for a level playing field. The global scope and reach of the EU steel 
sector implies that international trade regulations, investment conditions, and global competition for 
markets and resources, are crucial aspects of the institutional framework conditions affecting the sector’s 
competitiveness. While tariffs are becoming less relevant for the industry in terms of market access, non-
tariff barriers have become a more prominent issue on the EU trade agenda. Non-tariff barriers cover a 
broad range of issues including for instance rules and regulations, standards, restrictions in government 
procurement, subsidies, export and investment restrictions and conditions, and trade facilitation issues. 
Trade defence instruments include anti-dumping and anti-subsidy measures as well as safeguarding 
mechanisms which are only used very selectively and after a thorough investigation procedure. 

By way of example, the EU steel industry has filed three anti-dumping cases against China following the 
recent flood of Chine steel into the EU market and two anti-dumping cases have been filed by the EU steel 
tube industry. An uneven playing field presents the EU steel industry with serious competitive 
disadvantages. Specific issues related to trade for the EU steel industry include safeguard measures and 
non-tariff barriers concerning import of raw materials from for instance China, India and Russia, e.g. export 
taxes and barriers to investments in the steel sector proper or in extracting industries, thus limiting 
possibilities to secure access to raw materials. 

The EU’s approach to its relationship with China has taken on a more confrontational stance in recent 
years. In this regard, the EU-China Steel Industrial Dialogue is intended to help recognise and address 
problems related to Chinese steel production and exports to the EU, with risk of overproduction and 
subsequent unbalance in the global markets, before they become prominent. 

Challenge 4: Asymmetric environmental regulation. Environmental regulations and sustainable 
development are main issues in relation to competitiveness. In this regard, particularly the Emission 
Trading Scheme (ETS) is a hotly debated topic. The EU Commission’s proposal for ETS review of January 
2008 is moving more of the responsibility for European climate policies to the European level. It includes an 
EU ETS Sector Cap, meaning that Member States will no longer have control over the allocation of the 
emission rights in the ETS sector – in other words, the National Allocation Plans will be abolished. 

The crux of the competitiveness issue that the steel sector faces due to the ETS lies in its global nature: 
while the European steel industry is forced to take on additional costs due to the mandatory nature of the 
ETS, in many other steel producing countries the reductions are mostly voluntary and thus not comparable. 
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This will put EU producers at a cost disadvantage vis-à-vis their global competitors. Although the EU ETS 
structural options post-2012 include embedding ETS in a global agreement, the political, legal, and 
institutional feasibility of doing so is unknown and uncertain. 

New regulation in general constitutes a risk for the EU steel industry, as the investment attractiveness of 
the EU steel industry is diminishing if a long-term stable framework cannot be assumed. Uncertainties in 
e.g. environmental policies may affect the investment environment negatively and constitute a threat to 
current investors. However, under the assumption of a well-designed environmental policy approach, 
production and consumption losses for the EU steel industry are considered to be weak in the long run. 

Challenge 5: Scarce supply of skilled labour in the future. The occupational structure of the steel industry’s 
labour force has changed during the restructuring period, and today it consists of a large proportion of 
multi-skilled workers, technicians, engineers, and managers. For some time, the industry as a whole has 
been attempting to attract more people with higher qualifications, but as many other industries the steel 
industry is faced with skills shortage. 

Moreover, skills and knowledge requirements can be expected to continue to rise, and demand for highly 
skilled labour can be expected to continue. This constitutes a serious challenge to the steel industry with a 
decreasing workforce in many European countries. In addition, the average age in the sector is rather high 
and retirement in the coming years may create difficulties for the industry. Workforce recruitment and 
workforce development will have to be addressed. 

The EU steel sector’s demand for skilled labour is another challenge to the performance and 
competitiveness of the EU steel industry, as skills and knowledge requirements are rising while the labour 
force is decreasing. Thus, attracting and retaining highly skilled labour is increasingly a topic of concern.[7, 
8] 

5. CONCLUSIONS 

When analyzing the factors underlying the current competitive performance of the European steel industry 
various elements must be considered. The factors are divided into business conditions; input factors, e.g., 
the cost of labour and raw materials; process factors, such as choice and utilization of technologies; output 
factors such as access to markets and overall performance measured in profitability; and performance in 
international markets; and last, but not least, demand for steel product, including market prospects. In 
addition, the individual companies’ overall strategies towards ensuring their competitive advantages are of 
course integrated parts of the industry’s competitiveness. [9] 

As a result of consolidation in the European steel industry relatively few companies account for a large 
share of the steel production. This indicates the presence of entry barriers for new companies - most likely 
caused by high capital requirements and economies of scale. Apart from foundries and the casting industry, 
large, multinational companies dominate the steel industry, albeit to a lesser extent than in other sectors. 
[10, 11] 
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Abstract 

Blast furnace process is one of the most demanding production processes both in terms of energy and in 
terms of required management efficiency. Great demands are posed when the regulation of the process 
flow, but also the amount of used human capacity to ensure an efficient workflow are taken into 
consideration. The global economic crisis has significantly affected the production of iron and steel. 
Dramatic increase of prices of all energy sources has meant substantial interference with the cost part of 
the production processes. In the field of metallurgical processes, the fundamental cost items also include 
maintenance of production units and all activities related to it. The utilization of the Total Productive 
Maintenance system represents an interesting alternative in the sphere of cost reduction for maintenance 
of production equipment. This system tries to remove the traditional division of workers to those who work 
on the given equipment and those who perform maintenance. The main reason is the fact that the worker 
operating the production equipment is the first one who is able to detect the functional abnormalities of 
the machine and the potential sources of future breakdowns. This concept is widely used in mass 
production based mainly on machining operations. However, the blast furnace process is a continuous 
process with very specific operations in the area of maintenance. As far as the blast furnace itself is 
concerned, there is a limited number of periodic minor maintenance operations. Major interventions will 
take place during the general overhaul of the blast furnace which can be carried out even after several 
years of operation. It is different for other supporting production devices which can be found within the 
scope of a blast furnace plant. The article is trying to analyze the possibility of using the concept of Total 
Productive Maintenance in metallurgical processes and other follow-up operations. 

Keywords: maintenance, iron, production process, costs 

1. INTRODUCTION 

As a result of the global economic crisis, metallurgical companies are more and more intensively forced to 
look for eventual cost savings [1]. Iron and steel manufacturing belong to the most complex manufacturing 
procedures. The complex nature is mainly caused by its technological demandingness but also by high 
amount of necessary input materials. In this branch as well as in other follow-up branches such as: forming 
processes, foundry industry and engineering, great stress is laid on economic side of the manufacturing 
processes.  

New modern methods from other industrial branches are used in order to increase the efficiency of 
production. These methods make it possible to increase the production potential but also to save some 
very expensive resources [2]. Total Productive Maintenance method is an interesting alternative from the 
point of view of reduction of maintenance costs. 
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Total Productive Maintenance develops preventive and predictive maintenance approaches and it 
establishes new elements such as autonomous maintenance, engaging small team groups, visual 
management or elements of safe workplace [3]. The main task Total Productive Maintenance must deal 
with is to eliminate interruptions in operation of machines, thus increasing the efficiency of production 
equipment. Maintenance in the traditional approach is mainly focused on interruptions as a result of 
machine or equipment breakdowns. TPM also covers areas such as losses when a machine is running with 
broken components or even when wrong technological procedure is used or when the workplace is 
arranged in an unsuitable way, which can, for example, lead to unnecessarily long set-up time. Total 
Productive Maintenance philosophy consists of the following programmes: programme of autonomous 
care of equipment, programme of planned maintenance, programme of education and training, 
programme of planning for new equipment and components. Total Productive Maintenance concept 
utilization is possible mainly in processes which are not purely continuous.  

The main objective of the article is to assess the potential use of TPM method in metallurgical processes. 
The analysis will cover not only the basic metallurgical production, but also the forming processes, foundry 
and, last but not least, the engineering processes.  

2. PROBLEM FORMULATION 

Loss in metallurgical company means any activity which requires time, resources or space but does not 
bring value to the product of to the entire manufacturing process. Some activities, such as material transfer 
during production are necessary, but they do not add value. As far as the metallurgical processes are 
concerned, maintenance belongs to very costly and technologically demanding processes [4]. The 
continuous nature of production, but also the complexity of the production equipment and their mutual 
connection will always require a specific approach in terms of maintenance management. TPM is a long-
term concept that requires major changes in thinking and collaboration between the maintenance and 
production departments. You can also find applications of TPM in companies that have decided to 
outsource maintenance; however, this is sometimes associated with more significant problems. The 
principle is based on the cooperation between the equipment operation personnel and the maintenance, in 
order to gradually reduce unscheduled repairs and to increase the proportion of planned maintenance 
activities. The implementation of the concept of TPM can be seen through the basic elements used in this 
activity. The total productive maintenance system often exceeds normal maintenance activities and it is 
also concerned with order, clean workplace, but, for example, also with optimal location of production 
equipment. Bearing in mind this fact, the article will also review the utilization the TPM system elements in 
various characters of production. The following methods are included: program of autonomous care of 
production facilities, planned maintenance program, program of education and training of workers, 
program increasing the overall efficiency of equipment, program of planning for new equipment and parts, 
and, last but not least, a system of good management. It can be assumed that all these elements used 
within the scope of the TPM concept have completely different applications in the processes of iron and 
steel production, forming, foundry and in engineering. 

3. EXPERIMENTAL WORK 

The basic principle of the total productive maintenance concept is to reduce the interventions of 
maintenance workers and to try to substitute their work as much as possible with the personnel operating 
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the production equipment. For effective realization, the concept of TPM uses a set of tools that enable 
easier implementation. The original use of this maintenance system was in the automotive industry. A 
survey was conducted in order to evaluate the possible utilization in the sphere of iron and steel 
production, and in other related industrial processes. 

3.1. Autonomous care of production equipment 

This method can be most commonly understood as daily preventive maintenance activities. An employee 
working on the equipment performs basic diagnostics, cleaning, lubrication, minor repairs and cooperates 
with maintenance personnel to address larger abnormalities or defects in equipment operation. This 
concept deprives the maintenance workers of their daily operational activities. The maintenance of blast 
furnace plant requires necessary regular inspection and continuous removal of problematic situations. The 
complexity of the production equipment in this case does not allow delegating these tasks to workers who 
are not part of maintenance. The greatest possibility of application can be seen in the area of machine 
production, where the basic repairs and diagnosis can be carried out by a worker operating the device. The 
employees working with the manufacturing equipment are usually the first ones to identify any potential 
problem situations. 

3.2. Planned Maintenance 

These are regular and planned maintenance activities and repairs. It is the basic concept of repairs and 
reconstructions of blast furnaces [5]. Due to the continuous and long-term operation of this equipment, the 
repairs and maintenance must be planned long time in advance. The planned maintenance program can 
also identify: periodic inspections and maintenance, predictive maintenance, and extending equipment life 
cycle. In general, this concept can be applied both in the area of material forming, foundry, and also in 
engineering. In case of new production facilities, such activities are often part of the warranty. 

3.3. Improving the overall equipment efficiency 

The point here is to maximize the productive use of the production equipment. The first step is to monitor 
and reduce losses of all types regarding the equipment capacity. In case of the blast furnace process, the 
possibility of application is reduced only to the secondary and supporting units. This method can also have 
a major impact on the engineering processes and on the forming processes. In the area of machinery, it is 
important to identify the major losses affecting the available production capacity. A poorly scheduled 
system of preventive maintenance may often mean long downtime and it is a great source of wasting. 
Systematic improvement of total efficiency of production equipment contributes to the profitability and 
continuity of the production process.  

3.4. Planning for new equipment and parts 

The basic principle rests in cooperation of maintenance when planning investments to new equipment and 
its commissioning. Monitoring the life cycle cost of equipment is an important element as well. The main 
objectives can be seen especially in higher equipment reliability, better maintainability, lean concept of the 
device, but also in a stable operation of the equipment after installation. This TPM feature can be generally 
used in all the processes. When buying a machining, rolling or sintering unit, it is always necessary to take 
into account any eventual aspects related to the maintenance system. Any complications in providing the 
maintenance of production equipment can significantly reduce the life of the machine. 
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3.5. The system of good management (5S) 

The system of good 
management is often 
named by the five steps, 
indicating the individual 
stages. When 5S are not 
present it means wasting, 
low efficiency, lack of self-
discipline, low working 
morale, bad quality, high 
costs and inability to 
deliver. Five steps of good 
management are: Seiri 
(sort), Seiton (set in order), Seiso (shine), Seiketsu (sustain), Shitsuke (standardize) [6]. 5S System mainly 
relates to order and discipline at the workstation. Fig. 1 shows one of the principal violations of the 5S 
concept, when waste (machinery production) is placed among the finished products. The most significant 
utilization in metallurgical industry can be seen in control and keeping order at the workstations, but also in 
the area of labour protection rules building and safeguarding. Forming, foundry and engineering companies 
can, with regards to their great number of tools necessary for realization of their work activities, use this 
system to improve their management and maintenance. Tidy workplace, preventive maintenance of 
equipment, system of cleanliness and order can ultimately have significant influence on the trouble-free 
operation of equipment. 

3.6. Education and training of workers 

The program of education and training of workers is mainly focused on increasing the qualification of 
employees in the field of servicing and maintenance interventions. This area may include [6]: maintenance 
skills, diagnostics, predictive maintenance techniques, quality tools. If an employee working with the 
production equipment is to perform certain maintenance tasks, he must be prepared for that. Education 
and personal development of employees is a key prerequisite for the implementation of the TPM concept. 
However, the application is again given by the complexity and the technological demandingness of the 
production processes. 

4. RESULTS AND DISCUSSION 

Total Productive Maintenance is essentially based on the application of key elements. They are the 
techniques and methods attempting to achieve maximum possible involvement of wider spectrum of 
employees in the maintenance process. The usability of all TPM concept elements has been assessed for 
the monitored production processes. The usability evaluation was classified on a scale from 1 to 5, where 1 
means that the given element can be used in this type of production without any use restrictions.  

 

 

 

 

 

Waste among products 

Fig. 1 Shortcomings in the workplace within the scope of mechanical 
production 
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 Tab. 1 Possible utilizations of the elements of total productive maintenance 

 

Rating 5 means virtually impossible application. Tab. 1 shows the results of the analysis. The most versatile 
tool used within the frame of TPM concept is the 5S system. The application of this method is not excluded 
in any of the monitored production processes. Planned maintenance is another usable principle. This 
system is used especially in the sphere of metallurgical production, due to the continuous nature of the 
manufacturing process. Increasing the overall efficiency of production equipment finds its use mainly in 
engineering, where it encourages increasing the available production capacity. 

Autonomous care of production equipment is virtually out of the question in production of iron and steel, 
but also in the foundry industry. The application can be found primarily in engineering and, again, in the 
forming processes. The element related to the planning of new equipment is essentially usable in all areas, 
but the degree of its influence is, once more, reduced by the complex nature of the individual types of 
production. As far as the continuous production processes which require a complex system of secondary 
aggregates are concerned, the purchase of new equipment will especially have to take into account the 
production and technological criteria. Education and training of workers is a necessary condition for the 
introduction of TPM. It is particularly important during complex implementation of this method. In case of 
metallurgical processes, its contribution can be seen mainly in increasing the knowledge and qualification 
of employees, who will unfortunately not be able to participate in the total productive maintenance 
process in real life. 

5. CONCLUSION 

Total Productive Maintenance has been trying as much as possible to eliminate the traditional division 
between workers who work with manufacturing equipment and the personnel responsible for 
maintenance. The applicability of this concept often faces the complexity of the manufacturing process. 

The application of the TPM principles in metallurgy has a number of limitations. The continuous character 
of production, along with the complexity of the supporting production units pose great demands on 
maintenance. The eventual jeopardy of the continuous flow of the blast furnace process can also mean 
huge financial losses. All these factors support the conclusion that it will be very difficult to delegate 
operational maintenance tasks to workers who do not belong to the maintenance department. Many 

 Production of 
iron and steel 

Forming 
processes 

Foundry 
industry 

Engineering 

Autonomous care of 
production equipment 

5 2 5 1 

Planned maintenance 1 2 2 2 
Increasing the overall 
efficiency of equipment 

4 3 5 1 

Planning for new equipment 
and parts 

3 2 3 2 

System of good 
management (5S) 

1 1 1 1 

Education and training of 
workers 

3 2 3 1 
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metallurgical corporations around the world are also considering using the principles of outsourcing in 
maintenance. Even in this case, however, we can not draw a clear conclusion. Effective use of external 
maintenance systems is usually subjected to long-term cooperation and close links between the 
cooperating companies. The complexity of the blast furnace process makes sudden change of the 
maintenance system very difficult. 

Machinery production, and partly also the forming processes, provide excellent possibility for the 
application of the TPM system. In the area of mechanical production equipment, a wide range of basic 
maintenance activities can be transferred to operating personnel. These workers can also easily identify 
any anomalies and problem situations. The introduction of the elements of total productive maintenance is 
suitable even during the installation of new production equipment. It is not good to let the equipment 
deteriorate and to laboriously clean it and build a system of autonomous maintenance afterwards. The 
implementation of the TPM system usually begins with the building of autonomous equipment care. These 
activities may be an appropriate part of building of autonomous teams. The success of TPM 
implementation is highly dependent on the support of top management, which must properly define the 
goals and organizational framework for the implementation of the individual elements. It is not possible to 
expect immediate radical reduction in maintenance costs or decrease in the number of maintenance staff 
once you have implemented the system of total productive maintenance. The TPM process is especially 
about efficiency of production equipment and quality of maintenance activities. TPM tries to maximize the 
involvement of all company employees in the process of maximization of the overall production facilities 
efficiency. However, quality cooperation of production and maintenance, application of supporting 
methods, utilization of quality tools and system of good management in the workplace are important as 
well. 
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Abstract 

The global economic crisis has significantly affected the production of iron and steel. The dramatic increase 
in prices of all input resources has meant a substantial interference with the cost parts of the production 
processes. Blast furnace process is one of the most demanding production processes. It poses great 
demands both on input raw materials, regulation on the process flow, but also on the amount of used 
human capacity to ensure an efficient workflow. The continuous increase in prices of raw materials forces 
the metallurgical companies to increase the efficiency of the process. Disrupting the blast furnace process 
may bring not only technological problems, but, secondarily, also substantial increase in production costs. 
The input raw materials for iron production can often contain a number of negative elements. These 
elements in the form of compounds can later disrupt the entire process of production of pig iron. 
Harmfulness of the individual elements must also be considered in terms of their effects in other steel 
production operations. Many elements do not have negative effects throughout the entire blast furnace 
process, but have negative impact later, during steel production. Other substances may have negative 
impact not only on the primary or secondary metallurgy, but they can have crucial effect on the 
environment. In general, we can say that the disruption of blast furnace process brought by negative 
elements is determined by a number of significant causes. These causes later most often lead to abrupt 
changes in gas-flow speed or to a disproportional decrease of the charge. They can also cause change of 
viscosity or excessive heating of the blast furnace hearth. The article analyzes the amount and impact of 
negative elements in the blast furnace process. 

Keywords: costs, blast furnace process, sulphides, continuous 

1. INTRODUCTION 

The main requirements on the production of iron are continuous flow of the entire process and maximum 
production of metal with appropriate chemical composition [1]. Another important aspect is to execute the 
production process at a competitive level of costs. All these parameters can be guaranteed only with 
quality raw material base and smooth operation of the blast furnace. The amount and the impact of 
harmful elements in the blast furnace process represent a key point here. The classification of harmful 
elements is made more difficult due to their different impact on various stages of the technological 
process. The negative elements contained in blast furnace raw materials cause many problems affecting 
the properties of coke and the sintering process, as well as the production iron itself. They are mainly heavy 
metals and alkaline carbonates. In case of alkaline carbonates, there are many negative impacts on various 
stages of the blast furnace process, but, at the same time, these compounds also support some effects, 
such as the reduction of slag viscosity. 

Disruption of blast-furnace process is raised by a number of typical causes which most often lead to sudden 
changes in gas flow speed or decreased charge, and cooling or excessive heating of the furnace heart. The 
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outcomes can be changes in slag or pig iron viscosity and problems connected with their discharge from 
blast-furnace [2]. 

The major harmful elements include especially zinc, lead, phosphorus, arsenic, but also the already 
mentioned compounds based on alkaline carbonates. These harmful elements and their compounds can 
significantly influence the course of the blast furnace process and they can also increase the production 
costs [3]. As a result of that, it is necessary to pay special attention to the contents of these elements and 
to prevent the technological problems [4]. The objective of this article is to outline a balance of the content 
of K2O in the input and output raw materials. The measured values were obtained within the frame of the 
research conducted in the monitored metallurgical company. The compiled material balance of harmful 
elements can contribute to more effective reduction of their content in the blast furnace process. 

2. PROBLEM FORMULATION 

Alkaline carbonates can significantly interfere with the course of the blast furnace process. They enter the 
furnaces in practically all components of blast furnace charge, mainly in ore, fuel and metallurgical wastes. 
With regard to the coking process, we can generally state that the amount of alkaline carbonates remains 
virtually unchanged throughout this process. Most of the alkaline carbonates remain allocated in coke and 
they are passed into the blast furnace process. As far as the maximum content of alkaline carbonates is 
concerned, it depends on a number of technological aspects. Generally, we can say that the upper limit of 
alkaline carbonate content is 7.5 kg / t [5] of pig iron. In this case, we are talking about the total quantity of 
all compounds based on alkaline carbonates. It can be assumed that a significant share of alkaline 
carbonates enters the blast furnace process as part of sinter, but also as part of lump ore. Potassium 
carbonates melt at the temperature range of 840 ° C - 900 °C [5], however they are not reduced or 
decomposed. Alkaline carbonates on the basis of potassium are reduced at temperatures exceeding 1180 ° 
C. The reduction proceeds according to the following reaction [2]: 

K2CO3 + CO # 2K(g) + 2CO(g)
                                       (1) 

Gaseous potassium is one of the products of the reduction reactions. This product is then carried away by 
the gases flowing towards the upper parts of the blast furnace. Gaseous potassium deposits on pieces of 
charge in the higher parts of the blast furnace with a lower temperature, which subsequently go down the 
stack, as a result of continuous flow of the blast furnace process. At temperature of 900 ° C, potassium 
along with carbon dioxide can again create carbonates [2]: 

2K + 2CO2 # K2CO3 + CO                                        (2) 

These newly formed alkaline carbonates, together with another batch, fall one more time into the area of 
higher temperatures, where the reduction process takes place again. 

Alkaline carbonates have negative effect on the sintering process, quality of blast-furnace coke, quality of 
slag, and the lifetime of the lining. The penetration of alkaline carbonates into the lining significantly 
reduces the strength of refractory materials and thus the overall lifetime. That is why it is absolutely 
necessary to monitor the balance of harmful elements in the input raw materials and output products of 
the blast-furnace. 
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3. EXPERIMENTAL WORK 

A research has been conducted in a selected metallurgical plant in the Czech Republic. The research was 
focused on the content of alkaline carbonates, especially K2O in the input raw materials and output 
products of the blast furnace process. The measurement results of the research carried out last year were 
used to create the material balance. Tab. 1 shows the measured quantity of K2O in all relevant input raw 
materials. Tab. 1 also shows the required amount of input raw materials per one kilogram of pig iron 
produced. In case of the monitored K2O content, the relative content in the individual compounds, the 
amount of K2O per kilogram of pig iron produced and the percentage content in the individual raw 
materials based on the total amount of K2O entering the blast furnace process were determined. 

 Tab. 1 K2O content in the individual input raw materials 

 Weight Quantity K2O 

 

t kg·kg-1 % kg·kg-1 

% (share 
of the 
total 

amount) 
Sinter – A111 664 903 0,725 0,07 5,07·10-4 18,2 
Sinter – A112 808 675 0,882 0,06 5,29·10-4 19,0 

Slag – granulation 
product 10 519 0,011 0,06 6,88·10-6 0,2 

Beneficiated steel slag 100 970 0,110 0,08 8,81·10-5 3,2 
Separated material 

from sinter 13 781 0,015 0,29 4,36·10-5 1,6 

Granules 282 989 0,308 0,19 5,86·10-4 21,0 
Lump ore 121 886 0,132 0,07 9,31·10-5 3,3 

Mn concentrate 2 358 0,002 0,95 2,44·10-5 0,9 
Limestone 40 322 0,043 0 0 0 

Coke and coal 
admixture 590 545 0,644 0,141 9,08·10-4 32,6 

Oil 10 112 0,011 0 0 0 
Raw materials - Total 2 647 058    

 

Fig. 1 shows the evaluation of the 
overall weight shares in the individual 
input raw materials. Coke and coal 
admixture were the largest sources of 
K2O in the input raw materials which 
accounted for 32,6 % of the total 
content. Other important sources 
include Granules (21 %), Sinter - A112 
(19 %), Sinter - A111 (18,2 %). These 
four most important sources of K2O 
account for 90,8 % of the total input 
quantity of this pollutant into the 
blast furnace process. The share of 
the other components can be 

Fig. 1 Distribution of the total amount of K2O in input raw 
materials 
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considered negligible, given this value. 

The contents of K2O in the output 
products of the blast furnace process 
were also monitored within the frame 
of the conducted research project. 
1 147 467 tons of iron were produced 
in the monitored blast furnace during 
the research period of time. Tab. 2 
shows the measured contents of K2O 
in the individual output products. The 
percentage contents of pollutants 
were again determined per kilogram 
of pig iron produced. On the output 
side of the blast furnace process, the 
highest content of K2O is, as expected, in slag (96,1 %), and the distribution of the contents of harmful 
elements in the individual output products is shown graphically in Fig. 2. Alkali content in other products 
can once more be considered as negligible. The individual products contained the following percentage 
shares: Discharge (2,4 %), BF sludge rough (0,8 %), BF fine sludge (0,7 %). 

 Tab. 2 K2O content in the individual output raw materials 

 Weight Quantity K2O 

 t kg·kg-1 % kg·kg-1 
% (share of 

the total 
amount) 

Pig iron 1 147 467 1 0 0 0 
Slag 444 259 0,387 0,53 2,05·10-3 96,1 
BF sludge fine 7 656 0,006 0,23 1,53·10-5 0,7 
BF sludge 
rough 10 542 0,009 0,19 1,74·10-5 0,8 

Discharge 25 265 0,021 0,22 4,84·10-5 2,4 

Alkaline carbonates have a vital impact on the viscosity of slag. As the research has proved, the largest 
amount of alkaline carbonates is removed especially by slag. For effective removal of these pollutants from 
the blast furnace process, it is important that they are concentrated just in this form, as far as the input raw 
materials are concerned. The problem of alkaline carbonates in production is then complicated due to the 
circulation of these pollutants in the blast furnace process, although carbonates of alkaline metals created 
immediately from the gas phase, are usually of microscopic dimensions and large part of them goes out 
together with the blast furnace gas. 

 

Removal of pollutants in the blast furnace process is essentially possible to realize by minimizing the entry 
of the harmful substances into the process, or by technological interventions. The eventual reduction by 
means of technological interventions can be understood as the removal of alkaline metals particularly 
through slug. This option may be technically and economically more demanding and it is also related to the 
amount and alkalinity of slug. 

Fig. 2 Distribution of the total amount of K2O in output raw 
materials 
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4. CONCLUSIONS 

The conducted research has shown that the main sources of K2O in the input raw materials are especially 
Coke and coal admixture, Granules, Sinter - A112, Sinter - A111. Alkaline carbonates contained in the sinter 
mixture can make a natural part of this raw material. In case of lump ore, they can build up on the 
individual parts during the continuous cycle in the blast furnace. Higher amount of alkaline carbonates in 
the sinter mixture has negative impact not only on the flow of the blast furnace process, but also on the 
sintering process itself. It has been verified that an excess amount of alkaline metals slows down the 
sintering process. Alkaline metals also significantly reduce especially the mechanical properties of coke, 
which affects its consumption. This is caused by increased degradation of coke, but also by higher 
consumption necessary to reduce the alkaline carbonates. Negative impact on the blast furnace lining 
represents another dominating consequence of the presence of alkali. The increased number of surface 
defects of the lining and its microstructure is directly proportional to the amount of penetrated alkaline 
carbonates. These harmful elements cause the destruction of both carbon and graphite lining and they 
create a network of cracks of different sizes. 

By influencing the composition and properties of slag, we can to some extent control the removal of alkali 
from the blast furnace. The amount of removed alkali is directly proportional to the alkalinity and the 
amount of slag. The largest measured contents of K2O in the output raw materials were monitored in slag, 
as expected. The content of these compounds within the frame of all the monitored output products is 
absolutely dominant. The minimization of their content in the input raw materials appears to be the easiest 
method used to reduce of the impact of alkaline carbonates in the blast furnace process. This is, however, 
also influenced by the economic conditions. In recent years, there has been a significant increase in the 
prices of all fuels and ore raw materials. Ore, but also blast furnace coke, are becoming increasingly 
expensive input raw materials. The competitive pressure forces metallurgical companies to buy raw 
materials with worse properties, which also contain significantly higher levels of negative elements. These 
facts naturally indicate higher volume of pollutants entering the blast furnace process and, at the same 
time, they increase the demands on technological production management. Monitoring the contents of 
harmful elements of all input sources and optimizing the composition of the charge so as not to exceed 
certain limit values defined on the basis of long-term operating experience remain the key 
recommendations for metallurgical plants in the area of the negative effects of harmful substances. 
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Abstract 

In the Slovak Republic there were officially established 16 clusters in various sectors of national economy. 
Those are the cluster initiatives of the areas from automotive industry, electrical engineering, mechanical 
engineering and plastics to IT technology, education and tourism. Created clusters concentrated 
interconnected companies and suppliers in related sectors. The paper analyzes the clusters in regions of 
Slovakia, where the role played mainly industrial companies. By means of Krugman index of specialization 
and Localization quotient is pointed out the possible creation of other cluster initiatives or expansion of 
existing clusters in sector of industry in different regions of Slovakia. 

Keywords: Industry, cluster, cluster activities, localization quotient, Krugman index of specialization 

1. INTRODUCTION 

The industry of the Slovak Republic is one of the production sectors of the economy. Its current state, 
sectorial and regional structure are the result of historical development. Industry as a secondary sector 
recorded in the economically developed countries relative decline in value added. The dominant sectors 
become tertiary and quaternary sector that do not reduce the real importance of the industry. The share of 
the industry to the GDP formation in current price in 2010 was 30, 6% (in year 2009 31, 3%). 

The key roles in creating a modern industrial policy are mainly direct factors of competitiveness of 
industrial enterprises and industrial growth. The most important authors dealing with the importance of 
competitiveness of enterprises is Michael E. Porter. In the Competitive Advantage of Nations (1990) Porter 
put forward a microeconomically based theory of national, state, and local competitiveness within the 
context of a global economy. This theory gives a prominent role to clusters. /10 

Clusters are geographic concentrations of interconnected companies, specialized suppliers and service 
providers, firms in related industries, and associated institutions (e.g. universities, standards agencies, and 
trade associations) in particular fields that compete but also cooperate. (Porter in On competition (1998)) 
/10 

Cluster initiatives are organized efforts to increase the growth and competitiveness of clusters within a 
region, involving cluster firms, government and/or the research community. (Örjan Sölvell, Göran Lindqvist 
& Christian Ketels in The Cluster Initiative Greenbook (2003)). /20 

The clustering is integral part of the innovation process. Market globalization is moving business 
opportunities into different regions, that highlighting the role of clusters and regional specialization of 
sectors, employment, wages and competition. /30 

In the Slovak Republic, the creation and support of existing cluster initiatives are part of various strategic 
documents focused on innovation. The basic documents are "Innovation strategy of the Slovak Republic 
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until 2013” and “Innovation Policy of the Slovak Republic for 2008 – 2010”. The innovation policy and the 
promotion of cluster development initiatives dedicated Priority. 1: High-quality infrastructure and an 
efficient system for innovation development and within the Measure. 1: Support to innovative industrial 
cluster organizations. 

2. THE CHARACTERISTICS OF SLOVAK INDUSTRY 

We can identify Slovak industry by the SWOT analyses drawn up by the Slovak Ministry of Economy in 
document Characteristics of the Slovak electrical industry, in 2010. 

Strengths of Slovak industry are represented by the good knowledge base; industrial infrastructure; lower 
labor costs as a crucial part of the country (it has a comparative advantage but only in short time period), 
qualified labor force; the available potential in research and development, a continuing trend to eliminate 
over-employment and productivity growth; high share of SMEs in the national sectoral cooperation 
relationships. 

Weaknesses of Slovak industry are mainly: high energy, raw materials and import intensity of production; 
incomplete internal restructuring of industry; insufficient links between research and development of 
production and lack of business; infrastructure for technology transfer; high consumption of environmental 
environment than the average in the European Union; Insufficient processing level of domestic raw 
materials. 

Opportunities for the development of Slovak industry consist mainly of: dynamic growth of world 
economy; strong relations to the markets of the European Union; increased FDI and entry of new investors 
in existing manufacturing companies; increasing of labor market flexibility; development of information 
technology in the industry. 

Development of Slovak industry can be threaten in particular by: continued high dependence of the Slovak 
economy on economic cycles of economy and import of strategic raw materials; outflow of skilled labor; 
the temporary character of comparative advantage characterized by price competition; production and 
increasing competition in this segment; transfer of the industrial restructuring of the European Union to 
third countries with much lower labor costs; the persistent low levels of territorial and qualification 
mobility of labor. 

Despite the decline of jobs in industry in the Slovak Republic in the year 2010 the industry still keeps the 
growth trend of GDP and productivity. The dynamics of Slovak Republic economic development is closely 
related to the dynamics of industrial development. Dynamics of Slovak industry development is a piece of 
fundamental importance in achieving the broader social, environmental and international ambitions of the 
Slovak economy. The Slovak Republic, despite the decline of industry positions on the fundamental 
structural characteristics of the economy is one of the countries of the European Union from which the 
share of industry in GDP and employment is far above the European Union average 

3. THE ANALYSIS OF CLUSTERS IN THE SLOVAK REPUBLIC 

In the Slovak Republic there are dozens of clusters, but not all of them are active. Slovak clusters 
concentrated in regions can be divided into two groups: technological cluster initiatives and clusters of 
tourism. Following chapters analyze information about clusters in Slovak regions that main activities are 
focused on industry. 
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There are many other different kinds of industries in the economy, and often organized into different 
classes or sectors by a variety of industrial classifications. When we identify industries by product we 
recognize: petroleum industry, automotive industry, electronic industry, hospitality industry, food industry, 
fish industry, software industry, paper industry, entertainment industry, and cultural industry, industry of 
information and communication technologies etc. 

 Tab. 1 – Clusters focused on industrial branches in Slovak regions 

Region Cluster Title Main goal is 

Trnava 
(TT)  
 

Automotive cluster – 
Western Slovakia 
(7/12/2007) 

the creation of prestigious and modern base for automotive industry in Slovakia to 
offer better human resources environment and management, to improve transfer 
of technological and innovation processes and to generate new and strong sub-
suppliers’ networks.  

Electro-technical 
cluster – Western 
Slovakia 
(23/5/2008) 

to fulfill the role of the partner institutions for the development of the electricity 
industry and technology-oriented firms, in order to ensure the competitiveness of 
its members in the framework of the Slovak Republic and abroad in creating 
conditions for the best possible use of human and technical capacities, their 
qualitative growth and the creation of new investment opportunities in the region. 

Energetic cluster 
(2/12/2009) 

to fulfill the role of the partner institutions for the development of the energy 
industry and technology-oriented firm in order to ensure the competitiveness of 
its members in the Slovak Republic and abroad in creating conditions for the best 
possible use of human and technical capacities, their qualitative growth and the 
creation of new investment opportunities in the region. 

Nitra 
(NR) 

Slovak plastic cluster 
(23/3/2009) 

to make networking, transfer of innovations and technologies, support of applied 
research and science within the plastic sphere, support at the medium, higher 
level and lifelong education, and a common progress in the legislation 

Zilina 
(ZA) 

Z@ict 
(30/6/2008) 

to improve the quality of life of the inhabitants of the Zilina region, increasing its 
prosperity and attractiveness, as well as the support of the competitiveness of the 
institutions and companies active in the field of information and communication 
technologies and related services in the Zilina region. 

Banska 
Bystrica 
(BB) 

1st Slovak cluster in 
machine engineering 
(4/1/2008) 

to build a highly prestigious and modern engineering base prepared from the 
perspective of an human resources, new technologies and innovation to the 
emergence of subcontracting chains in the area of strategic projects for the 
production of construction machinery, the transport industry, forestry and 
agriculture. 

Kosice  
(KE) 

BITERAP cluster 
(30/11/2004) 

to create and provide a solution - in the area of budget creation and management 
as a key-tool in fulfilling the mission of the organizational components of state 
administration and municipalities, and eventually also of other subjects within the 
Slovak Republic - in the form of a technologic and communication system 
accessible as an ASP service via Internet communication channels. 

Cluster AT+R 
(14/7/2010) 

to create conditions for the emergence of centers of research and development, 
transfer of new technology and innovation and support the process of improving 
the quality of education and training programs offered by local universities, 
including the development of excellence workplaces in industry 

Kosice IT Valley, 
association of legal 
entities. (6/3/2007) 

to build a Centre of Excellence of Information and Communication Technologies in 
the region of Eastern Slovakia and make the social and economic environment 
more attractive, especially for young people. At the same time it wants to 
contribute to building an information and knowledge society in the East of the 
Republic, create a communication platform between public administration, the 
business sector, and educational institutions that will lead to the acceleration of 
the development of IT industry in the region 
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According to the Statistical Office of the Slovak Republic, that provides information on industrial branches 
of the Slovak Republic, the industry includes activities related to mining and quarrying (B), manufacturing 
(C), electricity, gas, steam and air conditioning supply (D) and water supply, sewerage waste management 
and remediation activities (E). There are divisions 05 to 39 according to the Statistical Classification of 
Economic Activities SK NACE Rev.2. Manufacturing (C) in The Slovak Republic includes engineering industry, 
electrical engineering and the chemical industry.  

If we evaluate clusters in the Slovak Republic according to the Statistical office of the Slovak Republic, there 
are only five clusters which are focused on industrial branches. They are the Automotive cluster, the Electro 
technical cluster, and the Energetic cluster in Trnava region, the Slovak plastic cluster in Nitra region and 
1st Slovak engineering cluster in region of Banska Bystrica. If we take into account the information and 
communication technologies as a part of industry, there are nine clusters in the Slovak regions as can be 
seen in Tab. No 1, which includes information about the regions where the clusters are located in and date 
when the clusters were formed. The majority of clusters are concentrated in the region of Trnava and 
region of Kosice. In Trencin region and Presov region, there are some official created clusters, although 
there have been some regional plans on innovation in the field of clustering. The positive point is that some 
actors from public, private or academic sectors are involved as a participant in existing clusters in other 
regions. For example Konstrukta industry from Trencin region is member of the Automotive cluster in 
Trnava region, or Elcom Company Ltd. from Presov region is member of the cluster Kosice IT Valley, or 
Presov self-governing region is member of the cluster AT+R. 

4. METHODOLOGICAL BACKGROUND 

4.1. Localization quotient 

The literature reveals many different ways of identifying global industries and grouping and mapping the 
industries into clusters. The widely known method is localization quotient method (LQ). Clusters can be 
identified and mapped by looking at localization quotients based in employment data. This method was 
developed by Michael Porter (Harvard business School (1990, 1998, 2003)). A localization quotient for the 
given measures the extent to which a region is more specialized in an industry compared to the geographic 
area in question. The localization quotient is calculated as the industry’s share of total employment in a 
given region relative to the industry’s share of total employment in the whole geographic area in 
question./40 

The LQ is defined as follows: 

            (1) 

Where  

LQi means localization quotient for the sector i,  

zi means number of employees in the sector i, in the region,  

z means total number of employees working in the region,  

Zi means number of employees in sector i in the country,  

Z means total number of employees in the country.  
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A localization quotient more than one, indicates the regional specialization. It means that the region is 
specialized in given industry. A localization quotient less than one means that the given region is not 
specialized in the given industry. 

 

Tab.2 Localization quotient (2010) 

NACE BA TT TN NR ZA BB PO KE 
Agriculture, hunting, fishing 0,25 1,71 0,85 1,89 0,83 1,35 1,25 0,74 
Mining and quarrying 0,36 1,09 4,19 0,14 0,34 1,05 0,58 0,95 
Manufacturing 0,43 1,34 1,66 1,22 1,12 0,96 0,94 0,92 
Electricity, gas and steam supply 0,78 1,19 0,74 1,41 0,98 0,81 0,91 1,34 
Water collection, treatment and supply 0,37 1,46 0,84 0,93 1,02 1,26 1,19 1,53 
Construction 0,81 0,81 0,79 1,33 1,29 1,15 0,95 1,00 
Wholesale and retail trade, repair of motor 
vehicles and motorcycles 1,36 0,81 0,93 0,94 0,96 1,03 0,89 0,77 

Transport and storage 1,18 0,88 0,66 0,84 0,97 1,03 0,80 1,36 
Accommodation and food services 1,39 0,36 0,53 0,68 1,14 0,61 1,23 1,54 
Information and communication 3,01 0,10 0,26 0,23 0,57 0,50 0,20 1,07 
Financial and insurance activities 2,72 0,51 0,39 0,47 0,55 0,56 0,68 0,51 
Real estate 1,01 0,37 0,89 0,79 1,20 0,72 1,34 1,52 
Professional, scientific and technical activities 2,84 0,55 0,43 0,52 0,53 0,59 0,35 0,46 
Administrative and support services 1,48 1,06 0,63 1,07 0,76 0,56 0,85 1,09 
Public administration and defense; compulsory, 
social security 1,10 0,90 0,80 0,92 0,89 1,18 1,11 1,01 

Education 0,77 0,97 0,86 0,94 1,20 1,07 1,37 1,06 
Health and social work 0,83 0,98 0,80 0,85 1,05 1,17 1,29 1,20 
Arts, entertainment and recreation 1,68 0,49 0,69 0,84 1,06 0,72 0,99 0,85 
Other activities 1,55 0,74 0,29 0,67 0,53 1,08 1,20 1,05 

Industry in total (LQ2010) 0,45 1,34 1,61 1,19 1,09 0,97 0,95 0,98 
Industry in total (LQ2009) 0,45 1,33 1,60 1,20 1,09 0,95 0,96 0,95 

LQ2010 0,45 1,34 1,61 1,19 1,09 0,97 0,95 0,98 
LQ2009 0,45 1,33 1,6 1,2 1,09 0,95 0,96 0,95 

Δ LQ 0,00 0,01 0,01 -0,01 0,00 0,02 -0,01 0,03 

 

The data used in calculation of the Location quotient in this paper are from the Statistical Office of the 
Slovak Republic.By means of localization quotient we identified two key areas in the Slovak industry: 
manufactoring, and water collection, treatment and supply in regions Trnava and Zilina. If we evaluate the 
industry in total, there are four regions in Slovakia with possibilities for clustering in this area Trnava, 
Trencin, Nitra, Zilina. According to the results of localization quotient in the Slovak Republic are regions that 
do not use their capacity: Trnecin region, Banska Bystrica region and Presov region in sector of water 
collection, treatment and supply. The dynamics of specialization are also measured by comparing year-to-
year changes in the location quotients (Tab. No 2). 
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4.2. Krugman index of specialization 

For better understanding of the structural changes in the economy, it is necessary to know the ways of 
their measurements and know to identify them. For the analysis of sectoral specialization of industry in the 
Slovak regions the Krugman index of specialization is used. The Krugman index of specialization is 
proportional indicator calculated on the basis of the structure and the size of the gross value added, 
employment or labor productivity. For calculation of the Krugman index of specialization in this paper the 
indicator of employment is used. 

The Krugman index is defined as follows: 

� �� )()()( tvtvtK i
k

i
kk

          (2)
 

Where  

)(tvi
k  is the share of sector i in region at time t based on employment,  

tv i
k ( ) is the share of sector i in the rest of the Slovak regions.  

The Krugman index of specialization could take value zero if region i in the country has an industrial 
structure identical to the rest of the country, it means, that region i is not specialized, or it could take 
a maximum value of 2 if it has no sectors in common with the rest of the country, reflecting strong sectoral 
specialization.  

 Tab. 3 Krugman index of specialization in the industry in Slovak Republic regions  

NACE BA TT TN NR ZA BB PO KE 
10 Manufacture of food product 0,75 0,81 0,82 0,74 0,86 0,86 0,71 0,87 
11 Manufacture of beverages 0,82 0,97 0,94 0,72 0,82 0,87 0,80 0,94 
16 Manufacture of wood 0,96 0,94 0,91 0,89 0,70 0,53 0,87 0,95 
17 Manufacture of paper, and paper products 0,96 0,85 0,97 0,88 0,61 0,86 0,88 0,82 
20 Manufacture of chemicals 0,84 0,86 0,74 0,68 0,97 0,84 0,90 0,97 
22 Manufacture of rubber products 0,91 0,85 0,54 0,70 0,91 0,94 0,77 0,92 
23 Manufacture of other non-metallic mineral 

products 0,74 0,86 0,75 0,91 0,92 0,66 0,96 0,84 

24 Manufacture of basic metals 0,98 0,87 0,98 0,99 0,94 0,53 0,96 0,19 
25 Manufacture of fabricated metal products 0,89 0,75 0,72 0,71 0,79 0,85 0,91 0,81 
26 Manufacture of computer products 0,90 0,53 0,89 0,68 0,82 0,99 0,91 0,88 
27 Manufacture of electrical equipment 0,90 0,90 0,49 0,75 0,82 0,89 0,92 0,87 
28 Manufacture of machinery and equipment 

n.e.c. 0,95 0,76 0,70 0,87 0,57 0,81 0,84 0,86 

29 Manufacture of motor vehicles 0,52 0,67 0,76 0,76 0,74 0,87 0,87 0,81 
31Manufacture of furniture 0,89 0,81 0,87 0,64 0,84 0,78 0,92 0,99 
33 Repair and installation of machinery 0,70 0,78 0,89 0,88 0,83 0,88 0,93 0,88 
35 Electricity, gas steam supply 0,26 0,96 0,95 0,97 0,84 0,94 0,90 0,80 
38 Waste collection, treatment and disposal 0,68 0,93 0,84 0,91 0,88 0,90 0,93 0,69 

Kk(t)2010 0,80 0,83 0,81 0,80 0,85 0,82 0,87 0,83 
Kk(t)2009 0,81 0,82 0,81 0,79 0,81 0,85 0,89 0,82 

Δ Kk(t) 
-
0,01 0,01 0 0,01 0,04 

-
0,03 

-
0,02 0,01 
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The Krugman index of specialization calculated in Tab. No.3 includes only some of the industry´s economic 
activities, because in several products confidential data are concerned. The data used in calculation of the 
Krugman index of specialization are from the Statistical Office of the Slovak Republic. In our calculation of 
Krugman index of specialization in economic activities in industry we compared employment data in 
regions of Slovakia with data on the Slovak Republic. We calculated the Krugman index of specialization for 
each region of Slovakia in years 2009 and 2010. In each year for each region was calculated the share of 
employment of individual economic activities of industry on aggregate employment (in available economic 
activities in industry) and the resulting data were compared with the Slovak Republic. The calculations show 
that the values of index are higher, that means that the regions are more specialized.  

5. CONCLUSION 

On the bases of previous results Slovak 
regions can be sorted by means of the 
method of the Boston Consulting Group 
to show which regions are more or less 
specialized than the nation and whether 
they are increasing or decreasing in their 
degree of specialization. We can 
conclude if it is possible to construct 
cluster in region or not. In Fig. 1, each 
region is located in one of these four 
quadrants. The vertical axis of the chart 
shows sector specialization of industry 
economic activities by applying the 
Krugman index, while the horizontal axis 
indicates whether specialization is increasing or decreasing by applying the localization quotient. 

This classification allows us to define clusters in the four categories: Stars: specialized and non specialized, 
with increasing specialization (Trnava, Kosice, Trencin, Zilina), Mature: specialized, with decreasing 
specialization (Nitra), Emerging: non-specialized, with increasing specialization (Banska Bystrica), 
Transforming: non-specialized, with decreasing specialization (Presov, Bratislava) 

 

According to the results of analyses in paper we can conclude, that to set up location for cluster initiatives 
could be used mainly in Trencin and Zilina region. Creating a business environment in which clusters can 
grow and prosper takes an enormous amount of cooperation between government, enterprises of industry 
and the other actors of cluster initiatives (e.g. municipalities and academic sector). In both regions there 
are the dispositions from the area of industry enterprises and establishments, universities, with faculties 
focused on sectors of industry and interest of local government. 
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Abstract 

The so called liquidity crisis is often talked about in relation to the current global economic crisis, when a 
great number of companies face troubles repaying their liabilities or financing their own business activities. 
The banking sector represents a crucial source of financing of Czech industrial firms, and it is currently 
going through an extremely difficult and unstable period, which is characterized by more cautious loan 
policy, resulting in price increases of loans and credits, and the volume of loans is significantly reduced. For 
the above described reasons, companies must also focus on other forms of financing their current and 
future needs for working capital and they must look for alternative financial sources. The non-traditional 
financing instruments satisfying the working capital needs may include the tolling method. Because the 
principles and requirements for implementation of tolling define certain sequence of steps, some of which 
must be performed before starting the actual implementation of tolling, I believe that the methods of 
network analysis can be used for processing the time, resource and cost analysis of a tolling project.  

The article suggests the prerequisites and possibilities of using the methods of network analysis for 
processing time, resource and cost analysis and for optimizing the tolling project as an efficient way of 
working capital financing in industrial businesses. 

Keywords: tolling, methods of network analysis, metallurgical production 

1. INTRODUCTION 

In the context of the current global economic crisis, many Czech industrial companies find themselves in a 
difficult financial situation which is, among other things, characterized by lack of available funds. Securing 
working capital financing for companies is in many cases very difficult and it can be said that the problem of 
raising resources for working capital financing is typical mainly in small and medium size companies. It is 
virtually impossible to ensure working capital financing for newly created companies [1]. However, at the 
same time, the capital shortage poses direct threat to the innovative capabilities of companies [2]. The aim 
of every financial restructuring is to make the organization solvent again as regards cash flow and balance 
sheet (statement of financial position) [3].  

This situation is not a priori caused by these companies being in a critical situation due to high costs or ill-
managed investment strategy, but it is mainly because the financial sector in the CR maintains conservative 
approach to bank credits, which leads to increasing prices of bank credits and loans resulting in dramatically 
reduced volume of credits given. The amount of short-term loans provided to small and medium size 
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companies serving for operating financing in particular are being reduced, and given that the banking 
market is largely monopolized, those companies are unable to turn to another bank without sanctions. 

For the above described reasons, especially small and medium size companies have to look for alternative 
financial sources in order to finance their current and future working capital needs and these may include 
the method of tolling (also recommended by a macroeconomic expert of ČMKOS, Jaroslav Ungerman [4]). 

2. TOLLING 

Tolling is an economic and business system of short-term assets financing, in which a submitter has the 
finished product manufactured by a producer for a charge, using its own raw materials [1]. The tooling 
method can be characterized as a method of effective financing of working capital, in which the funding 
subject (a tolling company) uses either their own free resources for financing the manufacturer’s needs or, 
which is more common, their own resources are supplemented by a bank loan. A specific feature of tolling 
financing is the fact that the short-term assets acquired from the tolling resources are at all times and in all 
forms (raw materials, work in progress, receivables) owned by the financing tolling company, not by the 
manufacturer. If one of the sources of financing is a bank loan, the debtor is not represented by the 
manufacturer but, again, it is the tolling company. The problems of tolling are reflected in several areas of 
human activity, including economic, financial, legal, and, last but not least, the political area. Tolling can 
thus be characterized as a non-traditional tool used for working capital financing that can be used in a 
project dealing with a critical situation in a company, primarily to finance production [1]. In companies 
where the manufacturer works in the form of contracts or projects, it is not always necessary to provide 
capital resources for the entire production of the manufacturer, but only for some concrete projects. Such a 
company usually uses both regular banking products and, for some specific projects, also resources 
provided by the modified method of tolling - project financing [1]. 

2.1. Utilization of tolling in metallurgical industry  

Metallurgical industry is considered to be the basic industrial branch, as metal production is the first 
important preceding step in the value added chain of many industrial branches. The recent trends in the 
World and Europe prove that steel products are still indispensable, while the main branches of users are 
general machinery, construction and automobile industry. [5] 

Because of close links between two technologically different productions (physical-chemical and 
mechanical technology) and the resulting high investment demands, metallurgical industry in the CR needs 
external resources, in addition to its own financial resources. In the context of the current global economic 
crisis, there has been a slowdown in steel production dynamics (In 2011, the world production of steel 
equalled 1.527 billion tons, which is a new record. It has grown by 6.8%, in comparison with previous year 
and despite the fact that the production of steel has never been higher than last year, the dynamics of 
growth has slowed down significantly. In 2010, the production of steel increased by 15 percent, as recorded 
by the World Steel Association (WSA).http://www.tyden.cz/rubriky/byznys/svet/loni-se-ve-svete-vyrobilo-
rekordnich-1-5-miliardy-tun-oceli_223362.html quotation 18 February 2012), which is especially related to 
the reduction of production dynamics of the major customers and, with the impacts of the financial crisis, 
especially in civil engineering. Lack of working capital caused by insufficient capital power of metallurgical 
companies, excessive loan coverage which hinders the possibility of obtaining loans from commercial banks 
do not allow metallurgical companies to respond to the development of the situation in the steel product 
market with sufficient flexibility. 
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In the Czech Republic, the tooling method was used in larger time and material scope in the VÍTKOVICE – 
OSINEK project, when tolling as a way of working capital financing was implemented in 2000-2005 (positive 
assessment, see the macroeconomics expert of ČMKOS, Jaroslav Ungerman[4]). 

Tolling was used by Osinek Company entirely owned by the state (however, it was not a case of public 
support; everything was strictly conducted on commercial basis). The basic scheme of tolling, which is 
shown in Fig. 1, was as follows - Osinek Company was purchasing raw materials, materials and energies on 
its own account and it had metallurgical products manufactured by VÍTKOVICE STEEL, a.s. using the 
purchased raw materials and materials, along with consumption of the supplied energy media. The 
company paid for processing commission for the manufactured products. The finished steel products were 
sold by the company to customers. In connection with the delivery of products, OSINEK Company also 
provided resources to cover the cost of sales related to product delivery. 

 

 

Fig. 1 The basic scheme of tolling 

Reviewed by [1], [8] 

VÍTKOVICE, a.s. engineering production used the so called project financing - financing of pre-defined 
projects. The application of tolling in mechanical engineering production required specific approach to the 
individual projects - business cases. Project financing was therefore focused on a business case precisely 
defined by a contract with the customer, as far as the subject of the contract, the delivery terms, the 
payment terms, guarantees, etc were concerned. 

Tolling of metallurgical and engineering production through Osinek Company allowed stabilizing the 
situation in VÍTKOVICE, restoring cash flows and maintaining the continuity of metallurgical manufacturing 
in full production capacity, thus partially capturing the boom in rolled material demand in the markets. 
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It is no longer possible to assume that tolling in the range as implemented in the VÍTKOVICE – OSINEK 
project (there was a loan of CZK 1.8 billion for funding of metallurgical part of VÍTKOVICE Company, and for 
the engineering part, there was an open credit up to CZK 1 billion) will be realized again [1]. 

Working capital financing using the tolling method has not been realized in greater extends in the CR so far. 
If tolling is implemented at all, it is based on a private investor approach, especially in case of small or 
medium-sized companies whose business activities are in the area of civil engineering, light engineering, 
electrical engineering, especially in the form of tooling combined with project financing. 

3. NETWORK ANALYSIS  

Coping with large and complex projects is impossible without mastering the basic tools, techniques or 
methods of project management. Planning the sequence of all project activities, tracking important 
deadlines, resources, and spending represent the key role of project management. Planning of the above 
described parameters is carried out using the technical tools of project management based on network 
analyses (CPM, PERT, etc.). The network analysis uses charts or diagrams to illustrate the project in a clear 
way; it solves the optimization tasks with regard to the necessary time, resources and the necessary 
expenditures. Project management must ensure coordination of contradictory demands that are posed on 
the project, i.e. it must minimize the time required, minimize the necessary resources, minimize the costs 
and maximize the quality of the process and its outcome [6]. The focus of these tools rests mainly in 
computer support of the project manager regarding decision-making in the form of a various software 
products making it possible to perform the time, source, and cost analyses (e.g. GanttProject program, 
Microsoft Office Project program, and WinQSB program). 

The time and resource evaluation of the project activities is carried out on the basis of calculations or 
expert estimates. If the durations of the activities are considered to be deterministic data, the CPM method 
can be recommended to analyze the network chart. If the durations of activities are considered to be 
random, which means stochastic variables, the PERT method can be applied. (XE „CPM“) 

3.1. Utilization of network analysis method to process the tooling project time analysis 

At present, the methods of network analysis (PERT and CPM) are normally used in small and large 
companies to determine the time behaviour (duration of the individual activities, project duration) of the 
technical part of a concrete project, especially in industry and civil engineering, for example in construction 
of production facilities, in the area of maintenance and reconstruction of production facilities, in 
development of new products, when providing complex administrative tasks and compiling work plans, etc. 

The team of authors is currently devoting themselves to a project using network analysis methods to 
perform time analysis of a tolling project as part of their scientific research activity, where, in addition to 
the classical analysis of the technical part, the model is extend to include analysis of the individual steps 
associated with tolling financing. 

The network analysis method was used for processing of the time analysis of the "siding of VSB-TU Ostrava 
- New Building of FEI" project, where the project financing consisted of tolling combined with project 
financing. 

� The technical part of the project – siding of VŠB-TU Ostrava - New Building of FEI 

� The financial part of the project – tolling financing 
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The principles and conditions for the implementation of tolling define specific sequence of steps, some of 
which must be performed before the launch and the actual implementation of tolling. These activities can 
be arranged in the following manner [1]: 

� Inquiry 

� Principles and their observance  

� Implementation prerequisites and their fulfilment  

� Financial analysis as a basis for decision-making  

� Financial plan  

� Initialization of implementation  

� Actual realization of financing 

 

A timetable of activities in logical sequence that must be performed within the project of siding of VŠB-TU 
Ostrava - New Building of FEI has been drawn for this project, and each sub-activity was complemented by 
its duration. The outcomes of the analysis (performed using computer support) have shown which activities 
are critical and the shortest term of project completion was determined (equivalent to the duration of the 
critical activities). It should be noted that the critical way is reflected in the scheduling and management of 
the project in virtually all stages of the project life cycle and in case some of the defined critical activities 
are behind schedule, the whole project is delayed as a result of that. Time allowances were calculated for 
this project as well (total time allowance, free time allowance, dependent time allowance and independent 
time allowance). The analysis clearly highlighted the critical activities and the total time allowances are 
equal to zero, which is data that require the greatest attention in project management if we want to ensure 
the timely project completion. All other activities are non-critical; they have certain time allowance which 
shows how much the sub-activities can be delayed, without affecting the project completion time. 

4. CONCLUSION  

The text above indicates that the tooling financing method in the CR is primarily realized on the basis of a 
private investor in small or medium-sized companies whose business activities are focused on civil 
engineering, light engineering, and they use tolling especially in combination with project financing. 

In the past, tooling was also successfully used in the field of metallurgy, namely in case of VÍTKOVICE – 
OSINEK project, however at present, we can no longer expect tolling to be used in such an extent as in the 
VÍTKOVICE – OSINEK project. Nevertheless, in relation to metallurgical production, we see some potential 
for the utilization of tolling in metallurgy engineering companies - for example for small and medium-sized 
foundry companies (almost 65% of foundries have up to 250 employees [7]), where the method of tolling 
(especially the form of tooling combined with project financing) can become an effective instrument used 
for solving critical situations in the area of company cash flow. 

The methods of network analysis can be used both as a planning tool, but also as a controlling tool for 
identification and optimization of the project process – of the tolling project, as an effective way of working 
capital financing in industrial companies. The methods of network analysis make it possible to determine 
the minimum time required for the realization of the entire project and to define the activities (partial 
operations), on the continuance of which the time set for the realization of the whole project depends. A 
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major benefit of the network analysis is a fact that it forces the project manager to elaborate and plan the 
project in an explicit and detailed manner. 
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Abstract 

To produce goods of sufficient quality and at the lowest possible cost is the main goal of each production 
process. In case of production of blast furnace pig iron, the quality can be defined as the chemical 
composition and temperature on accordance with relevant customer’s requirements and standards. The 
important factor to the quality of this product is that these parameters should be kept on constant level, 
which is one of basic requirements of blast furnace receiver, steelmaking plant. The quality of pig iron can 
be affected by many factors, among which should be mentioned theses associated with: quality of ferrous 
burden materials, quality of coke and alternative fuels used in blast furnace process, methods of blast 
furnace working. The topic of this paper was part of the research related to the problem of the effect of 
production factors on the quality of pig iron. The analysis of the quality of ferrous burden materials and its 
effect on the quality of the finished product, pig iron will be presented in this paper. The research was done 
in collaboration with one of Polish blast furnace divisions and was based on the results coming from the 
industrial plant. 

Keywords: Pig iron, blast furnace, burden materials, quality 

1. INTRODUCTION 

The chemical composition is the primary qualitative factor of pig iron, specifying its class and meets the 
requirements set by the steelplant. The important thing is that the chemical composition of pig iron was as 
stable as possible. In addition, pig iron temperature is very important parameter of the quality, it is a 
fundamental property important for steelworkers. Many factors have the influence on the temperature of 
pig iron e.g.: the size of the blast furnace, since the higher volume of the blast furnace, the higher 
temperature of pig iron; charge quality, fuel quality, temperature of blast and its humidity [1]. 

Besides the basic element, iron, pig iron also contains other various alloying elements. The general quality 
requirements of pig iron (on the individual alloying elements) are shown in Tab. 1. 

 

 Tab. 1. General requirements for the content of individual alloying elements in the pig iron [2, 3] 
Element Content, % 

Si 0.50-0.80 
Mn >0.20 

S <0.030 

P <0.11 for the production of rail steel 
0.14 for other kind of steel 

 

The quality of pig iron is influenced by many various factors, which can be divided into three basic groups: 

� The quality of ferrous burden materials, 
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� The quality of coke and alternative fuels, 

� Parameters of blast furnace process. 

Ferrous materials are the basic raw materials used in blast furnace process [4]. They are the primary source 
of iron, which is the main component of pig iron. The statement of iron – rich, well – prepared, in terms of 
chemical and physical characteristics, burden materials determines achieving the optimum values of 
technical and economic indexes, allows the uniform working of blast furnace [5] and to obtain a product 
with appropriate quality. In the blast furnace process, besides iron ores and their concentrates, a variety of 
waste materials are used, which significantly affects the economic results of this process [4]. It is possible, 
because the fact that metallurgical waste materials often contains more iron than iron ores used in process 
[6]. 

Determining the quality of ferrous burden materials used in blast furnace process, the following properties 
should be evaluated [7]: 

� The chemical composition of material, 

� Physical properties, 

� Metallurgical properties. 

In this paper, the analysis of chosen qualitative properties of ferrous burden materials, their chemical 
composition, is made. The research are done with collaboration with one of Polish Blast Furnace Division 
and are based on the results coming from the industrial plants. The analysis includes monthly results of 8 
consecutive calendar years 

2. CHARACTERISTICS AND QUANLITATIVE ANALYSIS OF FERROUS BURDEN MATERIALS USED IN BLAST 
FURNACE PROCESS IN EXAMINED STEELPLANT 

In Blast Furnace Department under study, following groups of ferrous burden materials are used: 

� Sinters, 

� Pellets, 

� Rich iron ores, 

� Converter slags, 

� Iron ores concentrates. 

Ferrous sinter, which is product of sintering process of fine ferrous materials, is the main component of 
ferrous blast furnace burden materials in Steelwork under study [8]. It is prepared from a mixture of fine 
iron ores, concentrates and wastes from metallurgical processes [9]. In conditions of studied Steelwork it is 
used in amount of over 80% of total ferrous burden materials [2]. 

Pellets, which are produced in process of agglomeration of fine concentrates of iron ores by burning or 
chemical reactions, are the second group of ferrous materials used in blast furnace process. Additionally, as 
ferrous burden materials directly used in blast furnace process, ferrous concentrates can be used. As a part 
of blast furnace burden materials the furnace additives of converter slags, which is waste from steelmaking 
process, are also used. It is burden addition, containing useful component as phosphorous and manganese, 
which increases the amount of these elements in pig iron [10 – 12]. 

The quantitative analysis of ferrous burden materials consumption was done. The results of this analysis 
ape presented in Tab. 2. In the analyzed blast furnace department many types of materials are used, 
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however in the paper only 7 types were taken into consideration, because only these types were used 
during study period. 

Based on the results presented in Tab. 2. it can be concluded that to produce 1 Mg of pig iron in examined 
process almost 1650 kg of various ferrous burden materials are used on the average during study period. 
Sinter, which is produced in examined steelpant, is the basic material. It was more than 92% of ferrous 
burden materials in total used in this process. Other materials was used only in small amount, their average 
percentage was less than 8% of ferrous burden materials in total. It means that quality of sinter have the 
greatest importance for the quality of the finished products, pig iron. However, it should be noted that 
some materials (e.g. converter slags) are used in process to change the amount of certain elements in pig 
iron. 

 

 Tab. 2. The structure of consumption of ferrous burden materials used in blast furnace process in study 
period 

Component Percentage in total ferrous burden materials, % 
Sinter 92.08 
Poltawskie Pellets 5.03 
Michajlowskie Pellets 0.78 
Liebiedenskie Pellets 0.46 
J-GOK agglomerates 0.10 
Converter slags 1.10 
Ferrous Concentrate 0.35 
The average unit consumption ferrous burden 
materials, kg/1 Mg pig iron 

1648.84 

 

The analysis of chemical composition of ferrous burden materials used in analyzed blast furnace 
department ware made. The analysis of changes of individual compounds in all ferrous burden materials in 
study period was made. Tab. 3 shows the content of individual compounds in ferrous burden materials in 
study period. 

 

 Tab. 3. Content of elements in ferrous burden materials during study period 
Elements and compounds in 

ferrous burden materials 1 2 3 4 5 6 7 8 

H2O, % 1.578 3.337 2.077 2.860 2.108 1.426 2.499 3.652 
Fe, % 57.015 57.215 57.022 57.250 58.397 59.176 58.048 58.625 
FeO, % 5.484 5.096 5.398 6.183 5.683 5.037 5.574 6.228 
SiO2, % 7.066 6.725 6.746 6.639 5.911 6.338 6.165 5.725 
CaO, % 9.359 8.712 9.016 8.748 7.867 6.723 8.055 7.766 
MgO, % 1.465 1.510 1.515 1.755 1.612 1.472 1.589 1.547 
Al2O3, % 0.693 0.824 0.830 0.839 0.823 0.770 0.771 0.804 
Mn, % 0.150 0.174 0.186 0.199 0.226 0.208 0.281 0.223 
P2O5, % 0.110 0.119 0.120 0.121 0.119 0.110 0.116 0.115 
Na2O, % 0.069 0.069 0.069 0.060 0.060 0.060 0.081 0.081 
K2O, % 0.041 0.037 0.044 0.041 0.033 0.042 0.042 0.055 
Zn, % 0.051 0.050 0.032 0.047 0.039 0.034 0.034 0.033 
S, % 0.028 0.024 0.023 0.020 0.014 0.010 0.013 0.017 
C, % 0.201 0.184 0.140 0.154 0.184 0.139 0.118 0.101 
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Based on the results presented in Tab. 3 it can be concluded that: 

� The moisture content varied in range 1.43 – 3.65%. The highest value was recorded in the second 
and the last months, the lowest – in the sixth month. 

� The iron content during first four month was lower than 57.5%, while in subsequent period of time 
content of this element increased and was at the level of 58 – 59%. 

� In case of the iron oxide content any trend of changes was not observed, but its quantity was varied 
and ranged from 5 to 6.2%. 

� The content of silicon oxide in ferrous burden materials during study period systematically 
decreased. In the first month it was on level of 7%, in the last – approximately 5.74%. 

� Similar trend was observed for calcium oxide. The content of this component decreased from 9.4% in 
the first month to 7.8% in the last month. 

� No trend in content was observed for magnesium oxide, it also underwent only minor fluctuations in 
range 1.46 – 1.76%. 

� The content of aluminium oxide on the beginning of study period was slightly lower than in the 
remaining period and was at the level 0.7%. In remaining months the content ranged from 0.77 – 
0.84%. 

� During study period significant increase of the magnesium content was observed (form 0.15 to 
0.28%). Only in the last month the decrease of this element content to 0.22% was noted. 

� The content of phosphorus oxide underwent very slight fluctuations in range 0.11 – 0.12%. No trend 
in changes of content of this element was observed. 

� The content of sodium content was characterized only by periodic changes, during some period of 
time it was on constant level: during first three months it was on the level of ca. 0.07%, during next 
three months – 0.06%, during last two months – 0.08%. 

� The content of potassium oxide fluctuated within 0.033 – 0.044%. Only in the last month was much 
higher and it was at the level of 0.055%. 

� The zinc content in ferrous burden materials slightly decreased during study period from 0.051 to 
0.033%. Low content of this element was also observed in the third month – at the level of 0.032%. 

� For the content of sulfur in the first three months significant decrease was observed (from 0.028 to 
0.010%), in the following the content slightly increase up to 0.017%. 

� The dawn ward trend of the carbon content was observed. The content decreased from 0.2 to 0.2%. 

� The content of major element on ferrous burden materials, iron, is the most important for main 
product of blast furnace process. The quantity and quality of pig iron and the quantity of by-products 
(eg. slag) depend on the content of this element. The content of such elements as: silicon, 
manganese, sulfur and phosphorus, also have a great importance for quality of pig iron, because the 
content of these element in pig iron depends from their content in the ferrous burden materials. 

3. THE QUALITY ANALYSIS OF PIG IRON PRODUCED IN ANALYSED STEELPANT 

The analysis of selected quantitative parameters of pig iron was made. Chemical composition is the basic 
parameter. It shows content of the elements, such as: iron, silicon, manganese, sulfur, phosphorus and 
carbon. Also temperature of product was analyzed. The average value of pig iron parameters during study 
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period, standard deviation, the highest and the lowest value of content of these elements were presented 
in Tab. 4. Cpk indexes was also calculated for three elements. 
 

 Tab. 4. Analysis of chemical composition of pig iron in each month of study period 
Elements, % Fe Si Mn S P C Temperature, oC 

Average 94.472 0.404 0.281 0.016 0.093 4.705 1406.8 
Standard deviation 0.125 0.030 0.053 0.002 0.013 0.079 8.7 
Coefficient of variation, % 0.1 7.4 18.9 12.5 14.0 1.7 0.6 
Minimum 94.257 0.350 0.210 0.012 0.060 4.610 1 393.7 
Maksimum 94.663 0.460 0.350 0.018 0.100 4.830 1 420.6 
Cpk - - 0.51 2.45 0.43   
 

Based on the results of analysis presented in Tab. 4 it can be concluded that: 

� During study period average iron content was approximately on the level of 94.4%, while content of 
the other elements respectively: silicon – 0.4%, manganese – 0.28%, sulfur – 0.016, phosphorus – 
0.093% and carbon – 4.7%. 

� The content of three elements was characterized by considerable variability: Mn – 18.9%, P – 14%, S 
– 12.5% compared to the average. 

� Comparing the chemical composition of pig iron with the requirements of the standards it can be 
said that these requirements were maintained, limits of were not exceeded. 

� Cpk index values obtained for Mn (0.51) and P (0.43) reached very low values. It means that content 
of these elements were very variable, what may contribute to exceed the limit. In case of S high 
value of Cpk index was obtained (2.45), Despite wide variation, Cpk index indicates very low 
probability of exceeding the limit. 

4. EFFECT OF QUALITY OF FERROUS BURDEN MATERIALS ON THE QUALITY OF PIG IRON IN ANALYSED 
STEELPANT 

The value of quantitative indicators of ferrous burden materials (their chemical composition) has an 
influence on the chemical composition of finished pig iron. Chemical compounds, which are contained in 
burden materials, go to products of blast furnace process, including basic product, pig iron. The analysis of 
influence of content of individual elements in ferrous burden materials on the content of these elements in 
pig iron was made. The correlation coefficient for these parameters was used in this analysis. The results of 
this analysis are presented in Tab. 5. The analysis includes these elements which were taken into account in 
the quality analysis of pig iron. Since in each month the volume of pig iron production and consumption of 
burden materials ware different, in order to determine accurately the dependences of factors, they were 
calculated with the total amount of element in burden materials and pig iron. 
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 Tab. 5. The effect of chosen qualitative parameters of ferrous burden materials on the quality of pig iron 
Factors of analysis Correlation 

coefficient 
Regression model 

The effect of amount of Fe and FeO in ferrous 
burden materials on amount of Fe in pig iron 

0.99 
	
	�

 
The effect of amount of SiO2 in ferrous 
burden materials on amount of Si in pig iron  

0.49 
�  

The effect of amount of Mn in ferrous burden 
materials on amount of Mn in pig iron  

0.87 
�  

The effect of amount of S in ferrous burden 
materials on amount of S in pig iron  

0.04 - 

The effect of amount of P2O5 in ferrous 
burden materials on amount of P in pig iron  

0.58 - 

The effect of amount of C in ferrous burden 
materials on amount of C in pig iron  

- - 

 

Based on the results of analysis presented in Tab. 5 it can be concluded that: 

� The more content of iron compounds in ferrous burden materials, the more content of this element 
in pig iron. Regression analysis indicates that that changes in Fe content in pig iron are caused mainly 
by Fe and FeO content in burden materials. On the basis of created regression model it can be said 
that changes in Fe content in burden materials at level of 1 g indicates the increase in Fe content in 
pig iron at the level of 0,93 g, while in case of FeO – the increase of 0,09 g. It should be noted that the 
content of this element in ferrous burden materials also effects blast furnace process parameters: 
reduces the unit amount of slag and other wastes per tonne of pig iron (r=-0.97) and lower unit fuel 
consumption per tonne of pig iron (r = -0.95).  

� There is significant dependence between the content of SiO2 in ferrous burden materials and the Si 
content in pig iron. However, it should be noted that content of this element in pig iron also depends 
on the content of Si in fuels supplied to the blast furnace process. Regression analysis showed that in 
constructed model other factors affecting Si content in pig iron (such as temperature) should have 
been taken into account. These factors, however, were not included in previous analysis. It is 
suggested, therefore, further studies to detects other factors which should be included in the model. 

� The more Mn content in ferrous burden materials, the more Mn content in pig iron. In this case, it 
should be noted that manganese to the process is supplied with converter slag, which is used in 
process just to increase of Mn content in pig iron. Regression analysis indicates that changes in Mn 
content in pig iron is affected, in addition to content of this element in burden materials, by many 
other factors (e.g. Content of this element in the fuels). On the basis of created regression model 
than in study case the increase of Mn content in burden materials at level of 1g caused the increase 
of Mn content in pig iron at the level of 0,819g. 

� During study period there was no functional dependence between sulfur content in ferrous burden 
materials and pig iron. This probably was due to the fact that S content in ferrous burden materials 
was very low, while high S content in fuels was recorded (0.5 – 0.6%), what had significant effect on 
the content of this element in the product. 
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� There is significant effect of P2O5 content in ferrous burden materials on P content in pig iron. 
However, in this case, as in case of silicon, content of this element depends also on phosphorus 
content in fuels. 

� Effect of C content in ferrous burden materials on C content in pig iron was not specified. This is due 
to the fact that carbon content in burden materials is very low, the majority of carbon included in pig 
iron passes from fuels supplied to the process. 

5. CONCLUSION 

The quality of pig iron is influenced by many different factors, which can be divided into three main groups: 
quality of ferrous burden materials, quality of coke and alternative fuels, parameters of blast furnace 
process. 

This paper presents preliminary analysis of pig iron quality, ferrous burden materials quality and the effect 
of these materials quality on pig iron quality. This analysis includes only chemical composition of these 
materials, which does not represent all quality parameters of these materials, which can affect on pig iron 
quality. For this reason, it is difficult to build a model, which can describe such relations. Therefore, it can 
be suggested that further studies to complete this analysis should be one. 
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Abstract 

The report deals with the possibilities of application of linear programming in manager decision-making 
process. It has to document an assumption that a relatively simple, routinely applicable method of 
modeling and solving linear programming can even today - in addition to existing more exacting „advanced 
methods decision making ", the methodological concepts of artificial intelligence - to bring the desired 
optimization element in the management decisions (on the exact basis). Especially in the area of tactical 
and operational management of enterprise subject can also even in the more complicated decision 
problems in real time, to provide relevant information for the choice of optimal, respectively, approaching 
the optimum variants of solving problems. Computer support is made possible by a series of available 
software products. 

As an example, is shown the problem of optimal cutting of material input of metallurgical operating and its 
solutions, such as linear programming in MS Excel. 

Keywords: computer support; linear programming; dividing task; optimization 

1. INTRODUCTION 

If a globalized economy company has to compete, its management must have prerequisites for qualified 
decision making, ie. especially the ability to systematically and critically conceive the decision problems, 
refine, supplement their determination with the regard to the position in a controlled unit, taking into 
account possible variations of their solutions and make decisions take in thinking possible variant their 
solving and make a decision pursuant to existing criteria for variation optimal let us say approaching the 
optimum. 

Management, which is able to choose a solution in accordance with the requirement of optimal 
management strategies. 

This type of management decision making is now possible without the the connection with modern 
computer equipment and managing equipment. Computer technology is used for modeling, analysis, 
experimentation and the search for optimal or approaching optimum structure, functioning of real systems 
and their parts. 

Nowdays the technical specifications of computers allow their use not only as an off-line problem solving 
tool, but as a tool for on-line direct proceeding of the projected control systems, in relation on the sources 
for data collection, recording and transmission of information.One of the problem, where computer off-line 
support can be successfully used in decision-making processes, is the issue of dividing tasks 
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Further, there is as an example introduced a solving problem of optimal use of input materials of 
metallurgical operations as a linear programming task - the task of optimal cutting material by Simplex 
method algorithm in MS Excel. 

2. DEFINITION OF PROBLEM 

For the production of seamless trubes it is nessesary to ensure, from the standard length intermediate 
product (beams), the needed number of parts of the required dimensions. In the metallurgical company are 
manufactured beams with a diameter of 90 mm and length of 12 500 mm, which is to be divided into the 
required dimensions: 100 000 pcs beams of 900 mm length, 85 000 pieces with a length of 1200 mm, 120 
000 pieces with a length of 1350 mm. We assume, that the capacity of the cutting machinery or raw 
material availability is not limited. 

There is to be determined, what minimum quantity (units) of raw material ensures the necessary length of 
beams for the production of tubes in the desired quantities. 

3. THE MODEL OF CUTTING PROBLEM AS A LINEAR PROGRAMMING PROBLEM 

A speciality of models productions for optimizing the cutting plan is the need to generate the set of all the 
possible options for separation of the source materiál [1]. Individual variants of cutting we write using the 
vector 

  j = 1, 2, …, k         (1) 

k -th variant of cutting length of a standard part si, of whose elements vj determine the number of parts 
with required length dj, acquired from implementation of the k-th variants [2]. The number of application 
of the k-th variant by dividing then we denote it with the symbol xi. If we denote m as the waste associated 
with the implementation of the k-th variant, then the objective function reflecting requirement of minimize 
waste will have the following form 

   i = 1, 2, …, n         (2) 

where n is a number of generated variants of dividing [3]. 

We connect the system of limiting conditions, which are expressing the demand for the number of pars of 
given length 

           (3) 

where bi is the minimum number of the required parts 

Nonnegativity conditions for solutions 

 0             (4) 

are respected by all of the known algorithms for solving of linear programming problems and theise 
software support [4]. 

4. MATEMATHICAL MODEL OF DEFINED PROBLEM 

The formulation of a mathematical model based on the assumption of generating possible variants of 
cutting the length 12 500 mm of the raw material to the desired length: 900 mm, 1200 mm and 1350 mm, 
with a appropriate loss of materiál in Tab. 1. The task presents a search for such possible ways of 
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combination of cutting, which ensures 100 000, 85 000 and 125 000 pieces of desired length with a 
minimum overall loss of raw material. 

 

Tab. 1 All possible variants of beams cutting length 12 500 mm 

Beam 
Lenght 
(mm) 

Possible variants of cutting 12 500 mm beam Required 
number 

(pcs) 1 2 3 4 5 6 7 8 9 

900 0 3 4 7 8 11 1 5 2 100 000 

1 200 7 7 4 4 1 1 4 1 1 85 000 

1 350 3 1 3 1 3 1 5 5 7 120 000 

Waste1) 50 50 50 50 50 50 50 50 50  
1)Abstraction from material looses in the cut [5] 

xi – is the frequency of realization of the i-th variant (method) of division beam, i = 1, 2, ... , 9 

Binding conditions: 

0x1 + 3x2 + 4x3 + 7x4 + 8x5 + 11x6 + 1x7 + 5x8 + 2x9 ≥ 100 000 

7x1 + 7x2 + 4x3 + 4x4 + 1x5 + 1x6 + 4x7 + 1x8 + 1x9 ≥ 85 000 

3x1 + 1x2 + 3x3 + 1x4 + 3x5 + 1x6 + 5x7 + 5x8 + 7x9 ≥ 120 000 

Effectiveness function 

min z = 50(x1 + x2 + x3 + x4 + x5 + x6 + x7 + x8 + x9) 

Non-negativity conditions 

xi ≥ 0 

5. THE OPTIMAL SOLUTION USING THE 
SIMPLEX METHOD "SOLVER" IN MS EXCEL 

The constructive solution with spreadsheets using 
MS Excel with added "Solver" supplement requires 
a conversion of the model into the desired shape 
in Fig. 1. 

 
 

The output of "Solver" is the following Tab. 2, 
where are marked an optimal alternative of 
cutting. 

 

 

 

 
Fig. 1 Setting the parameters „Solver“ 
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 Tab. 2 Model of the cutting problem in MS Excelu 

 
 

Solution of cutting problem are displayed in Tab. 3.  

 

Tab. 3 Obtained optimal solution of the cutting problem  

Variations of 
cutting 

Frequency of 
cutting realization 

Number of length parts (mm) 

900 1 200 1 350 

x1 9 428 0 65 996 28 284 

x6 6 888 75 768 6 888 6 888 

x9 12 119 24 238 12 119 84 833 

Summary (pcs) 28 435 100 006 85 003 120 005 

Requirement - 100 000 85 000 120 000 

 

In the final solution is beaten about 6 pcs more of 900 mm of beam and about 3 pcs more of 1 200 mm 
beam and about 5 pcs more of 1 350 mm of beam. 

In total we cut 28,435 pieces of raw material, to get 100 006 pcs of 900 mm length, 85 003 pcs of 1 200 mm 
length and 120 005 pieces of 1 350 mm length, while ensuring the minimum waste of 1 421 750 mm. 

% of the material use in this case is .100 – 100 = 99,6 % 

6. CONCLUSION 

The example illustrates on the specific problems of practical metallurgical plant the meaningfulness of 
applications of linear programming to obtain informations - recommendations for decision making. It 
represents the formulation and the solution of cutting problem by linear programming algorithms. 
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Abstract 

The article presents a new concept to be used for planning and control of complex metallurgical secondary 
manufacturing processes and the follow-up engineering production, based on a production paths principle. 
A production path is a time or space-reserved production capacity, intended for the realization of product 
segment with the same degree of production repetition. This principle enables complex production to be 
divided into fast and slow production paths. The greater part of the assortment is processed using fast 
production path that can be controlled on the basis of the concept of large-batch and mass production, 
which enables to take advantage of its benefits. The remaining part of the assortment is controlled 
according to the small-batch and unit production principles. The implementation of the production paths 
concept and its benefits are documented on the forged pieces manufacturing process.  

Keywords: production planning and control, production path, forging process 

1. INTRODUCTION 

Production planning and control is a complex process, which requires enterprise to work out dynamic 
production plan and adjusts manufacturing processes rapidly [1], [2]. Production planning and control 
ensures production systems fulfil individual customer orders while meeting specifications, remaining within 
budget, and delivering on time [3]. Basic industry planning must take into account not only the 
technological, but also the cost aspects [4]. The planning and control of metallurgical secondary 
manufacturing is made considerably more difficult due to: 

� Limited repeatability of the structure and volume of the individual products in the requirements for a 
given planning period. 

� Variable technological procedures and production methods, variable number and order of operations 
performed at individual workplaces. 

� Material backflows that make the products pass through selected workplaces even several times. 

� Different product processing times at individual workplaces (the mutual deviations are substantial, 
ranging from minutes to hours). 

� Occurrence of floating bottlenecks caused by high dependency of the equipment performance on the 
type of processed product (floating bottleneck changes its position in the production process, 
depending on the processed assortment [5]). 

� Large reverse material flows, especially waste material flows [6]. 
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The objective of this article is to present a new concept for planning and control of complex metallurgical 
secondary manufacturing and the follow-up engineering production, which allows increasing the 
smoothness, uniformity and permeability of material flow. The article is divided into four sections – 
introduction, the characteristics of the new production planning and control concept, case study of the 
concept applications in production of forged pieces and the conclusion. 

2. NEW CONCEPT OF PRODUCTION PLANNING AND CONTROL 

The concept of planning and control of complex metallurgical secondary manufacturing and the follow-up 
engineering production is based on the principle of "production paths". A production path is a time or 
space-reserved production capacity, intended for the realization of a product segment with the same 
degree of repetition of production. Spatially specified capacity can be defined as a set of production 
resources, which are designed exclusively to manufacture a single product segment. On the other hand, 
capacity defined in terms of time means that the processing of a selected segment is taking place while 
utilizing the production resources only for a limited period of time. It means these resources are used for 
various production paths. 

In terms of repetition of production, the product portfolio can be divided into two boundary categories [7]: 

� Small-batch and unit production – produces goods in batches of one or a few products designed to 
customer specification. 

� Large-batch and mass production – a large volume of standardized products is produced. 

� The production paths are created and controlled in order to divide the material flow at least into two 
groups: 

� "Fast production path" – a capacity reserved for processing a segment of products with a mass or 
large-batch character of production. 

� "Slow production path" – a capacity designated for production of small-batch and unit products. 

The production paths defined spatially and in terms of time are shown schematically in Fig. 1. The fast 
production path is displayed in gray colour, the slow one in white. Sources 1, 3, 4, 5, 6, 8 and 9 have 
spatially defined paths, while sources 2 and 7 have their path defined only in terms of time. 

 
Fig. 1 Schematic illustration of production divided into fast and slow paths 

The concept is based on two fundamental assumptions. Firstly, the production is characterized by a 
variability of material flows (production can run alternatively, using different manufacturing sources). 
Secondly, it can be found sufficiently large production volume for the fast production path. Suitably 
selected criteria are used to identify it, while respecting the production technology in particular. 
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Fast production path is the source of continuous material flow with a balanced load of selected production 
facilities and workplaces (elimination of floating bottlenecks), with minimum adjustment and conversion 
times, and work in progress volume, while maximizing the capacity utilization and product passage through 
the process. Significant simplification of the process of planning and control in this part of production and 
the possibility of applying the well-known Production Planning and Control (PPC) concepts and systems 
represent other positive effects, leading to further improvement of the production performance 
parameters. Classification of the PPC concepts and systems suitable for application on fast production path 
is described by Lenort [8]. 

Although the slow production path requires responding to the complexity of the material flows, the 
dynamic transfer of bottlenecks and the control of buffers prior to these restrictions, but on a significantly 
smaller scale (attention is limited only to selected facilities or workplaces from the entire production 
process). 

As a result of the changing structure of production in the individual planning periods, it is necessary to 
identify the production path assortment and balance of production capacity load for each of these periods 
again. 

The application of the production paths in processes, where it is allowed by the variability in the space 
arrangement of equipment and workplaces, diversity and length of life cycles of manufactured products 
(especially engineering production), can be supplemented by a putting together equipment dedicated to 
the individual production paths or by arranging workplaces into complex groups (production nests or cells). 
However, this can usually be done only in spatially defined production paths. For time-defined paths, it is 
possible only in case of significantly prevailing production of selected segment of products. The time 
definition of the production paths is mainly associated with metallurgical secondary manufacturing (where 
the variability of the space arrangement of the process is limited) or processes with a limited number of 
production resources. 

If a logistics chain consisting of different production technologies is planned and controlled the production 
path principle is applied to each of them. In this case, however, there is a situation where a different group 
of production assortment, suitable for fast production path, is identified in each link of the chain. This 
contradiction must be solved systemically for the chain as a whole (the global optimum must have priority 
before the different sub-optima of the individual links). 

3. CASE STUDY 

The application of the proposed concept has been verified in specific metallurgical secondary 
manufacturing processes and in the follow-up engineering production. The following section will present 
the application in the process of production of forged pieces. The researched process consists of several 
production stages (operations), through which the input materials (steel blooms) are transformed into 
heat-treated forged pieces of required shape and quality. Material flow diagram with basic production 
equipment is illustrated in Fig. 2. The input material divided in length is heated in continuous furnace, to be 
forged to the required shape using a forging press at the next stage. Heat treatment of forged pieces is 
carried out in two continuous furnaces, their straightening in one straightening press. This is followed by 
cooling in the cooling bed or bath hardening. Blasted forged pieces prepared for machining are the output 
of this process. Passage of forged pieces through the process and their order in each device is given by the 
technological prescripts. 
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Fig. 2 Material flow diagram of the forging process 

Fig. 2 clearly shows the two places in the material flow, where introduction of the production path concept 
can be considered. Variable material flow is possible in heat treatment furnaces as well as in case of 
hardening baths and cooling bed. However, the later of them is clearly defined by the technological 
prescripts, which leaves only the heat treatment furnaces as a suitable base for application of the 
production path concept. 

These furnaces can achieve a high degree of repetition of production (large-batch and mass production) by 
cumulating production orders (forged pieces) with the same heat treatment technique, otherwise, it is 
necessary to perform a large number of time-consuming furnace conversions. Each heat treatment 
technique involves many different time-temperature regimes, dedicated for different kinds of forged pieces 
(especially shapes and dimensions). It is also necessary to carry out a conversion of furnaces between them, 
but this one is less time consuming. 

The analysis of the assortment composition of production orders has revealed that forged pieces requiring 
normalization prevail (about 80% of all processed forged pieces). This leaves sufficient potential to create 
spatially defined production paths: 

� Fast production path – capacity of furnace 1 was reserved for fast production path. The largest 
production orders with the requirement of normalization were selected to maximize the 
repeatability of production. This way are completely eliminated the most time-consuming 
conversions of furnaces between the heat treatment techniques. Furnace 1 operates in a large-batch 
production mode with shorter furnace conversions between the individual production orders (time-
temperature regimes). 

� Slow production path – the remaining production orders are allocated to furnace 2. They are 
accumulated here according to the heat treatment techniques in such a way to minimize the number 
of conversions and to respect the technological prescripts. 

The implementation of the production paths created this way is strongly influenced by the following 
production equipment, which is the straightening press. The researched process is designed in such a way 
that it does not allow any interruption of material flow between the furnaces and the press (creation of 
buffer). That is why it is necessary to straighten the heat-treated forged pieces immediately when they 
come out of both furnaces. In case production orders of different shapes and dimensions were processed in 
each of the furnaces simultaneously, it would be necessary to straighten the forged pieces alternately 
(always one forged piece from furnace 1 and another one from furnace 2, etc.). This would call for 
readjustment of the press after each forged piece, resulting in furnace downtime caused by waiting for the 
completion of the press adjustment, which is in contradiction with the principle of production paths (see 
Fig. 3 A). 
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That is why the furnaces can simultaneously process only production orders of the same shape and 
dimensions (see Fig. 3 B) or they can process production orders of different shape and dimensions with 
such a time shift, to avoid alternate straightening of forged pieces from both production orders (see Fig. 3 
C). A comparison of both options makes it clear that it is more convenient to process production orders of 
the same shape and dimensions. 

 
Fig. 3 Time diagram of forged pieces heat treatment and straightening: A – overlap processing of 

production orders of various shape and dimensions, B – overlap processing of production orders of the 
same shape and dimensions, C – processing of orders of various shape and dimensions with a time shift 
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Using the presented potential can help to divide the production orders from fast production path in half, 
with each half being processed in one of the furnaces. However, this is convenient only for large production 
orders. In case of small production orders, there is a significant increase in conversions of furnaces, 
resulting in deceleration of the fast spatially defined production path (furnace 1). That is the way how the 
time-defined production paths are created in furnace 2: 

� Fast production path processes halved production orders requiring normalization. These orders are 
processed simultaneously in both furnaces. 

� Slow production path handles small production orders requiring normalization, which exceed the 
capacity of furnace 1 and the production orders require other heat treatment techniques. In this 
case, the production orders are processed in furnaces with a time shift minimizing the number of 
adjustments of the straightening press. 

With the given assortment composition of the researched production process, the time-defined fast 
production path of furnace 2 has available production volume ranging from 7 to 9 days of the calendar 
month. 

4. CONCLUSION 

The verification of the new production planning and control concept taking place in an environment of 
complex forging processes has proven its viability and has shown its potential benefits and limitations. 
Creating a production path in the researched process has led to an increased utilization of the available 
capacities by an average amount of 25% (depending particularly on the product mix in the given planning 
period). However, their efficient creation and implementation must be supported by routine and 
standardized procedures and systems. A detailed heuristic algorithm for planning and scheduling of forged 
pieces heat treatment has been designed in compliance with the defined production paths, in order to 
serve this purpose [9]. At the same time, the concept has been successfully applied in the follow-up 
engineering production (forged pieces machining). 

The future research will be oriented on design of: 

� Cost model – Activity Based Costing is suitable for metallurgical and heavy machining industry [10]. 

� Complex decision support system – a hybrid approach is appropriate for planning and control of 
complex metallurgical production and logistics processes [11]. 
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Abstract  

The innovation potential of Poland’s small and medium enterprises is influenced by numerous factors — 
external ones resulting from their business environment conditions and internal ones determined by the 
capacity of the enterprise in terms of its management efficiency and effectiveness as well as its resources. 
The path from an idea to the innovation implementation, however, is very laborious and time-consuming 
and it is connected with overcoming many obstacles that are mostly related to financial constraints. Thus, 
financial support for innovation activity is important for small and medium enterprises. The funds from the 
EU budget, which in Poland are distributed through a variety of programmes, including operational 
programmes, provide such an opportunity. 

The aim of this paper is the assessment of the possibilities to provide support for the SME innovation 
potential illustrated with the example of the companies from the metal and machine-building industries 
supported with the use of EU funds and the identification of the obstacles to acquire such funds that the 
companies from this sector face. 

Keywords: innovation potential, SME, metal & machine sector, EU funds 

1. INTRODUCTION 

Small and medium enterprises play an important role in the Polish economy since they improve the 
dynamics of development of individual regions, have a positive impact on the reduction of unemployment, 
supply the local market with goods and provide services for local communities. In 2009 there were 1.67 
million enterprises in Poland, of which most (99.8%) were small and medium enterprises. The SME sector in 
Poland is dominated by micro enterprises that constitute 96% of the total number of enterprises. The 
medium-term trends, however, indicate that the structure of companies in Poland is heading towards the 
structure similar to the one which exists in the EU – the percentage of micro enterprises decreases whereas 
the share of the other groups of companies rises. The contribution of SMEs to the creation of gross added 
value is approx. 48.4% and the number of people working in this sector constitute 2/3 of the total 
workforce [8]. A significant number of small and medium enterprises also operate in the metal and 
machinery sector in Poland. Micro enterprises are the most numerous, approx. 74% in the metal sector and 
approx. 80% in the machine-building sector. The shares in the group of small enterprises are 16% and 13% 
respectively. The penultimate group comprises medium enterprises which constitute 6% of the total 
number of enterprises operating in the metal sectors and 5% of the total number of enterprises operating 
in the machinery sector. The smallest is the number of large enterprises, only 3% in the metal sector and 
1% in the machinery sector [15]. 
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The level of innovativeness of small and medium enterprises, including the metal and machinery industries, 
is still rather low, which has a negative impact on building their innovatioin potential. Innovations affect the 
way small and medium enterprises operate at many levels related, on the one hand, to the volume of sales, 
market share, and on the other, to productivity and efficiency [1]. Innovation is understood as the 
implementation of a new or significantly improved product (good or service), process, a new marketing 
method or a new organisational method in business practices, workplace organisation and external 
relations [2]. According to E. Jędrych, innovation is the process in which an economic organisation such as 
an enterprise “learns”, i.e. acquires information (innovations) from the environment and uses this 
information for its own benefit in order to ensure its own market continuity [3]. The ability to effectively 
introduce innovations in the SME sector companies determines their innovation potential which has a 
variety of definitions in literature. According to K. Poznańska [4], the innovation potential consists of the 
following key elements: (i) financial potential – internal financial resources as well as resources offered by 
various financial and non-financial institutions, (ii) human resources – number of employees and their 
qualifications and skills (iii) material potential – production structure (age and level of automation) and its 
market flexibility, (iv) knowledge (market information, technical knowledge). According to A. Żolnierski [5] 
and R. Sitkowska, the innovation potential is determined by the internal innovation potential of the 
company (personnel, R&D and the technologies used) as well as access to external sources of innovation 
(universities, R&D centres, regional and local authorities, competitors, suppliers, etc) [6].  

Small and medium enterprises, including the ones from the metal and machine-building sector, face 
numerous obstacles that hinder the development of their innovative activity. These include: limited 
financial resources, reluctance to invest, constant reduction of state budget expenditure on R&D, impact of 
market factors, i.e. a decrease in demand for the offered products or services, adverse phenomenon of the 
reduction of knowledge transfer from Polish universities to the economy, limited access to knowledge, etc. 
[7]. 

2. FINANCING THE INNOVATION POTENTIAL OF SMALL AND MEDIUM ENTERPRISES FROM EU FUNDS  

EU funds are an important source of financing for the innovative activity of small and medium enterprises 
in the metal and machinery industry. The National Cohesion Strategy sets out the main directions for 
support of operational programmes implemented in Poland in the years 2007-2013. Entrepreneurs carrying 
out innovative ventures mostly make use of the Innovative Economy Operational Programme (IE OP) and 
16 Regional Operational Programmes (ROP). The main objective of the IE OP is the development of the 
Polish economy based on innovative enterprises. In the years 2007–2013, the total amount of 9 711629 
740 Euro was allocated to the implementation of this programme, of which the allocation from the 
European Regional Development Fund amounts to 8 254 885 280 Euro and the national contribution 
constitutes 1 456 744 462 Euro [12]. As of 2nd March 2012 there were 8830 contracts signed for the total 
amount of 30.10 billion PLN in the framework of the IE OP, which is approx. 75% of the funds allocated to 
finance the measures of this programme [12].  

Small and medium enterprises that base their growth on the introduction of innovative solutions form the 
target group of beneficiaries that make use of almost all the priorities (excl. Priority 2) in the framework of 
several IE OP measures.  
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These companies are given support preference due to the existing obstacles to growth that hinder their 
innovative activity. The measures financed in the framework of the following five priorities are particularly 
important for this group of enterprises [10], [11]:  

� priority III- Capital for innovation, which aims to increase the number of enterprises that base their 
activities on innovative solutions and to improve access to external sources of funding for innovative 
ventures. 

� priority IV- Investments in innovative undertakings, which aims to increase the level of innovativeness 
of enterprises through stimulating companies to use modern solutions. 

� priority V- Diffusion of innovation, which aims to provide entrepreneurs with high quality services 
and infrastructure that serve to strengthen and exploit their innovation potential as well as to 
strengthen the competitive position of enterprises through the development of cooperative 
relations.  

� priority VI- Polish economy on the international market, which aims to improve the image of Poland 
as an attractive business partner and the localisation for making valuable trade contacts, investment 
placement and conducting business activity as well as the development of tourist services. 

� priority VIII- Information society, which aims to increase innovativeness of the economy through 
stimulating the development of the electronic economy by supporting the creation of new, 
innovative e-services, innovative e-business solutions and by the reduction of technological, 
economic and mental obstacles to using e-services by the society. 

The analysis of the selected measures of the Innovative Economy Operational Programme indicates that 
this programme is an important source of funding for the innovative activity of small and medium 
enterprises by supporting innovative projects on the national as well as international scale. The aid offered 
by the programme is addressed not only to entrepreneurs but also to networks of business environment 
institutions and business innovation centres such as technological parks or advanced technology centres, 
which should contribute to the creation of the system of support for SME innovativeness.  

Regional Operational Programmes (ROP), which aim mainly at the growth and improvement of 
competitiveness in the given region, are also an important source of funds for the innovative activity of 
small and medium enterprises. As of 29th February 2012 [13] there were 24 539 contracts signed for all the 
ROPs, which is approx. 76% of the funds allocated to financing measures in the framework of these 
programmes. 

The new strategic document of the European Union entitled Europe 2020 – the EU strategy for smart, 
sustainable and inclusive growth places emphasis on innovativeness support. One of the areas of the 
strategy “Smart Economic Growth“ encompasses the following initiatives related to innovativeness [14]:  

� Innovation Union, which aims to: use the R&D and innovative activity to solve social problems, 
strengthen each element of the innovation process, from initial research projects to 
commercialisation of their results. 

� Youth on the Move, which aims to provide opportunities for students and interns to study abroad, 
prepare young people better to enter the job market, improve the performance and attractiveness of 
European universities as well as all education levels and training (high level of academic education, 
equal opportunities).  
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� European Digital Agenda, which aims to create a single digital market based on the fast and very fast 
Internet: by the year 2013 all citizens of Europe should have access to the broadband Internet. 

The measures taken in the framework of these initiatives are going to free the European innovation 
potential, improve the results of the educational process, the quality and performance of educational 
institutions as well as allow to take advantage of economic and social opportunities provided by the digital 
society. They should be implemented at the regional, national and EU level. 

3. EU FUNDING SUPPORT FOR THE INNOVATION POTENTIAL OF SMALL AND MEDIUM ENTERPRISES 
IN THE METAL AND MACHINE-BUILDING SECTOR IN THE LIGHT OF THE AUTHORS‘ RESEARCH 

The studies presented in this part of the paper [15] were conducted among the owners and managers of 
small and medium enterprises in the years 2009 – 2011 with the use of survey method in the form of direct 
interview. The study aimed to analyse and assess the determinants that affect the innovation development 
of the SME sector in Poland. Approx. 600 manufacturing companies situated in the following 6 voivodeships 
participated in the study: Łódź, Pomeranian, Masovian, Silesian, Greater Poland and Warmian-Masurian, of 
which 274 companies operated in the metal and machine-building sector. The presented results constitute 
part of the study which relates to the analysis of the support for the innovation potential of small and 
medium enterprises in the metal and machinery industry provided by the EU funds and the identification of 
the obstacles in the acquisition of funds by the companies from this sector. In terms of employment, the 
breakdown in the surveyed group was as follows: 31.8% micro enterprises, 32.5% small enterprises and 
35.7% medium enterprises.  

One field of study is the analysis of the use of EU funds for the innovative activity of small and medium 
enterprises in the metal and machine-building sector in Poland in the years 2004-2006 and 2007-2013. The 
research confirms the fact that the propensity of companies to acquire EU funds is still low as only 29% of 
the surveyed companies made use of this aid, mostly in the form of the IE OP and regional programmes in 
the years 2007-2013 as well as the IRDP and the SOP ICE in the years 2004-2006 (Fig. 1). 
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Fig. 1 The level of participation in selected EU programmes by small and medium enterprises in the metal 
and machinery sector 

 

The reasons for a low level of EU funding exploitation can be seen in the assessment of the availability of 
these resources conducted by the respondents as more than 55% of the surveyed companies estimated 
availability of funds as difficult (Fig. 2). It reflects many efforts made by the analysed entities to acquire EU 
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funds and the restricted application conditions that are not always possible to meet, e.g. co-financing, 
particularly in the case of micro enterprises that have at their disposal limited financial resources.  
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Fig. 2 Availability of EU funds for small and medium enterprises in the metal and machinery sector 
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Fig. 3 Obstacles to the acquisition of public aid by small and medium enterprises in the metal and 
machinery sector 
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The adjustment (adequacy) of the aid provided in the form of EU funds to the needs of entrepreneurs was 
also assessed as rather low by the surveyed companies. 68% of the respondents had a negative opinion 
concerning the degree of adequacy and 19% estimated this degree as low. This state of affairs results from 
the ill-matched support objectives, lack of flexibility of the financial instruments offered (they do not take 
into consideration the current and future company needs) as well as from mistakes made at the level of the 
development of guidelines for this support. The surveyed companies also pointed to numerous barriers, 
external as well as internal, in the acquisition of EU funds (Fig. 3) occurring most often at the stage of 
project preparation. The most troublesome for the entrepreneurs are complicated application procedures, 
too bureaucratic administration system, high costs of funding acquisition and the lack of assistance on the part 
of public administration. Despite these obstacles, small and medium enterprises in the metal and machine-
building industry increasingly often and more willingly make use of EU funds to finance their innovative 
activity. An important factor in this growth of interest in the EU aid is the increased knowledge and awareness 
on part of entrepreneurs that such funds are available as well as their conviction that this support is real, 
taking into consideration the more limited access of these companies to external capital from other 
sources, e.g. offered by banks. This fact is also confirmed by the presented research as almost 67% of the 
respondents plan to apply for more EU funds supporting the innovative activity in the future.  

4. CONCLUSION 

The presented research allowed to formulate the conclusions concerning the role of EU funds in building 
the innovation potential of small and medium enterprises in the metal and machine-bulding sector. The 
study indicates that these companies increasingly often take advantage of EU funds to finance their 
innovative activity. They do not fully utilise ,however, the offered aid due to numerous obstacles to its 
acquisition and a its low adequacy to the needs of entrepreneurs. In order to improve the exisiting 
situation, it is important to streamline the information system concerning the availability of EU funds, to 
establish clear rules for the implementation of individual programmes addressed to small and medium 
enterprises as well as to define the criteria for granting support to entrepreneurs so that all companies 
should have equal opportunities of applying for these funds regardless of their size and financial standing. 
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Abstract 

The paper presents a portion of the survey made in the years 2010-2011 in thirty Czech companies from 
either metallurgical industry or closely cooperating branches. Specifically, the paper focuses on the 
importance of employee motivation in the area of their creative and improvement activities beyond their 
standard working duties and which contribute to company’s proinnovation environment. 

Keywords: motivation, employee creativeness, improvement, innovation 

1. INTRODUCTION 

In the nowadays dynamic economy, company’s ability to innovate is essential for its competitive advantage. 
Metallurgical companies, their suppliers and customers do not vary in this regard. For a long time 
innovation has been recognized especially as the means to turn research results into commercially 
successful products. Nevertheless, it is necessary to keep in mind that not all research activities lead to 
innovation and not all innovations must be costly research-based. It much depends on original incentives 
that lead to the innovation. The most of successful incentives logically come from customers. Based on 
their demand they later get what they order and so the company’s risk in such innovation activities and 
related R&D is minimum. But such innovations are in most cases incremental. It means that they do not 
bring to the company any extra or even long lasting effects as regards its competitiveness. If the impact is 
to be deeper the innovation must be more radical. The more radical (revolutionary) innovations tend to 
emerge from systematic R&D.  

Innovations are not the only source of company’s development. In fact, the continuous development is 
assured especially by improvements of various intensity as ongoing effort to improve products, services, or 
processes. That is the base of lean manufacturing, a management philosophy derived mostly from the 
Toyota Production System (TPS). While the innovation performs an organized (systematic) R&D 
characterized by strategic investment in innovation, be it high-risk-high-return radical innovation or low-
risk-low-return incremental innovation; the improvement is the clever, insightful, useful ideas that just 
anyone in the organization can think up. A mix of both ways is the best source of company’s 
competitiveness. A systematic R&D is just one part of a systematic innovation management. There are 
other necessities to be determined in the frame of the systematic innovation management. Any innovation 
success lays in people who stand behind it. Therefore, dynamic and innovative organisations educate their 
people and motivate them to utilize gained knowledge for the company’s portfolio development. A 
systematic innovation management should also involve clear determination of incentives collection and 
processing as well as a clear employee motivation system. Well motivated people divert from their 
assigned activities to creativeness, inventiveness and pursue an innovation (in the sense of improvement) 
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efforts. So besides the innovation incentives companies must also support any improvement incentives. 
The incentives intensity should reflect innovative potential of various branches. If innovations are highly 
firm specific, firms provide lower-powered incentives for standard tasks to encourage more innovation, yet 
in equilibrium employees undertake too few innovations.  

Companies that mostly innovate products upon their customers’ requests and needs often wrongfully think 
that a special attention to their employees‘ creativeness and innovation activities is not necessary. They 
only acknowledge R&D employees as necessary innovative and creative human source or if there is no R&D 
department in the company, employees from technological and production departments, and do not care 
much about the other employees potential.  

On the contrary, the already mentioned, highly proinnovative TPS is a people oriented system because it 
respects the fact that it is people who create and operate the system. Respect for the work team forms the 
basis of TPS. Effective utilization of a member`s time – all employee engagement and encouraging lean 
process improvement contributions from staff - are key elements. Under TPS, every action of a team 
member should add value to the production process and help increase overall productivity. Communication 
and visual management are at the core TPS. And it is not just Toyota who realizes the employee potential. 
Other successful and highly competitive companies such as 3M and Google let their employees spend 
about 15-20 percent of their working time on their own creative solutions. 

2. METHODS DATA 

Statistical data collected and processed among Czech metallurgical (or cooperating) companies in the years 
2010-2011 proved that less than 20% of all innovations related to products while more than 50% related to 
processes and organizational matters (the rest was represented by marketing innovations which are not so 
significant in the metallurgical branch). Especially the organizational innovations origin in ideas of 
employees regardless the departments they work in. It further proves that all employees should be 
motivated and involved in company innovation system.  

Although companies in metallurgical industry do not usually require highly firm specific innovations, they 
also need to encourage all employees to bring ideas for at least incremental innovations either 
organizational or process ones. 

3. EXPERIMENT PART 

Over last few decades steelmaking processes have optimised especially energy use significantly but there 
are left many opportunities for further savings [1] through innovative ideas. The survey in thirty 
manufacturing companies from metallurgical industry (and firms closely cooperating with the branch) 
mainly from the Moravian -Sileasian region was made in the years 2010-2011. Respondents were managers 
of the companies and were at the time at least partially appointed to control the area of product 
innovations and improvements and aimed to the topic of innovation management. Logically, the employee 
motivation to pursue their creativeness and related innovative ideas and activities were among the 
investigated areas. Although almost 50% of the companies answered to the question: „Does your company 
apply a systematic innovation management?“ positively, only very few of them really behaved this way. 
Even more warning is the fact that representatives of 5 companies (approx. 17%) responded that their 
companies did not need any organized innovation activities. 
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The Tab. 1 presents answers to the question whether and how motivation tools were distributed to 
employees, if they pursued an extra proinnovative effort. It is obvious from the Tab. that almost 30% of the 
companies did not provide any form of reward for their employees coming with some idea improving 
products or processes. In the time of economic recession also metallurgical companies must consider and 
check every idea that could lead to reduction of cost or product/process improvement. But it is an 
employee who makes choices between his assigned standard tasks for which the firm has a performance 
measure and provides incentives such as a regular wage and employee benefits - and individually valued 
innovation opportunities that fall outside of the performance metrics and require some form of motivation, 
ex post bargaining. If there is not such bargaining employees tend to put all their effort to their usual 
working duties only because they know how much and by what indicators they will be remunerated. 

 

 Tab. 1 Motivation of employees to creativeness (% of companies) 

Who/What sets a 
financial bonus (or 

other form of 
motivation) for 

employee 
creativiness? 

No motivation 
is determined 

Companies provide a motivation upon 

Company’s internal 
standard 

Manager‘s (mostly supported by 
a committee recommendation) 

decision 

28 36 36 

4. RECOMMENDATIONS 

Leaders must realize that innovation is sensitive and so must actively try to find and promote it. What could 
the companies (especially the 28 percent of them) do to support their employees’ creativeness? The 
following two activities form the necessary base and are applicable in all types of companies. The first one 
is usually the only form of motivation for workers and other employees in the lower wage range category 
and the second one brings an extra motivation especially for employees dealing with an intellectual form of 
work in the higher wage range. 

4.1. Setting of employee creativeness motivation system 

As the very first step, any company that wishes to involve all employees into its improvement and 
innovative strategy needs to set a comprehensive and simple remuneration system and ensure its 
permanent publicity and availability. The system should define various categories for potential incentives 
submission inclusive of achievable financial amounts or other form of remunerations. Besides, it should 
clearly identify how and to whom submit an incentive (for example via intranet, or to a special department 
or a line manager), set deadlines and responsibilities in the individual phases. 

A financial remuneration is easy to recommend but much more difficult to implement, especially in the 
time of economic recession, (responded managers of the 28 percent companies could argue). Nevertheless, 
the expost bargaining means that the extra finances get to employees only when their idea or even 
improvement bring some kind of financial or other benefit and so there arises an extra source of money in 
the company‘s budget. There are also other benefits just like for example better working conditions, a 
faster communication or delivery ways, etc. Because they turn into a cost saving somehow too, in the end. 
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4.2. Well-considered management of employee creativeness 

Economical rewards are motivating but they stop working as a motivator especially for an intellectual work 
when they reach certain level. Fortunately, there are other options besides the financial motivation how to 
engage people to be better performing, innovative and creative.  

For example author Dan Pink [2] defined them as follows below. The three areas were slightly revised to 
better fit the employee structure of metallurgical branch, because the original ones were intended rather 
for people already involved in creative positions who are not satisfied just with a financial reward. It is also 
the managerial approach that can strongly motivate employees. Managers need to: 

� Assure the necessary level of autonomy to employees: The desire to be self directed could be a 
highly motivating factor but the necessary autonomy intensity varies branch to branch and position 
to position. It should be provided to employees carefully especially in the working-class environment. 

� Enable employees to experience mastery: Their urge to get better and better at something that 
matters. Let people realize in something new and original. At the same time managers as well as 
stakeholders must accept risk and communicate that a possible failure is expected and not punish 
failures. 

� Explain and clearly promote a purpose of the specific employees involvement: People are happiest 
when working for something „larger than themselves“. It’s the sense of purpose that pulls people 
together This is something very natural for more intellectual positions but not very common for 
workers. It might help but definitely this tool should be accompanied by some other form of 
motivation.  

The three factors of autonomy, mastery and sense of purpose are interesting and lead to important 
implications for managing innovation not only in the metallurgical companies: 

� Managers need to give up a limitless control: people respond strongly if they have control of what they 
do, and have some choice in the projects on which they work. To provide this autonomy, a manager 
can’t tell people all the time what to do. Managing isn’t just directing – it’s giving people the space 
they need to execute their interesting ideas. A command and control management, using carrots and 
sticks, works well in managing routine jobs. However, when jobs require any type of creativity, this 
style of management actually inhibits performance. 

� To get good outcomes from this autonomy, employees also need mastery. Innovation is about bringing 
new ideas and realizing them through new connections. To do this well, both employees and their managers 
need deep knowledge. A continual, up-to-date and job-specific employee training and education with 
evaluated feed-back should be an irreplaceable part of companies strategy. 

5. CONCLUSION 

Modern manufacturing concepts and paradigms form the basis for current and future manufacturing. The 
main focus is set on the processes and this have an effect on operative managers [3].While management 
often comes with strategic ideas, it is the employees on the factory floors, running day to day operations, 
meeting with customers and serving customers who have the lion's share of ideas that can at least improve 
efficiency and thereby cut operational costs and at best may transform your whole business. Yet, most 
businesses including the metallurgical ones leave the innovating processes to management – and ignore 
the many potentially lucrative ideas locked up in their own employees' minds. As a result, many innovative 
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ideas are missed out. [4] Fortunately, there is a solution in the form of a systematic motivation of employee 
creativeness. The paper offers two tools for two categories of employees – a comprehensive and targeted 
motivation system as the first option motivation for workers; and non-financial rather psychological 
approach of managers who wish to motivate their subordinates. People should be allowed to work on the 
things that motivate them and more importantly they should be systematically and consistently rewarded 
for it. Only employees with a deep knowledge of company’s processes are true and valuable source of 
innovative ideas. Therefore, companies‘ managers must focus on a systematic employee training.  
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Abstract 

The article deals with the economic development in the Czech Republic, including competiveness of 
industrial companies, either on the level of the countries according to the European Innovation Scoreboard 
(EIS) or according to Global Competitiveness Report (GCI). It describes expenditures to the research and 
development according to business sector and it outlines the problems of low innovative potential of the 
Czech Republic. One of the reasons of the innovative potential is the insufficiency of funds in the innovative 
sphere. With the objective to improve this low innovative potential the Ministry of Industry and Trade 
prepared an Operational Program Enterprise and Innovation (the funds come from the structural EU funds 
and the state budget) that would help the industrial companies to solve the insufficiency of funds. The 
objective of this article is to introduce the metallurgical companies to the possibility of drawing the funds 
from OPEI in the sphere of research, development and innovations and by this increase their existing 
competiveness. The article also demonstrates particular project intentions of already realized projects. 

Keywords: industry, competiveness, operational programme, innovation, research and development 

1. INTRODUCTION 

The Czech Republic is in the period of significant 
changes that follow from the current economic 
crisis. One of the very important factors for the 
Czech economy is to find a potential source of 
economic growth from the reason of lowering 
the existing competitive advantages. There is fear 
from the arrival of another economic crisis from 
the significant factors such as indebted the 
European Union countries or the crisis of public 
finances in the USA. 

Czech industrial companies will have to react 
flexibly to changing customers´ and market 
requirements. By a contribution of new ideas, a 
unique know-how and an effort to be better and 
faster that the competition. The development of 
humans is based on innovation when each 
subject finds how to make the work easier and 
realize his or her thoughts. Only those who will 

Fig. 1 Global Competitiveness Index (GCI) 2011-2012 
Source: [4] 
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be faster and will bring always something new they will be successful for a long time, either it is an 
individual, a team a firm or a company. 

Czech metallurgical companies often solve problems related to optimization of technological and cost 
aspects of production. This is essentially the efficiency of removal of harmful elements from the blast 
furnace process [1]. 

Czech industrial companies lag behind the European Union countries as it can be seen from the analysis of 
Berman group – Economic development services, Ltd., to be more precise from the evaluation of 
innovative competiveness on the level of the countries according to the European Innovation Scoreboard 
(EIS). It covers especially qualified human resources and insufficiency of funds in the sphere of innovations 
[2]. 

According to The Global Competitiveness Report [3] about global competiveness the most competitive 
countries are Switzerland, the USA and Singapore. The Czech Republic is on the 31st place and within the 
European Union countries on the 12th place (for further specification of Czech GCI see Fig. 1). 

Key sphere for future development of the Czech economy is a research and development (R&D). These 
total expenditures were spent in the Czech Republic in the years from 2005 to 2010, see Fig. 2.  

 

 

Fig. 2 Expenditures on R&D according to the source of their financing (in billions EUR) Source [5] 

 

In 2010 total expenditures on science and research in the Czech Republic were 2.27 billion EUR. The highest 
real increase in expenditures on research and development was in 2005 (of 20.6% of 2000) and the biggest 
decrease was in 2008 when the expenditures decreased by 2.1% in fixed prices from 2000. The highest 
funds spent on research and development (R&D) according to business sector were in manufacturing 
industry. 

Czech economy efficiency grows especially with production increase, while innovative activities are limited. 
According to the European list called Innovation Union Scoreboard the Czech Republic is put into the group 
of middle innovators in European Union. 

Ministry of Industry and Trade in cooperation with CzechInvest tries to solve the low innovative potential of 
the Czech Republic by providing various forms of financial supports from the EU structural funds. MPO 
presents Operational Program Enterprise and Innovation (OPEI) within the support of industrial companies 
for the period from 2007 to 2013 that includes 7 priority axes and 15 various businessmen support 
programmes from different companies including metallurgy sphere. 
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2. INCREASE OF COMPETIVENESS IN INDUSTRY AND TRADE 

The objective of the Operational programme called Business and innovation is the increase of 
competiveness in the sector of industry and services, innovations support, stimulation of a demand after 
research and development results, support of business mind and growth of economy based on knowledge 
by the help of capacities for implementation of new technologies and innovative products, including new 
information and communication technologies. [6] 

Operational programme called Business and innovation draws funds from the European Regional 
Development Fund (ERDF) during 2007 – 2013. OPEI is implemented by 15 support programmes (see Tab. 
1), some of which are relevant for support of industrial research and development activities for the Czech 
Republic except the capital Prague. 3.04 billion EUR was earmarked for the Operational Program Enterprise 
and Innovation, i.e. approximately 11.4% of all funds determined from the EU funds for the Czech Republic. 
[7] 

 

 Tab. 1 Operational Program Enterprise and Innovation, source: [8] 

Priority axis Sphere of support 

1. Formation of companies 
1.1 Support to starting businessmen  

1.2 Use of new financial tools  

2. Development of companies 

2.1 MSP Banking support tools  

2.2 Support of new production technologies, ICT and 
selected strategic services  

3. Efficient energy 3.1 Energy savings and renewable energy resources  

4. Innovation 
4.1 Increase of innovate efficiency of companies  

4.2 Capacity for industrial research and development  

5. Environment for business and innovations  

5.1 Cooperation platforms  

5.2 Infrastructure for human resources development  

5.3 Infrastructure for business  

6. Services for business development  
6.1 Support of advisory services  

6.2 Support of marketing services  

7. Technical help  

7.1 Technical help while managing the OPPI 
implementation  

7.2 Other technical help 

2.1. Formation of companies  

15.7 billion EUR, i.e. 0.4% OPEI was earmarked for this priority axis. The reason of this axis is to enable 
small businessmen to start a business plan, by purchasing new technologies, long-term property, land, 
reserves, machines and equipment, reconstruction of buildings, etc. 

2.2. Development of companies  

918.7 billion EUR, i.e. 25.7% OPEI was earmarked for the priority axis 2. This sphere of support enables the 
businessmen to purchase modern technologies, information and communication technologies when there 
is a limited possibility to provide bank loan, reconstruction, purchase and construction of buildings, etc. 
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Special technology, Ltd. 

The company received 60% of support to Enlargement of a machine equipment set in order to increase 
production efficiency of the company Special technology, Ltd. – Moravian-Silesian region. 

Total expenditures: 86 540,- EUR 

2.3. Efficient energy  

418.2 billion EUR, i.e. 11.7% OPEI was earmarked for the priority axis 3. This support sphere supports 
constructions and reconstructions of equipment to a generation and distribution of electricity and thermal 
energy made from renewable resources, modernization, reconstruction and decrease of losses in electricity 
and heat distribution. 

FEIFER – metal production, Ltd.  

It received 40% of support to Lower energetic demandingness of FEIFER – metal production, Ltd. – 
Pardubice region. Total expenditures: 557 690,- EUR 

2.4. Innovation  

922.0 billion EUR, i.e. 25.8% OPEI was earmarked for the priority axis 4. Type supported project in this 
support sphere is the foundation or development of a growth centre focused on research, development 
and innovation of products and technologies, etc. 

Tesla Blatná, Inc. 

It received 36% of support to Research-development laboratory for sensors and integrated sensor nets. – 
South Bohemia region. Total expenditures: 1 000 000,- EUR 

2.5. Environment for business and innovations  

1 080.9 billion EUR, i.e. 30.2 % OPEI was earmarked for the priority axis 5. Priority axis is focused on the 
support of the creation of quality infrastructure for education and development of human resources, 
technological platforms, development of infrastructure subjects for industrial research, technological 
development and innovation, foundation and development of business incubators and business innovative 
centers (BIC, PIC, etc.). 

Moravian-Silesian automobile cluster, trading company  

It received 60% of support to the Development of innovative potential of Moravian-Silesian automobile 
cluster – Moravian-Silesian region. Total expenditures: 854 190,- EUR 

2.6. Services for business development  

116.9 billion EUR, i.e. 3.3 % OPPI was earmarked for the priority axis 6. Priority axis is focused on the 
development of advisory infrastructure based on local knowledge of business needs, individual MSP 
projects and MSP coalition projects supporting MSP entrance to foreign markets, etc. 

TL-ULTRALIGHT Ltd.  

It received 50% of support to Increase of TL-ULTRALIGHT, Ltd. management efficiency – Hradec Králové 
region. Total expenditures: 18 460,- EUR 
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2.7. Technical help 

105.4 billion EUR, i.e. 2.9 % OPEI was earmarked for the priority axis 7. This sphere of support includes 
expenditures related to the projects preparation and selection, projects monitoring, studies and analyses 
processing, programme publicity, support of potential recipients´ ability to draw funds from the 
programme, etc. [9] 

3. SUPPORTED BRANCHES 

Support programmes are focused on 53 branches according to NACE 2 classification. The highest 
concentration of projects is in the branches called “Information technologies activities”, “Electricity 
generation and distribution”, Production of metal constructions”, “Production of machines and 
equipments”, “Production of rubber and plastic products”, etc., see Tab. 2 

 

 Tab. 2 Number of projects according to NACE 2 branch and according to selected OPEI programmes [7] 
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Architectonical and engineering activities  1  12 7  4 3  9 37 

Activities in IT sphere  104  21 22  14 1  12 177 

Specialized site work 15   2 3  1   12 33 

Print and copying of recorded carriers 2  28 6 4 4 3  24 2 73 

Wholesale, except motor vehicles 7   3 39  12  3  64 

Generation and distribution of electricity, 
gas, heat 

119   4   3   4 130 

Production of electricity equipment 12  24 40 50 9 4 16 16 10 183 

Production of chemical substances 7  15 23 26 5 5 14 14 5 115 

Production of metal construction and 
metal-working products, except machines 
and equipment 

27  110 58 74 52 17 17 134 21 512 

Production of furniture 8  14 1 13 8   16 2 63 

Production of other means of transport 3  1 10 4 3 2 4  2 30 

Production of other non metal products 7  15 22 15 3 1 11 19 6 100 

Production of computers, electronic and 
optical devices and equipment 

5  27 22 25 6 7 21 10 4 127 

Production of rubber and plastic products 10  35 43 22 21 12 10 38 6 199 

Production of machines and equipment  20  78 86 65 30 5 43 36 27 395 

Construction of buildings 10  2  7  16   11 46 

Research and development 1 2  21 3 5 1   2 47 

Wood processing … except furniture 7  16 13 14 12 3 1 20 4 91 

Total sum of all supported NACE 346 127 443 475 508 190 135 170 392 177 3008 
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Innovation is based especially on the mutual cooperation with other subjects in the market. According to 
the customers´ or companies´ requirements from the same branch, new products are modified and put in 
the market. From this reason Business and innovation of approaching cooperation or partnership is one of 
the conditions of Operational programme. In some programmes the partnership is not obligatory, 
nevertheless according to the programme character it is a desirable feature. Partnership is mostly 
contracted with public, private universities, but also between business subjects. Agency for support of 
business and investments called ChzechInvest supports companies by the fact that it searches for and 
contacts institutions that would take part in the innovation process. 

4. CONCLUSION 

Metallurgical companies try to innovate but innovations based on already existing knowledge predominate, 
furthermore the companies build their competitive advantage by lowering the expenditures, they take over 
foreign know-how, they rely on their own internal resources and they cooperate with universities 
minimally [10]. 

Such innovation will not bring a long-term competitive advantage and create space to economy increase. 
Efficient innovations consist in intensive cooperation with end customers, in the knowledge of market 
development predication, in the efficiency of available information usage, so called absolute innovations 
that bring the long-term competitive advantage. The objective is to make use of spheres where there is a 
developmental and innovative potential that can be used in new products and technologies. Operational 
Program Enterprise and Innovation that offers industrial companies the funds can serve to the first step. 
These funds are insufficient in the sphere of innovations, including the rules and conditions that can be the 
basis to efficient innovation, either in efficient cooperation with companies or universities in a form of 
obligatory partnership. Industrial research and development is not supported only by the Ministry of 
Industry and Trade, but also by Technological agency of the Czech Republic that supports the use of public 
resources into research, development and innovations with the objective to achieve strategic economic and 
society goals [11]. According to the National innovative strategy of the Czech Republic it is necessary to 
connect new knowledge acquired by applied research and development leading to technological solution of 
particular needs and problems, already in the course of innovative process, and by this to reach enlarged 
total degree of knowledge. To reach new knowledge from the markets by interaction with customers, 
suppliers, competitors but also knowledge about intra company environment operation, they enable to 
identify new opportunities and to find efficient ways of their use for building competitive advantages and 
positions of the company in the market. [12] Research and innovation belong among the most important 
priorities of the European Union programme. The offer of funds from the European Union will enable the 
workers in research and development and innovations to connect their effort while searching for solution 
of the most severe contemporary problems, such as economic growth and employment. 
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Abstract  

Innovativeness plays an essential role in the development of the Polish Metal & Machine sector. As the 
research shows, most enterprises (in this sector) are small and medium enterprises (SME). In 2010 there 
were above 8 500 enterprises in the SME sector whose activity was concentrated on Metal & Machinery 
production. The development of this SME sector is impossible without their investment in technology and 
the progress of innovation. This is a challenge for all enterprises in this sector. Polish entrepreneurs have to 
invest substantial financial capital to catch up with European competitors in the same fields. The essential 
question is: how do they estimate their own investments in the innovative development and has it helped 
them to achieve sustainable progress? 

The article presents the authors’ own research which included conclusions concerning the innovation 
process in the Metal & Machine SME sector and its influence on the development of this sector. There are 
estimated such elements as: reasons for innovation implementations in the machine SME sector, 
advantages for enterprises (competitiveness and turnover), plans and their development in the future, etc. 
The research took place in 2010/2011. The direct interview was the main source of information. Approx. 
360 enterprises (involved in the production activity) located in 6 regions in Poland were engaged in this 
research. The conclusion of this research is as follows: the innovativeness (technological) progress in the 
Metal & Machine SME sector is necessary to build the enterprise potential in the market but not all 
entrepreneurs are able to indicate the direct advantages which have been the consequence of innovation 
modernisation of their own firms. 

Keywords: innovation progress, SME, metal & machine sector 

1. INTRODUCTION 

The sector of small and medium enterprises (SME) plays an enormous role in the Polish and European 
economy. In Poland, SMEs constitute 99.8% of all operating business entities (there are approx. 0.2% of 
large entities), generate 46.9% of GDP and employ approx. 61% of workforce [13]. The level of their 
innovativeness, however, is still low, although the latest EU reports indicate that in 2009 Poland progressed 
from group 4 (catching up countries) to group 3 of moderate innovators with a higher innovation level 
based on Summary Innovation Index (SII) [3]. This index is particularly important since it takes into account 
7 areas significant from the perspective of the creation of innovation capacity of enterprises. These 
encompass: human resources availability, opportunities for funding (state aid), investments in the 
development of innovation, the relationship between enterprises and the environment (the propensity to 

cooperate with other entities), implemented patents and commercial models, the number of innovative 
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entities in total population and effects of innovative changes for the whole economy (changes in 
employment) and for the sector of enterprises that function within its framework [11].  

There are numerous definitions and approaches to innovation in the subject literature. According to OECD, 
this term means “the implementation of a new or significantly improved product (good or service) or 
process, a new marketing method or a new organisational method in business practices, workplace 
organisation and external relations” [8]. The European Commission, in turn, sees innovation in rather 
general terms as “the successful production, assimilation and exploitation of novelty in the economic and 
social spheres” [4]. The first of the above-quoted definitions is the example of the so called narrow 
approach to innovation which states that not every novelty can be treated as innovation. The narrow 
approach stresses the importance of technological solutions that influence production processes and 
production growth and to a large extent it omits social changes [15]. The “technological” approach to 
innovation is presented by many foreign academics, such as C. Freeman and I. Soete who define innovation 
as ”all efforts to commercialise new technologies” [4]. In this case, commercialisation means ”marketisation” or 
the use of these technologies for innovative needs of enterprises connected with the introduction of, for 
example, new products or services to the market. M. Dodgson, D. Gann and A. Salter add that it is not 
enough to enter the market but it is also necessary to achieve success (resulting from the introduced 
novelties). According to these authors, innovation encompasses scientific, technological, organisational, 
financial and business solutions that enable the introduction of new (or improved) products or services [3]. 
E. Jędrych is one of the Polish authors that look at innovation from the perspective of its market 
significance (i.e. measurable effects in the form of competitive advantage, which is the key issue for the SME 
sector). She claims that enterprises (economic organisations) use innovations for their own benefit in order 
to ensure their own market continuity [7]. To sum up, for the purpose of this article, innovation is defined 
according to the narrow approach, i.e. it encompasses technological changes that lead to the introduction 
of new products and services to the market. These changes may result in the improvement of their 
competitiveness not only in respect to the domestic market but also to the European and global market. 

The aim of this article is the verification of the hypothesis that innovativeness plays an important role in the 
development of SMEs in Poland in the Metal and Machine sector. It was carried out based on the authors’ 
own research in which entrepreneurs themselves assessed the direct (or indirect) effects of the 
implemented innovations.  

2. SMALL AND MEDIUM ENTERPRISES IN THE METAL AND MACHINE SECTOR IN POLAND 

In the last decade the Metal and Machine sector (without the steel industry) in Poland developed quite 
dynamically [10] despite considerable turbulences (in this sector) that mostly resulted from the situation in 
the global markets and the escalating crisis in the recent years. Despite the fact that metal as well as 
machine-building industry is based in the most part on large entities (they generate approx. 40% of profits 
in the metal industry and approx. 60% of the income of the machinery sector) [9] i.e. entities that employ 
more than 250 people, there are numerous small and medium enterprises operating in the whole sector (in 
Poland). According to the latest data published by the Central Statistical Office of Poland, there was a 
significant increase (of 84 enterprises) in the number of entities operating in the metal group and the decrease 
of 36 enterprises in machinery and equipment manufacturing between the year 2010 and 2011 [14]. The 
largest group in this sector is made up of micro entities. In relative terms, they constitute approx. 74% of 
enterprises in the metal industry and approx. 80% in the machinery industry. These proportions in the 
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group of small enterprises are respectively 16% and 13%. The penultimate group is made up of medium 
enterprises, their share in the total number of enterprises in the metal industry is 6% and 5% in the 
machinery industry. Large entities form the least numerous group as only 3% operate in the metal industry 
and 1% in the machinery industry. It should be noted that there exists a vast disparity when these shares 
are compared with the rate for the whole SME sector in Poland as there are approx. 96% of micro 
enterprises (74-80% in the case of the studied sector), approx. 3.2% (13-16%) of small enterprises, 0.8% (5-
6%) of medium enterprises and approx. 0.8 % of large enterprises (in this case 1-3%) (Fig. 1 and 2). In 

general, it should be concluded that the Metal and Machine sector in Poland displays the tendency to have a 
larger proportion of entities that employ more than 10 people in the total number of registered enterprises 
(compared to the data for the whole SME sector for Poland), which results to a large extent from the 
specificities of this sector. 
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In geographical terms, the largest number of metal enterprises operate in the following voivodeships: 
Masovian (17.9%), Silesian (15.8%) and Greater Poland (10.5%). The regions of Central and Northern 
Poland: Łódź (6.6%), Kuyavian-Pomeranian (6%), Pomeranian (7.4%) take the average position in the 
ranking while the lowest ranked are the regions of Eastern and Northern Poland: Warmian-Masurian 
(2.2%), Podlaskie (1.6%), Lublin (2.4%) and Subcarpathian (3%). An interesting study was conducted in 2010 
which indicated that the least optimistic about the improvement of the situation in their own sector (metal 
and machine) were the entrepreneurs in Łódź Voivodeship and the most optimistic were the entrepreneurs 
from the regions of Eastern Poland (mostly Poadlaskie Voivodeship). In the sectoral breakdown, 
construction companies viewed the future in the most positive light, while service companies viewed the 
future in the most negative light [9]. 

3. ROLE OF INNOVATIVENESS IN THE METAL AND MACHINE SME SECTOR IN THE LIGHT OF THE 
AUTHORS’ OWN RESEARCH  

The research was conducted in the years 2009 – 2011 with the use of survey method in the form of a direct 

interview. It encompassed several cycles and various groups of enterprises according to the Polish Classifica- 
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Fig. 1. Number of enterprises in the M&M sector 

Source: Authors’ compilation based on: Structural 
Changes of Groups of Entities of the National 

Economy Included in the Regon Register, the first 
half of 2011. Central Statistical Office of Poland, 

Warsaw 2011 (ISSN 2082-8748) 

Fig. 2. Number of enterprises in the M&M sector 

Source: Authors’ compilation based on: 
Structural Changes …, op.cit. 
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tion of Activities into six economic sectors (production, services, commerce, transport and construction). 

Random and purposive sampling was used as the selected SME entities were verified in terms of meeting 
the established criteria. Over 700 entities throughout Poland were studied. The study aimed to assess the 
innovative development and to establish determinants (internal and external) that influence the innovative 
development of SMEs in Poland. The conducted research allowed to identify approx. 400 of innovative 
manufacturing enterprises of which approx. 270 operating in the metal and machine sector (involved in 

manufacturing of metal products). Among the sample, 87 were micro enterprises (32%), 89 small enterprises 
(32%) and 98 medium enterprises (36%). The study was conducted in 6 voivodeships (regions), diversified in 

terms of their innovation potential and industrial development. Among the studied regions, the high 
(moderate) potential of the M&M industry was found in the following voivodeships: Łódź, Pomeranian, 
Masovian, Silesian and Greater Poland. The small potential was found in Warmian-Masurian Voivodeship 
(see above). The assessment of the role of innovation in the development of SMEs in Poland was a staged 
process. The first analysed element was the issue of advantages resulting from the new solutions 
implemented in the enterprise. Most of the enterprises from the studied SME sector positively assessed the 
effects of the changes (Fig. 3) [2]. 

 

The data presented above indicate that approx. 85% of the SMEs that operate in the M&M sector see clear 
advantages that result from the introduced innovations. Almost 15% of them do not see such benefits. The 
most often mentioned innovation effects in the studied sector are as follow: higher quality products 
(particularly important from the perspective of medium enterprises – above 70%), improved competitiveness 

Fig. 6. Rate of competitiveness increase 

Fig. 3. Assessment of innovation advantages 

Source: Authors’ own research 

Fig. 4. Types of innovation advantages 

Source: Authors’ own research 
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(indicated mostly by small and medium enterprises – above 50%) and increased profits (above 60% of the 
respondents) (Fig. 4.). The sequence (order) of these effects is logical. Most of the indications have the 
market (marketing) character, which in consequence results in increased profits. The smallest number of 
advantages is identified with a larger number of customers (just above 10% of the respondents). Drawing 

conclusions from these data, it should be said that the results are to some extent characteristic of the Polish 
market. Customers are very cautious about buying novelties since they do not fully realise their usefulness 
and are not sure if they really need these innovative solutions hence the increase in the number of “new” 
customers is relatively small. “Old” customers are more interested in purchasing novelties. Additionally, 
what should be noted is the economic standing of the M&M sector, which suffered recession in the last 
decade, the fact that was not conducive to enlarging the group of new customers. The responses concerning the 
effects on the increase of turnover and the improvement of competitiveness in the domestic and 
international markets are particularly interesting (Fig. 5 and Fig. 6).  
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The increased turnover that resulted from the implemented innovations occurred to the greatest extent in 
the intervals: 6-10% and 11-20% and affected particularly small (approx.18%) and medium enterprises 
(approx. 16-18%). Small enterprises have a slightly smaller share in these intervals (approx. 8-13%). Their 
shares in the two remaining intervals (21-30% and >30%) are relatively the largest (5-8%), which indicates 
that these two groups of enterprises (small and medium) in the M&M sector develop more dynamically as 
a result of the implemented innovations and that approx. 5 -8% of the smallest entities can make use of the 
innovation advantage to increase their market share (due to their flexibility). In general, it should be 
concluded that innovativeness affects the increase in turnover to a moderate degree, which can be the 
result of a slight increase in the number of customers and the global recession. As it was stressed above, 
another effect of innovation is the improved market competitiveness and approx. 50-60% of the M&M 
enterprises indicated that innovation impacts on the improvement of their competitiveness. The question 
concerning the level of interaction between these two factors should be answered though. In the opinion 
of the entrepreneurs from the studied sector, this correlation is strong (approx. 31% of the respondents) 
(or even very strong – approx. 13% of the respondents) since the largest number of responses concerned ” 
high” or ” very high” rate of competitiveness increase that resulted from the implemented innovations. 
Only 3-5% of the enterprises indicated that the role of innovation in the process of creating 
competitiveness was ”small” or “insignificant” (Fig. 6).Small entities are the largest group for which 
novelties constituted an important factor in the fight for customers (approx. 50% of the respondents 
altogether).  

Fig. 7. Intentions concerning the innovative 
development 

Fig. 8. Impact of innovation on competitiveness in 
the next 3 years 
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The part of the study which concerns the nearest future (3 years) points to an important role of innovation 
for the studied sector. The vast majority of enterprises intend to make the effort associated with their 
innovative development (above 90% of respondents). It is the consequence of a deep conviction (resulting, 
among others, from the current experience) about the increasing role of innovation in creating their own 
production potential and company resources (Fig. 7 and 8). 

Such a high number of responses concerning the role of innovation in the next 3 years result also from the 
change of attitude and the increase in the awareness of Polish entrepreneurs as to the role of innovation in 
the future (medium entities assess this role in the most positive way – approx. 99%). Until recently the 
whole SME sector (including the M&M industry) had a low opinion on the role of innovation, quoting price 
as the most important factor in the process of improving competitiveness. Innovations were usually 
mentioned at the 4 – 5th position [13]. It results from the specificity of the Polish market that consists in 
customers searching for cheaper products, which usually means products that require low innovation 
capacity. The lack of demand on the part of customers was not stimulating for producers. The data 
presented above indicate a shift in the attitude of producers, despite the unfavourable exogenous conditions 
(economic recession), which can be the result of the strategic (long-term) approach. One can only hope 
that this development trend can be sustained.  

4. CONCLUSION 

The research presented above allowed to positively verify the hypothesis that was put forward and stated 
that innovativeness has a great impact on the development of SMEs in the metal and machine sector. Due 
to the text limitations, many of the conclusions resulting from the research conducted in this sector could 
not be included in the article. However, the presented data leads to the following reflections. Firstly, 
enterprises see clear advantages from the implemented innovations. Secondly, they point to the 
(significantly) improved competitiveness and the (moderately) increased turnover. Thirdly, recipients of 
innovative products are more often ”old” customers than ”new” ones, which results from their high market 
caution. Fourthly, the attitude of producers toward the role of innovation in raising their competitiveness is 
changing. Most of the studied entities declare further innovative development through the implementation 
of new technological solutions in the next 3 years. As it was indicated earlier, one should hope that 
exogenous factors would not limit too much their resolutions concerning the creation of the innovation capacity, 
which is also very important for the studied M&M sector. 
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Abstract  

At present the only way that will lead the company to success in the global market within the framework of 
free competition is to be or become an innovative company in the whole process of development, 
production, sales, implementation and use of products. This basic assumption of success of the industrial 
enterprise is based on specifications of business markets and places, strong demand for differentiated 
approach to individual firms/customers. Findings that are used in this paper are mainly obtained by 
secondary research methods, analysis of actual data from relevant sources and insights of individual 
personal interviews with representatives of metallurgical companies. In terms of the used methodology the 
most appropriate proved to be the method of cluster analysis for selected indicators which helps to identify 
the interdependencies. When summarizing the outcomes of the individual analysed areas the method of 
synthesis was used. 

Keywords: metallurgy firms, strategic management, metallurgy sector 

1. INTRODUCTION 

Europe is a global leader in the fields of metallurgical and in particular steel industry. This sector with a 
turnover of about 200 billion euro directly employs approximately 400 000 highly qualified individuals, 
produces 200 million tons of steel per annum in more than 500 manufacturing locations in 23 EU Member 
States, which handles both direct and indirect employment and source of income for millions of European 
citizens. However, this sector is currently facing unprecedented challenges not only in Europe, but also at 
global markets. Several world´s economic indicators and market prognosis indicate the need to make a 
number of changes in the field of metallurgical industry in the near future. The business success in this 
competitive environment is mostly given by the measure of efficiency and flexibility. Tight economic 
situation (low profitability, reluctance of banks to lend to industry, growth of energy prices), which 
occurred as a result of the global crisis, forced the metallurgical enterprises to change their perspective of 
strategic management and use new opportunities in marketing, management and business integration.  

2. ANALYSIS OF SELECTED INDICATORS OF METALLURGY SECTOR 

Latest economic forecasts indicate that the Eurozone debt crisis is increasingly eroding the real economy. 
Risk aversion in the financial sector led to further decline in credit offer. This factor consequently acts to 
reduce economic growth and employment. Investment and private consumption will be suppressed until 
the return of financial market confidence. But the outlook for most steel producers is relatively favourable. 
Only last year the apparent steel consumption increased by 7, 2% within the EU. The Eurofer´s [1] economic 
and steel market outlook in the first quarter of 2012 shows, that although the EU economy in the last 
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quarter of 2011 probably fell into a mild recession, the activities of steel producers 
remained relatively strong. Eurofer also predicts market strengthening for the year 2013. In the longer 
term, however, the differences within the EU27 are apparent; see Figures 1 and 2 – these figures were 
done by the use of graph clustering method. Within this method the variables are gradually combined into 
increasingly larger clusters so that every step connects two objects which are the most alike. So there were 
always independent variables at the beginning and the outcome was a cluster formed by all the variables. 
The process of clustering is graphically demonstrated by so-called hierarchical tree or the dendrogram.  

There are a number of negative factors identified in the world economy within field of metallurgy sector 
such as: 

� increasing cost of capital and the presence of potential risk of credit constraints; 

� worldwide reduction in leverage for states, banks, industry and families; 

� instability of the euro, its weakening against the U.S. dollar; 

� slowing economies of the BRIC countries; 

� risk of stagflation; 

� sudden slowdown of real demand; 

� and fierce competition caused by the overlapping roles of steel plants, service centres and 
wholesalers. 

 

  
Fig. 1 Crude Steel Production 2004-2008 (EU)  Fig. 2 Crude Steel Production 2009-2011 (EU) 
 

From the given dendograms comparing the steel production in each country before and after the crises it is 
obvious that Germany strengthened its position within the EU countries whilst Belgium, Poland and Great 
Britain´s position weakened and according to those analysis so did Italians´. In this scenario, global 
economic growth outlook revised down. China´s economic expansion is slowing, as the authorities acceded 
to adapt the production in the country to the new reality – the global financial situation. The latest 
economic outlook for Western Europe indicates zero or minimum growth. Uncertainty thus created can be 
seen in the hesitation among commodity investors. [1] 

What are the prognoses for metallurgical industry in individual territories of the world? The economic 
growth of Brazil is not progressing as expected, but may seize the new opportunities. Russia's accession to 
the WTO may improve the situation. India will continue to try to go forward in its role as an emerging 
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power. China's demand will continue to grow, although at a lower rate than it has until now. The 
investments of large international manufacturers of steel equipment in the construction of technical 
equipment, sales and service centres in China and India show, that those countries are trustworthy and 
indicates where the new business is going to take place. In the long term view the need to release the 
latent potential of many African countries will arise. China and India will continue to be the key drivers only 
with a different rate than in the last decade. Middle East and Africa should not be underrated. The crises in 
Greece or “The Arab spring” could not be predicted. Orders for steel producers decreased due to the fear 
factor: the concern that banks will be forced to limit loans and the demand in China may therefore fall as 
well. The future therefore depends on governments, central bankers and state administrations. Steel 
suppliers must offer their services globally and organise themselves according to segments; e.g. car parts, 
building industry, power industry, etc. Manufacture of intermediate products was placed in countries like 
Brazil, China and Russia. As an example may serve the new joint venture - ThyssenKrupp steel mill in Santa 
Cruz, Brazil, which produces slabs exclusively for export, 3 million tonnes a year to the steel mill TKS in 
Mobile, Alabama and 2 million tonnes a year to Duisburg, Germany via Rotterdam. [3]  

New production capacity will continue to be built especially in low-costs countries and high market demand 
countries. The following dendograms of cluster analysis see picture 3 and 4 were made based on the 
relevant data of steel production in different parts of the world for every month of the year 2011. If China is 
added into these calculations the result is fatal while the level of Chinese production is comparable with the 
rest of the world together. In the next graph (where the production of China in Asia is excluded) the 
segments according to the production share on the whole global production are evident. By looking at 
dendrograms presented, and with knowledge of the following context it can be predicted that it would be 
suitable for long-term strategic planning to focus on segments that were not necessarily the best in the 
past year, but have a great growth potential in the future: 

� Africa (recovery after last year's Arab Spring, considerable number of raw-material sources ) 

� Middle East (seeking alternatives to oil, considerable number of raw-material sources) 

� South America (sector is saturated by the amount of investment, also an important source of raw-
materials) 

  
Fig. 3 Crude Steel Production 2011 (World)  Fig. 4 C.S. Production´11 (World without China) 

World steel production will continue its inexorable rise in 2012 despite the downbeat economic prospects. 
Stabilizing element of global economic development will remain to be Asian markets, primarily China and 
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also some parts of South America. The year 2012 will be in particular characterized by the efforts to 
stabilize public finances in the USA and also the economies in developed European countries. It is expected 
that emerging economies will continue to grow significantly faster than those of the developed countries. 
[3]  

The global population should reach 9 billion people in the year 2050. In the context of international 
relations will demographic development have significant impact not only in terms of availability of global 
resources such as water, energy or metals, but also in terms of change within supply of goods and on 
capital markets. Today's emerging markets are going through similar path as the established economies 
have come in the past 150 years. However, the development is much faster due to technological progress. 
[1] 

3. NEW RISK FACTORS ON THE INTERNATIONAL MARKET 

There are new threats in the form of new risk factors emerging on the global markets in relation to dynamic 
development of metallurgy industry, problematic economic situation, long-term financial instability and 
other negative factors that were identified in the introduction of this article. These factors are mostly 
caused by the inappropriate interferences of governments into the market economy. The most improper 
actions are in particular protectionism, subsidies and the effort to provide environmentally friendly 
production. In the last decades the markets became more open, the business barriers were removed, but 
the distortions of competition caused by non-transparent subsidy and protectionism in various fields 
unfortunately persist. There are a few on-going issues such as different environmental standards, direct 
financial support, tax exemptions, loan support, free infrastructure and land, subsidized energy and least 
but not last allocated tenders in advance. [1] 

Among the most important examples of subsidies belongs the support of Chinese government in 
metallurgical sector as well as its tendency to keep the artificial exchange rate of the currency. These 
factors reduce the competitiveness of other producers, and ultimately cause the loss of thousands of jobs 
and billions of dollars of investment in production and technology. Another factor that may significantly 
affect the economic characteristics of metallurgical companies is the European legislation highly regarding 
the environmentally friendly production. Cooperation or partnership with the consumers may be a possible 
tool to minimize these impacts by means of implementation of technological innovations, which should be 
leading to positive economic and environmental effects. Boundary conditions valid for European steel 
producers are worsening due to two most important factors: carbon tax related to the reduction of CO2 
since the year 2013 and the new Renewable energy law. Those factors make the situation even more 
dramatic. The resulting additional costs lead to distortions of competition in comparison with direct 
competitors in other countries. European commitment to environmental protection is well meant, but it 
has to be based on a uniform set of global rules that do not diminish competition at the expense of the 
environment. [3] 

4. DIFFERENCES OF BUSINESS MARKET 

To define the application of modern management trends in a very specific sector as the metallurgical 
industry certainly is the focus must be aimed at the analysis of current development changes of market 
environment as well as the recent trends in the dynamic environment of business markets. The greatest 
difference is the fact that the receivers of this service are not the end consumers but another business 
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subjects. The market consists of not large, but integrated customers with high volume demand; there is a 
geographical concentration of customers with very close supplier-customer relationships, demand is 
inelastic and dependent on consumer demand, purchases are professional, rational and bulk. [4] 

Purchase process happening on business markets is very complicated since there is a great influence of 
several groups of associates such as the purchase initiators, product users, final decision-making influencing 
factors, purchasers themselves and above all the decision-makers who are actually the most important in 
this whole process (without them the transactions cannot be made). Therefore it is very essential for any 
company participating in business market to be perfectly aware of their customer needs and then be able 
to create and develop a long-term mutually beneficial relationship with them. [5] 

To select suitable strategy the companies need sophisticated communication system with both real and 
potential customer. As a result of the global crisis volumes of production decreased significantly (by more 
than 25%) and this also applies to companies operating in the metallurgical sector in the Czech Republic. In 
the year 2008 the sales reached their maximum but even then the discrepancy between sales, price and 
sold products was noticeable. The Tab. shows an example of correlations for the variables used in the 
conversion on the basic index (100 = year 2005), which were measured against the exports. There is a 
strong linear dependence between price and sales but in the case of sold products the correlation wasn´t 
found. So it can be stated that the global crisis had an influence not only on the downturn in production but 
also on dramatic fall of prices and sales. [5] 

Correlation: Statistics=Pearson Correlation 

export sales x export products    0,339 

export sales x export prices 0,975** 

**. Correlation is significant at the 0.01 level (2-tailed). 

5. SELECTED DEVELOPMENT TRENDS IN THE FIELD OF METALLURGIC COMPANIES’ MANAGEMENT  

In the previous chapter the key differences of business markets were established. There are new trends in 
the metallurgical industry that are directly related to those differences. The business success in this 
competitive environment depends very much on efficiency and flexibility. The tense economic situation 
forces metallurgical companies to change the perspective of the strategic management and use new 
opportunities for marketing, management, business integration, networking and offshoring. 

5.1. Marketing trends 

The key aspect on all markets is nowadays the customer satisfaction, which is more and more demanding. 
This fact brings the need to use the application of those marketing tools which will change and adapt 
according to the target customer, group and market. 

The fundamental characteristic of the contemporary era of the world´s economic development is dynamic 
globalization. There are other new factors affecting the success of firms operating in business markets, such 
as: 

� Monitoring and consequential use of comparative advantages, 

� Use of interactivity of economical subjects supported by modern technologies, 

� Absolute necessity to focus on customer value, 
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� Monitoring and use of new integration trends in networking, strategic alliances etc. 

The only company that can succeed within the competition in the global market is the one that can 
understand the needs of its customer in the whole process of development, production, sales, 
implementation and use of products. This basic assumption of success of the industrial enterprise is based 
on specifications of business markets and places, strong demand for differentiated approach to individual 
firms/customers through market segmentation and rigorous principles of relational marketing. [5] 

5.2. Selected trends in management 

Specific nature of leadership tasks and responsibilities emphasise the need of structured tool for leadership 
competence management. Specifically tailored leaders will represent advantage for organizations. [8]  

Within the new trends in company management we have recently come across a new term: compliance. 
Growth of legal regulation, its high complexity and specialization, as well as requirements for expertise and 
narrow professional knowledge, along with the efforts to prevent breaches of generally binding legal 
regulations to ensure consumer protection, market transparency and equal competition, led to the creation 
of compliance function as an integral element of control system of various companies from many different 
fields. This is an effort to find ways to transparent compliance with the law in practice and extension of 
ethics in society and especially in the corporate sector. The fundamental function of compliance is securing 
and control of activities, and compliance especially of the corporate subject with generally obligatory legal 
regulations. Within this established legal framework the compliance officer search for optimal solution for 
each business plan and minimize the following risks: regulatory (sanctions), reputation (reputation damage) 
or other nature. Compliance is a new function and its importance and economic benefits not only for the 
business, grow in proportion to the increasing legislative requirements and complexity of legal regulations 
in various fields. This function represents extensive economic contribution to business in the field of 
prevention, searching for new approaches and everyday decision-making. The compliance officer position is 
therefore highly vocational and very much appreciated. Preventive management of compliance is the 
assurance in the case of liability risk of the employees. In the long-term view it leads to the business value 
optimization. Apart from that the compliance management prevents the damage of strategic advantages in 
the economic competition. [3] 

5.3. Consolidation and networking opportunities 

The corporate sector is making all the efforts to maximize the productivity and minimize the costs. It seems 
that the consolidation is inevitable. The Japanese Nippon Metal Industry recently announced that its 
division will fuse with the same division of Nisshin Steel. There is also a rumour about conspicuous alliances 
of the European producers or joint ventures of European and Asian enterprises. One of the other ways to 
achieve greater competitiveness in the global business market is the networking or setting up alliances and 
acquisitions. These modern forms of integration are the most important issue of today. So far it appeared 
that the basic function of these types of cooperation is strategic joint ventures of small and middle 
companies in the context of threats elimination impending form larger enterprises. Results of EQS 
modelling suggested that shared vision and resource sharing among network members significantly 
benefited members' businesses, and that these benefits were associated with generalized perception of the 
advantages of network membership and also positively affected members' future participation plans, thus 
furthering the likelihood of network continuance. [6] 

The networking is becoming quite strong in the metallurgy industry in order to use the synergic effects, 
competitive advantages in the partner network, your partner´s market knowledge, etc. Industrial firm 
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boundaries are dynamic, changing with every new alliance or acquisition. As boundaries evolve, managers 
must develop organizational structures that effectively leverage knowledge. [7] 

At present the industry that use networking in the most profitable way is the automotive industry, 
however, the metallurgy is another field where these efforts can be effectively used. The largest 
independent wholesalers/service groups such as the German Kloeckner & Co. are growing into huge 
acquisition and create large international multi-metal distribution and service networks. Large steel traders, 
such as Stemcor have also made strategic acquisitions of wholesalers and service centres this year. [3] 

5.4. Offshoring 

The use of offshoring is another tool of modern business. It has been very much used to lower the 
operating costs of the industrial enterprises resulting from placing part of the business on a different 
continent. The reason for transferring some activities abroad is mostly the cheaper labour, but it can be 
also foreseen as the effort to get closer to the customers. In the field of industrial production it is possible 
to offshore almost every activity abroad.  

6. CONCLUSION  

Within the world´s economy the metallurgy industry plays an important role: as the major industry it is 
placed at the beginning of the industrial value chain in many key sectors and thus creates a decisive 
contribution to international competitiveness. Steel companies with more than 3, 5 million employees 
generate an annual turnover of 900 billion euros. The future starts with steel. Whether in the automotive 
sector, engineering, energy industry or the electronics the new steel and manufacturing technologies are 
the basic presumptions of innovative capacity and success. This paper presents the results of resources 
evaluation of the modern management trends application in the field of metallurgy, including the 
identification of specific areas of metallurgical companies in the context of a differentiated approach to the 
role of the customer as a potential positive competitiveness factor.  
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Abstract  

This article presents the resilience concept in supply chain management, as a response to current 
development in the business environment. Resilient supply chain has abilities that allow it to eliminate risk 
situations leading to its disruption. The main attention is devoted to the proposed methodology to be used 
to determine the degree of resilience in supply chains that could be practically usable as one of the 
strategic risk management tools. The application of the methodology is analyzed in terms of the specifics of 
the metallurgical industry. 

Keywords: Supply chain, resilience, risk, metallurgy 

1. INTRODUCTION 

The market environment has never been entirely stable, peaceful and safe; there have always been 
problems, risks and changes that could have adverse effects on the entrepreneurial activities. However, the 
extent and frequency of these events has grown rapidly in the last decade to form a complex, constantly 
changing and turbulent environment. At the same time, today's society, facing extreme global competition, 
was not so long ago or still is affected by the global economic crisis, is now focusing on minimizing the 
costs. The most common example is the introduction of business philosophies based on leanness, which 
tries to eliminate all parts of the system not adding value – the sources of waste. 

The above described trends are now largely contradictory, which is why there is an effort to develop new 
concepts. According to these concepts, business units should have cost-effective management, but, at the 
same time, they should be able to take advantage of the opportunities and to eliminate the incoming 
threats and possible risks. For strategic purposes, a business unit of today is not an independent company, 
but the entire supply chain, which consists of subcontractors, suppliers, manufacturing companies, 
distributors and customers. Such a supply chain should behave and act as a compact unit and it should try 
to avoid competition within the individual companies inside the chain, but they should achieve high 
competitiveness outwards, thanks to the synergy effects brought by the application of win-win strategy. 

A concept that could help the supply chains to successfully manage the current situation and which is 
addressed by this article is called "Resilient Supply Chain" (RSC). The article firstly reviews the literature 
sources on the theoretical foundations of the RSC concept (including part dealing with risks). The following 
part meets the objective of this article, which is to design a methodology to be used to assess the degree of 
resilience in a supply chain. The last section then describes the specific features of metallurgical supply 
chains and it also presents recommendations for the utilization of the methodology in metallurgical 
environment. 
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2. SUPPLY CHAIN RESILIENCE 

Most supply chains today face a number of possible disruptions. Those are caused by risks affecting the 
given supply chain. It is important to define and classify the risks in order to work with them effectively. 

2.1. Definition and classification of risks 

The definition of risk in general terms has two basic interpretations: i) risk refers to the variance in 
outcomes. [1], ii) risk refers to the possibility of loss. [2] The basic difference is therefore whether a risk is 
understood as a situation that has unknown or negative impact (in our case, on the supply chain). In this 
paper, risk will be understood according to the definition ii) as a possible situation, which has negative 
impact. There are numerous approaches used for classification of risks in the supply chain. The basic ones 
include Christopher’s division of risks depending on the place where the risk arises [3]: 

� Internal to the firm (process, control), 

� External to the firm but internal to the supply chain network (demand, supply),  

� External to the network (environmental).  

On the other hand, Ritchie and Marshall recommend classification of risks into five basic categories [4]: 

� Environmental, 

� Industry, 

� Organizational, 

� Problem-specific, 

� Decision-maker.  

Despite the fact that this division has not originally been designed for supply chains as a whole, it can be 
used for classification of risks in a supply chain (see Rao and Goldsby [5]).  

2.2. Factors increasing risks 

The increasing frequency and degree of risks affecting supply chains in recent years are especially caused by 
the following factors [6, 7]: 

� Globalization – it allows transferring production capacities to developing countries, achieving cost 
savings, entering new markets. However, global chains are exposed to greater risk due to their 
complexity and size, further extending logistic flows, and important role is also played by cultural 
differences. 

� Outsourcing – the original benefits of outsourcing are cost reductions and allowing the company to 
concentrate on its key business activities. However, these benefits are balanced by increased risk in 
terms of loss of control and further breakdown of the supply chain into a more complex system that 
is more difficult to control. 

� Lean processes – the reason behind lean approach is, again, the costs that are spent inefficiently and 
thus they are "wasted." A typical example includes excessive inventory or multiplication of suppliers 
in the supply chain. However, if these "buffers" are not available, it is much more likely to be affected 
by a risk situation. 

� Centralization – enables the cost savings achieved by economy of scale, mainly thanks to better 
possibilities for distribution of fixed costs. The degree of centralization however goes hand in hand 
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with decreasing flexibility of the chain and the result is, again, increasing risk. With maximum 
centralization, the failure of the entire system can be caused by a single disruption. 

� IT-dependence – logistic flows in today’s supply chains are very closely linked to IT systems. The 
failure or instability of IT systems may disrupt the continuity of these flows. 

� Complex product and service – the complexity and diversity of today's products are constantly 
increasing. This increase goes hand in hand with increasing complexity of a supply chain behind the 
given product. The level of complexity then increases the vulnerability of the supply chain to 
disruptions. 

� Deficit of information – good information management is one of the basic prerequisites of supply 
chain management. Insufficient sharing of information and knowledge among the individual 
companies exposes the chain to higher risks, which, in some cases, it will not be even able to 
recognize. 

� Specialized factories – special, irreplaceable components of the supply chain have the same impact 
on the supply chain as centralization – they reduce flexibility, thus increasing the risk. 

� Volatility of demand – increasing instability of demand leads to its more difficult predictability thus 
increasing the risk of inequality with supply chain capacities. 

� Technological innovations – progress and research are the engines of business. Without innovations, 
companies and the whole supply chains would quickly become unable to compete. Innovations also 
increase the risk, because it represents novelty and change. 

When exposing a supply chain to these factors, which is often voluntary and purposeful (especially in an 
effort to reduce costs), there are situations when the chain becomes vulnerable. Based on this reasoning, 
the task of the RSC concept can be characterized as elimination the vulnerability of the supply chain in such 
conditions. 

2.3. Definition of Resilient Supply Chain 

The concept of RSC results from the definition of resilience in the area of science of ecosystems, where 
resilience is defined as ”the ability of a system to return to its original state or move to a new, more 
desirable state after being disturbed.“ Christopher and Peck emphasize the two pillars of resilience, 
flexibility and adaptability of the system. [8] According to Fiksel´s economic definition, resilience is “the 
capacity for an enterprise to survive, adapt, and grow in the face of turbulent change.” [9] Sheffi and Rice 
define resilience as “the ability to bounce back from a disruption“ [10]. In order to achieve resilience, they 
suggest the way based on redundancy or increasing flexibility.  

2.4. Capability of Resilient Supply Chain 

Creating redundancy or increasing flexibility represent two basic general approaches to achieving the RSC. 
A more detailed analysis of the methods used for achieving resilience, whose base is used in this article, is 
described by Pettit and Fiksel [11]. To achieve a well functioning RSC, it is necessary to build an adequate 
set of capabilities which is balanced with the supply chain vulnerability. Based on that, there may be three 
basic scenarios: i) If the factors causing risks and disruptions prevail, the chain will be vulnerable. ii) If the 
capabilities prevail, the chain will be cost effective. iii) In case of balance, the supply chain will have the 
right degree of resilience.  
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Based on given reflection, the authors recommend RSC concept shown on Fig. 1, where individual links 
among the above mentioned terms are described. 

 
Fig. 1. The concept proposition of resilience in supply chain 

 

Then the basic capabilities of a supply chain are (based on [11]): 

� Adaptability 

� Agility [1] 

� Anticipation [12] 

� Capacity 

� Collaboration 

� Dispersion 

� Efficiency 

� Financial Strength 

� Flexibility in Order Fulfilment 

� Flexibility in Sourcing  

� Organization 

� Market Position 

� Quick Response [13] 

� Recovery 

� Security 

� Visibility 

3. METHODOLOGY USED TO DETERMINE THE DEGREE OF RESILIENCE IN SUPPLY CHAIN 

The methodology used to determine the degree of resilience is based on Fig. 1 and consists of 4 basic steps. 

� Determination of the examined factors increasing the risk (FIRs) and of the resilient capabilities (RCs) 
of the given chain. 

� Analysis of the impacts of the individual FIRs and RCs on the supply chain. 

� Analysis of the relations between FIRs and RCs (incidental analysis). 

� Evaluation of the analyses and recommendations for optimization of the degree of resilience of the 
supply chain. 
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3.1. Determination of FIRs and RCs of the supply chain 

Each supply chain has its own specific features and is located in different business conditions, it is unique. 
This fact implies that the selected set of factors increasing risks and resilient capabilities must be adapted 
to a specific case. It is not practical to include all the above described FIRs and RCs in the subsequent 
analysis. The reason is disproportional increase in complexity, counterbalanced only by small effects that 
are of little significance from the strategic point of view. The final FIRs and RCs selection should be 
performed by risk managers of all companies in the SC, together with experts in the field. Expert methods 
(e.g. the Delphi method) could be recommended as good selection tools. For reasons of effective and 
realistic FIRs and RCs assessment, it is necessary to perform detailed split of each chosen parameter into a 
multi-stage system, which will include all the sub-indicators affecting chosen parameters.  

3.2. Analysis of FIR and RC impacts on the supply chain  

The effect of the individual FIRs and RCs on the supply chain is defined as the product of influence and 
appearance. The individual parameters can be calculated using relations (1) in case of FIR or (2) in case of 
RC. 

FIRofappearanceFIRofinfluenceFIRofeffectnegative 	�      (1) 

RCofappearanceRCofinfluenceRCofeffectpositive 	�      (2) 

The influence of the parameters on SC and the appearance in SC are determined on the basis of semi-
quantitative scales in which the individual parameters can reach the value from 1 to 5 (if necessary, it is 
possible to use decimal numbers), while the relevant value is increasing with increasing influence or 
appearance. The proposed scales are illustrated in Tab. 1.  

 

 Tab. 1. Proposed semi-quantitative scales 

Number of points Degree of influence on Degree of appearance in 

1 Negligible It almost does not appear 

2 Little significant Appears only marginally 

3 Significant It appears in small part or 

4 Very significant It appears in large part or 

5 Absolutely fundamental It appears in the entire SC 

3.3. Incidental analysis between FIRs and RCs 

The incidental analysis is intended to clarify what RCs (and to what extent) can affect the individual FIRs. 
The recommended method for this analysis is the incidental matrix, where the degree of interconnection of 
the individual indicators in the given field is evaluated using a value from the selected point scale (an 
example of incidental matrix is shown in Tab. 2). It is again suitable to use the semi-quantitative method 
when designing the point scale, but the scale will now have the range from 0 to 5. If the given field is 
assigned the value of 0, it means that the negative effect extent of the given FIR on SC can not be 
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influenced by changing the relevant RC. For other values, you can use assignments from the first two 
columns in Tab. 1. 

 

 Tab. 2. Incidental matrix between FIRs and RCs set 

FIR  RC 1 2 … n 

A 0 – 5  0 – 5 … 0 – 5 

B 0 – 5  0 – 5 … 0 – 5 

⁞ … … … … 

x 0 – 5 0 – 5 … 0 – 5 

3.4. Evaluation of the analyses and recommendations for the supply chain 

Based on a analysis of impacts it is possible to rank FIRs and RCs according to the effects on supply chain. 
Firstly it is important to focus on FIRs which gained the highest values. These FIRs have the biggest negative 
consequences on the supply chain and where at the same time also often appear. As a result the FIRs 
menace the smooth proces of the supply chain most crucially. It is possible to reduce the negative effects 
by developing of RCs. It is necessary to focus on RCs with the mean values of positive effect. Of these 
particular RCs only suitable ones for further development are those which influence on FIRs is big. 
Simultaneously it is purposeful to maintain the RCs with highest values so that they continually contribute 
the reach of the desired level of resilience.  

However each RCs don’t influence all of the FIRs similarly, it is even possible not to influence them at all. A 
possible situation is that only some RCs are furtherly developed that have a certain big positive impact on 
FIRs with a little negative effects but a minimal impact on those major ones. Thereby the usage of 
incidental analysis that identifies each bond between FIRs and RCs is needed. 

4. THE BASES OF APPLICATION OF THE PROPOSED METHODOLOY IN METALLURGY 

Metallurgical supply chains are specific, especially thanks to the nature of the production systems that are 
contained in them. In comparison with the assembly types of productions, they are based on highly 
material and energy demanding physical and chemical processes taking place in technically and 
technologically complicated apparatus devices. [15] The character of the products is different as well, since 
they are not composed of components, but they represent treated material of certain shape, size, and 
structure, with physical, chemical and other properties that make their use value. 

Their number is quite large, considering the apparent simplicity of metallurgical products. The 
combinations of grades, shapes, sizes, heat treatment and surface treatment create tens of thousands of 
rolled product items, which are the main output of the metallurgical supply chain. [15,16] In terms of 
material flows, metallurgical supply chains can be characterized as type "V" (large numbers of finished 
products are produced from small number of input raw materials). In the assembly types of supply chains, 
it is vice versa (type A). The distribution and customer network in metallurgy is complex and it changes over 
time [17]. The customers of smelting companies can be divided into three basic categories: i) direct 
customers, ii) distribution and service centres, iii) wholesalers of steel. The smelting companies use 
different cooperation strategy for each of the above mentioned groups. 
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On the other hand, there are often only limited possibilities in the variability of the input raw material flows 
on the input side of metallurgical supply chain. Most supply chains are trying to build long-term supplier-
customer relationships [16]. The main reason for reluctance to change the supplier and the purchased 
product is not only the cost side, but also the fact that the processing of different raw material or material 
may cause problems threatening the technological process of production and the technical quality of the 
products. 

The quality of the relationship and cooperation in metallurgical supply chain is still at a low level, in relation 
to other areas, and most logistics and planning systems are applied only at company level. Global supply 
chains characterized by capital participation of the owner in all stages of the supply chain are exceptions. 

Although the individual metallurgical supply chains are specific, it is possible to determine key the FIRs and 
RCs common to most of them, for the purposes of evaluation of their resistance. 

4.1. Factors increasing the risks of potential disruption of metallurgical SC 

The following FIRs are essential for metallurgical supply chains: 

� Globalization – in metallurgy, the tendency of globalization is significant. Large companies take 
control over the number of manufacturing plants, primarily through acquisitions and mergers, which 
enables them to enter new market territories. The increasing complexity of supply chains and the 
instability of the business environment in certain countries (e.g. Asian countries) lead to increase of 
internal and external logistics risks. 

� Specialized factories – metallurgical supply chains contain a large number of specialized production 
technologies, the replacement of which is very problematic. From this point of view, the structure of 
metallurgical supply chains is rigid, which increases especially the external logistic risks. 

� Volatility of demand – unstable demand is typical for most industrial branches today, and metallurgy 
is no exception. This situation is currently intensified by the global economic crisis that has hit the 
metallurgy industry particularly hard. 

� Technological innovations – risks arising from the area of technological innovations pose a threat in 
metallurgy. The reasons are two contradictory facts: i) The pressure on development and innovation 
is high, there is continuous development of new products (materials) and technology [18]. ii) 
Investments in technology acquisitions are large, hence the need for their long-term operation in 
order to calculate the fixed costs in an effective way. Both of these points should be harmonized into 
a functioning innovation plan, so that companies and the supply chains are cost-effective, while not 
letting the strong competition, present in the global metallurgical market, slip away. At the same 
time, it is necessary in metallurgy to invest into eco-innovations, which bring only low financial 
return, but they are required due to the protection of environment [19]. 

4.2. Capabilities of metallurgical supply chain 

With regard to the specifics of metallurgical industry, building RCs in this sector is generally difficult. 
Current restrictions and strategies supporting, at least partially, the creation of RCs in metallurgical supply 
chains can be summarized into three areas: 

� Area of suppliers – the difficulties are mainly caused by the number and geographical location of the 
ore and coal mines, technological dependence on key raw materials, price volatility in the market of 
input raw materials, and the need to maintain high technological inventory level. Large, global supply 
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chains have adopted a strategy of vertical integration in procurement, which, thanks to increasing 
tightness of ties between manufacturers and suppliers, allows increasing especially the following RCs: 
Flexibility in Sourcing, Collaboration and Visibility. 

� Area of producers – mass and serial production of specialized high-volume manufacturing facilities 
represents a major constraint in this area. These types of productions are characterized by the 
necessity of grouping orders into large production batches that allow maximization of capacity 
utilization of the capital-intensive production facilities, which contradicts the ideas of resilience. The 
solution is usually the replacement of specialized equipment by universal, smaller units that support 
the building of the following RCs: Adaptability, Efficiency, Flexibility in Sourcing, and Flexibility in 
Order Fulfilment. At the same time, there is a trend of horizontal integration, which has, apart from 
negative influence on risks (see section 3.1), also some positive effects. The main effects include 
increasing the following RCs: Market Position, Financial Strength, Dispersion, and Capacity. 

� Area of distribution – compared to other sectors, metallurgy is characterized by a lower level of 
logistics services provided. The relatively long terms of delivery having a negative impact on the 
reliability of supply can serve as an example. Increasing customer requirements are therefore solved 
especially by establishing service centres taking over both non-technological and certain 
technological operations of the manufacturers. This concept allows metallurgical companies to 
produce relatively universal range of products in large batches and subsequent finalization of 
products and deliveries according to customer requirements through the service centres. It can 
improve the following RCs: Flexibility in Order Fulfilment, Market Position, Efficiency, Collaboration, 
and Agility. 

5. CONCLUSION AND FURTHER RESEARCH 

Supply chains are exposed to stronger and stronger pressures, both from the outside and inside, which is 
why more and more attention must be paid to their management. This management area is still young and 
there are no stable and conventional methods which would certainly lead to achieving optimal 
management. New concepts are being developed all the time (lean, agile, resilient, green) and they are also 
connected in different combinations in order to find the desired optimum situation. 

This paper presents our view on the concept of resilience and its application potential in the field of 
metallurgy. The idea of resilience in the supply chains has been largely developed as a response to 
incapability of lean supply chains to react effectively to risky conditions of the 21st century. Although the 
lean trend was not and is not widespread on a mass scale in metallurgy, the individual companies from this 
area are still exposed to a large number of risk situations that require adequate response. RSC is one of the 
options. However, for real application in the management strategy, it is necessary to have specific tools and 
methodologies that are not fully developed at the moment. 

This article describes one of the possible methods to achieve the first step towards application of the RSC, 
which is to analyze the current situation. Application of this methodology will provide information about 
how resilient the supply chain is, and in which areas the current management practices need to improve in 
order to be able to effectively respond to eventual disruptions in the supply chain. 

The future research must improve the efficiency of the proposed methodology. It is, for example, possible 
to improve the process of disintegration of the individual parameters into suitable sets (possibility to use 
the AHP method designed by Saaty in [20]), or to increase the level of representation of exact data used in 
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the analyses. For example it is possible to use production data and information based on on-line data 
acquisition from production process [21, 22]. It is also possible use the simulation tools for comparison of 
FIRs and RCs [23, 24]. Two main tasks have to be solved in the future from the viewpoint of metallurgy. The 
first one is the implementation of the presented methodology in concrete metallurgical supply chain and 
acquiring knowledge that will help to improve it. The second task is to continue in the research of other 
methods and tools in order to help with the practical application of the RSC. 
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Abstract 

In the changing market, managers have to use modern methods, techniques and ideas of management. In 
the paper the authors present problems connected to Supply Chain Management, which allow many 
companies to improve their market position. Without competent and efficient management of material 
flow, the manufacturing process cannot produce goods at the desired price and quality and in due time. 
Therefore it is important to understand the role of company management, logistics management and its 
impact on the balance of costs and revenues of the company. The authors pay special attention to the need 
for efficient communication, both within the organization and with co-operating companies. This aim can 
be realized thanks to modern information technology and supported by process map building .  

The aim of the paper will be to present relationships and dependencies between processes realized in the 
company as the map of processes. A process map is a graphical representation of the relationship between 
processes and tasks occurring in the process. Mapping is understood as identifying the processes in all 
areas of management and recording their progress as diagrams (schemes). 

This article is a part of research, which is considered to the problem of supply chain management 
implementation and the functionality of logistics management in a small and medium-sized enterprise in 
metallurgy. 

Keywords: logistics, map of processes, metal industry 

1. INTRODUCTION 

Current thinking about supply chain is focused on logistics flows from raw materials to finished goods, and 
therefore those processes which primarily lead to interest in creating and developing supply chain. Logistics 
systems activities require the assurance of adequate economical and environmental efficiency levels on the 
demands of sustainable development [1]. 

The global market, technology improvement and sustainability development has involved new models of 
supply chain. A new trend in logistics is observed [2]. The implementation of the concept of sustainable 
development into business practice and the need to meet the challenges of the twenty-first century, at the 
root of which lies the widespread awareness of the profound global ecological crisis, are now causing 
particular attention to be given to issues related to environmental quality and cost-effective exploitation of 
resources [3]. The assumptions of sustainable development clearly indicate that the search for new 
solutions to technical, technological and logistical resources, and rationalization of the economy, energy 
and waste should be a priority for all business sectors and services [4]. Dynamic changes in business 
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environment requires a well-organized supply chain, and this requires proper organization of logistics 
processes within the enterprise. The company, realizing its operations, is forced to a continuous, very good 
cooperation with the environment. It takes place both at the levels prior to the core businesses (suppliers), 
as well as appearing after its completion (clients), and its main goal is a broad exchange of information and 
resources. Control of these processes requires adequate information and specific processing. Its proper 
functioning, uninterrupted flow of products, inventories, data collection and processing of information, all 
of which requires proper organization of the logistics process. In the field of logistics, we can observe a 
number of changes to companies involved in global supply chains. They are as follows: 

� Shortening of product life cycle, 

� Extending the range of production, 

� Decrease in production costs compared to material and distribution costs, 

� Development of information technology, 

� Globalization of trade and production, 

� Deregulation of the transport sector, 

� Launch of a European infrastructure, 

� Ecological revolution. 

All these changes are forcing companies to improve the way they organize their business in global markets. 
Companies are interested in re-evaluation of their strategy, rationalization of their production operations 
and development of activities in order to expand into European markets. An important element supporting 
these actions is to create a process map. 

2. THE MAP OF PROCESSES 
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Fig. 1. Map of the processes [source: own work on company materials] 
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A process map is a graphical representation of the relationship between processes and tasks occurring in 
the process. In showing the connection, the relationship between the processes is associated with the so-
called processes mapping. Mapping is understood as identifying the processes in all areas of management 
and recording their progress as diagrams (schemes). A graphic image of the mapping for the company 
studied is presented in the Fig. 1. 

3. CHARACTERISTICS OF METAL INDUSTRY IN POLAND 

In spite of the economical crisis and 
market slowdown (between 2007 and 
2011), Polish producers managed to 
cope with the challenges caused by 
market volatility. This was possible 
because of: high internal demand 
driven by steel intensive and other 
construction investments implemen-

ted at a good pace. 

2011 saw the metal industry in 
Poland growing very rapidly. 
Manufacture of metal products in 2011 was higher by 18.5% than in 2010 (structural metal products as high 
as 24.8%) while metal shipments increased by 12.0%. The manufacture of machinery and equipment in 
Poland reported a decline for the third consecutive year. In 2011 it was lower by 3.6% as compared to the 
previous year. The sector’s negative bottom-line was impacted by lower sales of general-purpose machines. 
Other subsectors recorded an increase in revenue compared to last year’s [8].The situation is presented in 
Fig. 2. 

The SWIP (Steel Weighted Industrial 
Production) index, linking levels of 
manufacturing activity in the steel-
consuming sectors with domestic 
consumption, rose by 14.8% in 2011 
compared to 2010, and was the highest 
since 2007 (see Fig. 3). Economic 
growth and high investment 

expenditure in infrastructure projects 
resulted in greater activities in the 
construction and construction related 

industries. The first phase of industrial projects created opportunities for the development of many fields 
associated with the production of investments and consumer goods. The second phase will require new 
materials and new services. New needs for metal processing, specialty products and designs may 
significantly contribute to increased demand for steel products. 
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Fig. 2. Manufacture of machinery and metal products from 2007 
to 2011 (y-o-y) [in %] [9] 
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Fig. 3. SWIP index and GDP growth from 2007 to 2011 (y-o-y) 
[in %] [8] 
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4. ORGANIZATION OF MATERIAL FLOW IN THE COMPANY 

Problems connected with the movement of material in the company determine the procedures set out 
after the implementation of ISO standards ISO 9001. These procedures systematise the way of working, 
workflow, accountability task force of employees in individual organizational units and the relationship 
between departments. They are permanent and cannot be modified. Instructions for the quality 
management department are designed for direct or indirect contact with the product. These sections (cells) 
are associated in the same way as the material flow path within the company. Each of them is, however, a 
separate system of responsibility in the field of quality management. 

The map in Fig. 4 shows the most effective phases and stages of material handling issues. 
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Fig. 4. Map of material flow in the enterprise. Own work based on materials from the company 

 

A material flow map, is nothing but the algorithm of the proceedings, arranged in accordance with the 
departments responsible for the product, graphically presenting on the tasks carried out in individual 
organizational units and in addition, the identified inputs and outputs of the subsystem, which each 
department separately provides. By presenting objectives from the inside (which looks similar to the flow 
of material in the company) it was possible to establish more functional tasks performed on the path of 
material. 
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It seems obvious that the written procedures illustrate only the direction and rules of procedure of each 
department. This, in fact, organized labour in various sectors can not deviate too much from the principles 
of ISO 9001, but it must be kept in mind that people who work in offices can make mistakes, and they will 
seek to use the facilities and abstain from unnecessary (in their opinion) bureaucracy. 

The company applies the principles of reduction, reuse and recycling in many ways, in order to improve the 
sustainability of the industry [5]. Logistics covers the planning, coordination and control both in the aspect 
of time and space, the course of actual processes in the realization of which organization is a participant, 
for the purpose of efficient and effective goal achievement by an organization [6, 7]. 

Construction of the supply chain requires choosing the right partners - links in the chain. It is important (to 
ensure the continuing effectiveness and guarantees of success) to define the conditions for internal 
collaboration. Attention should also be given to defining a new leadership strategy and determining the 
strategy for the partners involved. Integration of such cooperation is reduced to ensure sustainability and 
identify cooperation partners, internal networks cooperation and leadership. 

The supply chain includes all activities and processes to supply a product or service to the final customer. 
Often, the supply chain includes more than one company in a series of supplier–customer relationships. 
Supply chains usually include six functional components:  

Demand planning. A planning process to predict the demand of products and services based on forecasts. 
Accurately forecasting customer demand improves customer service while decreasing costs by reducing 
demand uncertainty. 

Requirements planning. A Process of this planning responds to the demands of customers. Planning of 
demand defines the need to renew supplement of supplies in knots of net of distribution. 

Transportation planning. A planning process to optimally schedule, load, and deliver shipments to 
customers while considering constraints, such as delivery date, mode of transportation, carrier, etc. 

Manufacturing planning and scheduling. A planning process that optimally schedules manufacturing orders 
with production capacity. This is performed by combining Material Requirements Planning (MRP) and 
Capacity Requirements Planning (CRP) to create optimised and constrained production plans. 

Procurement planning. Within this process is drawing up contracts for materials, and the selection of raw 
materials to maintain stocks. 

Supply planning. A planning process that meets customer demand based on available inventory and 
transportation resources. This includes Distribution Requirements Planning (DRP), which determines the 
need to replenish inventory at branch warehouses. 

The supply chain includes all activities and processes to supply a product or service to the final customer. 
Often, the supply chain includes more than one company in a series of supplier–customer relationships. 

5. SUMMARY 

In the changing market, managers have to use modern methods, techniques and ideas of management. In 
the paper, the authors presented problems connected to Supply Chain Management, which allow many 
companies to improve their market position. The authors pay special attention to the need for efficient 
communication, both inside of organization and with co-operating companies. This aim can be realized 
thanks to modern information technology. This article presents an assumption of supply chain coordination 
and integration. The authors explained a concept of Supply Chain Management and Supply Chain Planning. 
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Without competent and efficient management of material flow, the manufacturing process can not 
produce products of the desired price and quality and in due time. Therefore it is important to understand 
the role of mapping of logistics processes and its impact on the balance of costs and revenues of the 
company. Logistics includes, in an industrial enterprise, the requirements of planning capacity, time and 
space, and control of the planned flow of materials for optimal cost. Features of purchase, technical and 
sales are planned and controlled as a whole. 

It is important to implement in Poland such a form of modern management; however, it will depend on 
many factors. Manufacturers need to know a lot more today to have a truly effective supply chain. There 
are a number of fundamental weaknesses in the traditional logistics system. Manufacturers need to 
develop flexible supply chain processes that can adapt to the needs of various customer segments. They 
must also develop supply chain strategy, processes and supporting systems that conform to current and 
future requirements. 
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Abstract 

In this paper choice of methods of investment projects financing is described. Methods are derived and 
compared including conditions for their application. Specifics of the metallurgy industry investment project 
methods is stressed and discussed. Problem is presented at two examples. The first one concentrates on 
the selection of financing by NOPV equity method, the latter one on the selection of financing by present 
value of outflows method and break-even leasing method. 

Keywords: Equity, bank loan, company value, investment project valuation, net present value, break-even 
leasing method 

1. INTRODUCTION 

Selection of the way of the investment project financing is one of the crucial and frequent problems of the 
financial decision-making. For metallurgical industry is adequate financing of investment projects a crucial 
problem because of money volume and period of investment operation. Among the basic ways of financing 
are: equity, bank loan and leasing. It is typical, that from the output point of view the financing variants are 
identical; the only difference is in the case of inputs. The objective of the paper is the description, 
derivation, and comparison of the methods for selection of investment project financing [1], [2], [3], [5], 
[6], [7], [9], [10], [11].  

2. GENERALISED DESCRIPTION OF THE CHOICE OF METHODS OF INVESTMENT PROJECTS FINANCING  

Generalised method for problem solution is the net present value criterion. It is possible to prove, that 
under certain circumstances and for selected ways of financing, simplified method of present value of 
outflows or break-even leasing method can be applied. These methods can be applied in the situations, 
when not all the data are available or if some data appear repeatedly in given alternatives.  

Net present value of a project can be generally described by this way,  

� � � � � �ii
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t
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where  

tFCF  are free cash flows,  

iR is cost of capital,  

ia  are cash flows for all the periods, 

/ 0ni FCFFCFFCFa ..., 21� .  
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Selection of the most profitable project can be formulated by this way 

� � � �� �ii
i

n
i

opt R;aPVmaxargNPVNPV;NPVmaxargi �� �21
 .      (2) 

Above stated calculation is based on the inflows maximization (inflows are positive, outflows are negative). 
The same can be written on the basis of cash outflows (outflows are positive, inflows are negative). Then, 
the selection of the most profitable project can be reformulated by this way 

� � � �� �ii
i

n
i

opt RaPVNPVNPVNPVi ;minarg;minarg 21 ������ �
.        (3) 

If the cash flows are divided into two components, i.e. amount plus constant, cba ii 
� , 

then � � � �� �iii
i

opt RcPVRbPVi ;;minarg �
�� . Component � �iRcPV ;�  is the same for all the projects, only if 

the cost of capital iR is the same for all the projects.  

It holds subsequently that � �� �ii
i

opt RbPVi ;minarg �� . This method is called present value of cash outflows.  

It means, that by applying both approaches, the same project will be selected, because net present value 
method and present value of cash outflows method will provide the same project: 

� �� � � �� �ii
i

ii
i

opt RaPVRbPVi ;maxarg;minarg ���  

From above follows an important conclusion. Generalised present value of cash outflows method can be 
used in the case of the projects with the same outputs and cost of capital, i.e. projects are financed with 
the identical capital structure [5], [10], [12], [13], [14], [15], [16]. 

2.1. Choice of financing alternative on the basis of NPV – Equity criterion 

Valuation on the basis of NPV-Equity criterion is based on free cash flows to equity FCFE , which are 
discounted by cost of equity, ER . If three financing alternatives are assumed – equity, bank loan and 

leasing, then the cash flows are defined as follows: 

� � � � INVNWCDEPtDEPNvFCFE boul
equity ���
�	��� 1Re , (4) 

� � � � SINVNWCDEPterestDEPNvFCFE boul
loan 
���
�	���� 1intRe     (5) 

� � � � NWCLSOLSRtLSRNvFCFE boul
glea ���
�	��� 1Resin

.         (6) 

Here, equityFCFE , loanFCFE , leasigFCFE  are the cash flows according to the alternative of project financing. 
Next, vRe are revenues, boulN  are costs without depreciations, interests and leasing payments, DEP is 

depreciation, NWCΔ is the change in net working capital, INV  is investment outlay, S  is the bank loan 

change i.e. the difference between new bank loans and bank loan amortization payments, SC SSS �� , 
LSR  is leasing rental payment, CRL is the leasing accruing, thus the difference between leasing rental 
payment LSR  (cost item) and real leasing cash outflows LSO (cash outflow item), LSOLSRCRL �� . 

Cost of capital can be determinate according to MM II model by this way, � � � � � �EDtRRRR DUUE 	�	�
� 1 . 

For equity financing, the cost of equity and cost of unleveraged company is identical, EU RR � . Generally, it 

is not easy to determine the leverage, because it is never 100% and it is necessary to take into account 
financing of net working capital components, which are financed by equity. 

As the best one it is considered to be the variant with the highest net present value, i.e. 
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� � � � � �/ 0.,;,;,maxarg sin.sin
3

.
2

.
1

glea
E

glealoan
E

loanequity
E

equity

i
opt RFCFENPVRFCFENPVRFCFENPVi �     (7) 

2.2. Choice of financing alternative on the basis of present value of outflows in accordance with NPV-
Equity criterion  

As stated above, present value of outflows method can be used when financing a project with the same 
outputs, the same risk and financing structure resulting in the same cost of capital. This condition is 
satisfied when financing by bank loan or by leasing. The condition is not satisfied in the case of equity 
financing, because cost of capital is different. If the conditions are satisfied, it is possible to obtain the same 
decision (selection of the best variant) both by applying NPV and present value of cash outflows. To get the 
generalised rule, the basis is NPV-Equity criterion, which is subsequently rearranged and final decision-
making rule is obtained, which will lead to the same variant of project financing [1], [4], [5], [8], [11], [12], 
[16], [17].  

The derivation results from cash flows for bank loan and leasing financing, i.e. 

� � � � SC
boul

loan SSINVNWCDEPterestDEPNvFCFE �
���
�	���� 1intRe , (8) 
� � � � NWCLSOLSRtLSRNvFCFE boul

glea ���
�	��� 1Resin
.  

If we assume the two components � � � � NWCtNv boul ��	� ,1Re  as the same, after transformation inflows for 

outflows (by multiplying minus one), the transformed outflows for each alternative of financing are as 
follows: 

� � � � � � � � SINVDEPterestDEPNWCtNvFCFEEXP boul
loanloan �
��	

��
�	�
�� 1int1Re.

� � � � � � � � LSOLSRtLSRNWCtNvFCFEEXP boul
gleaglea 
��	
��
�	�
�� 11Resinsin . 

After some arrangement, the final cash outflows are as follows: 

� � SCloan SSINVteresttDEPEXP 
�
�	
	�� 1int.
,         (9) 

LSOtLSREXP glea 
	��sin
.             (10) 

Because debt can be considered as a present value of the future obligation payments, then it is possible to 
take leasing financing as the same and with the same risk as bank loan financing. The cost of capital is the 

same in the both cases, i.e. RRR debt
E

glea
E ��sin . 

As the best on is considered the alternative, where the lowest present value of cash outflows is achieved, 

� � � �/ 0.,;,minarg sinsin
2

.
1

glea
E

glealoan
E

loan

i
opt REXPPVREXPPVi �         (11) 

2.3. Choice of financing alternative on the basis of break-even leasing method  

One of the most frequent financial decision-making is the selection between leasing and bank loan. 
Because the debt can be generally considered as a present value of the future obligation payments, then it 
is possible to consider leasing financing with the same risk as in the bank loan.  

Cost of capital is the same in both cases, i.e. RRR loan
E

glea
E ��sin . 

As it has been proved, on the basis of NPV equity is the rule for selection as follows, 

� � � �/ 0.,;,maxarg .
2

sinsin
1

loan
E

loanglea
E

glea

i
opt RFCFENPVRFCFENPVi �        (12) 

Next, if the method of present value of cash outflows is applied, then with the previous results holds 
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� � � �/ 0.,;,minarg 2
sinsin

1
loan
E

loanglea
E

glea

i
opt REXPPVREXPPVi �

        (13) 

The third possibility is the break-even leasing method application. It is possible to make the decision 
according to the following inequality, 

� � � �loan
E

loanglea
E

glea RFCFENPVRFCFENPV ,, .
2

sinsin
1 �  or        (14) 

� � � �loan
E

loanglea
E

glea REXPPVREXPPV ,, .
2

sinsin
1 �  .          (15) 

It is possible to prove, that after substitution for FCFF, the same result is obtained, i.e.  

� � � � � � � �� � � � � �RSPVRSPVRterestPVRtDEPPVRLSOPVRtLSRPVINV SC ;;;1int;;; �
�	�	

	��    (16) 

The decision is as follows: if the inequality holds, then leasing is preferred to bank loan and vice versa. 

From all above it is obvious, that all the methods described (max NPV, min EXP, NLA) must lead to the same 
conclusions. 

3. CHOICE OF THE INVESTMENT PROJECT FINANCING BY APPLYING NPV-EQUITY METHOD 

3.1. Problem description 

Company has decided to undertake a project and now is facing a problem of its financing. There exist three 
alternatives: equity, bank loan and leasing. Due to the fact, that leasing can be considered as an obligation 
to pay future amounts, it is possible to take the leasing for debt instrument. Thus, it is assumed, that bank 
loan risk and leasing risk is the same with the identical cost of capital. Expected project life is 4 years. There 
are available following input data: revenues, costs without depreciation, interests and leasing payments, 
depreciation, interests, leasing rental payments, investment outlay, change in net working capital, new 
bank loans, bank loans amortization payments, leasing cash outflows, see Tab. 1. Total leasing payments 
are 1200 currency units (c.u.), leasing advance payment is 60 c.u. Cost of capital of unleveraged project 

UR is 10%, cost of debt DR  is 5 %, corporate tax rate t is 25%. Project leverage financed by bank loan is 

75%. Moreover it is assumed, that the cost of equity evolves according to MM II model. 

 

 Tab. 1 Input data  

Component Symbol 
Year 

0 1 2 3 4 

Revenues Rev 500 700 900 900 

Costs without depreciations, 
interests and leasing payments Nboul 50 70 90 90 

Depreciation DEP 250 250 250 250 

Interests Interest 90 67,5 45 22,5 

Leasing rental payments LSR 300 300 300 300 

Investment outlay INV 1000 

Change in NWC ∆NWC 50 20 20 0 

New bank loans SC 1000 

Bank loans amortization payments SS 250 250 250 250 

Leasing cash outflows LSO 60 285 285 285 285 
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The objective is to evaluate and choice the most suitable alternative of project financing on the basis of 
NPV-Equity criterion. 

3.2. Solution development 

Selection of the best project is undertaken according to this formula: 

� � � � � �/ 0.,;,;,maxarg sin.sin
3

.
21

glea
E

glealoan
E

loanequity
E

equity

i
opt RFCFENPVRFCFENPVRFCFENPVi �

 
Cash flows for each variant of financing are defined due to as follows (4), (5), (6): 

� � � � INVNWCDEPtDEPNvFCFE boul
equity ���
�	��� 1Re , 

� � � � SINVNWCDEPterestDEPNvFCFE boul
loan 
���
�	���� 1intRe , 

� � � � NWCLSOLSRtLSRNvFCFE boul
glea ���
�	��� 1Resin .  

Here, vRe are revenues, boulN  are costs without depreciations, interests and leasing payments, DEP is 

depreciation, NWC� is change in net working capital, INV  is investment outlay, S  is the bank loan change 

i.e. the difference between new bank loans and bank loan amortization payments, SC SSS �� , LSR  is 
leasing rental payment, CRL is the leasing accruing, thus the difference of leasing rental payment LSR  (cost 
item) and real leasing cash outflows LSO (cash outflow item), LSOLSRCRL �� . 

Cost of equity according to the leverage is in accordance with MM II model calculated by this way, 

� � � � � �1E U U DR R R R t D E� 
 � 	 � 	 ,          (17) 

where ER is cost of equity after taxation, UR is cost of capital of unleveraged firm after taxation, DR  is cost 

of debt before taxation, E is equity, D is debt amount. 

It is apparent, that after substitution the cost of equity is %25,12�ER . Solution development and results 

for each variant are obvious from Tab. 2 – 4. 

 

 Tab. 2 NPV equity calculation – equity financing 

Component Symbol 
Years 

0 1 2 3 4 

Revenues Rev 500 700 900 900 
Costs without depreciations, 
interests and leasing payments Nboul 50 70 90 90 
Depreciation DEP 250 250 250 250 
Total costs TC 300 320 340 340 
Net profit EAT 150 285 420 420 
Investment outlay INV 1000 
Change in NWC ∆NWC 0 50 20 20 0 
Free cash flow to equity FCFE -1000 350 515 650 670 
Discount factor dft 1 0,9091 0,8264 0,7513 0,6830 
Present value PV(FCFE] -1000 318,18 425,62 488,35 457,62 

Net present value NPV 689,7753 
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 Tab. 3 NPV equity calculation – bank loan financing 

Component Symbol 
Years 

0 1 2 3 4 

Revenues Rev 500 700 900 900 
Costs without depreciations, interests 
and leasing payments Nboul  

50 70 90 90 

Depreciation DEP 250 250 250 250 
Interests Interests 90 67,5 45 22,5 
Total costs TC 390 387,5 385 362,5 
Net profit EAT 82,5 234,375 386,25 403,125 
Investment outlay INV 1000 
Change in NWC ∆NWC 0 50 20 20 0 
New bank loans SC 1000 0 0 0 0 
Bank loan amortization payments SS 0 250 250 250 250 
Free cash flow to equity FCFE 0 32,5 214,375 366,25 403,125 
Discount factor dft 1 0,8197 0,6719 0,5507 0,4514 
Present value PV(FCFE) 0 57,3770 170,6531 224,6884 197,7128 

Net present value NPV 711,961 

 
 Tab. 4 NPV equity calculation – leasing financing 

Component Symbol 
Years 

0 1 2 3 4 

Revenues Rev 500 700 900 900 
Costs without depreciations, interests 
and leasing payments Nboul 50 70 90 90 
Leasing rental payments LSR 300 300 300 300 
Total costs TC 350 370 390 390 
Net profit EAT 112,5 247,5 382,5 382,5 
Change in NWC ∆NWC 0 50 20 20 0 
Leasing cash outflows LSO 60 285 285 285 285 
Free cash flow to equity FCFE -60 77,5 242,5 377,5 397,5 
Discount factor dft 1 0,9091 0,8264 0,7513 0,6830 
Present value PV(FCFE) -200 127,272 259,504 344,102 326,480 

Net present value NPV 718,7829 

3.3. Results and comments 

It is obvious from the results, that the value of NPV-equity criterion for equity financing is 689,7753 c.u., 
NPV-equity for bank loan is 711,961 c.u., NPV-equity for leasing financing is 718,7829 c.u. The project 
should be therefore leased. 
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4. THE CHOICE OF METHOD OF INVESTMENT PROJECT FINANCING BY APPLYING PRESENT VALUE OF 
OUTFLOWS METHOD AND DIFFERENTIAL CASH FLOW METHOD 

4.1. Problem description 

Company has already decided to undertake a project and now is considering two alternatives of financing: 
bank loan and leasing. Due to the fact, that leasing can be considered as an obligation to pay future 
amounts, it is possible to take the leasing for debt instrument. Thus, it is assumed, that bank loan risk and 
leasing risk is the same with identical cost of capital. Project life is 5 years; expected depreciation, interests, 
investment outlay, new bank loan and bank loan amortization payments, leasing rental payments (cost 
item) are in Tab. 5. Total amount of leasing rental payments is 2500 c.u., leasing advance rental payment is 
800 c.u. It is assumed, that cost of equity evolves according to MM II model and for both alternatives of 
financing (at the leverage of 50%) cost of equity of leveraged project ER  is equal to 12%, cost of debt DR  is 

2 %, cost of capital of unleveraged company UR  is 6%, corporate tax rate t is 25%.  

 
 Tab. 5 Input data  

Component Symbol 
Years 

0 1 2 3 4 5 

Depreciation DEP 400 400 400 400 400 
Interests Interest 40 32 24 16 8 
Investment outlay INV 2000 
New bank loan SC 2000 
Bank loan amortization payments SS 400 400 400 400 400 

Leasing rental payments LSR 500 500 500 500 500 
Leasing cash outflows LSO 800 340 340 340 340 340 

 
The objective is to choose the best alternative of financing by applying present value of cash outflows 
method and break-even leasing method and compare the results.  

4.2. Solution development 

Selection of the most preferable alternative of project financing on the basis of present value of outflows 
method is given due to (13) 

� � � �/ 0.,;,minarg sinsin
2

.
1

glea
E

lealoan
E

loan

i
opt REXPPVREXPPVi �   

Moreover, for both alternatives cost of capital ER  is identical; adjusted cash outflows are: 

� � SCloan SSINVteresttDEPEXP 
�
�	
	�� 1int.
,  

LSOtLSREXP glea 
	��sin
.  

Solution development is apparent from the following Tables 6 and 7. 
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 Tab. 6 Method of resent value of outflows – bank loan 

Component Symbol 
Year 

0 1 2 3 4 5 

Depreciation tax shield DEP t 100 100 100 100 100 
Interest after taxation Interest(1-t) 30 24 18 12 6 
Investment outlay INV 2000 
New bank loan SC 2000 
Bank loan amortization payments SS 0 400 400 400 400 400 
Total cash outflows EXP 0 430 424 418 412 406 
Discount factor dft 1 0,8929 0,7972 0,7118 0,6355 0,5674 

Present value of cash outflows PV(EXPt) 0 383,93 338,01 297,52 261,83 230,38 

Present value PVEXP 1511,67 

 
 Tab. 7  Present value of cash outflows methods – leasing 

Component Symbol 
Year 

0 1 2 3 4 5 

Leasing rental payments tax shield LSR t 0 125 125 125 125 125 
Leasing cash outflows LSO 800 340 340 340 340 340 
Total cash outflows EXP 800 215 215 215 215 215 
Discount factor dft 1,0000 0,8929 0,7972 0,7118 0,6355 0,5674 

Present value of outflows PV(EXP) 800 191,96 171,40 153,03 136,64 122,00 

Present value PVEXP 1575,03 

 
Break-even leasing method is based on the following formula: 

� � � � � � � �� � � � � �RSPVRSPVRtInterestsPVRtDEPPVRLSOPVRtLSRPVINV SC ;;;1;;; �
�	�	

	��  and if the 

inequality holds, then the project should be leased. Solution development is obvious from the following 
Tab. 8. 

 
 Tab. 8 Break-even leasing method  

Component INV -PV(LSR 		t) PV(LSO) PV(DEP		 t) -PV(Interests (1- t)) PV(SS) -PV(SC) 

PV 2000  -450,60  2025,62  360,48  -69,76  2000,00  -1441,91  

Total 2000  2423,83  

4.3. Results and comments 

It is obvious from the results, that present value of cash outflows in the case of bank loan is 1511,67 c.u., in 
the case of leasing it is 1575,03 c.u. It follows that bank loan financing is preferred to leasing. 

Next, because the inequality does not holds 

� � � � � � � �� � � � � �RSPVRSPVRterestPVRtDEPPVRLSOPVRtLSRPVINV SC ;;;1int;;; �
�	�	

	�� i.e. 2000 < 

2423,83 and providing the conclusion, that according to break-even leasing method bank loan financing is 
preferred to leasing.  
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Both methods i.e. present value of outflows and break-even leasing method provide in accordance with 
theoretical concept the same result. The main reasons, why leasing is not preferred, are: leasing advance 
payment amount and leasing rental payments. 

5. CONCLUSION 

In this paper, methods of choice of investment project financing were described. Present value of cash 
outflows and break-even leasing method have been described and derived. Illustrative examples present 
their application possibility. It results from the paper that criteria application depends on the conditions, 
which must be satisfied. Otherwise the choice of method of the project financing does not have to be 
correct. 
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