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Introduction on the importance of the materials 

structure and properties forming processes for 

contemporary industrial production 

 
L.A. Dobrzański* 

Institute of Engineering Materials and Biomaterials, Silesian University  

of Technology, ul. Konarskiego 18a, 44-100 Gliwice, Poland 

* Corresponding author: E-mail address: leszek.dobrzanski@polsl.pl 

 
Many new and contemporary science branches and disciplines, especially at the 

interdisciplinary areas of the traditional ones, have emerged since a positivist – Auguste Comte 

had categorised them. As a consequence of the development of physical metallurgy and many 

other fields of science and technology connected with a various group of materials useful in 

practice, materials science was created in the 1950s as the fundamental branch of science and 

also materials engineering as the engineering knowledge applied in the industrial practice. It is 

worth noting that just rendering accessible newer and newer technical materials, and with time 

also engineering ones within the compass of history, decided – as a rule – the significant, and 

quantum leap at times technical progress, determining improvement of the quality of life. Not 

unlike it is today. Therefore progress in the field of the advanced engineering materials is 

predicted and expected, including, among others, nanomaterials (with the particularly fine 

structure, ensuring the unexpected so far mechanical, as well as physical and chemical 

properties), biomaterials (as a group of the biomimetic materials and/or making it possible to 

substitute the natural human tissues and/or organs directly or designed into the purpose built 

devices), and infomaterials (as the most advanced group of smart- and self-organising 

materials), and also (functional or tool ones) gradient materials (in which properties change 

continuously or discretely with location because of the chemical composition, phase 

composition, and structure, or atomic orientation changing with the location), and light metals 

alloys (as materials of the particular importance, apart from the composite materials, in design 

and operation of the contemporary transport means), which issues decide development of 

materials engineering as one of the few areas of science and technology development most 

important nowadays in the contemporary World. Of course, the development of all other 
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groups of engineering materials and process technology materials, traditionally considered to 

be less avant-garde today is constantly noticeable and still awaited. The development of 

materials engineering and materials science features also one of the most essential elements of 

the scientific-, scientific and technical-, and innovative policy of Poland within the framework 

of the knowledge based economy, consisting in knowledge generation, treated as production, 

and in distribution and practical use of knowledge and information.  

A typical subject matter of materials science and engineering includes the description of 

phenomena and transformations occurring in technical materials, especially in the engineering 

ones, that is those manufactured in the purpose designed technological processes from raw 

materials available in the nature, in technological processes of manufacturing, processing, as 

well as forming of their structure and properties, for satisfying more and more complex 

practical requirements formulated by participants of the design process of products 

indispensable to the contemporary humans, including – among others - machines and devices. 

Materials have to be manufactured on demand today, meeting the complex set of the specific 

demands. Manufacturing is expected of materials with properties ordered by products users. 

This changes substantially the materials design methodology in general and the products 

materials design, as materials have to be delivered on demand of products manufacturers with 

the appropriately formed structure, ensuring the required set of physical and chemical 

properties, and not as before when the manufacturers were forced to select material closest to 

their expectations from the delivered materials with the offered structure and properties, yet – 

by assumption – not meeting them fully, which is not permitted by this design methodology. 

Therefore, the actual trends force classification of engineering materials based on their 

functional characteristics. Therefore, the type, and the chemical composition in particular, of 

the materials used are of less importance (to which materials engineers were used for decades, 

and especially the metallurgists), while its functionality is more important. Currently, materials 

engineers participate (and have to do so) in the products design processes and materials 

manufacturers have to face the requirements, as the effect of the multicriteria optimisation of, 

e.g., structure, properties, mass, product manufacturing and service costs, as well as of their 

ecological compatibility with the natural environment. Therefore, a change in the engineering 

materials role assessment is important, as they cannot be perceived any more as goods in 

themselves, with their applications sought for, and the market of the new engineering materials 

cannot remain the manufacturer’s market any more. There is no way to offer materials which, 

by chance, are offered by their manufacturers, regardless of the users’ needs. The market of 

materials manufacturers is never to return. This is so since the new engineering materials and 
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manufacturing processes have been subordinated to customer needs and functional 

requirements of products. Manufacturing materials on demand fulfilling needs of market 

products manufacturers at the right time and place features a priority for new materials 

technologies and manufacturing processes, as the complementary base technologies 

(improvement of the existing solutions), alternative ones (taking advantage of synergy of 

various solutions), and original ones (new solutions being developed).  

It was decided that the results of various works made in the Institute of Engineering 

Materials and Biomaterials of the Silesian University of Technology in Gliwice, Poland, 

concerning advanced engineering materials and materials processing technologies will be 

published in the form of monographs. First of them, concerning chosen aspects of the effect of 

casting, forming and surface technologies on the structure and properties of the selected 

engineering materials beginning the cycle of those studies will be prepared both in English and 

Polish. In the given issue five detailed studies were presented. First of them presents an 

influence of Al concentration and cooling rate on structure and mechanical properties of 

magnesium alloys. Also the work presents a methodology to predict crystallisation 

temperatures obtained during crystallisation process using UMSA platform, based on cooling 

rate and chemical composition and mechanical properties and grain size based on characteristic 

temperatures. The next study consists in investigation of newly elaborated high-manganese 

austenitic steels with Nb and Ti microadditions in variable conditions of hot-working. The hot-

deformation resistance and microstructure evolution in various conditions of hot-working for 

the new-developed high-manganese austenitic steels were investigated. The main objective of 

the third presented work is to elaborate the fabrication technology of novel sintered tool 

gradient materials on the basis of hard tungsten carbide phase with cobalt binding phase, and to 

carry out research studies on the structure and properties of the newly elaborated sintered tool 

gradient materials. The main objective of the fourth work is to investigate the structure and 

properties of multilayer gradient coatings produced in PVD and CVD processes on sintered 

carbides and on sialon ceramics, and to define the influence of the properties of the coatings 

such as microhardness, adhesion, thickness and size of grains on the applicable properties of 

cutting edges covered by such coatings. In the fifth work the investigation of the structure and 

properties of sintered tool materials, including cemented carbides, cermets and oxide ceramics 

deposited with single-layer and gradient coatings (Ti,Al)N and Ti(C,N) are included and the 

determination of the dependence between the substrate type, coating material or linear 

variation of chemical composition and the structure and properties of the obtained tool material 

were also investigated. 
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The presented researches are a fragment of many-year works made in the Institute of 

Engineering Materials and Biomaterials of the Silesian University of Technology in Gliwice, 

Poland, enabling further works to improve many materials design methodology activities 

changed because of changes of expectations and contemporary requirements of manufacturing 

of materials having required structure and utility properties. At present modelling, simulation 

and prediction of both the technological processes of manufacturing, processing, and forming 

their structure and properties, and especially of the service and use properties of materials, 

including those after long time service in the complex conditions, the development of safe 

materials and products technologies, the standardisation of materials testing procedures, the 

development of the prediction methodology of the new materials behaviour in service is 

necessary. One should note that many classic calculation models developed to date, employed 

in materials science, e.g., Avrami equation used for processes being a function of time and 

temperature, Fick’s laws for diffusion processes, Hall-Petch equation describing dependence of 

mechanical properties and grain size, Huber-von Mises yield criterion for determining the 

material loading condition in the complex strain state, equations of the classic mechanics of 

solids, equations of classic fracture mechanics, models developed using FEM and BEM as well 

as the related numerical methods, parametric equations and empirical equations, and others, do 

not fulfil the refined expectations of the designers, especially related to materials – in case of 

many contemporary material groups or structural phenomena occurring in them, because of the 

insufficient adequacy of models, and also often because of superposition or superimposition of 

processes – oftentimes opposing processes, and also due to difficulties in the simultaneous 

modelling of phenomena occurring at the same time in various scales – from nanometric to 

metric inclusive, lack of generality of the statistic and parametric equations because of the 

limited function domain (range) encompassing selectively only some material grades or types, 

so these factors decide the limited usability or simply impossibility to use those models to fulfil 

all expectations. Moreover, the trial-and-error method is often the ground of the classically 

used modelling methods and practical verification of the calculation of obtained is needed 

nearly each time, because of the significantly excessive mass of the employed materials (and, 

therefore, also of the products), and the need to employ the high values of the safety factors in 

product design, because of the insufficient dependability of the used models. Absence of the 

relevant analytical models is frequently the reason for stopping the progress of the products 

materials and technological design processes. This stops also the R&D projects in many 

materials engineering areas, forcing the classic trial-and-error method approach with the 

extensive experimental investigations plan, even if those experiments are statistically planned. 
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All this causes also the unjustified increase of costs of such investigations and essential 

extension of the lead time needed to solve the scientific problem of the significant importance 

for the implementation practice.  

In general, methodology of carrying out each of those scientific tasks consists in 

completing the entire set of the contemporary materials science examinations using methods 

and state-of-the-art scientific and research equipment at the unrestricted disposal of the 

Institute of Engineering Materials and Biomaterials of the Silesian University of Technology, 

in Gliwice, Poland, including structure examinations also on the transmission and scanning 

electron microscopes, on the light microscope and the laser confocal one, quantitative and 

qualitative diffraction analyses with X-ray methods, but also using EBSD, spectral analyses, 

including also WDS, EDS, and GDOES, and also the required mechanical tests, also in the 

nanoscale, examinations of the physical and chemical properties, and other dedicated and 

specialist tests depending on the task topic, after various necessary fabrication processes of the 

investigated materials and their processing and forming of their structure and properties 

expected in products for which they are going to be used, to set up the relevant databases and 

knowledge bases containing results of these investigations related to various groups of the 

contemporary engineering materials for development and verification of the relevant models, 

including those for the inverse analysis (specifying at the beginning the material type and its 

chemical composition, as well as conditions of the technological processes ensuring obtaining 

properties required and assumed at the beginning by the product designer) and for prediction 

(assuming the properties used by the product designer in the design process, also including 

properties after the long time service for the analysed contemporary engineering material type 

and its chemical composition, as well as conditions of the technological processes). 
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Effect of cooling rate and aluminum contents on the 

Mg-Al-Zn alloys’ structure and mechanical properties 

 
L.A. Dobrzański*, M. Król, T. Tański  

Institute of Engineering Materials and Biomaterials, Silesian University  

of Technology, ul. Konarskiego 18a, 44-100 Gliwice, Poland 

* Corresponding author: E-mail address: leszek.dobrzanski@polsl.pl 

 

Abstract 
Purpose: This work present an influence of Al concentration and cooling rate on structure and 

mechanical properties of magnesium alloys. Also the paper presents a methodology to predict 

crystallization temperatures obtained during crystallization process using an UMSA platform, 

based on cooling rate and chemical composition and mechanical properties and grain size 

based on characteristics temperatures. 

Design/methodology/approach: The experimental magnesium alloy used for thermal analysis 

and training of neural network was prepared in cooperation with the Faculty of Metallurgy 

and Materials Engineering of the Technical University of Ostrava and the CKD Motory plant, 

Hradec Kralove in the Czech Republic. The alloy was cooled with three different cooling rates 

in UMSA Technology Platform. The following results concern scanning electron microscopy 

investigations in the SE observation mode, as well as using BSE modus for better phase 

contrast results, also quantitative microanalysis was applied for chemical composition 

investigations of the phases occurred. Compression test were conducted at room temperature 

using a Zwick universal testing machine. Compression specimens were tested corresponding to 

each of three cooling rates. Rockwell F-scale hardness tests were carried out using a Zwick 

HR hardness testing machine. 

Findings: The research show that the thermal analysis carried out on UMSA Technology 

Platform is an efficient tool for collect and calculate thermal parameters. The formation 

temperatures of various thermal parameters, mechanical properties (hardness and ultimate 

compressive strength) and grain size are shifting with an increasing cooling rate. 

Practical implications: The parameters described can be applied in metal casting industry for 

selecting magnesium ingot preheating temperature for semi solid processing to achieve 
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requirements properties. The presented models can be applied in computer systems of Mg-Al-

Zn casting alloys, selection and designing for Mg-Al-Zn casting parts. 

Originality/value: The paper contributes to better understanding and recognition an influence of 

different solidification condition on non-equilibrium thermal parameters of magnesium alloys. 

Keywords: Thermal treatment; Mechanical properties; Magnesium alloys 

 

Reference to this paper should be given in the following way:  

L.A. Dobrzański, M. Król, T. Tański, Effect of cooling rate and aluminum contents on the Mg-

Al-Zn alloys’ structure and mechanical properties, in L.A. Dobrzański (ed.) Effect of  casting, 

plastic forming or surface technologies on the structure and properties of the selected 

engineering materials, Open Access Library, Volume 1, 2011, pp. 9-54. 

 

1. Introduction 
 

The application of thermal analysis in different fields of science and engineering is an 

extensive topic which has been the subject of significant interest particularly since the 

beginning of the modern era of thermal analysis in the early 1960s. With the continuous 

development of new techniques using modern computers, more and more applications are 

constantly being explored and reported. In the last several years, applications on the fields of 

cement chemistry, clays and minerals, polymeric materials, pharmaceuticals and other general 

applications have been discussed in detail. Thermal analysis techniques have also been used 

extensively in the field of metallurgy and a large number of publications (several thousands in 

the last four decades). On this subject have been identified in the literature. For obvious 

practical reasons, however, only a select number of publications, in which thermal analyses 

were used as primary techniques or important supplementary techniques, were chosen to 

address metallurgical topics that have received most attention in the recent past. From the 

many thermal analysis techniques that have been used in a wide variety of applications, 

thermogravimetry (TG), differential thermal analysis (DTA) and differential scanning 

calorimetry (DSC) were found to be the most commonly used in metallurgy [1-3].  

Every thermal method studies and measure a property as a function of temperature. The 

properties studied may include almost every physical or chemical property of the sample, or its 

product. The more frequently used thermal analysis techniques are shown in Table 1 together 

with the names most usually employed for them [1]. 
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Table 1. Thermal methods [1] 

Technique Abbreviation Property Uses 

Thermogravimetry TG Mass Decompositions 

(Thermogravimetric analysis) TGA  Oxidations 

Differential thermal analysis DTA 
Temperature 

difference 
Phase changes, reactions 

Differential scanning calorimetry DSC 
Power difference of 

heat flow 

Heat capacity, phase changes, 

reactions 

Thermomechanical analysis TMA Deformations Mechanical changes 

Dynamic mechanical analysis DMA 
Dimensional change 

Moduli 

Expansion Phase changes, 

glass transitions, polymer 

curve 

Dielectric thermal analysis DETA Electrical As DMA 

Evolved gas analysis EGA 
Gases evolved or 

reacted 
Decompositions 

Thermiptometry  Optical 
Phase changes, surface 

reactions, colour changes 

Less frequently used methods    

Thermosonimetry TS Sound 
Mechanical and chemical 

changes 

Thermoluminescence TL Light emitted Oxidation 

Thermomagnetometry TM Magnetic Magnetic changes 

 

The modern instrumentation used for any experiment in thermal analysis or calorimetry is 

usually made up of four major parts [2, 4]: 

• the sample and a container or holder; 

• sensors to detect and measure a particular property of the sample and to measure 

temperature; 

• an enclosure within the experimental parameters (e.g. temperature, pressure, gas 

atmosphere) may be controlled; 

• a computer to control the experimental parameters, such as the temperature programme, to 

collect the data from the sensors and to process the data to produce meaningful results and 

records. 

Sometimes in literature can be found an acronym SCRAM which mean sample-crucible-

rate of heating-atmosphere-mass. It enable the analyst to obtain good, reproducible results for 

most thermal methods provided that the following details are recorded for each run: 
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The sample: A proper chemical description must be given together with the source and pre-

treatments. The history of the sample, impurities and dilution with inert material can all affect 

results.  

The crucible. The material and shape of the crucible or sample holder is important. Deep 

crucibles may restrict gas flow more than flat, wide ones, and platinum crucibles catalyse come 

reactions more than alumina ones. The type of holder or clamping used for Thermomechanical 

methods is equally important. The make and type of instrument used should also be recorded. 

The rate of heating: this has most important effects. A very slow heating rate will allow the 

reactions to come closer to equilibrium and there will be less thermal lag in the apparatus. 

Conversely, high heating rate will give a faster experiment, deviate more from equilibrium and 

cause greater thermal lag. The parameters of special heating programmes, such as modulated 

temperature or sample control, must be noted. 

The atmosphere: both the transfer of heat, the supply and removal of gaseous reactants and 

the nature of reactions which occur, or are prevented, depend on chemical nature of the 

reactions and its flow. Oxidations will occur well in oxygen, less so in air and not at all in 

argon. Product removal by a fairly rapid gas flow may prevent reverse reactions occurring.  

The mass of the sample: A large mass of sample will require more energy, and heat transfer 

will be determined by sample mass and dimensions. These include the volume, packing, and 

particle size of the sample. Fine powders react rapidly, lumps more slowly. Large samples may 

allow the detection of small effects. Comparison of runs should preferably be made using 

similar sample masses, sizes and shapes.  

Specific techniques require the recording of other parameters, for example the load on the 

sample in thermomechanical analysis. Calorimetric methods, too, require attention to the exact 

details of each experiment.  

Thermal Analysis techniques are used in a wide range of disciplines, from pharmacy 

and foods to polymer science, materials and glasses; in fact any field where changes in 

sample behaviour are observed under controlled heating or controlled cooling conditions. 

The wide range of measurements possible provide fundamental information on the 

material properties of the system under test, so thermal analysis has found increasing use 

both in basic characterisation of materials and in a wide range of applications in research, 

development and quality control in industry and academia [1-4]. 

For the experimental determination of phase diagrams the use of different techniques 

can be beneficial. The role of thermal analysis has been of primary importance since the 

beginning of this research field, as has been pointed out by different authors [2, 4, 5]. 
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Thermal analysis as a technique is used to evaluate the melt quality. By this method, some 

characteristic values are extracted from a cooling curve and/or its derivative, and then a regression 

relationship is built up between the characteristics and quality indexes as grain size, eutectic structure, 

silicon morphology, and so on [1]. 

In metal casting industry an improvement of component quality mainly depends on better control over 

the production parameters. Thus, computer-aided cooling curve thermal analysis of alloys is extensively 

used for the evaluation of several processing and material parameters. Thermal analysis of alloys can 

provide information about the composition of the alloy, the latent heat of solidification, the evolution of 

the fraction solid, the types of phases that solidify, and even dendrite coherency. There are also many 

other uses for thermal analysis, such as, determining dendrite arm spacing, degree of modification and 

grain refining in aluminium alloys, the liquidus and solidus temperature, and characteristic temperatures 

related to the eutectic regions and intermetallic phase formation [6, 7]. 

 

  

 

 

 

Figure 1. Examples of application magnesium alloys 

 

As the lightest metal construction material, magnesium is extremely attractive for many 

lightweight construction applications (Fig. 1). Due to the high strength of magnesium in 

comparison to its weight, magnesium die casting is particularly suitable for many types of 

equipment housings. Magnesium is attractive for more than just its weight – due to the low 

viscosity of the melt, highly complex components can be manufactured with thinner walls and 



Open Access Library   
Volume 1 2011 

 

14 L.A. Dobrzański, M. Król, T. Tański  

larger surface areas than die cast aluminium. The good heat conductivity and electromagnetic 

screening of die cast magnesium make it attractive for many segments of machine construction 

and the electronics industry. The disadvantage of high corrosion from other metals or acids can 

be counted by high purity magnesium alloys, design measures and suitable surface protection 

such as passivation, anodizing or coatings [8-10]. 

In its pure form, magnesium is soft, mechanically weak, and hence not generally used for 

structural applications. By careful selection of alloying elements, alloys can be produced - both 

for general-purpose and for special applications. As with other metallic alloy systems, a 

combination of well-known hardening mechanisms (solid solution hardening, particle 

dispersion hardening, work hardening, and grain boundary hardening) determines the 

mechanical properties of magnesium alloys. Alloying additions influence other properties 

including reactivity of the melt, castability, and corrosion performance [9, 10].  

The alloying elements used with magnesium can be grouped into two categories [11, 12]:  

• elements that actively influence the melt. Examples are: beryllium (≤ 15 ppm), which 

lowers the rate of melt oxidation, and manganese (<= 0.6 wt%), which reduces the iron 

content and hence the corrosion rate of the alloys. These additions are active in relatively 

small amounts and do not require extensive solubility in the melt.  

• elements that modify the microstructure of the alloy via the above-mentioned hardening 

mechanisms. This group includes elements that influence castability. Except for grain-

refining additions (carbon inoculation), which can be active in small amounts, these 

elements must be relatively soluble in liquid magnesium. Commercially interesting alloying 

elements include aluminum, cerium, copper, lanthanum, lithium, manganese, neodymium, 

silver, thorium, yttrium, zinc, and zirconium. 

Magnesium's physical properties are certainly influenced by the amount of added 

constituents. The effect of the constituent added is mostly directly pro rata to its amount. The 

processing and property effects of the individual alloying elements are more important in most 

structural applications than the physical properties. Here is a description of each alloying 

constituent's effect on the alloy quality.  

Aluminum has the most favorable effect on magnesium of any of the alloying elements. 

It improves strength and hardness, and it widens the freezing range, and makes the alloy easier 

to cast. When exceeding 6 wt%, the alloy becomes heat treatable, but commercial alloys rarely 

exceed 10 wt% aluminum. An aluminum content of 6 wt% yields the optimum combination of 

strength and ductility [13].  
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Zinc is next to aluminum in effectiveness, as an alloying ingredient in magnesium. It is 

often used in combination with aluminum to produce improvement in room-temperature 

strength; however, it increases hot shortness when added in amounts greater than 1 wt% to 

magnesium alloys containing 7-10 wt% aluminum. Zinc is also used in combination with 

zirconium, rare earths, or thorium to produce precipitation-hardenable magnesium alloys 

having good strength. Zinc also helps overcome the harmful corrosive effect of iron and nickel 

impurities that might be present in the magnesium alloy.  

Calcium is added in very small amounts, being a special alloying component. It has a dual 

purpose: when added to casting alloys immediately prior to pouring, it reduces oxidation in the 

molten condition as well as during subsequent heat treatment of the casting, and it improves the 

rollability of magnesium sheet. However, the addition of calcium must be controlled so that it 

is below about 0.3 wt% - or the sheet will be susceptible to cracking during welding.  

Manganese does not affect tensile strength considerably, yet it slightly increases the yield 

strength. Its most important function is to improve saltwater resistance of Mg-Al and Mg-Al-Zn 

alloys by removing iron and other heavy-metal elements into relatively harmless intermetallic 

compounds, some of which separate out during melting. The amount of manganese that can be 

added is limited by its relatively low solubility in magnesium. Commercial alloys containing 

manganese rarely contain over 1.5 wt%, and in the presence of aluminum, the solid solubility 

of manganese is reduced to about 0.3 wt%.  

Copper adversely affects the corrosion resistance of magnesium if present in amounts 

exceeding 0.05 wt%. However, it improves high-temperature strength.  

Iron is one of the most harmful impurities in magnesium alloys due to considerable 

reduction of corrosion resistance even in present in small amounts. In ordinary commercial-

grade alloys, the iron content can average as high as 0.01-0.03 wt%. However, for maximum 

corrosion resistance, 0.005% is specified as the upper limit for iron content.  

Nickel , just like iron, is another harmful impurity in magnesium alloys because it also 

reduces the corrosion resistance if present, even in small amounts. In ordinary commercial-

grade alloys, the nickel content can average as high as 0.01-0.03 wt%, but for maximum 

resistance to corrosion, 0.005% is specified as the upper limit for nickel content.  

Lithium has relatively high solid solubility in magnesium (5.5 wt%, 17.0 at.%) and low 

relative density (0.54). It has attracted interest as an alloying element in magnesium alloys to 

lower the density to values even lower than that of unalloyed magnesium. Moreover, only 

some 11 wt% of lithium is needed to form the β phase, which has a body-centered cubic crystal 

structure, thereby improving formability of wrought products. The addition of lithium 
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decreases strength, but increases ductility. Mg-Li alloys are also amenable to age hardening, 

although they tend to overage at only slightly elevated temperatures. Nevertheless, the Mg-Li 

alloys have found only limited application [8-10, 25, 27].  

Silicon increases fluidity of the metal in the molten state. However, it decreases corrosion 

resistance of magnesium alloys in case of iron presence in the alloy.  

Silver additions improve the mechanical properties of magnesium alloys by increasing 

response to age hardening.  

Thorium increases the creep strength of magnesium alloys at temperatures up to 370°C. 

The most common alloys contain 2-3 wt% thorium in combination with zinc, zirconium, or 

manganese. Thorium improves the weldability of zinc-containing alloys.  

Tin is useful when alloyed with magnesium in combination with small amounts of 

aluminum. It increases the ductility of the alloy and makes it better for hammer forging, 

because it reduces the tendency for the alloy to crack while being hot-worked.  

Yttrium has a relatively high solid solubility in magnesium (12.4 wt%) and is added with 

other rare earths to promote creep resistance at temperatures up to 300°C. About 4-5% Zr is 

added to magnesium to form commercial alloys such as WE54 and WE43, where it imparts 

good elevated-temperature properties up to about 250°C.  

Zirconium has a powerful grain-refining effect on magnesium alloys. It is added to alloys 

containing zinc, rare earths, thorium, or a combination of these elements, where it serves as a 

grain refiner (up to its limit of solid solubility). However, it cannot be used in alloys containing 

aluminum or manganese because it forms stable compounds with these elements and is thus 

removed from solid solution. It also forms stable compounds with any iron, silicon, carbon, 

nitrogen, oxygen, and hydrogen present in the melt. Because only the portion of the zirconium 

content available for grain refining is that which is in solid solution, the soluble zirconium 

content, rather than the total zirconium content, is the value important to the alloy. 

Rare earth metals are added to magnesium alloys either as mischmetal or as didymium. 

Mischmetal is a natural mixture of rare earths containing about 50 wt% cerium, the remainder 

being mainly lanthanum and neodymium; didymium is a natural mixture of approximately 

85% neodymium and 15% praseodymium. Additions of rare earths increase the strength of 

magnesium alloys at elevated temperatures. They also reduce weld cracking and porosity in 

casting because they narrow the freezing range of the alloys. 

A series of high-performance magnesium-based alloys was developed after discovery of the 

extremely efficient grain-refining action of zirconium. This effect results from the formation of 

high-density tiny zirconium particles in the melt, which act as potent grain nuclei.  
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Unfortunately, elements such as aluminum and manganese lower the solubility of 

zirconium in the melt, thus precluding exploitation of the grain-refining mechanism in common 

aluminum-containing alloys.  

Mg-Zn-RE-Zr. Binary Mg-Zn alloys show inferior mechanical properties and castability, but 

the addition of zirconium for grain refinement and rare earth (RE) elements to reduce 

microporosity, led to the development of alloys such as EZ33 and ZE41. These alloys have been 

used widely as sand castings in the T5 condition (cooled and artificially aged) for applications 

involving exposure to moderately elevated temperature (up to ca. 200°C). The ZE63 alloy is a 

high-strength variant in which solution heat treatment in a hydrogen atmosphere is employed to 

remove some of the embrittling Mg-Zn-RE grain boundary phases. In extrusion, microporosity is 

of less concern and Mg-Zn-Zr alloys are used without RE additions [9-13, 27].  

Mg-Ag-RE-Zr. Addition of silver and neodymium-rich misch metal, in addition to 

zirconium, promotes age hardening efficiently when the alloy is given a full T6 treatment 

(solution heat-treated and artificially aged). The precipitates formed are relatively stable; the 

alloy shows high mechanical strength and good creep properties at temperatures approaching 

250°C [9, 26].  

Mg-Y-RE-Zr. The most recently developed alloy system for high-temperature application 

is based upon additions of yttrium and neodymium-rich misch metal. This alloy system was 

developed to meet the ever-increasing high-temperature performance requirements of the 

aerospace industry and may replace the Mg-Ag-RE-Zr and thorium-containing alloys. The 

alloys must be melted in a special inert atmosphere (argon) and develop their properties by T6 

heat treatment [10]. 

This work present an influence of Al concentration and cooling rate on structure and 

mechanical properties of magnesium alloys. Also the paper presents a methodology to predict 

crystallization temperatures obtained during crystallization process using an UMSA platform, 

based on cooling rate and chemical composition and mechanical properties and grain size 

based on characteristics temperatures. 

 

2. Experimental procedure 
 

2.1. Material 

 

The investigations have been carried out on test pieces of MC MgAl12Zn1, MC MgAl9Zn, 

MC MgAl6Zn1, MC MgAl3Zn magnesium alloys in as-cast and after heat treatment states 
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made in cooperation with the Faculty of Metallurgy and Materials Engineering of the 

Technical University of Ostrava and the CKD Motory plant, Hradec Kralove in the Czech 

Republic. The chemical compositions of the investigated materials are given in Table 2. A 

casting cycle of alloys has been carried out in an induction crucible furnace using a protective 

salt bath Flux 12 equipped with two ceramic filters at the melting temperature of 750±10ºC, 

suitable for the manufactured material. In order to maintain a metallurgical purity of the 

melting metal, a refining with a neutral gas with the industrial name of Emgesalem Flux 12 has 

been carried out. To improve the quality of a metal surface a protective layer Alkon M62 has 

been applied. The material has been cast in dies with betonite binder because of its excellent 

sorption properties and shaped into plates of 250x150x25. The cast alloys have been heated in 

an electrical vacuum furnace Classic 0816 Vak in a protective argon atmosphere. 

 

Table 2. Chemical composition of investigated magnesium alloys 

The mass concentration of main elements, % 

Al Zn Mn Si Fe Mg Rest 

12.1 0.62 0.17 0.047 0.013 86.96 0.0985 

9.09 0.77 0.21 0.037 0.011 89.79 0.0915 

5.92 0.49 0.15 0.037 0.007 93.33 0.0613 

2.96 0.23 0.09 0.029 0.006 96.65 0.0361 

 

2.2. Test sample 

 

The experiments were performed using a pre-machined cylindrical test sample with a 

diameter of ∅=18 mm and length of l=20 mm taken from the ingot (Fig. 2). In order to assure 

high repeatability and reproducibility of the thermal data, the test sample mass was ≈9.2 g. 

Each sample had a predrilled hole to accommodate a supersensitive K type thermocouple (with 

extra low thermal time constants) positioned at the centre of the test sample to collect the 

thermal data and control the processing temperatures. 

 

2.3. Thermal analysis 
 

The thermal analysis during melting and solidification cycles was carried out using the 

Universal Metallurgical Simulator and Analyzer (UMSA) (Fig. 3) [28, 29]. The melting and 

solidification experiments for the magnesium alloys were carried out using Argon as cover gas. 
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The data for Thermal Analysis (TA) was collected using a high-speed National Instruments 

data acquisition system linked to a personal computer. Each TA trial was repeated three times. 

 

 
 

Figure 2. Schematic of the UMSA Thermal Analysis Platform experimental set-up: 1 – low 

thermal mass thermocouple, 2 – heating and cooling coil, 3 – thermal insulation, 4 – steel foil, 

5 – test sample, 6 – ceramic base 

 

 

 
 

Figure 3. UMSA apparatus – (1) sample chamber, (2) supervisory computer, (3) temperature 

control, (4) gas flow control 

 

The TA signal in the form of heating and cooling curves was recorded during the melting 

and solidification cycles. The temperature vs. time and first derivative vs. temperature were 

calculated and plotted. The cooling rates for these experiments were determined using the 

following formula [18]: 
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were Tliq and Tsol are the liquidus and solidus temperatures (°C), respectively, and tliq and tsol 

the times from the cooling curve that correspond to liquidus and solidus temperatures, 

respectively [16, 17].  

The procedure comprised of the following steps. First, the test sample was heated to 

700±2°C and isothermally kept at this temperature for a period of 90s in order to stabilize the 

melt conditions. Next, the test sample was solidified at cooling rate of approximately 0.6°C/s, 

that was equivalent to the solidification process under natural cooling conditions. To achieve 

an intentional cooling rate: 

• 0.6°C/s sample was cooled without forces air  

• 1.2°C/s sample was cooled in airflow 30 l/min,  

• 2.4°C/s sample was cooled in airflow 125 l/min. 

Fraction solid (FS) was determined by calculating the cumulative surface area between the 

first derivative of the cooling curve and the so-called base line (BL) [19, 20]. The BL 

represents the hypothetical first derivative of the cooling curve that does not exhibit phase 

transformation/metallurgical reactions during the solidification process. The area between the 

two derivative curves (calculated between the liquidus and solidus temperatures) is 

proportional to the latent heat of solidification of the given alloy. Therefore, the latent heat 

directly delivered to the test sample affected the fraction liquid evolution. Similar calculations 

were performed for the fraction solid except that fraction solid was proportional to the latent 

heat released during the solidification [14, 15]. 

The magnesium nucleation temperature TN, TDmin, TDKP, TG, T(Mg+Si+Al+Mn), TE(Mg+Al)N, 

TE(Mg+Al)min, TE(Mg+Al)G  and solidus temperatures Tsol, where calculated using the first derivative 

of the cooling curve [30]. 

The α-Mg Dendrite Nucleation Temperature, (TαDEN
NUC) represents the point at which 

primary stable dendrites start to solidify from the melt. This event is manifested by the change 

in the slope of the cooling curve and determined by the first derivative inflection point. The 

liquidus temperature signifies the beginning of the fraction solid that, at this point, is equal to 

zero. 

The α-Mg Dendrite Minimum (Undercooling) Temperature, (TαDEN
MIN) represents a state 

where the nucleated dendrites have grown to such an extent that the liberated latent heat of 

fusion balances the heat extracted from the test sample. After passing this point, the melt 
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temperature increases to a steady state growth temperature (TαDEN
G). TαDEN

NUC as the local 

minimum is determined by the point at which the first derivative intersects the zero line 

(dT/dt=0). The time period required for heating up of the test sample to the TαDEN
G is called 

recalescence [30]. 

At the start of solidification of a melt, small equiaxed crystals are developing, separate from 

one another. The viscosity of the melt and hence torque is very small. As the dendrites grow in 

size and start to impinge upon one another, a continuous solid network builds up throughout 

the sample volume. There is a sudden increase in the torque force needed to shear the solid 

network. This point is called “coherency point”. 

The α-Mg Dendrite Growth Temperature, (TαDEN
G) represents the local maximum 

temperature of this reaction (and is also called the “steady state growth temperature). The 

TαDEN
G corresponds to the second zero point on the first derivative curve (dT/dt=0) following 

the start of nucleation (dT/dt = 0). If the first derivative curve in this region does not intersect 

the zero line, TαDEN
MIN the TαDEN

G temperatures are identical and correspond to the maximum 

point on the first derivative curve (Figs. 4-6 and Table 3) [14, 15, 30]. 

 

 
 

Figure 4. Cooling curve of MC MgAl3Zn1 alloy obtained under non-equilibrium experimental 

condition: ∆TDN nucleation undercooling 

 

The shape of the cooling curve is the result of the heat lost to the surroundings by the cooling 

metal and the heat evolved in the melt during phase transformation. At the beginning of 

solidification of any phase, the derivative increases in value, and decreases at the end of 

solidification [21-24]. 
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Figure 5. Representative cooling, crystallization and calorimetric curves with characteristics 

points of crystallization process of MC MgAl6Zn1 alloy cooled at 0.6°C/s 

 

 
 

Figure 6. Representative curves illustrate changes of heat flux and fraction solid of MC 

MgAl6Zn1 alloy cooled at 0.6°C/s 

 

Based on characteristics points from the thermal analysis, heat of phase transition 

individual phases was calculated. Temperatures and times of thermal processes were calculated 

as well. Heat capacity of the alloy was determined using the following formula [16, 17]: 
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where: fs – participation of fraction solid, considering that for fs 

(t  ≤ tN)= 0 and fs(t  ≥ tN)= 1. Thermal-Calc Software was used to determine a specific heat 

capacity in liquid and solid state. Total heat of crystallization process of analyzed alloys was 

calculated based on:  
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Table 3. Characteristic points obtained from thermal-derivative analysis 

Point Temperature Time Description 

I TN tN Nucleation of α-phase (liquidus temperature) 

II TDmin tDmin The α-Mg dendrite minimum (undercooling) temperature 

III T DKP tDKP Coherency point 

IV TG tG The α-Mg dendrite growth temperature 

V T(Mg+Si+Al+Mn) t(Mg+Si+Al+Mn) Crystallization of α-Mg, Mg2Si and phases contains Al and Mn 

VI T (Mg+Si+Al+Mn)f t(Mg+Si+Al+Mn)f End of crystallization of Mg2Si and phases contains Al and Mn 

VII T E(Mg+Al)N tE(Mg+Al)N Beginning of nucleation of  α(Mg)-γ (Mg17Al 12) eutectic 

VIII T E(Mg+Al)min tE(Mg+Al)min The α(Mg)- γ (Mg17Al 12) minimum (undercooling) temperature 

IX TE(Mg+Al)G tE(Mg+Al)G The α(Mg)- γ (Mg17Al 12) eutectic growth temperature 

X Tsol tsol End of solidification (solidus temperature) 

 

2.4. Microstructure examinations 

 

Metallographic samples were taken from a location close to the thermocouple tip. Samples 

were cold mounted and grounded on 240, 320, 400, 600 and 1200 grit SiC paper and then 

polished with 6 µm, 3 µm and 1 µm diamond paste. The polished surfaces were etched with a 

solution of 2 g oxalic acid, 100 ml water, with fresh alcohol blotted repeatedly onto the surface 

to prevent residue deposits. The observations of the investigated cast materials have been made 

on the light microscope LEICA MEF4A as well as on the electron scanning microscope Opton 

DSM-940. 

The X-ray qualitative and quantitative microanalysis and the analysis of a surface distribution 

of cast elements in the examined magnesium cast alloys have been made on the Opton DSM-940 
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scanning microscope with the Oxford EDS LINK ISIS dispersive radiation spectrometer at the 

accelerating voltage of 15 kV. Phase composition and crystallographic structure were determined 

by the X-ray diffraction method using the XPert device with a copper lamp, with 40 kV voltage. 

The measurement was performed by angle range of 2θ: 30º - 120º. 

Observations of thin foil structure were carried out in the JEM 3010UHR JEOL 

transmission electron microscope using an accelerating voltage of 300 kV. 

 

2.5. Mechanical properties  
 

Samples for compression testing were machined from a centre of the thermal analyses 

specimen ingots. The machined samples were polished with fine sandpaper to remove any 

machining marks from the surface. Compression tests were conducted at room temperature 

using a Zwick universal testing machine. Prior to testing, an extensometer was used to 

minimize frame bending strains. Compression specimens were tested corresponding to each of 

the three cooling rates.  

Rockwell F–scale hardness tests were conducted at room temperature using a Zwick HR 

hardness testing machine. 

 

2.6. Data collection and database construction 
 

The performance of an ANN model depends upon the dataset used for its training. 

Therefore, for a reliable neural network model a significant amount of data as well as powerful 

computing resources are necessary [33-37]. 

Amounts of data on mechanical properties of magnesium alloys at different conditions are 

currently available in the literature [31, 32]. 

However, these data are rather disordered and confusing for the use of engineering practice. 

Moreover, in Mg-system, the experimental data in the literature are very sparse compared to 

Al-alloys and steels. 

The gathered set of data designed for formation of a numerical model determining: UCS, 

HRF and GS in relation to the chemical composition and cooling rate were divided into two 

subsets: the learning set and the validation set. The data were divided in a proportion of 75% 

for the learning set and 25% for the validation set. For data analysis four neural networks 

models were used:  

• multilayer perceptron MLP,  
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• linear neural networks,  

• radial basis functions neural network RBF,  

• generalized regression neural networks GRNN, 

also the following learning methods:  

• back propagation method,  

• conjugate gradient,  

• quasi-Newtona method,  

• fast propagation.  

 

3. Results and discussion 
 

3.1. Thermal analysis 
 

Representative thermal analysis of the magnesium alloys have been presented in Figure 4. 

Three visible temperature arrests were noted on the cooling curves. More detailed information 

pertaining to the alloy’s thermal characteristics such as non-equilibrium liquidus, nucleation of 

the α(Mg)-γ(Mg17Al 12) eutectic, etc. were determined using the first derivative curves. 

An example of the cooling and crystallization curve of the Mg-Al-Zn alloy cooled with 

different cooling rates are presented in Figures 7 and 8.  

 

 

 

Figure 7. Representative cooling and crystallization curves of MC MgAl3Zn1 magnesium 

alloys cooled at 1.2°C/s 
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a) b) 

 
c) 

 
 

Figure 8. Representative cooling and crystallization curves of magnesium alloys cooled at 
1.2°C/s, a) MC MgAl6Zn1, b) MC MgAl9Zn1, c) MC MgAl12Zn1 

 

The performed crystallization process analysis on the basis of the achieved curves allows it 

to state, that the nucleation process of the α phase begins at the TDN temperature. This effect is 

present on the curve in form of an inflexion in point I, as well in form of an instantaneous 

decrease of the cooling rate. Decrease of the crystallisation rate of the remaining liquid metal is 

caused by the heat provided from the α phase nuclei, which is smaller compared to the heat 

amount submit into the surrounding by the solidified metal. This process ends in point II, 

where the crystallization temperature achieves the minimal value - TDmin,  where the α phase 

crystals begins to growth. In this point the derivative value achieves the zero value. The cooled 

alloy, resulting in crystallisation heat emission, reheats the  remaining liquid until the TDKP 

(point III) temperature. The further crystal growth causes an increase of the temperature of the 

remaining liquid to the maximal crystallisation temperature of the α phase – TG (point IV).  
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Further alloy cooling causes the beginning of crystallisation of the silicon, aluminium and 

manganese- rich phases, which are emitting an additive heat amount present on the crystallisation 

curve in form of clear heat effect – described as T(Mg+Si+Al+Mn) and T(Mg+Si+Al+Mn)f (points V and VI). 

As a result of further alloy cooling after reaching the TE(Mg+Al)N temperature there occurs the 

nucleation of the α+γ eutectic (point VII). The cooled alloy reach the TE(Mg+Al)min (point VIII) 

temperature, as next the temperature increases until the maximum crystallisation temperature of 

the eutectic TE(Mg+Al)G (point IX). The alloy crystallisation ends in point X, where the Tsol value is 

reached. The temperatures of the metallurgical reactions are presented in Tables 4-7. 

 

Table 4. Non-equilibrium characteristics of the MC MgAl3Zn1 alloy 

Point 

Cooling rate, °C/s 

0.6 1.2 2.4 

Temperature, °C Temperature, °C Temperature, °C 

I 633.16 635.39 640.32 

II 630.44 Not observed Not observed 

III 630.64 Not observed Not observed 

IV 630.85 630.42 629.71 

V Not observed Not observed Not observed 

VI Not observed Not observed Not observed 

VII Not observed Not observed Not observed 

VIII Not observed Not observed Not observed 

IX Not observed Not observed Not observed 

X 508.96 502.03 492.28 

 

Table 5. Non-equilibrium characteristics of the MC MgAl6Zn1 alloy 

Point 

Cooling rate, °C/s 

0.6 1.2 2.4 

Temperature, °C Temperature, °C Temperature, °C 

I 615.88 615.74 619.77 

II 611.51 Not observed Not observed 

III 611.75 Not observed Not observed 

IV 611.92 610.33 608.14 

V 533.65 532.77 536.37 

VI 520.18 509.72 511.99 

VII 429.45 431.69 432.99 

VIII 426.59 Not observed Not observed 

IX 427.17 Not observed Not observed 

X 419.47 415.44 401.66 
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Table 6. Non-equilibrium characteristics of the MC MgAl9Zn1 alloy 

Point 

Cooling rate, °C/s 

0.6 1.2 2.4 

Temperature, °C Temperature, °C Temperature, °C 

I 597.97 600.74 600.89 

II 592.29 593.02 Not observed 

III 592.65 593.27 Not observed 

IV 592.91 592.79 592.01 

V 515.8 524.28 524.43 

VI 503.07 504.96 502.88 

VII 428.78 429.5 433.71 

VIII 425.76 424.76 Not observed 

IX 427.25 425.83 Not observed 

X 413.01 412.19 404.11 

 

 

Table 7. Non-equilibrium characteristics of the MC MgAl12Zn1 alloy 

Point 

Cooling rate, °C/s 

0.6 1.2 2.4 

Temperature, °C Temperature, °C Temperature, °C 

I 580.76 583.51 586.2 

II 572.92 572.09 Not observed 

III 573.22 572.49 Not observed 

IV 576.03 572.87 575.09 

V 491.36 492.58 497.22 

VI 481.74 476.63 476.44 

VII 433.03 435.69 438.75 

VIII 430.58 430.15 Not observed 

IX 432.57 431.92 Not observed 

X 420.86 416.11 417.04 

 

 

In Figures 9 and 10 there are presented the solid state fraction change as well the heat flux 

generated by the crystallised phases. This information is used for determination of the 

crystallising heat emitted by the particular phases (Tables 8-11). In Figure 11 is presented the 

influence of the cooling rate as well the magnesium content on the temperature - TDN of the α 
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phase nucleation. On the basis of the performed investigation it was found that the biggest 

influence on the nucleation temperature has the aluminium content (it decreases the nucleation 

temperature of the α phase according to the liquidus line) as well the cooling rate (it causes an 

increase of the α phase nucleation temperature). For example for the MC MgAl3Zn1 alloy an 

increase of the cooling rate from 0.6 to 1.2°C/s causes an increase of the α phase nucleation 

temperature from 633.16 to 635.39°C, further increase of the cooling rate until 2.4°C/s causes a 

temperature growth until 640.32°C. 

 

 

a) b) 

 
c) 

 
 

Figure 9. Representative curves illustrate changes of heat flux and fraction solid of 

magnesium alloys cooled at 1.2°C/s, a) MC MgAl3Zn1, b) MC MgAl6Zn1, c) MC MgAl9Zn1 
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Figure 10. Representative curves illustrate changes of heat flux and fraction solid of MC 

MgAl12Zn1 magnesium alloys cooled at 1.2°C/s 

 

Table 8. Latent heat of crystallization process emitted during solidification of MC MgAl3Zn1 

 Cooling rate, °C/s 

Reaction 0.6 1.2 2.4 

L→ α(Mg) 1400.96 1422.31 1392.02 

L→ α(Mg)+ +Mg2Si+(Al+Mn) Not observed 
L→ α(Mg)+γ( Mg17Al 12) 

sum 1400.96 1422.31 1392.02 
 

Table 9. Latent heat of crystallization process emitted during solidification of MC MgAl6Zn1 

 Cooling rate, °C/s 
Reaction 0.6 1.2 2.4 

L→ α(Mg) 1258.22 1255.55 1390 

L→ α(Mg)+Mg2Si+(Al+Mn) 143.63 131.32 161.17 

L→ α(Mg)+γ( Mg17Al 12) 55.98 56.86 107.71 
sum 1457.84 1443.74 1658.88 

 

Table 10. Latent heat of crystallization process emitted during solidification of MC MgAl9Zn1 

 Cooling rate, °C/s 

Reaction 0.6 1.2 2.4 

L→ α(Mg) 1180.37 1153.43 1213.15 

L→ α(Mg)+ +Mg2Si+(Al+Mn) 273.84 302.22 289.91 

L→ α(Mg)+γ( Mg17Al 12) 172.39 183.41 195.91 

sum 1626.6 1639.09 1698.98 
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Table 11. Latent heat of crystallization process emitted during solidification of MC 

MgAl12Zn1 

 Cooling rate, °C/s 

Reaction 0.6 1.2 2.4 

L→ α(Mg) 985.47 1113.78 1029.97 

L→ α(Mg)+Mg2Si+(Al+Mn) 200.47 221.56 216.07 

L→ α(Mg)+γ( Mg17Al 12) 246.05 349.35 270.17 

sum 1432 1684.7 1516.21 

 

 
 

Figure 11. Influence of cooling rate and aluminium concentration on nucleation temperature 

 

In Figure 12 there is presented the influence of the magnesium mass concentration as well 

the cooling rate on the maximal crystallization temperature (TG) of the α phase. On the basis of 

the performed investigation it was found that the change of the cooling rate does not influence 

the maximal crystallization temperature (TG) of the α phase. It was also found that the TG 

temperature decreases together with the increase of the aluminium content. For example for the 

alloys cooled with a rate of 0.6°C/s, the increase of aluminium content from 3 to 6% causes a 

decrease of the maximal crystallization temperature of the α phase from 630.85 to 611.92°C, 

and a further increase of the aluminium content of 9% causes a decrease of the temperature 

value to 592.91°C. The lowest values of the maximal α phase crystallization temperature - 

equal 576.03°C, was observed for the alloy with 12% aluminium content. 



Open Access Library   
Volume 1 2011 

 

32 L.A. Dobrzański, M. Król, T. Tański  

 
 

Figure 12. Influence of cooling rate and aluminium concentration on dendrite growth 

temperature 

 

Figure 13 presents an influence of aluminium mass concentration and cooling rate on 

solidus temperature. On the basis of the performed investigation it was found that the biggest 

influence on the nucleation temperature has the aluminium content (it increases the solidus 

temperature) as well the cooling rate (it causes an decrease of the solidus temperature).  

 

 

 

Figure 13. Influence of cooling rate and aluminium concentration on dendrite growth 

temperature 
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Figure 14. Influence of cooling rate and aluminium concentration on latent heat of 

crystallization process 
 

In Figure 14 there is presented the influence of cooling rate as well the influence of 

aluminium mass content on the heat amount emitted during the alloy crystallisation. On the 

basis of the performed calculations it was found, that the biggest influence on the heat (Qc) 

increase generating during alloy crystallization has the variable aluminium content. An 

increase of thee aluminium content in the investigated alloys causes an increase of the heat Qc. 

In case of an increase of the cooling rate there was observed a small growth of the generating 

crystallization heat except the MC MgAl3Zn1 alloy. 

 

3.2. Microstructure characterization  
 

The analysis of thin foils (Figs. 15-17) after thermal analysis has validated the fact that the 

structure of the magnesium cast alloy consists of the solid solution α – Mg (matrix) and an 

intermetallic secondary phase γ – Mg17Al 12 in the form of needle precipitations (Figs. 15, 17). 

According to the X–ray phase analysis, the investigated magnesium alloys cooled with 

solidification rate: 0.6, 1.2 and 2.4. ºC/s is composed of two phases (Fig. 18): α–Mg solid 

solution as matrix and γ(Mg17Al 12). In the diffraction pattern of the matrix, the {011} Mg–

diffraction line has very intensity. Based on the X–ray phase analysis was found, that change of 

solidification rate don’t influence on the phases composition of investigated alloy. The X–ray 

phase analysis don’t ravel occurring of Mg2Si and phases contains Mn and Al, what suggested 

that the fraction volume of these phases is below 3%. 
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a) b) 

  

 

Figure 15. TEM image of the MC MgAl6Zn1 alloy cooled at 0.6°C/s a) bright field; 

b) diffraction pattern of area shown in a) 

 

 

 

 
 

Figure 16. Part of solution for diffraction pattern shown in Fig. 15b 

 

 

 

The general microstructure after thermal analysis revealed the presence of dendrite of solid 

solution of Al in Mg (α-phase) and divorced eutectic structure made of Al-rich Mg solid 

solution and Mg17Al 12 (γ-phase). Moreover, angular particles of Mg2Si and globular particles of 

phases contains Al and Mn mainly located at interdendritic spaces were observed (Figs. 19, 

20). This observation was in agreement with thermal analysis experiments where three distinct 

metallurgical reactions were noted on the cooling curve, i.e., nucleation of the α(Mg), the 

Mg2Si and the α(Mg)+γ(Mg17Al 12) eutectic. 
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a) 

 
 

b) 

 
 

c) 

 

 

Figure 17. TEM image of the MC MgAl9Zn1 alloy cooled at 0.6°C/s a) bright field; 

b) diffraction pattern of area shown in a), c) part of solution for diffraction pattern shown in b 
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Figure 18. XRD pattern of magnesium alloys at natural cooling 

 

 
 

Figure 19. Microstructure of MC MgAl3Zn1 magnesium alloy cooled at 1.2°C/s, mag. 500x 
 

The carried out investigations revealed, that the grain size decreases together with the 

cooling rate increase for each of the analysed alloys. On the basis of the performed 

investigations it was found that the largest grain size is characteristic for the MC MgAl6Zn1 

alloy. A cooling rate change from 0.6 to 2.4°C/s causes a two times decrease of the grain size. 

A similar dependence was found also for other analysed alloys, which were studied in this 

investigation. An increase of the aluminium mass concentration causes a slightly decrease of 

the grain size (Fig. 21). 
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a) 

 
b) 

 
c) 

 
 

Figure 20. Microstructure of magnesium alloys cooled at 1.2°C/s, a) MC MgAl6Zn1, b) MC 
MgAl9Zn1, c) MC MgAl12Zn1, mag. 500x 
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Figure 21. Influence of cooling rate and aluminium concentration on grain size of analysed 
cast magnesium alloys 

 
Representative SEM micrographs of magnesium alloys cooled at 1.2°C/ are shown in 

Figures 22, 23. Results from EDS analysis are shown in Tables 12-15. EDS spectra for all 

samples confirms that, the matrix is α-Mg, and intermetallics phases mostly likely Mg2Si, and 

Al-Mn (it could be a mixture of Al8Mn5 or MnAl4). Because the size of particular elements of 

the structure is, in a prevailing measure, smaller than the diameter of the analysing beam, the 

obtained at the quantitative analysis chemical composition may be averaged as a result of 

which some values of element concentrations may be overestimated. 

 

 
 
Figure 22. Representative scanning electron microscope micrograph of  MC MgAl3Zn1 

magnesium alloy that solidified with cooling rate 1.2°C/s 
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a) 

 
 

b) 

 
 

c) 

 
 

Figure 23. Representative scanning electron microscope micrographs of  magnesium alloy 

that solidified with cooling rate 1.2°C/s: a) MC MgAl6Zn1, b) MC MgAl9Zn1, c) MC 

MgAl12Zn1 
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Table 12. Pointwise chemical composition analysis from Fig. 22 

 Element 

The mass concentration of  

main elements, % 

weight % atomic % 

1 
Mg 74.14 76.8 

Si 25.86 23.2 

2 

Zn 4.12 1.6 

Mg 78.63 82.16 

Al 17.25 16.24 

 

Table 13. Pointwise chemical composition analysis from Fig. 23a 

 Element 

The mass concentration of  

main elements, % 

weight % atomic % 

1 

Mg 10.29 15.33 

Al 36.12 48.48 

Si 1.36 1.75 

Mn 52.23 34.43 

2 
Mg 66.6 69.73 

Si 33.4 30.27 

3 

Zn 6.03 2.41 

Mg 62.4 67.03 

Al 31.58 30.56 

 

Table 14. Pointwise chemical composition analysis from Fig. 23b 

 Element 

The mass concentration of  

main elements, % 

weight % atomic % 

1 

Mg 12.41 17.27 

Al 45.05 56.51 

Mn 42.55 26.22 

2 

Zn 7.44 3.01 

Mg 66.16 72.08 

Si 26.4 24.9 

3 

Mg 66.42 70.15 

Al 29.81 28.37 

Zn 3.77 1.48 
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Table 15. Pointwise chemical composition analysis from Fig. 23c 

 Element 

The mass concentration of  

main elements, % 

weight % atomic % 

1 

Mg 1.57 2.38 

Al 45.17 61.82 

Mn 53.26 35.8 

2 
Mg 66.06 69.22 

Si 33.94 30.78 

3 

Zn 3.75 1.48 

Mg 61.58 65.36 

Al 34.68 33.16 

 

 

Figure 24 presents a chemical analysis of the surface element decomposition. 

 

 

3.3. Mechanical properties 

 

Figure 25 shows the influence of aluminium mass concentration as well the cooling rate on 

hardness of the investigated alloys. On the basis of the performed investigations it was found a 

linear  increase of the hardness compared to the increase of the aluminium content, and also an 

increase of the cooling rate for the MC MgAl6Zn1, MC MgAl9Zn1 and MC MgAl12Zn1 

alloy. For the MC MgAl3Zn1 alloy it was found a hardness increase up to 26 HRF by a cooling 

rate of 1.2°C/s. A cooling rate increase up to  2.4°C/s causes a decrease of the hardness down 

to 19 HRF. The highest hardness value of 74 HRF was achieved for the MC MgAl12Zn1 alloy 

cooled with a rate of 2.4°C/s. 

Figure 26 presents the influence of aluminium mass concentration as well the cooling rate 

on the ultimate compressive strength. On the basis of the performed investigations it was found 

that the highest value of the ultimate compressive strength of 296.7 MPa has the 

MC MgAl6Zn1 alloy, and the lowest value of 245.9 MPa the MC MgAl3Zn1 alloy (both alloys 

cooled with a rate of 0.6°C/s). A change of the cooling rate of the analysed alloys causes an 

increase of the ultimate compressive strength. The highest increase of the Rc value in 

comparison to the cooling rate increase was found in case of the MC MgAl3Zn1 and 

MC MgAl9Zn1 alloy. An increase of the cooling rate up to the maximum value causes an 
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increase of the ultimate compressive strength for the MCMgAl3Zn1 and MCMgAl9Zn1 alloy 

up to the value of 275.8 and 316 MPa adequately, as well is ca. 10-15 MPa higher in case of 

the MCMgAl6Zn1 and MCMgAl12Zn1 materials. 

 

 

A Mg 

Al Si 

Mn Zn 

 

Figure 24. The area analysis of chemical elements alloy MC MgAl6Zn1 cooled at 1.2°C/s 

cooling rate: image of secondary electrons (A) and maps of elements’ distribution 
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Figure 25. Influence of cooling rate and aluminium concentration on hardness 

 

 
 

Figure 26. Influence of cooling rate and aluminium concentration on ultimate compressive 

strength of cast magnesium alloys 

 

3.4. Database and the artificial neural network model 
 

In this work two types of neural networks were used. First neural network were used to 

determine mechanical properties based on chemical composition and cooling rate. Model of 
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neural network was used to verify correctness of experimental mechanical properties including 

Rockwell hardness in F scale, ultimate compressive strength (UCS, MPa) and metallographic 

characterisation (grain size, µm). The feed forward neural networks have been applied for 

calculations – Multi Layers were applied for calculations – Multi Layerceptron (MLP). The 

number of nodes in input was defined as eight, which correspond to cooling rate (0.6, 1.2 and 

2.4°C/s) and alloy compositions, including the commonly used alloying elements in 

magnesium alloys, namely Al, Zn, Mn, Si, Cu, Fe and Mg. Number of nodes in output layer 

was defined as three – hardness, ultimate compressive strength and grain size (Fig. 27). One-

of-N conversion type was applied for nominal variable, and minimax conversion for other 

variables. One-of-N conversion type using neurons number answering one nominal variable is 

an equal number of values achieved by this variable. In order to represent selected variable, 

appropriate neuron is activated and the rest of them stays inactive. 

 

 

 

Figure 27. Schematic diagram of the ANN model for prediction of properties  

of magnesium alloys 

 

Data set was divided into three subsets: training, validating and testing ones. The result of 

design and optimisation process is network, which is characterized by an error of value, 

standard deviation and Pearson’s correlation coefficient.  

The number of hidden layers, number of nodes in these layers and the number of training 

epochs were determined by observing the neural forecast error for the training and validating 

sets. Neural network training was carried with errors back propagation method and conjugate 

gradient algorithm.  
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The neural network with one hidden layer and numbers of neurons in this layer as 6 was 

assumed to be optimal. The highest value of Pearson’s correlation coefficient and the lowest 

value of standard deviation were achieved for MLP neural network that was trained by error 

back propagation method in 50 epochs and conjugate gradient algorithm in 59 epochs.  

 

Table 16. Quality assessment coefficients for applied neural networks for calculate  

of mechanical properties for testing set 

Mechanical 

properties 

Average of 

tested 

population 

Absolute 

mean error 

Standard 

error 

deviation 

Standard 

deviation 

quotient 

Pearson 

correlation 

coefficient 

Hardness [HRF] 50.03 4.12 3.37 0.17 0.98 

Ultimate 

compressive 

strength 

[MPa] 

278.59 5.46 6.96 0.32 0.94 

Grain size 

[µm] 
118.36 6.43 7.59 1.85 0.91 

 

The standard deviation ratio calculated for the training set is: 0.17 for hardness; 0.32 for 

ultimate compressive strength and 1.85 for grain size. Table 16 shows the values of errors, 

standard deviation ratios and Pearson correlation coefficients (R) for the calculated values of 

hardness ultimate compressive strength and grain size. 

 

 
 

Figure 28. Influence of cooling rate on the hardness of Mg-Al-Zn alloys 
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Mechanical properties of the magnesium alloys are strongly depended on cooling rate and 

aluminium content (Fig. 28), the hardness grows with increment of aluminium content and 

slightly with increment of cooling rate. In the opposite way it is with ultimate compressive 

strength. UCS grows with increment of cooling rate and slightly with increment of aluminium 

content (Fig. 29). Measuring errors occurred during testing did not exceed 5%. 

 

 
 

Figure 29. The predicted influence of cooling rate on the ultimate compressive strength 

of Mg-Al-Zn alloys 

 

On the basis of the worked out models of neural networks, the diagrams of the influence of 

the cooling rate and aluminium content were done on the hardness, ultimate compressive 

strength and grain size of the analysed magnesium cast alloys (Figs. 30-32). 

In second type of neural network data set was divided into three subsets: training, 

validating and testing ones.  The data from the learning set has been used for the modification 

of the network weights, the data from the validating set, to evaluate the network during the 

learning process, while the remaining part of the values (the testing set) has been used for 

determining the network efficiency after ending completely the procedure of its creating. 

The results used in the learning process and the network testing have been put to 

standardization. Scaling has been used in relation to the deviation from the minimal value, 

according to the mini-max function. The mini-max function transforms the variable domain to 

the range (0, 1). The type of the network, the number of neurons in the hidden layer (layers), 

the method and learning parameters have been determined observing the influence of these 

quantities onto the assumed network quality coefficients. 
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Figure 30. Simulation of the cooling rate and aluminium content on hardness of the cast 

magnesium alloys 

 

 

 
 

Figure 31. Simulation of the cooling rate and aluminium content on ultimate compressive 

strength of the cast magnesium alloys 
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Figure 32. Simulation of the cooling rate and aluminium content on grain size of the cast 

magnesium alloys 

 

The result of design and optimisation process is network, which is characterized by an error 

of value, standard deviation and Pearson’s correlation coefficient. The quotient of standard 

deviations for errors and the data has been accepted, as the vital indicator of the model quality, 

made with the use of the neural network. The correctness of the network model may only be 

considered in case when the presented by networks forecasts are burdened with a smaller error 

than the simple estimation of the unknown output value. 

Model of neural network was used to verify correctness of experimental crystallization 

temperatures including beginning of dendrite nucleation temperature TDN, dendrite growth 

temperature TG and solidus temperature Tsol. The feed forward neural networks have been 

applied for calculations – General Regression Neural Network (GRNN).  

The number of nodes in input was defined as four, which correspond to cooling rate (0.6, 

1.2 and 2.4°C/s) and alloy compositions, including the commonly used alloying elements in 

magnesium alloys, namely Al, Zn, Mn. Number of nodes in output layer was defined as three – 

dendrite nucleation temperature, dendrite growth temperature and solidus 

temperature (Fig. 33). 

The number of hidden layers, number of nodes in these layers and the number of training 

epochs were determined by observing the neural forecast error for the training and validating 
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sets. The neural network with two hidden layers and numbers of neurons in this layers as 10 

and 4 were assumed to be optimal.  

 

 
 

Figure 33. Schematic diagram of the ANN model for prediction of properties 

of magnesium alloys 

 

The standard deviation ratio calculated for the training set is: 0.16 for TDN; 0.3 for TG and 

0.25 for Tsol. Table 17 shows the values of errors, standard deviation ratios and Pearson 

correlation coefficients (R) for the calculated values of crystallization temperatures. 

 

 

Table 17. Quality assessment coefficients for applied neural networks for calculate of chemical 

composition and mechanical properties for testing set 

Mechanical 

properties 

Average of 

tested 

population 

Absolute 

mean error 

Standard 

error 

deviation 

Standard 

deviation 

quotient 

Pearson 

correlation 

coefficient 

TDN [°C] 613.01 3.52 3.97 0.16 0.98 

TG [°C] 605.77 5.29 7.69 0.3 0.97 

TSOL [°C] 451.38 7.86 11.34 0.25 0.98 

 

 

On the basis of the worked out models of neural networks, the diagrams of the influence of 

the cooling rate and aluminium concentration, zinc and manganese concentration as well were 

done on the dendrite nucleation temperature, dendrite growth temperature and solidus 

temperature of the analysed magnesium cast alloys (Figs. 34-39). 
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The presented, on the MC MgAl12Zn1, MC MgAl9Zn, MC MgAl6Zn, MC MgAl3Zn alloy 

example results, confirm the correlation between the results of the laboratory research of Mg 

alloys with the results obtained out of the neural networks. 

 

 

 

 
   

Figure 34. Simulation of the cooling rate 

and aluminium concentration on beginnings 

of dendrite nucleation temperature 

 Figure 35. Simulation of the aluminium and 

zinc concentration on beginnings of dendrite 

nucleation temperature 

 

 

 

 

 
   

Figure 36. Simulation of the cooling rate 

and aluminium concentration on dendrite 

growth temperature 

 Figure 37. Simulation of the aluminium and 

zinc concentration on dendrite growth 

temperature 
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Figure 38. Simulation of the cooling rate 

and aluminium concentration on solidus 

temperature 

 Figure 39. Simulation of the aluminium and 

zinc concentration on solidus temperature 

 

 

4. Conclusions 
 

The new developed experimental cast magnesium alloys MC MgAl3Zn1, MC MgAl6Zn1, 

MC MgAl9Zn1, MC MgAl3Zn1 are characterising  an α solid solution microstructure, which is 

the matrix, intermetallic γ – Mg17Al 12 phase in a shape of plates, placed manly at grain border 

regions, needle shaped eutectic (α+γ) as well Mg2Si containing precipitations characterized by 

edged outlines, also steroidal or needle shaped phases with high Mn and Al concentration are 

present (can be Al8Mn5 or MnAl4). This research shows that the thermal analysis carried out on 

UMSA Technology Platform is an efficient tool for collecting and calculations of data about 

temperature and time of liquidus and solidus temperatures as well. Derivative thermo-analysis 

performed allowed to achieve several representative cooling, crystallization and calorimetric 

curves with characteristics points of crystallisation process for magnesium alloys. Description 

of characteristics points obtained from thermal-derivative analysis made it possible to get better 

understanding of the thermal processes occurred during crystallization kinetics of the 

investigated Mg alloys. 

Solidification parameters are affected by the cooling rate. The formation temperatures of 

various thermal parameters are shifting with an increasing cooling rate. Increasing the cooling 

rate increases significantly the Mg nucleate temperature and decreases the solidus temperature 
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simultaneously widens a solidification range. As expected, the results show that grain size 

reduces as the cooling rate increases. Increasing the cooling rate increases hardness and 

compressive ultimate strength of the examined magnesium alloys. 

The artificial neural network model (ANN model) for predicting crystallization 

temperatures of crystallisable magnesium alloy was improved by refining pre-processing 

variables and using a more reasonable structure of hidden layers. The results show that the 

improved model could apparently decrease the prediction errors, and raise the accuracy of the 

prediction results. The improved ANN model was used to predict the crystallization 

temperatures of Mg-Al-Zn alloys. The predicted results were found to be in good agreement 

with the experimental data. 

 

 

Acknowledgements 
 

The paper has been realised in relation to the project POKL.04.01.01-00-003/09-00 entitled 

“Opening and development of engineering and PhD studies in the field of nanotechnology and 

materials science” INFONANO, co-founded by the European Union from financial resources 

of European Social Fund and headed by Prof. L.A. Dobrzański. 

 

 

 

 

References 
 

1. P.J. Haines, Principles of thermal analysis and calorimetry, The Royal Society of Chemistry, 

Cambridge, UK, 2002. 

2. M.E. Brown, Introduction to thermal analysis. Techniques and application, Kluwer Academic 

Publisher, Netherlands, 2001. 

3. R.F. Speyer, Thermal analysis of materials, Marcel Dekker, 1994. 

4. P. Gabbott, Principles and applications of thermal analysis, Blackwell Publishing, UK, 2008. 

5. G.W.H. Hohne, W.F. Hemminger, H.J. Flammersheim, Differential Scanning Calorimetry, 

Springer-Verlag Berlin Heidelberg, 2003. 



Effect of casting, plastic forming or surface technologies on the structure  
and properties of the selected engineering materials  

 

Effect of cooling rate and aluminum contents on the Mg-Al-Zn alloys’ ... 53 

6. P. Bassani, E. Gariboldi, A. Tuissi, Calorimetric analysis of AM60 magnesium alloy, Journal of 

Thermal Analysis and Calorimetry 80 (2005) 739-747. 

7. A. Saccone, D. Macciò, S. Delfino, F. H. Hayes, R. Ferro, Mg-Ce alloys, Experimental investigation 

by Smith thermal analysis, Journal of Thermal Analysis and Calorimetry 66 (2001) 47-57. 

8. B. Bronfin, N. Moscovitch, New magnesium alloys for transmission parts, Metal Science and Heat 

Treatment 48/11-12 (2006) 479-486. 

9. D. Eliezer, E. Aghion, F.H. Froes, Magnesium science and technology, Advanced Materials 

Performance 5 (1998) 201-212. 

10. ASM Specialty Handbook-Magnesium and Magnesium Alloys, ed. M.M. Avedesian, H. Baker, 

ASM International, USA, 1999, 3-84. 

11. L.A. Dobrzański, T. Tański, L. Čížek, Influence of Al addition on structure of magnesium casting 

alloys, Journal of Achievements in Materials and Manufacturing Engineering 17 (2006) 221-224. 

12. I.J. Polmear, Light Alloys, London, 1995. 

13. K.U. Kainer, Magnesium – alloys and technologies, Wiley-VCH Verlag GmbH & Co. KG aA, 

Weinheim 2003, 33-341. 

14. L. Backuerud, G. Chai, J Tamminen, Solidification characteristics of aluminum alloys Vol. 2 

Foundry Alloys, AFS Skanaluminium, Stockholm, Sweden, 1990. 

15. L. Backuerud, G. Chai, Solidification characteristics of aluminum alloys Vol. 3 Foundry Alloys, 

AFS Skanaluminium, Stockholm, Sweden, 1990. 

16. L.A. Dobrzański, R. Maniara, J. Sokołowski, W. Kasprzak, Effect of cooling rate on the 

solidification behavior of AC AlSi7Cu2 alloy, Journal of Materials Processing Technology 191 

(2007) 317-320. 

17. L.A. Dobrzański, W. Borek, R. Maniara, Influence of the crystallization condition on Al–Si–Cu 

casting alloys structure, Journal of Achievements in Materials and Manufacturing Engineering 18 

(2006) 211-214. 

18. S. Jura, Z. Jura, Theory ATD method in studies of Al alloys, Solidification of Metals and Alloys 28 

(1996) 57-87 (in Polish). 

19. S. Jura, J. Sakwa, Application of thermal-derivative  analysis to evaluate the mechanical properties 

of cast iron, Solidification of Metals and Alloys 5 (1982) 6-29 (in Polish). 

20. M. Malekan, S.G. Shabestari, Computer-aided cooling curve thermal analysis used to predict the 

quality of aluminum alloys, Journal of Thermal Analysis DOI 10.1007/s10973-010-1023-2. 

21. M. Kondracki, J. Gawroński, J. Szajnar, R. Grzelczak, K. Podsiadło, The study of the crystallization 

process MO95 brass based on ATD method, Archives of Foundry 2/4 (2002) 128-134 (in Polish).  

22. J. Gawroński, Crystallization of alloys, Thermal and derivation method (ATD), Archives of 

Foundry 16 (2005) 256-261 (in Polish). 

23. S. Jura, The essence of the ATD method. Modern methods for assessing the quality of alloys, PAN 

– Katowice, Institute of Foundry Silesian University, 1985 (in Polish).  



Open Access Library   
Volume 1 2011 

 

54 L.A. Dobrzański, M. Król, T. Tański  

24. J. Adamiec, A. Kiełbus, J. Cwajna, The procedure of quantitative description of the structure of cast 

magnesium alloys, Archives of Foundry 6/18 (2006) 209-214 (in Polish). 

25. L.A. Dobrzański, T. Tański, Solid State Phenomena, Influence of aluminium content on behaviour 

of magnesium cast alloys in bentonite sand mould, Journal of Materials Processing Technology 147-

149 (2009) 764-769. 

26. L.A. Dobrzański, T. Tański, L. Cížek, Heat treatment impact on the structure of die-cast magnesium 

alloys, Journal of Achievements in Materials and Manufacturing Engineering 20 (2007) 431-434.  

27. H. Baker, ASM Specialty Handbook. Magnesium and Magnesium Alloys, M.M. Avedesian (Ed.), 

ASM International, ISBN: 0871706571, (1999) USA. 

28. http://uwindsor.ca/umsa 

29. “Method and Apparatus for Universal Metallurgical Simulation and Analysis” – United States 

Patent,  Patent No.: US 7,354,491 B2, Date of Patent: Apr. 8, 2008. 

30. Universal Metallurgical Simulator and Analyzer (UMSA) Platform for the Advanced Simulation of 

Melting and Solidification Processes, Software Information, 2002. 

31. E. Mares, J.H. Sokolowski, Artificial intelligence-based control system for the analysis of metal 

casting properties, Journal of Achievements in Materials and Manufacturing Engineering 40/2 

(2010) 149-154. 

32. L.A. Dobrzanski, T. Tanski, J. Trzaska, L. Čížek, Modelling of hardness prediction of magnesium 

alloys using artificial neural networks applications, Journal of Achievements in Materials and 

Manufacturing Engineering 26/2 (2008) 187-190. 

33. L.A. Dobrzański, R. Honysz, Application of artificial neural networks in modelling of quenched and 

tempered structural steels mechanical properties, Journal of Achievements in Materials and 

Manufacturing Engineering 40/1 (2010) 50-57.  

34. T. Masters, Neural networks in practice, PWN, Warsaw, 1996 (in Polish). 

35. L.A. Dobrzański, S. Malara, J. Trzaska, Project of neural network for steel grade selection with the 

assumed CCT diagram, Journal of Achievements in Materials and Manufacturing Engineering 27/2 

(2008) 155-158. 

36. W. Sitek, J. Trzaska, L.A. Dobrzanski, Evaluation of chemical composition effect on materials 

properties using AI methods, Journal of Achievements in Materials and Manufacturing Engineering 

20 (2007) 379-382. 

37. J. Trzaska, L.A Dobrzański, A. Jagiełło, Computer programme for prediction steel parameters after 

heat treatment, Journal of Achievements in Materials and Manufacturing Engineering 24/2 (2007) 

171-174. 

 

 

 

 

The paper is published also in the Journal of Achievements in Materials and Manufacturing Engineering 



 

55 

Hot-working of advanced  

high-manganese austenitic steels 

 
L.A. Dobrzański*, W. Borek 

Institute of Engineering Materials and Biomaterials, Silesian University  

of Technology, ul. Konarskiego 18a, 44-100 Gliwice, Poland 

* Corresponding author: E-mail address: leszek.dobrzanski@polsl.pl 

 

Abstract 
Purpose: The work consisted in investigation of newly elaborated high-manganese austenitic 

steels with Nb and Ti microadditions in variable conditions of hot-working. 

Design/methodology/approach: The force-energetic parameters of hot-working were 

determined in continuous and multi-stage compression test performed in temperature range of 

850 to 1100°C using the Gleeble 3800 thermomechanical simulator. Evaluation of processes 

controlling work-hardening were identified by microstructure observations of the specimens 

compresses to the various amount of deformation (4x0.29, 4x0.23 and 4x0.19). The 

microstructure evolution in successive stages of deformation was determined in metallographic 

investigations using light, scanning and electron microscopy as well as X-ray diffraction. 

Findings: The investigated steels are characterized by high values of flow stresses from 230 to 

450 MPa. The flow stresses are much higher in comparison with austenitic Cr-Ni and Cr-Mn 

steels and slightly higher compared to Fe-(15-25)Mn alloys. Increase of flow stress along with 

decrease of compression temperature is accompanied by translation of εmax strain in the 

direction of higher deformation. Results of the multi-stage compression proved that applying 

the true strain 4x0.29 gives the possibility to refine the austenite microstructure as a result of 

dynamic recrystallization. In case of applying the lower deformations 4x0.23 and 4x0.19, the 

process controlling work hardening is dynamic recovery and a deciding influence on a gradual 

microstructure refinement has statical recrystallization. The steel 27Mn-4Si-2Al-Nb-Ti has 

austenite microstructure with annealing twins and some fraction of ε martensite plates in the 

initial state. After the grain refinement due to recrystallization, the steel is characterized by 

uniform structure of γ phase without ε martensite plates. 

Research limitations/implications: To determine in detail the microstructure evolution during 

industrial rolling, the hot-working schedule should take into account real number of passes 

and higher strain rates. 
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Practical implications: The obtained microstructure – hot-working relationships can be useful 

in the determination of power-force parameters of hot-rolling and to design a rolling schedule 

for high-manganese steel sheets with fine-grained austenitic structures. 

Originality/value: The hot-deformation resistance and microstructure evolution in various 

conditions of hot-working for the new-developed high-manganese austenitic steels were 

investigated. 

Keywords: High-manganese steel; Hot-working; TRIP/TWIP steels; Dynamic 

recrystallization; Static recrystallization; Grain refinement 
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1. Introduction 
 

The beginning of XXI century has brought a development of new groups of steels to be 

applied for sheets in automotive industry. From the aspect of materials, this development has 

been accelerated by strong competition with non-metal aluminium and magnesium alloys as 

well as with composite polymers, which meaning is successively increasing. From the aspect 

of ecology, an essential factor it is to limit the amount of exhaust gas emitted into the 

environment. It’s strictly connected to the fuel consumption, mainly dependant on car weight 

and its aerodynamics. Taking into consideration increased quantity of accessories used in 

modern cars, decreasing car’s weight can be achieved solely by optimization of sections of 

sheets used for bearing and reinforcing elements as well as for body panelling parts of a car. 

Application of sheets with lower thickness preserving proper tautness requires using sheets 

with higher mechanical properties, however keeping adequate formability. Steels of IF and BH 

type with moderate mechanical properties and high susceptibility to deep drawing were 

elaborated for elements of body panelling [1]. The highest application possibilities belong to 

DP-type steels with ferritic – martensitic microstructure. Their mechanical properties can be 

formed in a wide range, controlling participation of martensite arranged in ferritic matrix. 

Sheets made of these steels are widely used for bearing and reinforcing elements [2]. 
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In comparison to steels with ferritic microstructure they are characterized by high value of 

hardening exponent n, what decides about their strong strain hardening during sheet-metal 

forming [3]. 

Nowadays, apart from limiting fuel consumption, special pressure is placed on increasing 

safety of car’s passengers. Constructional solutions and steels used in the frontal part of a 

vehicle are the most significant due to the possibility of accident occurrence. The goal of 

structural elements such as frontal frame side members, bumpers and the others is to take over 

the energy of an impact. Therefore, steels that are used for these parts should be characterized 

by high product of UTS and UEl, proving the ability of energy absorption. Among the wide 

variety of recently developed steels, high-manganese austenitic TRIP/TWIP steels with low 

stacking faulty energy (SFE) are particularly promising, especially when mechanical twinning 

occurs [3-6]. Beneficial combination of high strength and ductile properties of these steels 

depends on structural processes taking place during cold plastic deformation, which are a 

derivative of stacking fault energy (SFE) of austenite, dependent, in turn on the chemical 

composition of steel and deformation temperature [1-4, 7-10]. In case, when SFE is equal from 

12 to 20 mJm-2, partial transformation of austenite into martensite occurs, making use of TRIP 

effect (TRansformation Induced Plasticity) [1-4, 8]. Values of SFE from 20 to 60 mJm-2 

determine intense mechanical twinning connected to TWIP effect (TWinning Induced 

Plasticity) [5-10]. The steels cover a very wide carbon concentration in a range from about 0.03 

to 1 wt.%, 15-30% Mn, 0-4% Si, 0-8% Al. 

The best conditions for obtaining the total elongation up to 80%, due to a gradual increase 

of mechanical twins, acting as obstacles for dislocation glide, occur when the carbon 

concentration is in the range of 0.4-0.8% and manganese from 17 to 22% [5, 11, 12]. However, 

high carbon content may lead to formation of M3C and M23C6-type carbides, which 

precipitating on austenite grain boundaries negatively affect the strength and toughness of the 

steel [11]. Moreover, in the Fe-(17-22) Mn-(0.4-1) C steel grades, besides the formation of 

deformation twins during straining, a technologically undesirable jerky flow, which presents 

the features of dynamic strain aging and PLC (Portevin-LeChatelier) effect is observed [6]. 

Because of these reasons, Frommeyer et al. [1-4] proposed a group of high-manganese steels 

with carbon content, less than 0.1%. Lower hardening due to decreased carbon concentration 

was compensated by Si and Al additions, which together with Mn decide about SFE of the 

alloy and the main deformation mechanism. In a case of Mn ≥ 25%, the mechanical properties 

are mainly dependent on TWIP effect [1, 3, 13] and for Mn ≤ 20%, a process influencing a 

mechanical properties level is strain-induced martensitic transformation of austenite [2-4]. For 
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the latter the initial structure is consisted of γ phase as a matrix, some fraction of ε martensite 

and sometimes ferrite [2-4]. 

Results of our earlier investigations [14-17] indicate that ε martensite plates can appear in 

the initial structure of the (0.04-0.05) C-25Mn-4Si-2Al alloys as a result of Nb and Ti 

microadditions. The amount of C combined in precipitated carbonitrides reduces its content in 

the solid solution, thus decreasing the SFE of austenite and resulting in a presence of ε 

martensite despite high manganese concentration in the investigated steels. It was found [16-

18] that the fraction of ε martensite plates is also dependent on a grain size of the γ phase and 

hot-working conditions. It was also observed that the fraction of mechanical twins within the 

austenite grains corresponds to the initial grain size, and at the same time affects the 

mechanical properties [5]. 

The hot-working behaviour of high-manganese steels is of primary importance for 

elaborating manufacturing methods consisted of hot rolling and successive cooling to room 

temperature. However, their hot work hardening and microstructural evolution controlled by 

thermally activated processes removing it, did not draw much attention compared to cold-

working behaviour. Niewielski [19] compared the flow resistance of the 0.5C-17Mn-16Cr 

austenitic steel with conventional stainless steel of 18-8 type. He observed that the hardening 

intensity of Cr-Mn steel is much higher than in case of Cr-Ni steel. The difference in a course 

of work-hardening comes from a different ability of dislocations to splitting and association 

during straining. 

High strain hardening rate is a result of the ability of manganese austenite for dislocation 

dissociation in the initial deformation stage [19, 20]. The reason for high hardening intensity of 

Cr-Mn steel are much higher flow stress values compared to Cr-Ni steel, however at lower 

deformation value of εmax corresponding to maximal flow stress. For example, the yield stress 

of the Cr-Mn steel hot-twisted at a temperature of 1100°C with a strain rate of 1s-1 is equal to 

134 MPa for the value εmax = 0.18 and increases to 280 MPa for εmax = 0.23 with decreasing the 

deformation temperature to 900°C [19]. Cabanas et al. [21] investigated the retarding effect of 

Mn content up to 20 wt.% on the grain boundary migration and dynamic recrystallization in 

binary Fe-Mn alloys. The influence of Al addition on the flow behaviour of 0.1C-25Mn-(0-8) 

Al alloys was the aim of investigations undertaken by Hamada et al. [22, 23]. They found that 

flow resistance is slightly higher for the 25Mn3Al than for the 25Mn steel. Moreover, they 

observed that the flow stress of the austenitic alloys containing Al up to 6% is much higher 

compared to the steel containing 8% Al with a duplex austenitic-ferritic structure [22]. 
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Investigation results by Hamada et al. [22, 23], Sabet et al. [24] on 0.13C-29Mn-2.4Al steel 

and Kliber et al. [25] on (0.6-1)C-(17-20)Mn steels confirmed the high work hardening rate of 

high-manganese alloys in the deformation range lower than εmax, likewise for Cr-Mn steels 

investigated by Niewielski [19]. 

For manufacturing methods elaborating, it is especially important that relatively low values 

of εmax give the opportunities to refine austenitic structures in successive stages of hot-working. 

Unfortunately, the flow resistance of high-Mn steels is usually investigated under conditions of 

continuous compression or torsion [20-25]. To determine the softening kinetics, the double- or 

triple-deformation tests are rarely carried out [22, 25]. Hot-rolling of sheets consists of many 

passes characterized by the changing amount of deformation and strain rate from pass to pass. 

This means that the flow stresses should be determined during multi-stage straining testing and 

for various deformation values. In earlier investigations [14-16, 26, 27] we characterized the 

force-energetic parameters of hot-working of new-developed low-carbon high-Mn-Si-Al steels 

in continuous and four-stage compression tests. The aim of the paper is to describe in details 

the microstructure evolution and phase composition of 0.04C-27Mn-4Si-2Al-Nb-Ti steel 

subjected to four-stage compression with various amount of deformation. 

 

 

2. Experimental procedure 
 

Investigations were carried out on two high-manganese austenitic Mn-Si-Al steels 

containing Nb and Ti microadditions (Table 1). Melts were prepared in the Balzers VSG-50 

vacuum induction furnace. After homogenization at 1200°C for 4 h to remove the segregation 

of Mn, ingots with a mass of 25 kg were submitted for open die forging on flats with a width of 

220 mm and a thickness of 20 mm. Then, cylindrical machined samples ∅10x12 mm were 

made. In order to determine the influence of temperature on a steel grain growth, samples were 

solution heat-treated in water from the austenitizing temperature in a range from 900 to 1100°C 

(Fig. 1). Determination of processes controlling work hardening was carried out in continuous 

axisymetrical compression test using the DSI Gleeble 3800 thermomechanical simulator, used 

as laboratory equipment of the Institute for Ferrous Metallurgy in Gliwice [28, 29]. The stress 

– strain were defined in a temperature range from 850 to 1050°C with a strain rate of 10 s-1. 

In order to determine σ-ε curves, the four-stage compression tests were carried out. The 

temperatures of the successive deformations were 1100, 1050, 950 and 850°C. The details of 
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the hot-working are given in Table 2. To simulate various conditions of hot-rolling, the amount 

of true stain were 0.29, 0.23 and 0.19. The time of the isothermal holding of the specimens at a 

temperature of the last deformation was between 0 and 64 s. The specimens were inserted in a 

vacuum chamber, where they underwent resistance-heating. Tantalum foils were used to 

prevent from sticking and graphite foils used as a lubricant. The processes controlling the 

course of work-hardening were evaluated on a basis of the shape of σ-ε curves and structure 

observations of the specimens water-quenched on different stages of compression. To 

determine metallographically recrystallization progress at the interval between passes, a part of 

the specimen was water-cooled after isothermal holding of the specimens compressed at 900°C 

and 1000 °C with the amount of true strain of 0.29 and 0.5 and a strain rate of 10 s-1. 

 

 

Table 1. Chemical composition of the investigated steels, mass fraction 

Designation C Mn Si Al P S Nb Ti N 

27Mn-4Si-2Al-Nb-Ti 0.040 27.5 4.18 1.96 0.002 0.017 0.033 0.009 0.0028 

26Mn-3Si-3Al-Nb-Ti 0.065 26.0 3.08 2.87 0.004 0.013 0.034 0.009 0.0028 

 

 

Table 2. Parameters of the thermo-mechanical treatment carried out in the Gleeble simulator 
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1 1100 1100 0.29 7 5 10 1050 0.29 8 10 10 950 0.29 9 14 7 850 0.29 10 0 

2 1100 1100 0.29 7 5 10 1050 0.29 8 10 10 950 0.29 9 14 7 850 0.29 10 4 

3 1100 1100 0.29 7 5 10 1050 0.29 8 10 10 950 0.29 9 14 7 850 0.29 10 16 

4 1100 1100 0.29 7 5 10 1050 0.29 8 10 10 950 0.29 9 14 7 850 0.29 10 32 

5 1100 1100 0.29 7 5 10 1050 0.29 8 10 10 950 0.29 9 14 7 850 0.29 10 64 

6 1100 1100 0.29 7 5 10 1050 0.29 8 10 10 950 0.29 9 14 7 - - - - 

7 1100 1100 0.23 7 5 10 1050 0.23 8 10 10 950 0.23 9 14 7 850 0.23 10 32 

8 1100 1100 0.19 7 5 10 1050 0.19 8 10 10 950 0.19 9 14 7 850 0.19 10 32 

TA – austenitizing temperature, T1…- T4 – deformation temperatures, φ1…- φ4 – true strains, V1…- V4 – 

cooling rates between deformations, t1…- t3 – times between deformations, tisother – time of the isothermal 

holding of the specimens at a temperature of 850°C  
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Figure 1. Parameters of the preliminary hot upsetting tests 

 

Metallographic investigations were performed on LEICA MEF4A optical microscope. In 

order to reveal the austenitic structure, samples were etched in nitric and hydrochloric acids 

mixture in 2:1 proportion as well using a mixture of nitric acid, hydrochloric acid and water in 

2:2:1 proportion. The structure of the investigated steel was also characterised using the 

SUPRA 25 scanning electron microscope and the JEOL JEM 3010 transmission electron 

microscope working at accelerating voltage of 300 kV. TEM observations were carried out on 

thin foils. The specimens were ground down to foils with a maximum thickness of 80 µm 

before 3 mm diameter discs were punched from the specimens. The disks were further thinned 

by ion milling method with the Precision Ion Polishing System (PIPS™), using the ion milling 

device (model 691) supplied by Gatan until one or more holes appeared. The ion milling was 

done with argon ions, accelerated by voltage of 15 kV. 

 

3. Results and discussion 
 

Melted steels possess diversified initial structure represented in Fig. 2 and Fig. 3. The new-

developed 26Mn-3Si-3Al-Nb-Ti steel in the initial state is characterized by homogeneous 

microstructure of austenite with a grain size in range from 100 to 150 µm, in which numerous 

annealing twins can be identified (Fig. 2a). Single-phase microstructure of the steel is 

confirmed by X-ray diffraction pattern in Fig. 2b.  
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Figure 2. Austenitic microstructure with numerous annealing twins of the 26Mn-3Si-3Al-Nb-Ti 

steel in the initial state (a) and X-ray diffraction pattern (b) 

 

 

The structure of the investigated 27Mn-4Si-2Al-Nb-Ti steel in the initial state after forging 

is shown in Fig. 3. Increased concentration of silicon up to 4% and its influence on the 

decreasing of the stacking fault energy of austenite result in the presence of some fraction of ε 

martensite in the austenite matrix containing many annealing twins. The ε martensite is present 

in a form of parallel plates inside austenite grains with a mean grain diameter of about 120 µm 

(Fig. 1b). The martensite plates are hampered by austenite grain or annealing twins boundaries. 

The presence of ε martensite is confirmed by X-ray diffraction pattern in Fig. 3b. 
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Figure 3. X-ray diffraction pattern (b) and the austenite structure with many annealing twins and 

parallel ε martensite plates of the investigated steel 27Mn-4Si-2Al-Nb-Ti in the initial state (a) 

 

 

Starting point for microstructure analysis of specimens that were plastically hot-compressed 

in variable conditions are microstructures of steel subjected to solution heat treatment from a 

temperature range from 900 to 1100°C. The steel possesses fine-grained microstructure of 

austenite with grain sizes from 10 to about 17 µm up to temperature of 1000°C (Figs. 4a, b, c, 

Fig. 5). Further increase in solutioning temperature to 1100°C results in a rapid grain growth 

up to about 50 µm (Fig. 4c). This behaviour is connected with a total dissolution of NbC 

particles above 1000°C, what was investigated elsewhere [19]. Moreover, numerous annealing 

twins can be observed in the microstructure and some fraction of ε martensite plates (Fig. 4). 



Open Access Library   
Volume 1 2011 

 

64 L.A. Dobrzański, W. Borek 

 
 

 
 

 
 

 
 

Figure 4. Changes of austenite grain size in dependence on temperature (a) and structures 
obtained after solution heat treatment from a temperature: b) 900°C, c) 1000°C, d) 1100°C; 

27Mn-4Si-2Al-Nb-Ti steel 
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Figure 5. Austenitic structure of the 26Mn-3Si-3Al-Nb-Ti steel after solution heat treatment 

from a temperature of 900°C 

 
Microstructure development of 27Mn-4Si-2Al-Nb-Ti steel, solution heat treated from 

temperature of 850 or 950°C, after application of specified reduction, as well as σ-ε curves 

obtained in continuous compression test are presented in Figs. 6a-h. It arises from Fig. 6a that 

the steel is characterized by values of yield stress equal from 240 to 450 MPa in investigated 

range of temperature. These values are considerably higher than they are for conventional C-

Mn steels as well as for Cr-Ni and Cr-Mn austenitic steels [20]. 

It proves high strain hardening, which is probably caused by high Mn concentration in 

the steel. Additionally, the increase of flow stress is influenced by Si and Al additives as 

well as Nb and Ti microadditions. Decrease of strain temperature by around 100°C results in 

increase of flow stress by around 100 MPa. Along with strain temperature decreasing, the 

value of εmax – corresponding to the maximum value of yield stress – is translating to a range 

of higher deformations. However, it’s characteristic, that after strong strain hardening, peaks 

of εmax are present for relatively low deformation values, i.e. from 0.23 to 0.48. It creates 

convenient conditions for using dynamic recrystallization for refinement of microstructure, 

what is confirmed by fine-grained microstructure of steel, solution heat treated from the 

temperature of 950°C after true strain of 0.5 (Fig. 6b). Decrease of true strain to 0.29, close 

to εmax deformation in Fig. 6a, also leads to the initiation of dynamic recrystallization (Fig. 

6c). Nevertheless, further decrease of reduction to 20% (true strain equal 0.23) is too low for 

initiating dynamic recrystallization (Fig. 6d). In such conditions, microstructure of steel is 

composed of dynamically recovered austenite grains elongated in the direction of plastic 

flow with size comparable to the sample solution heat treated from temperature of 900°C. 
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Figure 6. Evolution of the microstructure of 27Mn-4Si-2Al-Nb-Ti steel compressed to a various 

strain: a) σ-ε curve; b) T = 950°C, ε = 0.5; c) T = 950°C, ε = 0.29; d) T = 950°C, ε = 0.23; 

e) T = 950°C, ε = 0.91; f) T = 850°C, ε = 0.5; g) T = 850°C, ε = 0.29; h) T = 850°C, ε = 0.23 
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After decreasing compression temperature to 850°C, fully recrystallized microstructure of 

austenite with grain size of approximately 3 µm was achieved through application of true strain 

equal 0.9 (Fig. 6e). Decrease of reduction to 40% results in obtaining microstructure of 

recrystallized grains of austenite uniformly distributed in matrix of dynamically recovered 

grains with sizes slightly smaller than for the strain temperature of 950°C (Fig. 6f). Decrease of 

true strain to 0.29 is sufficient for initiation of dynamic recrystallization also for the 

deformation temperature of 850°C (Fig. 6g), although the value of εmax is equal 0.48. It’s in 

accordance with data presented in [16], in which it was stated that the initiation of dynamic 

recrystallization can occur at critical deformation value εcd=(0.5-0.85)εm. Solution heat 

treatment from temperature of 850°C after true strain of 0.23 doesn’t cause grain refinement of 

microstructure as a result of dynamic recrystallization. Microstructure of steel is composed of 

slightly deformed grains of dynamically recovered austenite (Fig. 6h). 

The σ-ε curves together with microstructures of 26Mn-3Si-3Al-Nb-Ti steel solution heat 

treated from the temperature of 850°C and specified reduction are presented in Figs. 7a-d. The 

course of σ-ε curves is almost identical as in case of steel discussed above (Fig. 7a). It refers 

both to the values of flow stresses and values of εmax deformations. It can be observed in Fig. 

7a that the only difference derives from slightly lower values of flow stress for the strain 

temperature of 850°C, what can be caused by lower solution hardening of aluminium when 

compared to silicon, which concentration is twice smaller than in 26Mn-3Si-3Al-Nb-Ti steel. 

Similarly as for the second steel, true strain equal 0.23 is too low for initiating dynamic 

recrystallization (Fig. 7b), which occurs after increasing true strain to 0.29 (Fig. 7c). Still, 

significant microstructure refinement requires application of deformation equal 0.5 (Fig. 7d). 

Development of microstructure of steel 26Mn-3Si-3Al-Nb-Ti isothermally held in 

temperature of 900°C, after true strain equal 0.29 is presented in Fig. 8. After 4 s of holding, 

microstructure is slightly different in comparison with microstructure of steel solution heat 

treated directly after deformation (Fig. 8a). Increase of holding time to 16 s results in obtaining 

high participation of recrystallized grains at the cost of dynamically recovered grains (Fig. 8b). 

Fast progress of microstructure reconstruction confirms occurrence of metadynamic 

recrystallization, not requiring any period of incubation. Confirmation of this fact is large 

portion of dynamically recrystallized grains after deformation with reduction of 25% at 

temperature of 850°C (Fig. 7c). Increase of holding time to 64 s leads to achievement of highly 

fine-grained microstructure of metadynamically and statically recrystallized grains (Fig. 8c). 

Successive stages of microstructure development of steel 27Mn-4Si-2Al-Nb-Ti in function 

of isothermal holding time are shown in Fig. 9a-c. The progress of recrystallization of this steel 
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is slightly slower, what proves higher contribution of static recrystallization to removal of 

strain hardening than in case of steel 26Mn-3Si-3Al-Nb-Ti. 

 

 
 

 
 

  
 

Figure 7. Evolution of the microstructure of 26Mn-3Si-3Al-Nb-Ti steel compressed to a various 

strain: a) σ-ε�curve; b) T = 850°C, ε = 0.23; c) T = 850°C, ε = 0.29; d) T = 850°C, ε = 0.5 

 

The conditions of hot-working additionally influence phase state of steel. Steel 26Mn-3Si-

3Al-Nb-Ti with initial austenitic microstructure keeps its stability independently from 

conditions of plastic deformation. X-ray diffraction patterns for steel 27Mn-4Si-2Al-Nb-Ti 

indicate presence of peaks coming from ε martensite. However, their intensity connected with 

participation of this phase differs depending on applied variant of hot-working. The highest 

intensity from (101) planes belongs to the sample deformed with lowest reduction (Fig. 10a). 

Increase of reduction causes decrease of peaks intensity (Fig. 10b, 10c). Isothermal holding for 

16 s after deformation at 900°C doesn’t change phase composition of steel 27Mn-4Si-2Al-Nb-

Ti. Still, slight peaks coming from ε martensite are present (Fig. 10d). Increase of holding time 
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to 64 s leads to substantial increase of (101) peak intensity of ε martensite (Fig. 10e). It means, 

that in spite of fine-grained microstructure of steel having impeding impact on growth of ε 

martensite laths [18], also state of internal stresses, effectively limited in process of 

metadynamic and static recrystallization, decides about tendency of formation of this phase in 

high-manganese steels. 

The fraction of the recrystallized phase in intervals between successive passes can be 

evaluated from Figs. 11 and 12, showing a progress of recrystallization as a function of time 

for the specimens compressed in various deformation conditions. It arises from Fig. 11, that 

participation of recrystallized phase of 27Mn-4Si-2Al-Nb-Ti steel increases along with 

increasing deformation temperature and increase of reduction. Half-time of recrystallization at 

the temperature of 1000°C after deformation with 40% of reduction is equal 13 s and increases 

to 18 s after decreasing strain temperature to 900°C. Decrease of reduction to 25% results in 

elongation of t0.5 time to 32 s, because of the change of prevailing participation of metadynamic 

recrystallization – in removing the effects of hardening – on behalf of static recrystallization. 

Half-times of recrystallization of 26Mn-3Si-3Al-Nb-Ti steel are shorter and are equal – 8, 12 and 

17 s, respectively for analogical strain conditions (Fig. 12). It comes from higher participation of 

metadynamic recrystallization in removing effects of strain hardening, what arises directly from 

higher portion of dynamically recrystallized grains during plastic strain (Fig. 7c). 

Stress-deformation curves of steels plastically deformed according to the parameters shown in 

Table 2 are presented in Figs. 13-15. Application of true strain equal 0.29 during cyclic 

compression creates possibility of the course of dynamic recrystallization, what is indicated by 

peaks that can be distinguished on σ-ε curves – especially for deformations realized at 

temperature of 1100 and 1050°C (Fig. 13). After decreasing plastic deformation temperature, 

maximum on σ-ε curves is present for maximum value of true strain (0.29). Initiation of dynamic 

recrystallization at this deformation value is additionally confirmed by microstructures of steels 

solution heat treated after deformation in analogical conditions of continuous compression 

(Figs. 6c, 6g, 7c). The values of yield stress in the range of strain temperature from 1100 to 

950°C are comparable with values obtained in continuous compression test; however deformation 

of steel with lower concentration of Si and Mn requires slightly lower pressures. Significant 

decrease of flow stress is noted for the last deformation realized at the temperature of 850°C 

(Fig. 13). It’s a result of partial removal of strain hardening through metadynamic 

recrystallization that occurs during the interval between third and fourth deformation. 

Additionally, cyclic deformation as well as the course of partial recrystallization result in much 

faster achievement of maximum on σ-ε curve for the fourth deformation when comparing to σ-ε 

curve of continuous compression at the temperature of 850°C. 
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a) 950°C-25%-4 s – water 

  20µµµµm 

 
 

b) 950°C-25%-16 s – water 

  20µµµµm 

 
 

c) 950°C-25%-64 s – water 

 

  20µµµµm 

 
 

Figure 8. Microstructure evolution of the 26Mn-3Si-3Al-Nb-Ti steel after isothermal holding 

for time: a) t = 4 s; b) t = 16 s; c) t = 64 s; for the specimens plastically deformed at 900°C, 

ε = 0.29  
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a) 950°C-25%-4 s - water 

  20µµµµm 

 
 

b) 950°C-25%-16 s - water 

 

  20µµµµm 

 
 

c) 950°C-25%-64 s - water 

 

  20µµµµm 

 
 

Figure 9. Microstructure evolution of the 27Mn-4Si-2Al-Nb-Ti steel after isothermal holding 
for time: a) t = 4 s; b) t = 16 s; c) t = 64 s; for the specimens plastically deformed at 900°C, 

ε = 0.29 
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Figure 10. X-ray diffraction patterns for 27Mn-4Si-2Al-Nb-Ti steel after various variants 

of the thermo-mechanical treatment; a) 850°C, ε=0.29, t=0 s, b) 850°C, ε=0.5, t=0 s, 

c) 850°C, ε=0.91, t=0 s, d) 850°C, ε=0.29, t=16 s, e) 850°C, ε=0.29, t=64 s 

 

 
 

Figure 11. Progress of recrystallization of the 27Mn-4Si-2Al-Nb-Ti steel isothermally held 

after plastic deformation in various conditions 
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Figure 12. Progress of recrystallization of the 26Mn-3Si-3Al-Nb-Ti steel isothermally held 

after plastic deformation in various conditions 

 

 
 

Figure 13. Stress – strain curves for the specimens plastically deformed 4 x 0.29 
 

 
 

Figure 14. Stress – strain curves for the specimens plastically deformed 4 x 0.23 
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Figure 15. Stress – strain curves for the specimens plastically deformed 4 x 0.19 
 

Decrease of true strain to 0.23 leads to a change of the course of σ-ε curves (Fig. 14). Shape 

of the curves after deformation at the temperature of 1100 and 1050°C indicate possibility of 

initiating dynamic recrystallization. However, decreasing the temperature causes that dynamic 

recovery is the process controlling strain hardening. Moreover, only partial course of static 

recrystallization during cooling of sample between third and fourth deformation results in 

increasing the value of yield stress during deformation at 850°C. Further decrease of true strain 

to 0.19 causes that dynamic recovery is the process controlling strain hardening in the whole 

temperature range of deformation (Fig. 15), at comparable values of yield stress. 

The microstructure evolution of steel 27Mn-4Si-2Al-Nb-Ti in different stages of multi-

stage compression is shown in Fig. 16. After deformation of the specimen at a temperature of 

950°C and subsequent cooling for 7 s corresponding to the interpass time, the steel is 

characterised by uniform, metadynamically recrystallized austenite microstructure with a mean 

grain size of about 20 µm and many annealing twins (Fig. 16a). The initiation of dynamic 

recrystallization during the last deformation at the temperature of 850°C is confirmed by a 

micrograph in Fig. 16b, showing an initial state of dynamic recrystallization. The mean 

dynamically recovered austenite grain size decreased to about 12 µm and fine dynamically 

recrystallized grains are arranged along austenite grain boundaries as well as on twin 

boundaries. The similar role of twinning as a nucleation and growth mechanism of dynamic 

recrystallization was observed by Sabet et al. [24] in Fe-29Mn-2.4Al alloy. The repeated 

formation of twins during the whole temperature range of hot-working may be a reason of 

amplification of a number of dynamically recrystallized grains. The annealing twins are present 

both  inside large dynamically  recovered  grains and fine recrystallized grains. A low tendency 
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a) 950°C-7 s - water 

 

b) 850°C-0 s - water 

 
c) 850°C-4 s - water 

 

d) 850°C-16 s - water 

 
e) 850°C-32 s - water 

 

f) 850°C-32 s - water 

 
 
Figure 16. Austenitic structures obtained after solutioning the steel 27Mn-4Si-2Al-Nb-Ti in 
successive stages of the hot-working for the specimens compressed to a true strain 4x0.29 
and isothermally held for the time from 0 to 64s: a) metadynamically recrystallized grains 

during the interval between third and fourth deformation, b) initiation of dynamic 
recrystallization, c) grain refinement due to metadynamic recrystallization, d) grain 

refinement due to metadynamic and static recrystallization, e, f) fine statically 
recrystallized austenite grains 
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of high-manganese austenite with a low SFE to dynamic recovery is confirmed by Fig. 17, 

revealing a weakly outlined cellular dislocation structure in a region still not subjected to 

dynamic recrystallization, despite the true strain of 0.29, slightly higher than corresponding to a 

maximal value of true stress.  

The analysis of Fig. 17 allows to reveal the highly deformed austenite structure with a 

various density of crystal structure defects, where inside, it is possible to observe regions with 

a much lower dislocation density corresponding to a state directly before forming dynamic 

recrystallization nuclei. A lack of distinct cellular dislocation structure in metals with low SFE 

is due to the necessity of extended dislocations to recombine it to a perfect dislocation before 

the cross slip initiation, what requires providing activation energy, dependent on normalized 

stacking fault energy of γ phase. 

 

 
 

Figure 17. Regions of dynamically recovered austenite with a various dislocation density of 

the steel 27Mn-4Si-2Al-Nb-Ti solution heat-treated from a temperature of 850°C directly 

after the true strain of 4x0.29 

 

Isothermal holding of the steel 27Mn-4Si-2Al-Nb-Ti after the deformation at 850°C for 4 s 

does not cause any essential modifications of microstructure. The microstructure consists of 

fine metadynamically recrystallized austenite grains and larger grains in which the process 

controlling the work hardening during deformation was just dynamic recovery (Fig. 16c). 
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Increase of isothermal holding of the specimen at a temperature of the last deformation for 16 s 

leads to growth of new grains as a result of metadynamic recrystallization and the initiation of 

static recrystallization on grain boundaries of large, flattened austenite grains whose fraction is 

still high (Fig. 16d). Further increase in the isothermal holding time to 32 s leads to obtain 

nearly 60% fraction of metadynamically and statically recrystallized microstructure with a 

mean austenite grain size of about 10 µm (Figs. 16e, f). 

It is interesting that in Fig. 16 any ε martensite plates were observed, despite presence of 

this phase in the initial structure (Fig. 3). Confirmation of that fact is the X-ray diffraction 

patterns shown in Fig. 18 for different stages of thermo-mechanical treatment. A lack of ε 

martensite is connected with significant structure refinement compared to the initial state and 

hampering influence of grain boundaries on growth of ε martensite plates during cooling. 

Similar effects were reported in [18] for Fe-21Mn alloy and in [22] for Fe-25Mn alloy. 

 

 
 

Figure 18. X-ray diffraction patterns of the steel 27Mn-4Si-2Al-Nb-Ti in the initial state and after 

different stages of thermo-mechanical treatment 

 

Due to high rolling forces in final passes of sheet rolling, the amount of deformation is 

usually reduced. Because of this the four-stage compression with true strains of 4x0.23 and 

4x0.19 were also carried out. Moreover, the applied strain is sufficient to initiate a course of 

dynamic recrystallization. However, decreasing the compression temperature to 950°C 
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causes that the flow stress is slightly higher and the applied strain value is too low to initiate 

dynamic recrystallization. Thus, process controlling a course of hot-working at 950°C is a 

dynamical recovery. Because of a lack of dynamic recrystallization in final passes, a 

refinement of microstructure requires the use of thermally activated, static processes 

removing work-hardening. For instance, the micrographs in Fig. 19 show the austenite 

microstructure of the steel isothermally held for 32 s at 850°C after compression with a true 

strain of 4x0.23. The fraction of statically recrystallized austenite equals approximately 60% 

(Fig. 19a). Numerous annealing twins can be observed in the microstructure (Fig. 19b) and a 

mean statically recrystallized austenite grain is higher compared to the specimen compressed 

4x0.29, where a reconstruction of the microstructure was obtained both in static and 

metadynamic processes (Fig. 16f). 

 

 

a) 850°C-32 s - water b) 850°C-32 s - water 

  
 

Figure 19. Fine, statically recrystallized austenite grains and large statically recovered grains 

of the steel 27Mn-4Si-2Al-Nb-Ti solution heat-treated from a temperature of 850°C after 

isothermal holding for 32 s of the specimen compressed with the true strain of 4x0.23 (a, b) 

 

 

Relatively slow progress of static recrystallization is a result of impeding influence of high 

content of solutes on the migration of grain boundaries. The statically recovered, deformed 

austenite grains have low tendency to form a cellular dislocation structure, likewise 

dynamically recovered grains (Fig. 17). Inside these grains, regions characterized by various 

dislocation density can be observed (Fig. 20). 
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Figure 20. Regions of statically recovered austenite with a various dislocation density of the 

steel 27Mn-4Si-2Al-Nb-Ti solution heat-treated from the temperature of 850°C after 

isothermal holding for 32 s of the specimen compressed with the true strain of 4x0.23 

 

 

a) 850°C-32 s - water b) 850°C-32 s - water 

  
 

Figure 21. Fine, statically recrystallized austenite grains and large statically recovered 

grains of the steel 27Mn-4Si-2Al-Nb-Ti solution heat-treated from the temperature  

of 850°C after isothermal holding for 32 s of the specimen compressed with the true strain  

of 4x0.19 (a, b) 
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A decrease of true strain to 0.19 causes that dynamic recovery is the process controlling 

strain hardening in the whole temperature range of deformation (Fig. 15), at similar values of 

flow stress in comparison with the specimen deformed 4x0.23. However, the isothermal 

holding of the specimen for 32 s is too short to obtain a desired fraction of recrystallized 

phase, which equals approximately 15% (Fig. 21a). Fine, recrystallized grains are located 

mainly on grain boundaries of large, flattened statically recovered grains (Fig. 21b). Both 

recrystallized and recovered grains are bigger than those after applying the true strain being 

equal 0.23 (Fig. 19). Once again, numerous annealing twins can be observed in the 

microstructure (Fig. 21a, b). The microstructure in Fig. 22 clearly shows that new grains are 

located on grain boundaries of large, statically recovered austenite grains. Moreover, a jerky-

like character of the boundaries of large grains can be observed. It is a characteristic feature 

of a state directly before forming a recrystallization nucleus [19]. 

 

 
 

Figure 22. The fine, statically recrystallized grain on jerky-like boundaries of three large, 

statically recovered grains of the steel 27Mn-4Si-2Al-Nb-Ti solution heat-treated from the 

temperature of 850°C after isothermal holding for 32 s of the specimen compressed with the 

true strain of 4x0.19 

 

Similarly microstructure evolution was observed for the specimens from 26Mn-3Si-3Al-Nb-

Ti steel deformed in the multi-stage compression test. Microstructures of steel in the successive 

deformation stages and after its finish corresponding to σ-ε curves are put together in Fig. 23. 

After deformation of the specimen at a temperature of 1050°C and subsequent cooling for 10 s 

corresponding to the interpass time, the steel is characterized by uniform, metadynamically 
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recrystallized austenite microstructure with a grain size of about 40 µm (Fig. 23a). Lowering the 

deformation temperature to 950°C and the time of 7 s for cooling the specimen to 850°C results 

in much smaller fraction of metadynamically recrystallized grains located in a matrix of statically 

recovered grains (Fig. 23b). A partial removal of work-hardening through metadynamic 

recrystallization that occurs during the interval between third and fourth deformation is a result of 

significant decrease of flow stress noted for the last deformation realized at the temperature of 

850°C (Fig. 13), compared to the curve obtained in the continuous compression test (Fig. 7a). 

Additionally, cyclic deformations as well as the course of partial recrystallization cause much 

faster achievement of maximum on σ-ε curve for the fourth deformation when comparing to 

continuous compression at the temperature of 850°C. 

The initiation of dynamic recrystallization during the last deformation at a temperature of 

850°C is confirmed by a micrograph in Fig. 23c, showing a partially recrystallized austenite with 

a grain size of about 20 µm. Isothermal holding of the specimen in a temperature of the last 

deformation for 16 s leads to a remarkably fine-grained metadynamically recrystallized austenite 

microstructure with a fraction of about 40%, located in the matrix of slightly elongated, statically 

recovered grains containing numerous annealing twins (Fig. 23d). Further extension of holding 

time to 32 s leads to obtaining almost fully recrystallized microstructure of steel (Fig. 23e) with a 

mean austenite grain size of about 10 µm. Holding of steel in the deformation temperature for 64 

s causes gradual increase of recrystallized grains sizes (Fig. 23f). 

Decrease of true strain to 0.23 during the multi-stage compression test leads to changes of 

the course of stress-strain curves (Fig. 14). A shape of the curves during deformation in a 

temperature range of 1100-1050°C and true stress values are comparable to that obtained after 

higher strain applying. Moreover, the applied strain is sufficient to initiate a course of dynamic 

recrystallization. However, decreasing the compression temperature to 950°C causes that the flow 

stress is slightly higher and the applied strain value is too low to initiate dynamic recrystallization. 

Thus, process controlling a course of hot-working at 950°C is a dynamical recovery. 

Because of a lack of dynamic recrystallization in final passes, a refinement of microstructure 

requires the use of thermally activated, static processes removing work-hardening. For instance, 

the micrographs in Figs. 24a,b show the austenite microstructure of the steel isothermally held for 

32 s at 850°C after compression with a true strain of 4x0.23. The fraction of statically 

recrystallized austenite equals approximately 50% (Fig. 24a). Numerous annealing twins can be 

observed in the microstructure (Fig. 24b) and a mean statically recrystallized austenite grain is 

higher compared to the specimen compressed 4x0.29, where a reconstruction of the 

microstructure was obtained both in static and metadynamic processes (Fig. 23e). 
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a) 1050°C-10 s - water 

 
 

b) 950°C-7 s - water 

 

c) 850°C-0 s -water 

 
 

d) 850°C-16 s - water 

 

e) 850°C-32 s - water 

 

f) 850°C-64 s - water 

 
 

Figure 23. Austenitic structures obtained after solutioning the 26Mn-3Si-3Al-Nb-Ti steel 

in successive stages of the hot-working for the specimens compressed to a true strain 4x0.29 and 

isothermally held for the time from 0 to 64s: a) metadynamically recrystallized grains during the 

interval between second and third deformation, b) metadynamically recrystallized grains during 

the interval between third and fourth deformation, c) initiation of dynamic recrystallization, 

d) grain refinement due to metadynamic and static recrystallization, e) fine statically 

recrystallized austenite grains, f) grain growth as a result of metadynamic recrystallization 
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a) 850°C-32 s - water b) 850°C-32 s - water 

  

 

Figure 24. Fine, statically recrystallized austenite grains and large statically recovered grains 

of the 26Mn-3Si-3Al-Nb-Ti steel solution heat-treated from a temperature of 850°C after 

isothermal holding for 32 s of the specimen compressed with the true strain of 4x0.23 (a, b) 

 

a) 850°C-32 s - water b) 850°C-32 s - water 

  

 

Figure 25. Fine, statically recrystallized austenite grains and large statically recovered grains 

of the 26Mn-3Si-3Al-Nb-Ti steel solution heat-treated from the temperature of 850°C after 

isothermal holding for 32 s of the specimen compressed with the true strain of 4x0.19 (a, b) 

 

Further decrease of true strain to 0.19 causes that dynamic recovery is the process 

controlling work hardening in the whole temperature range of deformation (Fig. 15), at similar 

values of flow stress in comparison with the specimen deformed 4x0.23. However, the 

isothermal holding of the specimen for 32 s is to short to obtain a desired fraction of 
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recrystallized phase, which equals approximately 20% (Fig. 24a). Once again, numerous 

annealing twins can be observed in microstructure and fine statically recrystallized grains of γ 

phase are located mainly on boundaries of elongated statically recovered austenite grains 

(Fig. 24b). 

 

4. Conclusions 
 

Despite slight difference in chemical composition, brought mainly to concentration of Si 

and Al, elaborated steels show different microstructure in the initial state. Steel with higher Al 

concentration has stable microstructure of austenite with annealing twins, while steel with 

higher Si concentration consists of certain portion of ε martensite in form of plates. The 

differences in chemical composition don’t have meaningful influence on behaviour of these 

steels in conditions of hot-working. Solutioning the steels do not change its phase composition 

but has essential effect on a grain size of austenite, which is fine-grained up to a temperature of 

about 1000°C.  

Elaborated steels are characterized by relatively high values of flow stress, equal from 240 

to 450 MPa, and values of εmax deformation come from a range from 0.23 to 0.48, 

corresponding to maximum value of yield stress. Despite high value of εmax at temperature of 

850°C, initiation of dynamic recrystallization occurs already after true strain equal 

approximately 0.29, what creates possibility of refinement of microstructure. Dynamic 

recrystallization occurs more intensively in the steel containing 3%Al and 3%Si. It also results 

in faster course of removing the effects of hardening in the consequence of metadynamic 

recrystallization during isothermal holding of this steel in temperature of 900°C. Removal of 

strain hardening effects in steel 27Mn-4Si-2Al-Nb-Ti takes place mainly with participation of 

static recrystallization. The conditions of hot-working additionally influence phase state of 

investigated steels. Steel 26Mn-3Si-3Al-Nb-Ti keeps stable austenite microstructure 

independently from conditions of plastic deformation. Steel with initial bi-phase microstructure 

keeps a certain portion of martensite, yet dependant on conditions of hot-working. Grain size of 

γ phase as well as the state of internal stresses dependent on thermally activated mechanisms 

removing effects of strain hardening, have decisive influence on precipitation of the phase. 

Determined half-times of recrystallization of austenite indicate that in the time of intervals 

between individual roll passes, partial recrystallization of γ phase should occur, contributing to 

achievement of fine-grained microstructure of steel. Faster course of metadynamic 
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recrystallization in 26Mn-3Si-3Al-Nb-Ti steel is probably caused by lower total concentration 

of Si and Mn, when comparing to 27Mn-4Si-2Al-Nb-Ti steel. 

Taking advantage of dynamic recrystallization are confirmed by multi-stage compression 

results, in which lowering the flow stress in a range from 20 to 80 MPa dependent on a 

deformation temperature was observed and decreasing the critical strain εmax to lower values. In 

case of applying the true strain 4x0.29, the refinement of the austenite microstructure during 

intervals between successive stages of deformation is caused by metadynamic recrystallization, 

whereas the fine-grained structure of the steel after the last deformation at a temperature of 

850°C is a result of dynamic recrystallization. Further refinement of the microstructure can be 

obtained by isothermal holding of the steelss in a finishing hot-working temperature for about 

16s. In case of applying the lower deformations 4x0.23 and 4x0.19 often used in finishing 

stages of hot-working, the process controlling work hardening is dynamic recovery and a 

deciding influence on a gradual grain refinement of microstructure has statical recrystallization 

occurring during intervals between successive stages of deformation and after its finish as well.  

High-manganese austenite with a low SFE has a low tendency to dynamic recovery and 

forming a distinct cellular dislocation structure. Repeated recrystallization and corresponding 

grain refinement causes that the thermo-mechanically processed steel is characterized by 

uniform structure of γ phase without ε martensite plates. The fine-grained structure has 

influence on a phase composition of steel and should increase mechanical properties during 

subsequent cold plastic deformations. 
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Abstract 
Purpose: The main objective of the presented is to elaborate the fabrication technology of 

novel sintered tool gradient materials on the basis of hard wolfram carbide phase with cobalt 

binding phase, and to carry out research studies on the structure and properties of the newly 

elaborated sintered tool gradient materials. 

Design/methodology/approach: The following research studies have been carried out to 

elaborate a new group of sintered tool gradient materials, wolfram carbide with cobalt matrix, 

to elaborate their fabrication technology and to determine their structure and properties: a 

fabrication technology of mixtures and the formation technology of wolfram carbide gradient 

materials with cobalt matrix WC-Co was applied and elaborated; sintering conditions were 

selected experimentally: time, temperature and sintering atmosphere as well as isostatic 

condensation, ensuring the best structure and properties; phase and chemical composition of 

the sintered  gradient WC-Co materials was determined using EDX, EBSD methods and 

qualitative X-ray analysis; the structure of sintered gradient WC-Co materials was 

investigated using scanning microscopy and transmission electron microscopy; mechanical 

and physical properties of sintered gradient WC-Co materials was determined: porosity, 

density, hardness, resistance to abrasive wear, resistance to brittle cracking. 

Findings: The presented research results confirm that the newly elaborated technology of 

powder metallurgy, which consists in sequential coating of the moulding with layers having the 

increasing content of carbides and decreasing concentration of cobalt, and then sintering such 

a compact, ensures the acquisition of the required structure and properties, including the 

resistance to cracking and abrasive wear of tool gradient materials, due to earned high 

hardness and resistance to abrasive wear on the surface as well as high resistance to cracking 

in the core of the materials fabricated in such a way. 
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Practical implications: The material presented in this paper is characterized by very high 

hardness of the surface and relative ductility of the core. TGM with smooth changes of the 

cobalt phase in the material. 

Originality/value: The obtained results show the possibility to manufacture TGMs on the basis 

of different portions of cobalt reinforced with hard ceramics particles in order to improve the 

abrasive resistance and ductility of tool cutting materials. 

Keywords: Cemented carbides; Mechanical alloying; Powder Metallurgy 

 

Reference to this paper should be given in the following way:  

L.A. Dobrzański, B. Dołżańska, Structure and properties of sintered tool gradient materials,  

in L.A. Dobrzański (ed.) Effect of casting, plastic forming or surface technologies on the 

structure and properties of the selected engineering materials, Open Access Library, Volume 1, 

2011, pp. 89-132. 

 
 

1. Introduction 
 

A rapid development of the industry, technology and know-how induces the introduction of 

higher standards to meet the requirements which the cemented tool materials have to satisfy 

with respect to mechanical properties and resistance to wear. The functional properties of many 

products and of their components depend not only on the ability to transfer mechanical load 

through the whole active section of the component, on its physicochemical properties but also 

on the structure and properties of the material. The common fault of the operating tools is their 

tendency to crack, which in most cases eliminate the tool from further service, and the wear 

gradually and progressively diminishes its operating efficiency. Hence the resistance to 

cracking is a basic property, since the occurrence of minute microstructural defects results in 

the formation and propagation of cracks, whereas the resistance to wear stays unchanged [9,21, 

39,49,58]. 

A considerable share of cobalt matrix  results in high ductility of the core, since the 

propagation of a crack through cobalt is connected with the dissipation of relatively high 

energy. In contrast, transcrystalline cracks through carbide grains have the character of low 

energy brittle cracks. The combination of high hardness and resistance to abrasive wear with 

high resistance to brittle cracking is unobtainable in one homogeneous material. The 

acquisition of tool materials (Tool Gradient Materials (TGMs)) fabricated with the use of 
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powder metallurgy method, in effect of the gradient change of binding cobalt phase and the 

reinforcing phase of wolfram carbide,  aims to solve the problem involving the combination of 

high hardness and resistance to abrasive wear with high resistance to brittle cracking, and 

consequently, to ensure their optimal synergy with operating conditions. The cutting edges of 

drill bits should combine in themselves these two contradictory properties where the surface 

layer is resistant to abrasive wear and the base is characterized by raised resistance to brittle 

cracking (Fig. 1) [1-10,17,23,33,60]. 

 

 
 

Figure 1. Diagram of the cemented tool gradient material [49] 

 

One of numerous methods facilitating the fabrication of tool gradient materials is the 

technology of powder metallurgy. Through the application of the powder metallurgy 

technology for the fabrication of tool gradient materials we can closely control the chemical 

and phase composition as well as the structure of particular material layers [34-36,60]. In the 

Institute of Engineering Materials, at the Division of Materials Processing Technology, 

Management and Computer Techniques in Materials Science, research studies have been 

carried out for several years yielding the elaboration of a fabrication method of tool gradient 

materials with the application of powder metallurgy technology [23,34-49,50,53-56,59]. The 

desired material structure was obtained by the preparation of appropriate mixtures from the 

powder of wolfram carbide and cobalt, selection of  suitable pressing pressure and 

technological conditions of cementing.  

The objective of the presented here is to elaborate a fabrication technology of the newly 

developed cemented tool gradient materials on the basis of hard phase of wolfram carbide with 

the cobalt binding phase, and to carry out research studies on the structure and properties of the 

newly elaborated cemented tool gradient materials.  
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2. Experimental 
 

2.1. Material and preparation of specimens for analysis 

 

The analysis was carried out on specimens produced with the conventional method of 

powder metallurgy which consists in compacting in a closed moulding the successive, added 

layers having a gradually changing volumetric share of cobalt and wolfram carbide. In the 

research studies, we applied the powders of wolfram carbide (Fig. 2) and of cobalt (Fig. 3), 

having the chemical properties presented in Table 1. When selecting the material, we accepted 

the requirements involving its application in agreement with the Standard PN-ISO 513:1999.  

 

 
 

Figure 2. Wolfram carbide powder 

 
The material for analysis was being prepared in two stages. In the first stage of the studies a 

set of mixtures of different chemical composition was elaborated, and then the compacts from 

wolfram carbide with cobalt matrix were formed, coating the moulding with successive layers 

of variable phase composition (Table 2). The selection of chemical composition of the 

materials was made experimentally through the change of cobalt concentration as the binding 

phase within the range from 3 to 15% and the share of wolfram carbide from 97 to 85%. The 

formation of the wolfram carbide and cobalt powder mixtures consisted in the preparation of 

appropriate portions of the said powders, adding each time paraffin as a sliding agent of the 

volumetric share of 2%. The powders prepared in this way were ground within the time 
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interval from 1 to 20 hours in a high-energy mill with ceramic balls (Fig. 4) and in a planetary 

ball mill with the balls from cemented carbides in order to make the powders 

homogeneous/uniform (Fig. 5). It was determined after the preliminary analyses that the time 

of 8 hours is long enough to ensure the homogeneity of the mixture and to coat the carbide 

grains with a cobalt layer. 

 

 
 

Figure 3. Cobalt powder 

 

 
 

Figure 4. Mixture of WC powder (97%), Co powder (3%) after 8 hours of milling in the high-

energy mill of the spex type 
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Figure 5. Mixture of WC powder (97%), Co powder (3%) after 8 hours of milling in the ball 

mill 

 

Table 1. Chemical composition of powders from wolfram carbide and cobalt 

Element 
Mass concentration of particular elements in the powder 

WC Co 

Mn < 0.001 < 0.001 

Ca < 0.001 < 0.001 

Zn < 0.001 < 0.001 

Si < 0.002 < 0.002 

Pb < 0.002 < 0.002 

Ni < 0.002 < 0.002 

S < 0.002 < 0.002 

Cu < 0.002 < 0.002 

O 0.45 0.45 

Co 0.09 - 

C 0.02 0.02 

 

Using the obtained mixtures, WC-Co compacts were prepared for analysis in which, from 

the surface side of the layer, successive transit layers were formed with progressively lower 

share of wolfram carbide down to the base. The pressure during the pressing was being 

selected experimentally, pressing the powders in a closed moulding on a uniaxial hydraulic 

press under the pressure changing within the range from 300 to 450 MPa. The pressing 
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pressure was being selected by testing the densification of the powder mixture and observing 

the metallographic compacts. Ultimately, the pressure of 340 MPa was selected for further 

analyses.  

 a)        b) 

   
 

Figure. 6. a) Compact pressed under the pressure of 340MPa from the 3-7%Co/97-73%WC_5 

material, b) cemented tool material 3-7%Co/97-93%WC_5 

 

The compacts prepared in this way were characterized by smooth surface and had no signs 

of cracking, delamination or chipping (Fig. 6). The denotation of specimens and the volumetric 

share of the particular components in the mixture is presented in Table.2. 

The cementing of the produced compacts was carried out in a vacuum furnace at the 

temperature Tsp=1450°C (Fig. 6b). Then, basing on the preliminary macroscopic observations 

of the sinters and on the porosity and density tests, assuming low porosity and high density as a 

selection criterion, a four-layer material containing from 3 to 9% of Co and from 97 to 91% of 

Co was selected for further research. During the selection process we were also taking into 

account the structure demonstrating uniform distribution of particular components in a given 

layer and the lack of surface deformation of the sinter. It was found, basing on preliminary 

metallographic observations and on the analyses of gradient porosity and density of tool 

materials having different number of layers and different phase composition of particular 

layers, that an excessive rise of the phase share difference between successive layers of the 

material has a negative influence on the structure and properties of the material. 

 

Table 2. Denotation of WC-Co tool gradient material specimens 

Denotation 
3-15Co/97-
85WC_3 

3-9Co/97-
91WC_4 

3-7Co/97-
93WC_5 

3-15Co/97-
85WC_5 

Material type 

3%Co+97%WC 3%Co+97%WC 3%Co+97%WC 3%Co+97%WC 
9%Co+91%WC 5%Co+95%WC 4%Co+96%WC 6%Co+94%WC 
15%Co+85%WC 7%Co+93%WC 5%Co+95%WC 9%Co+91%WC 
 9%Co+91%WC 6%Co+94%WC 12%Co+88%WC 
  7%Co+93%WC 15%Co+85%WC 
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a) 

 

b) 

 
 

Figure 7. a) Mixture of WC powder (97%), Co powder (3%) after 8 hours of milling in a ball 

mill, b) Intensity graph as the function of the energy dispersion intensity of X-ray radiation for 

the WC powder (97%), Co powder (3%) after 8 hours of milling in a ball mill 

 

The second stage of research involving the applied material fabrication technology 

consisted in milling the selected mixtures of wolfram carbide and cobalt in a ball mill with 

carbide balls for 8 hours (Fig. 7). The produced powder mixtures were then scattered down into 

the moulding, which yielded layers of gradually changing volumetric concentration of cobalt 
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and wolfram carbide share. In the material of the volumetric concentration of 3% Co and 

97%WC in the surface layer, four further transit layers were formed with the 2% rise of cobalt 

concentration, down to the base layer containing 9% of Co and 91% of WC. Hence the 

denotation of the specimen being 3-9Co/97-91WC_4 (Table 2). The compacts were obtained in 

effect of the pressing at the already determined pressure of 340 MPa.  

Then, basing on literature analysis [12-19, 28-32, 41-49, 53, 59], cementing conditions 

were selected experimentally. The specimens were cemented in a vacuum furnace in the 

conditions presented in the Table 3. In order to obtain better densification level, after the 

ultimate cementing, the condensation of sinters through hot isostatic pressing – HIP) was 

applied at the temperature of 1425°C and under the pressure of 200 MPa, as well as the 

sintering technology under pressure (Sinter-HIP) at the temperature of 1420°C and under the 

pressure of 6 MPa (Table 3).  

 

Table 3. Cementing conditions for the newly elaborated tool gradient material 3-9%Co/97-

91%WC 

Cementing type 
Cementing conditions 

tsp [min] Tsp 

Unbound 30 
1400˚C 
1430˚C 
1460˚C 

With isostatic condensation 90 
1400˚C 
1430˚C 
1460˚C 

1425˚C 

Under pressure 60      1420˚C 
 

In one apparatus and in one cycle the processes of deparaffination, cementing and hot 

isostatic condensation in argon atmosphere under the pressure of 6 MPa were carried out. 

Then, for the obtained tool gradient materials, metallographic tests were carried out, physical 

and mechanical properties of the sinters were determined and the distribution of eigen-stresses 

in the material after sintering and during the operation were analyzed. 

 
 
2.2. Methodology 

 

The density of the cemented tool gradient materials was determined in congruence with the 

Standard PN-EN ISO 3369:2010. The density of the sinters was measured using the methods of 

underwater weighing and air weighing. The results were subjected to statistical analysis. 
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The measurement of open and total porosity was carried out using the following equations: 
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sn
o mm

mm
P

  (2.1) 

 

where: 

Po – open porosity [%], 

ms – mass of dry specimen [g], 

mw – mass of underwater weighed specimen [g], 

mn – mass of water saturated specimen [g]. 
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where: 

Pc – total porosity [%], 

d – true density of the material [g/cm3], 

dp – apparent density [g/cm3]. 

 

The metallographic tests were carried out on polished sections of the cemented specimens. 

The specimens were sectioned along the plane perpendicular to the formed layers on the cut-off 

machine “Minitom” (Struers), using water cooling. Then they were hot mounted in 

thermohardening resin, ground on diamond shields of the grain size from 220 to 1200 µm/mm2 

at the speed of 300 rev/min and polished on diamond pastes of the granulation from 9 to 1 µm 

at the velocity of 150 rev/min.  

The structure of the fabricated WC-Co tool gradient materials was observed in the scanning 

electron microscope Supra 35 (Zeiss Company). To obtain the images of the investigated 

specimens, we applied the detection of secondary electrons (SE) and of backscattered electrons 

(BSE) with the accelerating voltage from 5 to 20 kV and with the maximum magnification of 

20000 times. The quantitative and qualitative X-ray analysis and the analysis of surface 

distribution of elements was carried out on the ground and polished sections in the scanning 

electron microscope (SEM) Supra 35 of Zeiss Company furnished with the X-ray energy-

dispersive detector EDS.  
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The texture, grain size and their orientation distribution along the cross-section of WC-Co 

tool gradient materials was determined using the Electron Backscatter Diffraction method 

(EBSD) in the scanning electron microscope Supra 35 of Zeiss Company (Fig. 8). Before the 

testing the specimens were subjected to long-lasting grinding and then polishing with small 

thrusts using the SiO2 suspension of the granulation of 0.04 µm. The analysis was carried out 

with the magnification of 4000x, scanning range of 40 µm x 40 µm, step of 100 nm in four 

measurement points of the material. In order to improve the image of Kikuchi diffraction lines, 

the image and background were subjected to averaging. The detachment of background is 

aimed to eliminate all intensity gradients present on the image and to improve the contrast of 

diffraction lines, since the algorithms identifying the qualities are more efficient in the case of 

images having uniform, averaged intensity [29, 40, 44]. The pattern of Kikuchi lines is defining 

the orientation set-up of each of the investigated microareas dependent on the crystallographic 

orientation. The diffractions were solved using a program with the application of algorithms 

allowing for the diversification of Kikuchi lines properties such as width, length, contrast 

against the surroundings and brightness. 

 

 
 

Figure 8. Flow-chart of EBSD system 

 

The analyses of phase composition of cobalt or carbide powders and of cemented gradient 

materials were carried out with the application of the X-ray diffractometer X’Pert PRO of 

PANalytical Company in the Bragg-Brentano system, using Kα ray filtering of the cobalt tube 

with the voltage of 40 kV and filament current of 30 mA. The measurement of the secondary 

radiation intensity was carried out within the angle range 2Θ from 30 to 120 with the step of 
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0.05° and calculation time of 10 s using the strip detector Xcelerator in the geometry of grazing 

incident X-ray diffraction technique with the application of a parallel-beam collimator before 

the proportional detector.  

The diffraction tests and the analyses of the structure of thin foils from the selected places 

on the specimens from cemented tool gradient materials were carried out in the transmission 

electron microscope (TEM) JEM 3010UHR of JEOL Company, with the accelerating voltage 

of 300 kV. Thin foils were prepared from 1mm thick sinters cut off on the MINITOM 

precision cut-off machine from the cross section of the tool gradient material. The sinters were 

subjected to semi-mechanical decrement of the thickness of 80 µm on the diamond shield of 

the gradation of 220 µm/mm2, and then to final decrement on an ion polisher using the 

apparatus of the Gatan Company. The thin foils prepared in this way were investigated in the 

transmission electron microscope, carrying out the observations in light field and dark field and 

making the diffraction analyses. The diffractograms from the transmission electron microscope 

were solved with the Diphra computer program. 

The hardness of the materials was determined using the Vickers method with the indenter 

load of 10 and 300 N respectively. The operating time of the total loading force applied on the 

indenter was 15 seconds. The measurement was carried out along the whole cross-section 

width of the cemented specimens, starting the measurement 0.22 mm away from the external 

surface of the surface layer and finishing the measurement around the base area.  

The testing on abrasive wear was carried out with the application of apparatus designed in 

the Institute of Engineering Materials and Biomaterials of the Silesian University of 

Technology (Fig. 9). The preparation of specimens for analysis consisted in grinding the 

surface on a diamond shield of the grain size of 1200 µm/mm2 to ensure flat and even surface. 

On the specimens produced in this way the tests were carried out using a counter-specimen 

made up by a ceramic ball Al2O3 of the diameter of 5.556 mm. The tests were carried out with 

a diversified number of cycles 1000 and 5000, which translates itself respectively into 4 and 20 

m, and with different loading 2.5 and 10 N. Due to the combination of the assumed in this way 

testing conditions, four results were obtained for the surface layers of each investigated 

specimen, whereby the abrasive wear could be determined. The same set of tests was carried 

out for the particular materials of the base, and then the respective measurement results were 

compared to verify the influence of the structure gradient on the functionality properties. The 

extent of wear was determined basing on geometric measurement of the wear and calculating 

its volume. The decrease of volume as the indication of absolute wear is applied when the 

decay of mass is too small and difficult to estimate [48]. The observation of wear was also 
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carried out on the confocal microscope LMS 5 Exciter and in the scanning electron microscope 

(SEM). 

 

 
 

Figure 9. Diagram of the apparatus for testing the resistance to abrasive wear 
 

 
 

Figure 10. Diagram of the cracking system obtained with Vickers method – Palmqvist method 
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The tests involving the resistance to brittle cracking (KIC) were performed in congruence 

with the Standard ISO 28079:2009, making use of the Palmqvist method (Fig. 10). The tests 

were carried out on the appropriately prepared specimens, polished to eliminate surface 

stresses which had been introduced to the hard surface layer through the gradation of chemical 

composition of the material, and then etched in the Murakami reagent of the composition 

([K 3Fe(CN)6 + KOH + H2O]) to ensure a precise read-out of the cracking length. 

The following equations were applied to determine the KIC coefficient:  
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where: 

P – applied load [N], 

d1, d2 – length of the imprint diameter [mm]. 
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where: 

T – the total of cracking lengths [mm]. 
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where: 

A – constant 0.0028. 

 

The results of the investigation studies involving the density, porosity, hardness, abrasive 

wear and brittle cracking were subjected to statistical workout, calculating for each of the 

measurement series the arithmetic average, standard deviation and the confidence interval of 

the average value at the significance level α = 0.05. For the measurement results of hardness 

and brittle cracking of the cemented tool gradient materials, the linear correlation factor was 

calculated and its significance test was carried out. The said characteristics were determined 

using the module ‘Data analysis’ available in Microsoft Excel.  

Also the regression function was determined which is approximating the dependence of the 
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investigated output variable Y (e.g. material hardness or microhardness) on the input variables 

Xi (e.g. volumetric share of cobalt or temperature).  

In the tests on the tool gradient materials of carbide, the finite elements method was applied 

for the computer simulation of eigen-stresses and strains of material operation [13, 18, 31-35, 

53-56]. The true model of the tool gradient material was designed in the program Inventor 11, 

and the strength analysis was carried out using the program ANSYS 12.0. On account of the 

predicted simulation range, parametric input files were elaborated which allow to carry out the 

analysis comprehensively.  

In order to carry out the simulation of eigen-stresses of the tool gradient material, the 

following boundary conditions were accepted: 

• the change of cementing temperature is reflected by the cooling process of the specimen 

from 1400, 1420, 1460°C to the ambient temperature of 22°C, 

• for the fabricated material, the material properties were accepted basing on the 

characteristics cards of MatWeb catalogue which were presented in Table 4. 

 

Table 4. List of mechanical and physical properties accepted in the computer simulation of 

eigen-stresses occurring in the fabricated material consisting of four layers of a difference 

share of wolfram carbide and of different cobalt concentration [48, 61] 

Properties 

Phase composition of the layers of tool gradient material 

3%Co+97%WC 5%Co+95%WC 7%Co+93%WC 9%Co+91%WC 

Young modulus 
[Pa]109 

665 640 615 590 

Poisson factor 0.2809 0.2815 0.4774 0.5338 

Density 
[kg/m3]103 

15.4 15.1 14.8 14.5 

Thermal expansion 
[1/C] 10-6 

4.1 4.3 4.5 4.7 

Thermal 
conductivity 

[W/ Mc] 
98 90 82 76 

Specific heat 
[J/kgC] 

138.7 144.5 150.3 156.1 

Resistivity (specific 
resistance)  

[Ωm] 
5.4252 5.442 5.4588 5.4756 

Tensile strength 
[Pa]106 

1670.75 1641.25 1611.75 1580.25 



Open Access Library   
Volume 1  2011 

 

104 L.A. Dobrzański, B. Dołżańska  

The model whereof the objective is to determine eigen-stresses of tool operation was 

worked out using the finite elements method, assuming the true dimensions of the specimen 

(Fig. 11), where: the first layer – 3%Co+97%WC, the second layer – 5%Co+95%WC, the third 

layer – 7%Co+93%WC, the fourth layer – 9%Co+91%WC.  

 

 
 

Figure 11. True model of the fabricated material consisting of four layers of different share of 

wolfram carbide and of different cobalt concentration 

 
The true model was subjected to digitization (Fig. 12). The calculation model consists of 

4968 nodes and 760 elements. 

 

 
 

Figure 12. True model of the fabricated material consisting of four layers of different share of 

wolfram carbide and different cobalt concentration after digitization 

 
For further simulation the same model was applied with the addition of the following 

boundary conditions: 

• the sinter was fixed on one of the sides of the fabricated material by depriving the nodes 

lying on this plane of all degrees of freedom (Fig. 13), 

• the force of 26000 N was applied which was reflecting the operation of the tool (Fig. 13). 

The computer simulation was carried out in three stages: 

• the first stage involved the simulation of eigen-stresses of the sinter consisting of four 

layers of different share of wolfram carbide and cobalt depending on the cementing 

temperature, 
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• the second stage included the comparative analysis of the computer simulation of the eigen-

stresses of the tool gradient material with the experimental results, 

• the third stage involved the computer simulation of operation strains of the fabricated tool 

gradient material applied for example in mining machinery. 

The model whereof main objective is to determine eigen-stresses of the fabricated material 

was made using the finite elements method, assuming the true dimensions of the specimen 

(Fig. 13). 

 

 
 

Figure 13. True model of the fabricated material consisting of four layers of different share of 

wolfram carbide and of different cobalt concentration with the applied boundary conditions 

 

In order to verify the obtained results experimentally through the modeling with the finite 

elements method on the basis of measurements carried out by means of X-ray spectrometry, 

the true eigen-stresses in the investigated materials were calculated. The calculations were 

carried out with the use of sin2ψ method, basing on the brand-name program X’Pert Stress 

Plus. The program has a data base with data indispensible to calculate the values of material 

constants. Then, the comparative analysis of computer simulation with experimental results 

was carried out. 

 
 

3. Results 
 

3.1. Structure, phase and chemical composition of the elaborated gradient 
materials 
 

Irrespective of the type of cemented materials, their good properties depend on the 

fabrication and preparation of powders, forming and cementing conditions. In the cementing 
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process we cannot eliminate potential faults which can be brought about during the preparation 

of powders or during their formation, and therefore each of the fabrication stages has a 

considerable influence on the properties of the final product. An appropriate preparation of 

powder mixtures of homogeneous distribution of WC carbide in cobalt matrix is relevant in 

view of further pressing and cementing of tool materials. The experimental research 

demonstrated that the grinding in a high-energy mill yields exceptionally good results as early 

as after 8 hours. The mixture of powders is forming numerous conglomerates but it is 

homogeneous, and the cobalt grains surround the WC carbides. The mixture of WC-Co 

powders after grinding in a ball mill over the same time period is also homogeneous with 

locally occurring large carbides of the size of about 6 µm which were not fully powdered 

during the grinding process (Figs. 14, 15). 

Irrespective of the applied mill, the rise of grinding time to 20 hours has only slight 

influence on grain comminution of WC carbide, and hence the grinding time of 8 hours was 

accepted as optimal. 

 

 
 

Figure 14. Powder mixture WC (95%), Co (5%) after 8 hours of grinding in a ball mill 

 

For the formation of powders we applied a moulding enabling the pressing of specimens 

designated to three-point bending after cementing. The prepared powder mixtures of the 

changing share of WC carbide and appropriate concentration of cobalt matrix were being 

ground adding paraffin of the 2% volumetric share to reduce the friction between powder 
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grains and between powder and moulding during the pressing process. Due to small grain size 

of cobalt and WC carbide, having the average size of maximum 6 µm and connected with it 

poor flow rate of powder, the formation of further layers of powders mixture of the changing 

phase share is technologically difficult, and therefore it was agreed that maximum four layers 

would be formed. Commercial mixtures of WC-Co powders are prepared in the form of 

granulate of the granulate size of about 0.1 mm, and they are characterized by flow rate of 

about 30 s. The tests on the flow rate of the produced mixture was not successful since the 

powders did not pass through the designed for such tests Hall funnel. In spite of poor flow rate 

and low bulk density of the powders mixture, the compacts were characterized by sharp edges 

and did not exhibit cracks or chipping. Fig. 16, which presents the compact, illustrates the 

borders between successive layers. The pressing was carried out within the pressure range 

applied in the industry from 300 to 450 MPa, and experimentally the pressure for pressing was 

determined at 340 MPa. 

 

 

 
 

Figure 15. Powder mixture WC (91%), Co(9%) 

 

In order to consolidate the powders we applied unbound sintering, sintering with isostatic 

condensation or hot isostatic pressing. For the unbound sintering and for the sintering with 

isostatic condensation we applied the temperature of 1400, 1430 and 1460°C. The hot isostatic 

sintering was carried out at the temperature of 1420°C.  
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a) 

 
b) 

 

3-9%Co/97-91%WC_4 
 

Figure 16. a) Compact pressed under the pressure of 340 MPa, b) sintered tool material 

 

The sintering methods were selected basing on the results described in works [12,20-23, 

28,30,43,60] in which, very frequently, for economical reasons or to simplify or accelerate the 

technological process of the fabricated tool materials, pressing and sintering is combined into 

one operation. It involves pressing in raised temperature or sintering under pressure. The 

material obtained in this way is not much porous and its physical and strength properties are 

considerably better as compared to separate operations of pressing and sintering [18-

20,28,35,52,61]. Irrespective of the phase composition of the specimens it can be observed that 

all materials were deformed after sintering. Undoubtedly, one of the reasons of this 

deformation is non-homogeneous density of the compact. Numerous pores in lower layers of 

the compact get condensed during the sintering and hence there is a great contraction in this 

area. We can observe that the deformation of the specimen in which the phase share of WC 

powder is changing from 97% in the external layer to 85% in the layer around the core is 

higher (Fig. 17) as compared to the specimen in which the phase share of WC is changing from 

97 to 91% (Fig. 16). 

 

 
 

Figure 17. Sintered tool material 3-5%Co/97-85%WC_5 

 

Therefore, in the further studies, we were using specimens in which the share of WC 

carbide was changing from 97% in the external layer to 91% in the layer around the core. The 
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appropriateness of the phase composition selected in this way has been confirmed by the 

research results involving the tests on hardness, density and porosity. Basing on the 

measurements of density and porosity of the sinters, it was demonstrated that the sintered tool 

gradient materials based on the powders of wolfram carbide and cobalt are characterized by 

higher density and lower porosity after sintering with isostatic condensation as compared to the 

materials after unbound sintering. Analyzing the influence of technological conditions of 

sintering on density and porosity, it has been demonstrated that the rise of density with the 

simultaneous decrease of porosity is dependent on temperature, time and technological 

conditions of sintering (Table 3). 

Figures 18-19 present X-ray diffractograms from the investigated tool gradient materials of 

WC-Co type. The research studies confirmed the presence of phases corresponding to each 

material type. The X-ray diffractogram contains the reflexes from WC phases and reflexes 

from Co of the hexagonal structure. 

 

 
 

Figure 18. Results of X-ray qualitative phase analysis of tool gradient materials 3-9%Co/97-

91WC_4, sintered in a vacuum furnace at temperature Tsp=1460°C and subjected to isostatic 

condensation at Tsp=1425°C 

 

Basing on the density measurements of the sinters of the newly elaborated tool gradient 

materials with cobalt matrix, it was found that the highest density is exhibited by the sintered 
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material with the use of hot isostatic condensation and sintering under pressure. The density of 

materials obtained in effect of sintering with the use of hot isostatic condensation at the 

temperature of 1460, 1430 and 1400°C is respectively 14.60, 14.19, 14.16 g/cm3, and the 

density of materials subjected to unbound sintering at the temperature of 1460, 1430 and 

1400°C is respectfully 12.96, 13.79 and 14.42 g/cm3. Analyzing the influence of technological 

parameters of sintering on density, it was found that the density is increasing with a 

simultaneous decrease of porosity with the rise of time and temperature of the process. 

 

 
 

Figure 19. Results of X-ray qualitative phase analysis of tool gradient materials 3-9%Co/97-

91WC_4, sintered in the vacuum furnace at temperature Tsp=1430°C and isostatically 

condensed at Tsp=1425°C 

 

The presence of cobalt in the material results in the formation of liquid phase which during 

the sintering brings about the formation of low-melting eutectic phase. In this process it is most 

difficult to maintain the gradient which has a tendency to fade due to the oriented mass 

transport. In order to avoid such a phenomenon, a high-temperature synthesis with short 

sintering time is applied [4,15,19,20,53,55,61].  

Since most of the infusible grains in the material have the size from 2.5 to 3 micrometers and 

the dissolution process involves only a small portion of their volume, therefore the final product 

consists of great oval grains of the basic phase bound by the unified liquid phase (Fig. 20). 

In spite of low volumetric share of cobalt, at high sintering temperature this phase is 
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melting and is partially dissolving the surface of WC carbides. Hence the rise of the volumetric 

share of liquid phase i.e. low-melting eutectics during the sintering process, which moistens the 

WC solid phase (Fig. 20). In effect of the above, the capillary forces occurring around grain 

borders decrease the volume of the pore, increasing in this way the density of the material. The 

liquid phase during cooling and crystallization assumes the form of small layers separating 

solid grains (Fig. 20). 

 

a) 

 

b) 

 
 

Figure 20. Layer structure a) surface layer b) bottom layer of gradient the material  

3-9%Co/97-91%WC_4 sintered in a vacuum furnace at temperature Tsp=1430°C and subjected 

to hot isostatic condensation at the temperature Tsp=1425°C 
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                                                               [µm] 
 

Figure 21. Structure of gradient material 3-9%Co/97-91%WC_4, sintered in the vacuum 

furnace at temp. Tsp=1400°C and subjected to hot isostatic condensation at temp. Tsp=1425°C, 

the first layer: a) indexation of the diffraction of the Kikuchi line, b) map of grain size 

distribution, c) diagram of grain size distribution 

 

 

The research studies carried out with the use of EBSD method confirmed that the newly 

elaborated gradient material consists of basic grains of the components of WC and Co powders 

in which, along the interphase border, there are no microcracks or other discontinuities 

(Fig. 21). The colored topography maps present the crystallographic orientation of the grains of 

WC sintered carbides where the particular coloring of the WC grains denotes the normal 

direction to the surface plane of each grain. The measurements of grain size show that the 

average size of the grain ranges from 2.5 to 3 µm (Fig. 21c). A considerable decrease of grain 

size as compared to the input material (6 µm) is connected with the long-lasting milling of the 

powders of wolfram carbide. 
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Figure 22. Thin foil structure from WC-Co sintered carbide after sintering at temp. 1460°C;  

a) image in light field, b) image in dark field from the reflexes (002)Co and (101)WC,  

c) diffractogram from the area as in Fig. a, d) solution of the diffractogram from the Figure c 

 

The method of X-ray quantitative analysis carried out with the use of X-ray energy-

dispersive spectrometer EDS confirms the occurrence of the element W, C and Co respectively 

in the solid phase of wolfram carbide and in the binding phase of cobalt in the particular layers 

of the tool gradient material. The newly elaborated tool gradient material is characterized by 

compact structure due to the uniformly distributed share of binding phase between the solid 
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phase of carbide. It was also found that the preparation time of mixtures is sufficient enough to 

ensure that the wolfram carbide grains are coated with cobalt matrix.  

 

 
 

Figure 23. Thin foil structure from WC-Co sintered carbide after sintering at temp. 1460°C;  

a) image in light field, b) image in dark field from the WC reflexes, c) diffractogram from the 

area as in Fig. a, d) solution of the diffractogram from Fig. c 

 

In effect of the research on thin foils fabricated in the transmission electron microscope 

(Figs. 22-24), it was confirmed that the sintered tool gradient materials contain the grains of 

wolfram carbide and cobalt of the hexagonal network (in the JCPDS file respectively no. 25-
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1047 and 05-0727). Cobalt as a binding phase fills up the space between WC grains, frequently 

in the form of a thin layer between the neighboring carbide grains (Figs. 22-24). 

 

 
 

Figure 24. Thin foil structure from WC-Co sintered carbide after sintering at temp. 1400°C;  

a) image in light field, b) image in dark field from the reflex (101)Co, c) diffractogram from the 

area as in Fig. a, d) solution of the diffractogram from the Figure c 

 

The observations involving the structure of thin foils (Figs. 23, 24) show that in the 

wolfram carbide grains there are many network flaws, in particular dislocation. A part of 

dislocations and other network flaws can be brought about during the long-lasting milling of 
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the powder, in effect of which crumbling and fracture of WC grains is taking place. In some 

WC grains there are subgrains whose disorientation angle is from several to around a dozen 

degrees. After the sintering process at the temperature of 1400°C we found that in many WC 

carbide grains there are thin sinters, most probably twins, of the thickness from several to 

several dozen nm These sinters are parallel to the WC planes {010} and {110} – as in the  

four-index Miller-Bravais denotation. 

 
 

3.2. Mechanical properties and resistance to abrasive wear of the 
elaborated gradient materials. 

 

The measurement results involving HV hardness (Figs. 26-28) of the fabricated tool 

materials of the growing share of WC carbide with respect to cobalt matrix in the direction 

towards tool surface are indicative of a gradual rise of hardness. The hardness of the  

3-9%Co/97-91WC_4 material sintered in vacuum, depending on the sintering temperature, can 

be placed within the range of 1390-1460 HV in the surface layer and is decreasing, with the 

rise of the distance between the measurement point and the external surface of the surface 

layer, to 1290-1330 HV in the base (Fig. 26). 

 

 
 

Figure 26. Diagram of regression function describing the relation of HV1 hardness, 

volumetric share and sintering temperature for the material 3-9%Co/97-91%WC_4 
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Figure 27. Diagram of regression function describing the dependence of hardness on the 

volumetric share of cobalt and sintering temperature, for the 3-9%Co/97-91%WC_4 material 

subjected to sintering and hot isostatic condensation at the temperature of 1425°C in a vacuum 

furnace 

 

The hardness of the 3-9%Co/97-91WC_4 material sintered and subjected to isostatic 

condensation at the temperature of 1425°C is within the range of 1430-1470 HV in the surface 

layer and is decreasing to 1300-1360 HV in the base (Fig. 28). The hardness of the 3-9%Co/97-

91WC_4 material sintered with isostatic condensation at the temperature of 1420°C is within 

the range of 1340-1400 HV in the surface layer and is decreasing, with the rise of the distance 

between the measurement point and the external surface of the surface layer, to 1310 HV in the 

base (Fig. 27). In effect of the carried out hardness tests we did not find any considerable 

difference in hardness of the investigated materials subjected to unbound sintering and those 

with isostatic condensation. 

The relation involving the changes of HV hardness of materials with the changing share of 

Co phase, volumetric share and sintering conditions was described with the use of a regression 

function. The value of the multidimensional correlation factor and that of its significance level 

confirm the correct dependence of hardness on sintering conditions and on cobalt present in 

particular layers of the material. 

Figures 26-28 present the diagrams of regression functions describing the dependence of 
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hardness on the volumetric share and sintering temperature (Tsp) and on the function in the 

planes defined by the values of input variables, together with confidence intervals at the 

significance level of α=0.05. The carried out measurements demonstrated the influence of 

sintering technological conditions and volumetric share of WC-Co phases on the hardness of 

the sintered tool gradient materials. 

The research results involving the resistance to brittle cracking KIC of the sintered tool 

gradient materials of different volumetric share of WC and Co phases in each material layer are 

presented in Figs. 29-30. The results involving the KIC factor are indicative of a considerable 

dependence between sintering parameters and the resistance to cracking of particular tool 

materials. The material 3-9%Co/97-91%WC_4 sintered at the temperature of 1460°C 

(Figs. 31-35) and the material sintered under pressure at the temperature of 1420°C is 

characterized by high resistance to brittle cracking. The average value of KIC factor of the 

surface layer of the material is 15 [MNm-3/2] and of the base 18 [MNm-3/2]. 

 

 
 

Figure 28. Diagram of regression function describing the dependence of hardness on the 

volumetric share of cobalt for the 3-9%Co/97-91%WC_4 material subjected to sintering with 

hot isostatic condensation at the temperature Tsp=1420°C 

 

The average values of the KIC factor of the material sintered at the temperature of 1420°C 

are respectively 17 [MNm-3/2] for the surface layer and 19 [MNm-3/2] for the base. The 

dependence of KIC factor for the investigated materials of different Co concentration on the 

volumetric share and sintering conditions is presented by means of a regressive function. The 

value of multidimensional correlation factor and that of its significance level confirm the 
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dependence of KIC factor on sintering conditions and volumetric concentration of cobalt in the 

particular layers of the material. Figs. 29-30 present the diagrams of regression functions 

describing the dependence of KIC factor of the materials on the volumetric share, sintering 

temperature (Tsp) as well as their sections in the planes defined by the selected values of input 

variables, together with confidence intervals at the significance level of α=0.05. 

 

 
 

Figure 31. Diagram of the regression function describing the dependence of brittle cracking 

on the volumetric share of cobalt for the 3-9%Co/97-91%WC_4 material sintered under the 

pressure in a vacuum furnace at the temperature Tsp=1420°C 

 

The lack of distinguished difference of the KIC factor in the surface layer and in the base of 

materials sintered with isostatic condensation can be explained by too long sintering time, 

resulting in partial or total decay of gradient structure. 

The carried out microscopic observations of specimen fractures (Fig. 31) are characterized 

by hollow systems and convexities, which displays a flaky character of the fracture typical for 

brittle materials. 

The research results involving the resistance of the materials to cracking show that the areas 

rich in cobalt matrix are characterized by higher KIC factor as compared to the areas rich in WC 

(Fig. 32). 

In order to compare the tribological properties of the fabricated gradient materials, the test 

on the resistance to abrasive wear was carried out in the system ‘investigated specimen and 

Al 2O3 ball’ as a counter-specimen. The results of the carried out abrasive trial (Table 4) show 

that the materials sintered with isostatic concentration are characterized by much lower 

abrasive wear than the materials obtained as a result of unbound sintering. The wear of gradient 
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materials subjected to unbound sintering, depending on the share of binding phase, 

temperature, load and number of cycles is presented in Table 4. 

 

 
 

Figure 29. Diagram of the regression function describing the dependence of brittle cracking 

on temperature and Co volumetric share for the 3-9%Co/97-91%WC_4 material sintered in a 

vacuum furnace 

 

 
 

Figure 30. Diagram of the regression function describing the dependence of brittle cracking 

on temperature, and on cobalt share for the 3-9%Co/97-91%WC_4 material sintered and 

subjected to hot isostatic condensation at the temperature of 1425°C in a vacuum furnace 
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The decrement of material is effected by the separation of particles due to micromachining 

or scratching around the friction areas counter-specimen –material as a result of loose or fixed 

particles of the abrasive material or sticking out particles of the uneven, hard carbide phase 

(Fig. 33) [11, 39, 42, 44]. 

 
 

 
 

Figure 32. Structure of the fracture of the surface layer of the 3-9%Co/97-91%WC_4 material 

sintered in a vacuum furnace at the temperature Tsp=1460°C and subjected to hot isostatic 

concentration at the temperature Tsp=1425°C in a vacuum furnace 

 

 

Non-uniform width of the wear bespeaks of the occurrence of wear which consists in 

sticking of the waste material to the counter pecimen which then breaks off in other places 

causing local unevenness in the place where the wear is lower (Fig. 33). Using the X-ray 

quantitative microanalysis carried out with the X-ray energy-dispersive spectrometer EDS 

along the wear path of the material the presence of aluminum and oxygen was confirmed, most 

probably released by aluminum oxide Al2O3 (Fig. 33), due to sticking of waste material to the 

counter-specimen which then breaks off in other places causing local unevenness around which 

the wear is lower [9, 10, 17, 30, 44, 51, 55, 56, 58].  

The measurement results involving the abrasive wear of the sintered tool gradient 

materials of wolfram carbide with cobalt matrix are indicative of a gradient change of the 

properties of the investigated materials, depending on the share of binding phase. Therefore, 
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the wear of gradient materials is conditioned by many factors: the share of binding phase, 

loading value of counter-specimen and also the friction path (number of cycles). 

 
 
3.3. Computer simulation of stresses, strains and displacements of the 
fabricated gradient material depending on the sintering temperature 
 

Figure 35 presents the results of numerical analysis using the finite elements method 

gathered in the form of maps of stress distribution in the tool material consisting of four layers 

of different concentration of wolfram carbide and cobalt for the sintering temperature of 1400, 

1420 and 1460°C. The elaborated model of the tool allows to simulate the influence of 

sintering temperature on stresses (Fig. 35). 

 

  

  

 

Figure 33. Wear mark of the 3-9%Co/97-91%WC_4 material sintered in vacuum at the 

temperature of 1400°C and subjected to isostatic condensation at the temperature of 1425°C 

after 1000 cycles with the load of 10 N in the base 
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Table 4. Tribological wear of gradient material 3-9%Co/97-91%WC_4 

Layer 
denotation 

Tsp [˚C] 
Load 
[N] 

Number of 
cycles 

Statistical quantities 

Arithmetic 
average 

Standard deviation 
9

7%
W

C
 -

3
%

C
o 

1460 

2.5 5000 4.05 × 10-4 0.36 × 10-4 

10 5000 11.63 × 10-4 0.62 × 10-4 

9
1%

W
C

 -
9

%
C

o 2.5 5000 13.25 × 10-4 1.22 × 10-4 

10 5000 23.41 × 10-4 1.58 × 10-4 

9
7%

W
C

 -
3

%
C

o 

1430+1425 

2.5 5000 5.43 × 10-4 0.29 × 10-4 

10 5000 21.49 × 10-4 1.71 × 10-4 

9
1%

W
C

 -
9

%
C

o 2.5 5000 6.49 × 10-4 0.40 × 10-4 

10 5000 26.60 × 10-4 2.80 × 10-4 

 

 
 

Figure 34. Changes of interplanar distance d of the reflex (201) in the function of sin2ψ, 

sintering temperature of 1400°C, 3%Co+97%WC 

 

The calculation results of eigen-stresses in the investigated materials obtained on the basis 

of reflex shift analysis (201) using the sin2ψ method carried out to verify the modeling results 

are presented in Fig. 34 and in Table 5. 
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Figure 35. The distribution of simulated eigen-stresses occurring in the cutting edge of a tool 

consisting of four layers of different share of wolfram carbide and cobalt for the sintering 

temperature of 1400°C 

 

Basing on the carried out investigation studies it was demonstrated that the highest stress 

values are characteristic of the material sintered at the temperature of 1460°C. They occur in 

the surface layer and equal 162 ± 24 MPa, and the simulated stresses equal 170 MPa. The base 

is characterized by lower stresses as compared to the upper layer. The stresses determined 

experimentally equal 91±22 MPa and the simulated stresses 80 MPa. The lowest stresses 

determined experimentally and with the use of computer simulation occur in the tool gradient 

material sintered at the temperature of 1400°C. The value of these stresses determined 

experimentally in the upper layer is 123±24 MPa, and the value of simulated stresses equals 

116 MPa. The calculated values of stresses in the base are 41±9 and 36 for the simulated 

stresses. 

 

Table 5. Comparison of stresses obtained experimentally with the results of computer 

simulation 

 
Sintering 

temperature, [°C] 
Stresses determined 

experimentally, [MPa] 
Simulated 

stresses, [MPa] 

Upper layer 
3%Co+97%WC 

1400 123 ± 24 116 

1420 141 ± 7 140 

1460 162 ± 24 170 

Bottom layer 
9%Co+91%WC 

1400 41 ± 9 36 

1420 87 ± 10 80 

1460 91 ± 22 80 
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The results of eigen-stresses obtained with the computer simulation using the finite 

elements method are in agreement with the results of stress measurements obtained with the 

use of sin2ψ method (Table 5).  

Figures 36-38 present the results of the computer simulation of the fabricated material, 

allowing for the mechanical loads simulating operating conditions (in mining or drilling 

machines), gathered as the maps of shifts, strains and stresses distribution.  

 

 
 

Figure 36. Distribution of the simulated shifts occurring in the cutting edge of a tool consisting 

of four layers of different share of wolfram carbide and cobalt for the sintering temperature 

Tsp=1400°C 

 

 
 

Figure 37. Distribution of the simulated strains occurring in the cutting edge of a tool 

consisting of four layers of different share of wolfram carbide and cobalt for the sintering 

temperature Tsp=1400°C 

 

It was demonstrated, basing on the elaborated model, that through appropriately applied 

technological procedures, it is possible to evoke tensile stresses in the surface layer of the 

material, which will increase the resistance of this material to the formation and propagation of 
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cracks. The difference in the value of heat expansion coefficient in the material is introducing 

tensile eigen-stresses on the surface of the material after its cooling from the sintering 

temperature to the ambient temperature.  

 

 
 

Figure 38. Distribution of the simulated stresses occurring in the cutting edge of a tool 

consisting of four layers of different share of wolfram carbide and cobalt for the sintering 

temperature Tsp=1400°C 

 

Basing on the analysis of the obtained results: among others such as hardness, brittle 

cracking and abrasive wear it has been demonstrated that this novel method makes it possible 

to fabricate tool gradient materials resistant to abrasive wear with high resistance to brittle 

cracking. 

 
 

4. Conclusions 
 

Basing on the analysis of the obtained results involving sintered tool gradient WC-Co 

materials, the following conclusions have been formulated: 

1. In effect of the carried out investigation studies on the newly elaborated gradient WC-Co 

tool materials fabricated with a novel technology consisting in sequential coating of the 

moulding with the layers of WC-Co powder mixtures of the decreasing share of WC 

carbides from 97 to 91% in the direction from the surface to the core and then pressing and 

sintering the compacts, the thesis put forward in the PhD dissertation has been proved, and 

it has been demonstrated that the application of the elaborated fabrication method for the 

production of tool materials is fully grounded, due to combining non-complementary 

properties of these materials i.e. resistance to abrasive wear and brittle cracking, due to 
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gradient structure of the fabricated material which is changing in the continuous way and 

which is characterized by the rise of the share of hard carbide phase in the direction from 

the core to the sinter surface and rising share of cobalt matrix concentration in the opposite 

direction.  

2. The applied fabrication method of sintered tool gradient materials necessitates the 

preparation of WC-Co powder mixtures through their long-lasting milling during which 

hard and brittle WC carbides of the average equivalent diameter of the grain of 6 µm 

undergo fragmentation in effect of which their size after sintering does not exceed 3 µm, 

which has a positive influence on the resistance rise to brittle cracking in the sintered state 

of the fabricated tool materials to 19 MNm-3/2 as compared to 15 MN-3/2 characteristic of the 

sintered WC-Co materials containing 3% Co produced without gradient.  

3. In effect of diffusion processes running during the sintering process, local unification of 

phase composition in the joint areas is taking place despite the laminar output structure of 

the compacts fabricated by coating the moulding with successive powder mixtures of a 

step-wise changing share of WC and Co concentration and then pressing, the gradient of 

changes of the final structure of the sinter is continuous and not step-wise as in the 

compact, yet too long heating over 90 min at high sintering temperature of 1460°C, in 

particular during hot isostatic sintering, results in a decay of gradient structure of the sinter 

due to the unification of the phase composition within the whole volume of the sinter.  

4. Hardness, resistance to abrasive wear and brittle cracking of the sintered tool gradient 

materials are dependent respectively on the WC share and Co concentration as a binding 

phase and on the conditions of technological process applied for the fabrication of these 

materials, i.e. milling of powder mixtures, formation of the compact and sintering, yet the 

surface of the material is characterized by high hardness of 1460 HV, due to high WC share 

of 97%, and the core is characterized by higher resistance to brittle cracking 19 MNm-3/2 as 

compared to the surface because of higher Co concentration of 9%, with the difference of 4 

MNm-3/2 between the KIC values on the surface 15 MNm-3/2 and in the core 19 MNm-3/2. 

5. Through the application of finite elements method we can model eigen-stresses generated 

in the newly elaborated tool gradient materials in effect of sintering, having the influence 

on the properties of these materials, and because the stress values determined through 

computer simulation are close to those determined experimentally, it is well-founded to 

apply calculation methods to estimate stresses and to draw conclusions about the trends 

involving the changes of the properties of the investigated tool gradient material, which 

necessitates further research. 
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Abstract 
Purpose: The main objective of the work is to investigate the structure and properties of 

multilayer  gradient coatings produced in PVD and CVD processes on sintered carbides and 

on sialon ceramics, and to define the influence of the properties of the coatings such as 

microhardness, adhesion, thickness and size of grains on the applicable properties of cutting 

edges covered by such coatings. 

Design/methodology/approach: The investigation studies pertaining to the following have 

been carried out: the structures of the substrates and coatings with the application of 

transmission electron microscopy; the structure and topography of coating surfaces with the 

use of electron scanning microscopy; chemical composition of the coatings using the GDOES 

and EDS methods; phase composition of the coatings using X-ray diffraction and grazing 

incident X-ray diffraction technique (GIXRD); grain size of the investigated coatings using 

Scherrer’s method; properties of the coatings including thickness, microhardness, adhesion 

and roughness; properties of the operating coatings in cutting trials. The models of artificial 

neural networks have been worked out which involve the dependencies between the durability 

of the cutting edge and properties of the coatings. 

Findings: Good adhesion of the coatings to the substrate from sintered carbides is connected 

with the diffusive mixing of the components of the coating and substrate. In the case of PVD 

coatings obtained on sialon ceramics, the highest adhesion to the substrate (Lc=53-112 N) has 

been demonstrated by the coatings containing the AlN phase of the hexagonal lattice having 

the same type of atomic (covalence) bond in the coating as in the ceramic substrate. The 

damage mechanism of the investigated coatings depends to a high degree on their adhesion to 

the substrate. The durability of cutting edges covered by the investigated coatings depends 

principally on the adhesion of the coatings to the substrate, and to a lesser degree on the other 

properties. 
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Practical implications: While selecting a proper coating material on ceramic cutting edges, it 

is advisable to remember that the coatings having the same type of atomic bond as the ceramic 

substrate have higher adhesion to the substrate. Another relevant aspect of the research 

presented in the paper is the fact that the adhesion of the coatings contributes significantly to 

the durability of the cutting edge, whereas the microhardness of the coatings, their thickness 

and grain size have a slightly lower influence on the durability of the tool being coated. 

Originality/value: The paper presents the research involving the PVD and CVD coatings 

obtained on an unconventional substrate such as sialon ceramics. Furthermore, to define the 

influence of coating properties on the durability of  cutting edges, artificial neural networks 

have been applied. 

Keywords: Working properties of materials and products, Mechanical properties, PVD and 

CVD coatings 
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technologies on the structure and properties of the selected engineering materials, Open 

Access Library, Volume 1, 2011, pp. 133-186. 

 
 

1. Introduction 
 
The process of machining at the beginning of the 21st century is still one of the most 

important production technologies applied in the industry of mechanical engineering. Even if 

we apply plastic hot or cold working or casting technologies, still the final working is most 

frequently done by machining [9,16,46,54,57,96].  

The constantly improving properties of constructional materials, which are obtained 

through machining, are determining a demand for a high standard quality of produced tools 

which must satisfy such aspects as service life, hardness of the cutting edge as well as working 

conditions such as speed, depth and feed rate. It is the economic conditions which principally 

enforce the necessity to increase the efficiency of machining, which is being realized by raising 

the thickness of the material removed in a single pass and by reducing its time 

[10,42,49,70,73,84]. To meet such requirements, the tools should have high hardness and 

should be considerably resistant to abrasive, adhesive, diffusive and chemical wear [33,79].  
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Among a variety of tool making materials, sintered carbides are still a dominant group in 

view of machining technologies. Advantageous usability properties and hardness higher than 

that of high speed steel, and also a relatively low price involving their production costs make 

them popular and commonly applied. Furthermore, modern sintering methods make it possible 

to produce cutting edges from sintered carbides having very fine grains and properties better as 

compared to the carbides produced with standard methods [7,43,64,81]. On the other hand, the 

scientific and industrial environments are getting more and more interested in tool making 

ceramics, including also the β-sialon ceramics elaborated at the end of the 20th century. The 

mechanical properties of this alloy ceramics have been inherited from the isomorphic β-Si3N4, 

and the chemical properties correspond to aluminum oxide Al2O3 [56].  

The hard coatings PVD and CVD used for cutting edges are an efficient means to increase 

the durability of tools made from high speed steel and sintered carbides, being already applied 

from the 1960s of the 20th century [4,63]. Recently, also the opinion stating that coating 

deposition on ceramic tools is aimless due to their hardness being high enough has been 

verified. There are ceramic tools offered recently on the market covered with coatings resistant 

to abrasion. The coatings resistant to wear based on nitrides, carbides, oxides and borides, 

principally of transition metals, make it possible to apply higher machining parameters of tools 

covered by them, and also enable working processes without the application of cutting-tool 

lubricants [11,12,22,23,25,72,85]. 

In spite of the fact that the coatings on machining cutting edges have been used for many 

years, their dynamic development can be observed during the last decade [4,16,18,23,25,28,29, 

35,72]. At present, the modified PVD and CVD methods can be applied to produce coatings 

having extreme tribological properties of elements they are covered with. However, there is no 

universal coating which can have unlimited applicability. A wide range of coating applicability 

necessitates a proper selection of a coating depending on the actual application, deposition 

method and substrate type [68,78,88,96]. Presently we can distinguish two parallel research 

trends in the area of thin coatings. The first research trend is aiming to elaborate new coating 

types, possible search for new applicability for the already known coatings. The second 

research trend is connected with the development of deposition technologies of hard coatings 

resistant to wear, the search for new deposition methods and the modernization of the existing 

techniques [19,76].  

The coatings resistant to wear are applied nowadays in all tool making materials, even the 

hardest ones [23,72]. The application of protective coatings has a considerable influence on the 

improvement of durability and efficiency of machining tools, due to the following factors [9]: 
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• high hardness of the operating surface of the tool covered with the coating; hardness is one 

of the basic qualities of surface layers; in most cases the rise of hardness results in the rise 

of the qualities of other coating systems [5,6]. 

• possibly low friction factor within the contact area between the tool and a machined object. 

This factor has a considerable influence on the machining process, among others through 

the reduction of machining forces, lowering the temperature; it also enables to do the 

machining without cutting tool lubricants, and it finally speeds up the machining process 

itself. 

• creation of thermal barrier for the heat generated during the operation of the tool; lower 

temperature of the tool translates itself into lower thermal deformation, which contributes 

considerably to better durability of the tool [68]. 

• reduction in the diffusion of atoms in both directions along the path tool – machined object. 

Thin coatings deposited with the PVD and CVD techniques on the cutting edges of 

machining tools are principally made up by nitrides, carbides, oxides, borides of transition 

metals (most frequently Ti, Zr, V, Cr, Mo, W, Nb, Hf) or their combinations. The interest 

aroused by these phases is connected with the fact that these hard-melting phases are usually 

very hard and brittle, and are usually resistant to corrosion and tribological wear [4,56,61,87].  

The protective coatings can be divided into groups depending on the type of atomic bond 

dominating in a given type of coating. Having considered all types of coating materials, the 

most numerous group is made up by materials with the predominant number of metallic bonds. 

Here we can name such as nitrides and carbides of transition metals, but also some borides and 

silicides. In a great majority of these phases there are metallic-covalence bonds, whereby the 

said materials are combining in themselves high hardness and abrasive resistance with the 

resistance to brittle cracking, which is higher as compared to the phases of covalence and ionic 

bonds. Another group of coating materials is made up by materials with the prevalence of ionic 

groups. This group includes mainly oxides. And the third group is composed of materials with 

the prevalence of covalence bonds where we can place diamond coatings and those made from 

boron nitride. This group of materials has the highest hardness. Table 1 presents the examples 

of coatings from all three material groups [4,56].  

The coatings from titanium nitride have been used since the 1960s of the 20th century and 

they are still widely applied in the industry [4,63], although we can observe a declining interest 

in this material in favor of other phases [3]. The titanium nitride crystallizes in a cubic lattice of 

NaCl type, and it is a typical interstitial phase of a very wide homogeneity range from 30 to 

50% at. of nitrogen. The microhardness of this phase is growing proportionally with the 
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concentration of nitrogen (Table 1) [87]. The TiN layers have high resistance to abrasion 

[25,34,35,36], but they oxidize in the atmospheric air at the temperature of 670-870 K [3]. 

 

Table 1. Selected properties of coating material about metallic, ionic and covalence bonds 

[4,56,66,96] 

Kind of 
bonding 

Coating material 
Microhardness, 

HV 

Young’s 
modulus, 

GPa 

Density, 
g/cm3 

Coefficient of 
thermal 

expansion α, 
10-6·K 

Metalic 

TiN 2100-2400 256-590 5.40 9.35-10.1 
ZrN 1600-1900 510 7.32 7.9 
TiC 2800-3800 460-470 4.93 7.61-8.6 
ZrC 2600 355-400 6.63 6.93-7.4 
TiB2 ≥3000 560 4.50 7.8 

Ionic 
Al 2O3 1800-2500 400 3.98 8.4-8.6 
TiO2 1100 205 4.25 9.0 
ZrO2 1200-1550 190 5.76 7.6-11.1 

Covalent 

C (diamond) ≥8000 910 3.52 1.0 
BN (cubic) 3000-5000 660 2.52 - 

BN (face centered) 4700 - - - 
AlN 1200 350 3.26 5.7 

 
The admixture of other elements to the TiN phase such as zirconium, aluminum, carbon or 

boron results in the formation of isomorphic phases with titanium nitride 

[1,13,36,41,51,58,59,67, 77,82,90]. Multicomponent coatings Ti(C,N) are characterized by 

high hardness (2500-3500 HV0.05) [58] and by resistance to abrasion so they are applied for 

covering cutting tools from high speed steel and from sintered carbides [15,71,74,94]. In the 

coatings of (Ti,Al)N type, every second titanium atom is substituted with aluminum [59,77,82]. 

The presence of aluminum in such coatings results in the fact that the temperature of service 

durability of such coatings exceeds 970 K, and in working conditions with raised temperature a 

layer of Al2O3 is formed on the surface which generates a diffusion barrier for atmospheric 

oxygen [3,5,44,83]. By increasing the concentration of aluminum (Ti:Al 33:67) in (Al,Ti)N 

coatings we are raising the protective influence of this element [39]. The change of lattice 

parameters brought about by the dissolution of Al atoms in the TiN lattice is in congruence 

with the Vegard’s law (Fig.1) [2,8]. We must note here that the metastable coatings (TiAl)N 

and (Al,Ti)N combine in themselves diverse properties of metallic-covalence materials (TiN) 

and of covalence ones (AlN) which can not be obtained as solid materials due to a different 

structure and a different type of bonds [96]. The coatings with the admixture of zirconium 

(Ti,Zr)N show better physical properties than TiN coatings, in particular hardness, resistance to 
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abrasion, wear and corrosion [90]. Such coatings can consist of single three-component phases 

and they can demonstrate two-component structure of TiN and ZrN [13,36,90]. In the case of 

Ti(B,N) coatings, their phase composition depends on the concentration of boron. Such 

coatings consist of single- or two-component phases, yet there are no three-component phases 

[41,47,48,60,66,67,95]. The microhardness of these coatings is within the range of 3000-5000 

HV depending on phase composition. The highest hardness is demonstrated by Ti(B,N) 

coatings containing boron nitride [41,50]. Through the introduction of aluminum to the CrN 

coating, used as protective layers against corrosion and having good antiadhesive  properties 

principally on plastic working tools, the nitride (Al,Cr)N was formed [37,40,61]. The 

admixture of aluminum of the concentration of 65-75% is stabilizing the AlN phase of the 

cubic lattice. Such coatings have high hardness and resistance to abrasion, higher than the 

conventional TiN coatings, whereby they can be applied to cover cutting edges. We should add 

here that such coatings exhibit high thermal stability, and their maximum operating 

temperature is 1100ºC [38,80]. 

 

 
 

Figure 1. Lattice parameters of the TiN, (Al,Ti)N films as a function of the AlN content and 

comparision with Vegard’s law [2] 

 
Material designing is currently one of the most important issues of material engineering. A 

synergy obtained in the field of new material technologies involving the formation of structure 

and properties of surface layers of engineering materials has been brought about by the 

integration of many branches of science, engineering and technology. New materials and the 

technology of their manufacture is a challenge and great potential to be taken advantage of by 

the EU countries in view of hard competition with the developing countries of relatively cheap 
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workforce. The current approach to material designing is focused on the manufacture of 

materials having a structure ensuring that the materials have preset physicochemical properties 

meeting the specific requirements [30]. 

 
 

2. Materials 
 
The research has been carried out on multi-point inserts from sintered carbides of the WC-

Co type and from sialon tooling ceramics deposited and non-deposited with multilayer and 

gradient coatings resistant to abrasion in PVD and CVD processes. The inserts were being 

covered in the cathode arc evaporation process CAE-PVD with the coatings Ti(B,N), (Ti,Zr)N, 

Ti(C,N), Ti(C,N)+(Ti,Al)N, (Al,Ti)N, (Ti,Al)N and (Al,Cr)N, and in the high-temperature 

CVD process with multilayer coatings Ti(C,N)+Al2O3+TiN and Ti(C,N)+TiN. 

 
 

3. Methodology 
 
The surface topography and the structure of the produced coatings along the transverse 

fractures was observed on the scanning electron microscope Supra 35 of Zeiss Company. To 

obtain the images of the investigated samples, the detection of secondary electrons (SE) and 

backscattered electrons (BSE) was applied, with the accelerating voltage within the range of 5-

20 kV.  

The qualitative and quantitative analysis of the chemical composition in the microareas of 

the investigated coatings was carried out using the X-ray energy dispersive spectroscopy (EDS) 

with the application of the spectrometer EDS LINK ISIS of the Oxford Company being a 

component of the electron scanning microscope Zeiss Supra 35. The research was carried out 

with the accelerating voltage of 20 kV. 

The orientation and grain size in the coating from sintered carbides was determined using 

the technique of Electron Backscatter Diffraction (EBSD) in the scanning electron microscope 

Supra 35 of Zeiss Company.  

The changes of chemical concentration of the coating components along the direction 

perpendicular to its surface, and the concentration changes in the transit zone between the 

coating and the substrate material were determined basing on the tests in the glow discharge 

optical spectrometer GDOS-750 QDP of the Leco Instruments Company. The following 

operating conditions of the Grimm tube of the spectrometer were applied: internal diameter of 

the tube 4 mm, voltage feed to the tube 700 V, tube current 20 mA, operating pressure 100 Pa.  
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The observation of the structure of thin foils and the diffraction research was carried out in 

the transmission electron microscope JEM 3010 UHL of the JEOL Company, with the 

accelerating voltage of 300 kV and maximum magnification of 25000 times. The 

diffractograms from the transmission electron microscope were solved with the use of the 

computer program “Eldyf”.  

The analysis of phase composition of the substrates and of the obtained coatings was 

carried out using the X-ray diffraction method (XRD) on the X-ray apparatus X’Pert of the 

Panalytical Company using the filtered radiation of a cobalt lamp. Due to the superposition of 

reflexes of the substrate material and coating and due to their intensity hindering the analysis of 

the obtained results, in order to obtain more accurate information from the surface layer of the 

investigated materials, we applied in our further investigation studies the grazing incident X-

ray diffraction technique (SKP). 

The assessment of grain size in the investigated coatings was carried out using the 

diffractograms obtained with the application of the grazing incident X-ray diffraction technique 

(SKP) using the Scherrer’s method.  

The measurement of roughness of the surface of the polished samples from sintered 

carbides of the WC-Co type and of sialon ceramics without coating and covered with the 

investigated coatings were carried out on the profilographometer Surtronic 3+ of Taylor 

Hobson Company, whereas the roughness measurement of the surface of gray cast iron after 

the technological machining trial with cutting edges without coatings and with the investigated 

coatings was carried out on the profilographometer Diavite Compact of  Asmeo Ag Company. 

We assumed the measurement length of Lc=0.8 mm and measurement accuracy of ±0.02 µm. 

The parameter Ra acc. the Standard PN-EN ISO 4287:1999 was assumed as the quantity 

describing the roughness. We carried out 6 measurements on each of the investigated samples 

and we determined the average, standard deviation and confidence interval, assuming the 

confidence factor at 1-α=0.95. 

The hardness of the investigated materials was determined using the Vickers method. The 

hardness of the covered substrates from sintered carbides and sialon tooling ceramics was 

determined making use of the classical Vickers method, using the loading equal to 3 N 

according to the Standard PN-EN ISO 6507-1:2007. The hardness measurement of the 

produced coatings was carried out using the dynamic method of Vickers, in the mode ‘load-

unload’.  

Using the variance analysis for a single classification we assessed the statistical 

significance between many averages for hardness measurements. The following hypotheses 

were formulated: 
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H0: m1=m2=…=mt 

versus an alternative hypothesis: 

H1: the averages differ significantly. 

The statistical significance between the particular averages was assessed basing on the 

variance relation between the averages in the separated groups and the overall variance of the 

investigated variable.  

The adhesion of the coatings to the substrate was determined basing on the Scratch Test 

analysis on the apparatus Revetest of the CSEM Company. The critical load Lc at which the 

adhesion of the coating fails was determined basing on the value of acoustic emission recorded 

during the measurement and on the observation of scratches formed during the scratch test. The 

said observations were made on the light microscope being a component of the apparatus. 

Detailed observations of the formed damage were carried out on the scanning electron 

microscope DSM-940 of the Opton Company, with the accelerating voltage of 20 kV.  

In order to categorize the investigated machining inserts according to their usability 

properties, technological machining trials were carried out. The tests involving the cutting 

ability of inserts from sintered carbides and sialon ceramics covered and non-covered with 

PVD and CVD coatings were carried out basing on cutting trials without cutting tool lubricants 

on the lathe TUR 630M. The machining at room temperature was applied on gray cast iron 

EN-GJL-250 of the hardness of about 215 HB. The durability of the investigated inserts was 

determined basing on the measurements of the width of wear band on the tool flank. The 

measurement of the average width of flank wear VB and of the maximum width of wear band 

VBmax was carried out using the light microscope Carl Zeiss Jena. The machining trials were 

being stopped when the assumed wear criterion for after-machining of VB=0.2 mm was 

exceeded. The observation of the wear of tool flank and attack surface of the machining inserts 

was carried out using the scanning electron microscope Zeiss Supra 35. The analysis of 

chemical composition in the microareas was carried out using the EDS method. The obtained 

results were presented in a graphical form as the relation of wear band on the tool flank VB in 

the function of cutting trial time. The durability of the cutting edge is defined as the time T 

[min] after which the value of the assumed criterion VB=0.2 mm is exceeded.  

Basing on the set of experimental results, a model of artificial neural networks (SSN) was 

elaborated, which made it possible to determine if there is a dependency between the properties 

of the coatings such as microhardness, adhesion to substrate, grain size or coating thickness 

and the durability of cutting edges covered with the investigated coatings. We investigated the 

possibility to apply networks of different architecture such as: linear networks, radial base 
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functions (RBF), regressive networks (GRNN) and multilayer perceptron (MLP). From among 

the tested networks the best quality factors were obtained for the network of multilayer 

perceptron (MLP) with one hidden layer (Fig. 2). 

 

 
 

Figure 2. Artificial neural network architecture of multilayer perceptron with one hidden layer 

 

The network was trained out using the algorithms of backward error propagation and 

coupled gradients. To verify the usefulness of the network we applied the average absolute 

error, standard deviation quotient and Pearson correlation factor. 

 
 

4. Investigations results 
 
Multi-point inserts from sintered carbides and from sialon tooling ceramics are 

characterized by well concentrated structure without pores or discontinuity (Fig. 3). The tests 

of thin foils in the electron transmission microscope have confirmed that the sintered carbides 

contain the grains of wolfram carbides WC of the hexagonal lattice (Fig. 4), and the sialons 

demonstrate isomorphic structure with silicon nitride Si3N4 of the hexagonal lattice. The phase 

composition of the investigated substrates was confirmed by the tests with the application of  

X-ray diffraction methods (Fig. 5). 

In effect of the materialographic tests carried out on the scanning electron microscope it 

was found that the surface morphology of coatings produced with the PVD technique on 

sintered carbides of the WC-Co type and on tooling sialon ceramics is characterized by high 

non-homogeneity connected with the presence of numerous droplet-shaped microparticles 

(Figs. 6-9). The presence of these morphological defects is connected with the nature of 

cathode arc evaporation. The droplets observed in SEM are noticeably different in terms of size 

and shape. The size of these particles is within the range from the tenths of a micrometer to 
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around a dozen micrometers. Some particles have a regular shape, slightly flat, which can 

bespeak of high kinetic energy of the droplets colliding with a relatively cold substrate (Figs. 7, 

9). We also observed solidified droplets of irregular shapes as well as agglomerates formed 

from several combined microparticles (Fig. 8). There were also some hollows formed probably 

when the solidified droplets break off after the PVD process has been completed (Figs. 7, 8). It 

was found that the hollows bespeaking of the breaking off of some microparticles frequently do 

not reach down to the substrate. 

 

 
 

Figure 3. Fracture of sialon tool ceramics 

 
The chemical analysis of particles present on the surface of PVD coatings (Fig. 9) shows 

that in these microareas there are predominantly metal elements from the evaporated shield 

pertaining to a given coating, i.e., titanium, zirconium and aluminum, which suggests that these 

are droplets of liquid metal broken off from the shield during the deposition of coatings and 

solidified on the substrate. In some cases the chemical analysis from the microarea of the 

droplet shows the presence of nitrogen, which can mean that a solidified metal droplet has been 

covered by a thin layer of coating material. 

The analysis of surface morphology of coatings produced with the CVD technique on the 

substrate from sintered carbides and sialon ceramics shows that there occur networks of 

microcracks characteristic for this deposition method of  thin coatings (Fig. 10). The surface of 

the coatings Ti(C,N)+Al2O3+TiN demonstrates a topography characteristic for the subsurface 

layer of Al2O3 consisting of numerous polyhedrons (Fig. 10). And the surfaces of the coating 

Ti(C,N)+TiN deposited on both substrates are different from each other. This coating deposited 

on sintered carbides has a slightly wavy surface of unsharpened shapes, and the coating 

Ti(C,N)+TiN on sialon consists of grains of spherical shapes and size of about 2 µm. 
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a)    b) 

    

   c)      d) 

   
 

Figure 4. Structure of sintered carbides substrate: a) bright field; b) dark field from 100 

reflex; c) diffraction pattern from area b and d) solution of the diffraction pattern 

 

 
 

Figure 5. X-ray diffraction pattern of sintered carbides substrate 
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The morphology of coating surfaces has an influence on the rise of roughness Ra of the 

surfaces of inserts from sintered carbides and sialon ceramics covered by the investigated 

coatings (Table 2). The roughness of the multi-point inserts in both cases is the same and 

equals Ra=0.06 µm. The lowest rise of roughness of the surface is caused by the coating 

(Al,Ti) for which the averages Ra are 0.18 and 0.15 µm on the substrates respectively from 

sintered carbides and sialon ceramics. The highest roughness is demonstrated by the surfaces of 

samples covered by the CVD coating of the type Ti(C,N)+Al2O3+TiN, for which Ra is 0.63 µm 

in the case of sintered carbides and 0.82 µm in the case of sialons covered by the same coating. 

The roughness Ra of the surface of multi-point inserts covered by the PVD coatings is within 

the range from 0.15 to 0.50 µm, and the surface roughness with CVD coatings is within the 

range from 0.20 to 0.83 µm. However, there is no relation found between the durability of 

cutting edges and roughness of the coatings. 

 

 
 

Figure 6. Surface topography of the (Ti,Zr)N coating deposited onto the sintered carbides 

substrate 

 

Basing on the fractographic tests carried out in the scanning electron microscope, it was 

demonstrated that the PVD and CVD coatings are uniformly deposited and closely adhere to 

the substrate (Figs. 11-13). Furthermore, the particular layers of multilayer coatings 

Ti(C,N)+(Ti,Al)N, Ti(C,N)+Al2O3+TiN and Ti(C,N)+TiN  are characterized by compact 

structure without delamination or defects and they closely adhere to one another (Fig. 13). It 

can be observed from the fractures of (Al,Cr)N coatings that this coating is also multilayer 

(Fig. 12), typical for multi-component coatings obtained through the application of separate 

sources of metal pairs Cr and Al. It was found that multilayer coatings of the type 
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Ti(C,N)+Al2O3+TiN and Ti(C,N)+TiN obtained by CVD method have a thin layer of fine-

grained phase TiC in the interphase zone coating-substrate (Fig. 13), which was confirmed by 

X-ray diffraction methods and described in the further part of the paper. In addition, the 

Ti(C,N) layer in both CVD coatings is characterized by the structure which is changing in the 

gradient way from fine-grain close to the substrate and then turning gradually into column 

structure (Fig. 13). And the Al2O3 layer has the structure similar to the column one (Fig. 13).  

 

 
 
Figure 7. Surface topography of the Ti(B,N) coating deposited onto the sialon ceramics 

substrate 

 

 
 

Figure 8. Surface topography of the Ti(C,N) (2) coating deposited onto the sialon ceramics 

substrate 
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The research on thin foils from Ti(B,N) coating deposited on the substrate from sintered 

carbides and sialon tooling ceramics confirms that in congruence with the assumptions the 

produced coatings contain phases of TiN type of the cubic lattice belonging to the spatial group 

Fm3m (Fig. 14). We must note here that due to the isomorphism of phases TiN and Ti(B,N) 

their diffractive differentiation is impossible. Also basing on the research on thin foils from the 

(Al,Ti)N coating it was demonstrated that this coating does not contain the AlN phase of the 

hexagonal lattice (spatial group P63mc) (Fig. 15) and TiN. All the observed structures of the 

coatings have high fine-grained character. 

 
Table 2. Roughness of investigated samples 

Coating 
Roughness Ra, µm 

Sintered carbides substrate Sialon ceramics substrate 
uncoated 0.06 0.06 
Ti(B,N) 0.29 0.25 
(Ti,Zr)N 0.30 0.40 

Ti(C,N) (1) 0.22 0.23 
Ti(C,N)+(Ti,Al)N 0.31 0.30 

Ti(C,N) (2) 0.50 0.38 
(Al,Ti)N 0.18 0.15 
(Ti,Al)N 0.39 0.28 
(Al,Cr)N 0.28 0.31 

Ti(C,N)+Al2O3+TiN 0.63 0.82 
Ti(C,N)+TiN 0.40 0.20 

 

Table 3. The results of quantitative chemical analysis from both X1 and X2 areas of coating 

Ti(C,N)+Al2O3+TiN deposited onto substrate from sintered carbides 

Element Element of concentration, wt.% 

C 15.20 
N 10.93 
Ti 73.87 
O 41.50 
Al 58.50 

 

Also titanium droplets were found inside the investigated coatings whose presence is 

effected by the character of cathode arc evaporation. We also found the phases produced as a 

result of the solidification a droplet of the evaporated shield, which, due to the isomorphism of 

phases ε-TiN of the tetragonal latice and TiB of the rhombus lattice could not be explicitly 

identified (Fig. 16). 

In effect of the qualitative X-ray microanalysis we obtained information about the elements 

present in the selected microareas of the investigated coatings (Figs. 9, 17), and in effect of the 
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quantitative analysis we obtained information about mass and atomic concentration of 

particular elements (Table 3). The qualitative and quantitative analysis EDS from the 

microareas of the coating demonstrates that the investigated layers contain elements 

appropriate for a given coating, and their quantitative composition is close to equilibrium. 

Additionally, in some cases the EDS spectrum shows the reflexes of the elements present in the 

substrate, and in the case of thin multilayer coatings the recorded result is an average of several 

layers whereof a given coating is composed. In the case of CVD coating of the type 

Ti(C,N)+Al2O3+TiN the analysis of chemical composition along the cross-section shows that 

the chemical composition of particular layers is close to equilibrium (Fig. 17, Table 3). 

 
  a) 

 
b)      c) 

   
 

Figure 9. Surface topography of the (Ti,Zr)N coating deposited onto the sialon ceramics 

substrate, b) X-ray energy dispersive plot the area X1 as in a figure a, c) X-ray energy 

dispersive plot the area X2 as in a figure a 

X1 

X2 
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Figure 10. Surface topography of the Ti(C,N)+Al2O3+TiN coating deposited onto the sialon 

ceramics substrate  

 

 
 

Figure 11. Fracture of the Ti(C,N)+(Ti,Al)N coating deposited onto the sintered carbides 

substrate  

 
The research on chemical composition carried out on the glow discharge optical 

spectrometer GDOES confirms the presence of appropriate elements in gradient layers 

Ti(B,N), (Ti,Zr)N, Ti(C,N) (1), Ti(C,N) (2), (Al,Ti)N  and in multilayer coatings 

Ti(C,N)+(Ti,Al)N, Ti(C,N)+TiN. Figures 18 and 19 present the changes of atomic 

concentration of the components of the coatings and of substrate material. The character of the 

changes of the concentration of elements which form the coatings bespeaks of their gradient 

structure. The character involving the concentration changes of the components in multilayer 

coatings of the type Ti(C,N)+(Ti,Al)N and Ti(V,N)+TiN is indicative of their multilayer 
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structure. In both cases, in the internal layer there occurs titanium, nitrogen and carbon, and in 

the external layer, respectively titanium, aluminum and nitrogen. In effect of the GDOES 

analysis it was demonstrated that in the contact zone from the surface of the coatings there is a 

concentration rise of elements that are components of the substrate with simultaneous decrease 

of the concentration of elements which are components of the coating. This fact can be caused 

by the presence of a transit zone of diffusive character between the substrate material and the 

coating, as it was suggested by the authors of earlier works [1,42,73,75], although we can not 

rule out the possibility of simultaneous non-homogeneous evaporation of the material from the 

surface of the samples during the tests on the glow discharge spectrometer. 

 

 
 

Figure 12. Fracture of the (Al,Cr)N coating deposited onto the sintered carbides substrate 

 

 
 

Figure 13. Fracture of the Ti(C,N)+Al2O3+TiN coating deposited onto the sialon ceramics 

substrate 



Effect of  casting, plastic forming or surface technologies on the structure  
and properties of the selected engineering materials  

 

PVD and CVD gradient coatings on sintered carbides and sialon tool ceramics 151 

a)    b) 

   
 

   c)      d) 

   
 

Figure 14. Structure of Ti(B,N) coating: a) bright field; b) dark field from 0-2-2 reflex;  

c) diffraction pattern from area b and d) solution of the diffraction pattern 

 

The qualitative analysis of phase composition carried out with the X-ray diffraction method 

confirms that on the substrates from sintered carbides and sialon tooling ceramics, the coatings 

containing phases TiN, Ti(C,N), AlN and CrN were generated in congruence with the 

assumptions, and in the case of CVD coating - the phase Al2O3 (Figs. 20-23). On the X-ray 

diffractograms obtained with the use of Bragg-Brentano technique also the presence of the 

reflexes from phases WC and Si3N4 present in the substrate materials was demonstrated. The 

presence of reflexes from the substrate was found on all diffractograms from PVD coatings as 

well as on the diffractogram from the CVD coating of the type Ti(C,N)+TiN obtained on sialon 

ceramics, which is caused by the thickness of the obtained coatings 1.3-5.0µm, lower than the 

penetration depth of X-rays into the material. In effect of the tests with the application of 

grazing incident X-ray diffraction technique, at low incidence angles of the prime X-ray beam, 

we recorded the reflexes only from thin surface layers (Figs. 20b, 21b, 22b, 23a-c). 
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a)    b) 

   

   c)      d) 

  
 

Figure 15. Structure of (Al,Ti)N coating: a) bright field; b) dark field from -100 reflex; c) 

diffraction pattern from area b and d) solution of the diffraction pattern 

 
The lack of reflexes from the phases present in the substrates on the X-ray diffraction 

pattern obtained with the GIXRD technique bespeaks of the fact that the X-ray beam 

penetrating the investigated coatings did not get deep enough into the substrate. Table 4 

presents the data involving the absorption depth of X-ray radiation depending on the incidence 

angle of the prime beam and on the type of chemical elements forming the coating material. 

Basing on the estimated absorption depths of X-rays and on the obtained diffraction patterns 

(Fig. 23a-c) we defined the structural models of multilayer coatings (Fig. 23d). It was 

demonstrated that the multilayer coatings Ti(C,N)+(Ti,Al)N, Ti(C,N)+Al 2O3+TiN and 

Ti(C,N)+TiN contain appropriate phases for each of coating types in agreement with the 

assumed arrangement order of these phases. On the X-ray diffraction pattern obtained from the 

coatings Ti(B,N), (Ti,Zr)N, Ti(C,N)+(Ti,Al)N and (Ti,Al)N we found isomorphic phases from 

TiN, since these phases are a secondary solid solution on the basis of TiN. With respect to the 

coatings Ti(C,N) (1) and Ti(C,N) (2) the presence of titanium carbonitride was confirmed, and 

with respect to the coatings (Al,Ti)N and (Al,Cr)N the diffraction analysis confirmed the 
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presence of AlN phase of the hexagonal lattice in both coatings and of phases TiN and CrN 

respectively.  

 
a)    b) 

   

   c)      d) 
 

   
 

Figure 16. Structure of Ti(B,N) coating: a) bright field; b) dark field from -20-1 reflex; c) 

diffraction pattern from area b and d) solution of the diffraction pattern 

 
Figures 24 and 25 present the assessment results of grain size from the coatings PVD and 

CVD obtained on the substrates from sintered carbides and sialon tooling ceramics. The data 

involving the grain size for the coatings obtained with PVD and CVD techniques is presented 

on separate diagrams due to considerably high differences of grain size for the coatings 

produced with these two techniques whereas the overall results of the carried out studies are 

presented in Table 5. The results show that the smallest grains are characteristic of the coating 

(Al,Ti)N in which the grain size values are 9.8 and 8.2 nm respectively for the coating obtained 

on the substrates from sintered carbides and sialon ceramics. The grain size of PVD coatings is 

within the range of 8.2-57 nm, and the grain size of the coatings obtained with the CVD 

technique is within the range of 112-421 nm. The measurement of the grain size shows that the 

coatings Ti(B,N), Ti(C,N) (1), Ti(C,N) (2), Ti(C,N)+(Ti,Al)N and (Ti,Al)N obtained on the 
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substrate from sintered carbides are characterized by smaller grains than the coatings of the 

same type obtained on sialon ceramics. In the case of coatings (Ti,Zr)N, (Al,Ti)N and (Al,Cr)N 

smaller grains are characteristic of the coatings obtained on sialon tooling ceramics. In general, 

the grain size range for the PVD coatings obtained on sialon ceramics is from 8.2 to 57 nm and 

is higher than the grain size range of the coatings obtained on the substrate from sintered 

carbides from 9.8 to 27 nm. A higher range is more advantageous for the analysis involving the 

influence of coating properties on cutting edge durability described in the further part of the 

work. 

  a) 

 

b)      c) 

    
 

Figure 17. Surface topography of the Ti(C,N)+Al2O3+TiN coating deposited onto the sintered 

carbides substrate, b) X-ray energy dispersive plot the area X1 as in a figure a, c) X-ray 

energy dispersive plot the area X2 as in a figure a 

 

The results of thickness measurements of the investigated coatings are presented in Table 6 

and on the diagram presented in Fig. 26. The thickness of the investigated PVD coatings 
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obtained on sintered carbides and on sialon tooling ceramics is within the range from 1.3 to 

5.0 µm, and the thickness of CVD coatings is from 2.8 to 8.4 µm. In effect of the carried out 

research it was demonstrated that both PVD and CVD coatings on sintered carbides have 

higher thickness than the coatings of the same type on the substrate from sialon ceramics. In 

the case of PVD coatings, this fact is definitely indicative of the possibility of substrate 

polarization, since the accelerating voltage has the influence on faster growing rate of the 

coatings than in the case of non-polarized ceramic substrate. With respect to CVD coatings, 

however, the higher thickness of coatings obtained on the substrate from sintered carbides 

results from the fact that the carbon in layers Ti(C,N) of both produced CVD coatings is not 

only from the operating gas but also from the substrate. The coatings (Ti,Al)N and (Al,Cr)N 

are here an exception since they have higher thickness on the sialon substrate. 

 

 

 
Figure 18. Changes of constituent concentration of the Ti(C,N) (1) coating and the sintered 

carbides substrate material 

 
The research results involving the microhardness of sintered carbides and sialon ceramics 

without coatings and with the investigated coatings are presented in Table 7 and in Fig. 27. The 

analysis of statistical significance carried out for the coatings on the substrate from sintered 

carbides and sialon ceramics shows that there are significant differences between the average 

values of microhardness, so the zero hypothesis in both cases has been rejected (Table 8). In 

effect of the statistical significance test, three groups of microhardness have been singled out 

for each category i.e., for sintered carbides and sialon ceramics without coatings and for those 

covered by the investigated coatings (Tables 9, 10). The first group of the lowest 
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microhardness includes non-covered sintered carbides (Table 9) of the microhardness of 1826 

HV 0.05, and in the case of sialon ceramics, sialons non-covered and covered with the coating 

(Al,Cr)N (Table 10) having average microhardness of 2132 HV0.05. And the microhardness of 

the substrate alone from the sialon ceramics is 2035 HV0.05 (Table 7, Fig. 27).  

 

Table 4. The depth of absorption X-ray radiation in a research coatings into diffraction 

analysis by GIXRD technique depending on incidence angle primary beam 

Coating 
Sintered carbides substrate Sialon ceramics substrate 
α, º τ, µm α, º τ, µm 

Ti(B,N) 2 1.13 1 0.56 
(Ti,Zr)N 2 1.25 2 1.25 

Ti(C,N) (1) 2 1.14 2 1.14 

Ti(C,N)+(Ti,Al)N 
1 0.89 1 0.89 
2 1.40 2 1.40 
3 2.09 3 2.09 

Ti(C,N) (2) 1 0.57 1 0.57 
(Al,Ti)N 1 1.16 1 1.16 
(Ti,Al)N 2 1.80 2 1.80 
(Al,Cr)N 5 2.57 4 2.05 

Ti(C,N)+Al2O3+TiN 
0.5 0.28 0.5 0.28 
2 1.83 2 1.83 
5 5.16 4 4.13 

Ti(C,N)+TiN 
0.1 0.06 0.5 0.28 
1 0.57 3 1.71 
4 2.28 15 8.47 

 

 
 
Figure 19. Changes of constituent concentration of the Ti(C,N)+(Ti,Al)N coating and the 

sintered carbides substrate material 
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The third group containing the coatings of the highest microhardness includes all PVD 

coatings obtained on the substrate from sintered carbides and the coating (Al,Ti)N obtained on 

sialon tooling ceramics, having the maximum value of microhardness equal to 3600 HV0.05. 

The microhardness of coatings obtained on sialon ceramics is within the range from 2230 to 

3600 HV0.05, and the microhardness range of coatings on sintered carbides is lower and is 

within the range from 2315 to 2327 HV0.05. 

 

a) 

 

b) 

 
 

Figure 20. X-ray diffraction pattern of Ti(B,N) coating deposited on the sintered carbides 

substrate obtained by: a) Bragg-Brentano method, b) GIXRD method (α=2º) 
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a) 

 

b) 

 
 

Figure 21. X-ray diffraction pattern of Ti(C,N) coating deposited on the sialon ceraics 

substrate obtained by: a) Bragg-Brentano method, b) GIXRD method (α=1º) 

 

The critical load Lc [N] determined in the scratch test and being the measure of coating 

adhesion to the substrate considerably depends on the proper selection of coating material 

(chemical composition, phase composition) (Table 11, Figs. 28-32). This relation is 

particularly relevant with respect to PVD coatings on the substrate from sialon ceramics. The 

coatings in which only phases TiN and Ti(C,N) are present have low adhesion to the sialon 

substrate Lc=13-36 N, and the coatings containing the AlN phase are characterized by very 
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good adhesion to the substrate Lc=53-112 N. We must remember that sialons belong to 

covalence ceramics, and in the coatings containing isomorphic phases with titanium nitride 

TiN there are metallic bonds, which results in low adhesion of these coatings to the substrate of 

a different bond. In the case of coatings containing AlN phase of the hexagonal lattice there are 

covalence bonds analogous to the ceramic substrate, which yields good adhesion of these 

coatings to the substrate.  

a) 

 

b) 

 
 
Figure 22. X-ray diffraction pattern of (Al,Cr)N coating deposited on the sialon ceramics 

substrate obtained by: a) Bragg-Brentano method, b) GIXRD method (α=4º) 

a) 



Open Access Library   
Volume 1  2011 

 

160 L.A. Dobrzański, M. Staszuk  

 

b) 

 
c) 

 

d) 
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Figure 23. X-ray diffraction pattern of Ti(C,N)+Al2O3+TiN coating deposited on the sialon 

ceramics substrate obtained by GIXRD method: a) α=0.5º, b) α=2 º, c) α=4º, d) Scheme of 

packing layers into Ti(C,N)+Al2O3+TiN coating, which was deposited on sialon tool ceramic 

with marking depths of GIXRD phase analysis: A for α=0,5°, B for α=2°, C for α=4° 

 

It means that the type of interatomic bonds present in the material of the substrate and 

coating has a great influence on the adhesion of coatings to the substrate. The adhesion of the 

coating to the substrate from sintered carbides is conditioned among others, apart from 

adhesion, by a slight diffusive displacement of elements in the contact zone, which is effected 

by the implantation of high energy ions falling down on the negatively polarized substrates. 

 

Table 5. Grain size in investigating coatings determined by Scherrer method  

Coating 
Grain size, nm 

Sintered carbides substrate Sialon ceramics 
substrate Ti(B,N) 21 57 

(Ti,Zr)N 21.4 13.6 
Ti(C,N) (1) 17.7 21.3 

Ti(C,N)+(Ti,Al)N 16.5 24 
Ti(C,N) (2) 13.5 18.7 
(Al,Ti)N 9.8 8.2 
(Ti,Al)N 20.9 40 
(Al,Cr)N 27.2 16.7 

Ti(C,N)+Al2O3+TiN 
250.7 1) 266.5 1) 

421 2) 324 2) 

Ti(C,N)+TiN 
356 1) 332 1) 

294.5 3) 112 3) 

1) TiN layer; 2) Al2O3 layer; 3) Ti(C,N) layer 
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Figure 24. The comparison of grain size PVD coatings on sintered carbides and sialon 

ceramics substrates 

 

 
 
Figure 25. The comparison of grain size CVD coatings on sintered carbides and sialon 

ceramics substrates 
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Figure 26. The comparison of thickness coatings on sintered carbides and sialon ceramics 

substrates 
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Figure 27. The comparison of microhardness coatings on sintered carbides and sialon 

ceramics substrates 

 

a)         b) 

    
 

Figure 28. a) Acoustic emission (AE) and friction force Ft as a function of the load Fn for 

Ti(C,N)+(Ti,Al)N coating on sintered carbides, b) scratch failure at Lc (opt) = 40 N, mag. 200 x 

 
Table 6. Thickness of investigated coatings 

Coating 
Thickness, µm 

Sintered carbides substrate 
Sialon ceramics 

substrate 
Ti(B,N) 1.8 1.3 
(Ti,Zr)N 3.0 2.3 

Ti(C,N) (1) 2.1 1.5 
Ti(C,N)+(Ti,Al)N 2.8 1.4 

Ti(C,N) (2) 2.1 1.8 
(Al,Ti)N 2.5 3.0 
(Ti,Al)N 3.5 5.0 
(Al,Cr)N 3.8 4.8 

Ti(C,N)+Al2O3+TiN 8.4 7.0 
Ti(C,N)+TiN 5.0 2.8 
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This has been demonstrated by the research results with the glow discharge optical 

spectrometer GDOES (Figs. 18 and 19), since, as described in the works [32,42,62], high 

energy ions falling down on the polarized substrate bring about various phenomena, among 

others local temperature rise, acceleration of chemisorption, intensification of surface diffusion 

and that into the substrate. Also a slight ion penetration might occur (about several nm down) 

as well as partial sputtering of atoms of the deposited coating. 

 

Table 7. The mean, standard deviation and confidence interval for 1-α=0.95 results of 

microhardness measurements of coatings deposited on sintered carbides and sialon tool 

ceramics as well as investigated surface materials 

Coating 
Sintered carbides substrate Sialon ceramics substrate 

Microhardn
ess, HV 

Standard 
deviation 

Confiden
ce 

interval 

Microhard
ness, HV 

Standard 
deviation 

Confiden
ce 

interval 
uncoated 1826 27 

1804-
1848 

2035 32 
2009-
2060 

Ti(B,N) 2951 158 
2822-
3080 

2676 357 
2386-
2966 

(Ti,Zr)N 2842 101 
2759-
2924 

2916 393 
2596-
3235 

Ti(C,N) (1) 2871 334 
2599-
3142 

2872 365 
2575-
3269 

Ti(C,N)+(Ti,Al)N 3076 432 
2725-
3426 

2786 105 
2700-
2871 

Ti(C,N) (2) 3101 270 
2882-
3321 

2843 183 
2694-
2992 

(Al,Ti)N 3301 370 
3000-
3602 

3600 314 
3345-
3856 

(Ti,Al)N 3327 494 
2925-
3729 

2961 250 
2758-
3164 

(Al,Cr)N 2867 502 
2459-
3275 

2230 406 
1900-
2559 

Ti(C,N)+Al2O3+T
iN 

2315 221 
2135-
2494 

2669 315 
2413-
2926 

Ti(C,N)+TiN 2443 205 
2276-
2610 

2746 236 
2554-
2938 

 
Table 8. The variance analysis for mean microhardness results of coatings deposited on 

sintered carbides and sialon ceramic as well as investigated surface materials 

Sintered carbides substrate Sialon ceramics substrate 

F Value-p Test F F Value-p Test F 

14.06 6.67-12 2.01 11.31 3.34-10 2.01 
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Table 9. Results of significance test difference from division onto mean groups from 

microhardness measurements of coatings deposited on both sintered carbides and investigated 

substrate as well as results of the variance analysis for particular mean groups 

 Group 1 Group 2 Group 3 

Coating 
Sintered carbides 

uncoated 

Ti(C,N)+Al2O3+TiN 

Ti(B,N) 

(Ti,Zr)N 

Ti(C,N) (1) 

Ti(C,N)+(Ti,Al)N 

Ti(C,N)+TiN 

Ti(C,N) (2) 

(Al,Ti)N 

(Ti,Al)N 

(Al,Cr)N 

Average of group HV 1826 2379 3093 

Analysis of variance 

F 

- 

1.89 1.08 

Value-p 0.10 0.32 

Test F 2.25 4.97 

 

 

Table 10. Results of significance test difference from division onto mean groups from 

microhardness measurements of coatings deposited on both sialon tool ceramics and 

investigated substrate as well as results of the variance analysis for particular mean groups 

 Group 1 Group 2 Group 3 

Coating 

Sialon ceramics 
uncoated 

Ti(B,N) 

(Al,Ti)N 

(Ti,Zr)N 

Ti(C,N) (1) 

Ti(C,N)+(Ti,Al)N 

(Al,Cr)N 

Ti(C,N) (2) 

(Ti,Al)N 

Ti(C,N)+Al2O3+TiN 

Ti(C,N)+TiN 

Average of group HV 2132 2809 3600 

Analysis of variance 

F 1.38 0.82 

- Value-p 0.27 0.57 

Test F 4.97 2.25 
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a)        b) 
 

 
 

Figure 29. a) Acoustic emission (AE) and friction force Ft as a function of the load Fn for 

Ti(C,N)+Al2O3+TiN coating on sintered carbides, b) scratch failure at Lc (opt) = 93 N, mag. 

200 x 

 
a)        b) 
 

    
 

Figure 30. a) Acoustic emission (AE) and friction force Ft as a function of the load Fn for 

(Al,Ti)N coating on sialon ceramics, b) scratch failure at Lc (opt) = 112 N, mag. 200 x 

 

The identification of defects of the coatings which occurred while doing the research on the 

adhesion with the scratch method was carried out through the observation in the scanning 

electron microscope and presented in Figs. 33-36. Furthermore, in order to investigate the 

produced defects more closely in some selected cases, when basing on the materialographic 

observations alone it was not possible to define if the produced defects penetrate into the 

substrate, the analysis of chemical composition in microareas was carried out using EDS, and 

we defined the surface distribution of chemical elements being in the coating and coming from 
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the substrate (Fig. 36). The research shows that there are four types of dominating damage 

mechanisms which are accompanied to a lesser degree by other phenomena. The first basic 

damage mechanism of coatings observed after exceeding the critical load is one-sided and two-

sided delamination which principally involves the coatings obtained on the substrates from 

sintered carbides of the type Ti(B,N), (Ti,Zr)N, Ti(C,N)+(Ti,Al)N, (Al,Ti)N, 

Ti(C,N)+Al2O3+TiN and Ti(C,N)+TiN (Fig. 33), and also the coatings Ti(B,N), Ti(C,N) (1) 

and Ti(C,N) (2) obtained on sialon ceramics.  

 

a)        b) 
 

    
 

Figure 31. a) Acoustic emission (AE) and friction force Ft as a function of the load Fn for 

(Ti,Al)N coating on sialon ceramics, b) scratch failure at Lc (opt) = 21 N, mag. 200 x 

 

 

Table 11. The critical loads Lc of investigated coatings 

Coating 
Critical load Lc, N 

Sintered carbides substrate Sialon ceramics substrate 

Ti(B,N) 34 13 

(Ti,Zr)N 40 21 

Ti(C,N) (1) 49 25 

Ti(C,N)+(Ti,Al)N 39 36 

Ti(C,N) (2) 77 26 

(Al,Ti)N 100 112 

(Ti,Al)N 109 21 

(Al,Cr)N 96 53 

Ti(C,N)+Al2O3+TiN 93 43 

Ti(C,N)+TiN 110 72 
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Figure 32. The comparison of critical load Lc of coatings on sintered carbides and sialon 

ceramics substrates 

 

Table 12. The results of tool life T measurements of investigated inserts 

Coating 
Tool life T, min 

Sintered carbides substrate Sialon ceramics substrate 

uncoated 2 11 

Ti(B,N) 15 5 

(Ti,Zr)N 13 5.5 

Ti(C,N) (1) 13 5 

Ti(C,N)+(Ti,Al)N 15 6 

Ti(C,N) (2) 53 9 

(Al,Ti)N 55 72 

(Ti,Al)N 60 9 

(Al,Cr)N 45 50 

Ti(C,N)+Al2O3+TiN 23 3 

Ti(C,N)+TiN 27 15 

 

The second dominant damage mechanism is total delamination and it involves coatings of 

the type Ti(C,N) (1) and Ti(C,N) (2) obtained on the substrate from sintered carbides (Fig. 34). 

But initially, just after exceeding the critical load the two-sided delamination is taking place 

which, with increasing load, turns into total delamination. In addition, in all coatings obtained 

on the substrate from sintered carbides we found inside the scratch the defects effected by 

tension as well as chipping one- and two-sided along the borders of the scratch. Another 

damage mechanism found only in the case of coatings obtained on sialon ceramics of the type 
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(Ti,Zr)N, Ti(C,N)+(Ti,Al)N, (Al,Ti)N and Ti(C,N)+TiN is abrasion which was accompanied 

by cohesive fractures of the coatings and slight chipping and spalling (Fig. 35). It should be 

emphasized that in the case of coatings (Al,Ti)N and Ti(C,N)+TiN on the sialon substrate, even 

with maximum load, which is respectively 200 and 100 N, the coating was not ruptured but 

there were only a few cohesive defects and slight chipping. The fourth damage mechanism 

dominating in the coating Ti(C,N)+Al2O3+TiN obtained on the sialon ceramics involves vast 

chipping and spalling which occurred immediately after exceeding the critical load (Fig. 36). 

 

 
 

Figure 33. Characteristic failure obtained by Scratch Test of the (Ti,Zr)N coating deposited on 

sintered carbides substrate 

 

 
 

Figure 34. Characteristic failure obtained by Scratch Test of the Ti(C,N) (1) coating deposited 

on sintered carbides substrate 
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Figure 35. Characteristic failure obtained by Scratch Test of the (Al,Ti)N coating deposited on 

sialon ceramics substrate 

 

The diagram involving the dependence of wear band VB on the tool flank on the machining 

time T is presented in Fig. 37, and the overall results are presented in Fig. 38 and Table 12. The 

research has a comparative character and its objective was to produce a durability ranking of 

coatings. It was found that the highest operating durability T=72 min of the inserts from sialon 

ceramics was obtained for the cutting edge covered by the (Al,Ti)N coating, and the lowest 

durability of the cutting edge T=5 min on the same substrate was exhibited by the coatings 

Ti(B,N) and Ti(C,N) (1).  

The durability of the cutting edge from sialon ceramics without the coatings was estimated 

at T=11 min, which means that the coatings Al,Ti)N, (Al,Cr)N and Ti(C,N)+TiN have the 

influence on the rise of durability of the sialon cutting edge. In the case of inserts from sintered 

carbides, the highest influence on the durability of the cutting edge T=60 min has the (Ti,Al)N 

coating, and slightly lower T=55 and 53min the coatings (Al,Ti)N and Ti(C,N) (2) 

respectively. With respect to sintered carbides, all coatings increase the durability of the cutting 

edge since the durability of the non-covered tool is T=2 min, and the durability of the inserts of 

the lowest cutting ability with the coatings (Ti,Zr)N and Ti(C,N) (1) is T=13. Both in the case 

of covered sialon ceramics and covered sintered carbides a wide durability range of cutting 

edges was obtained depending on the type of deposited coating. 

In effect of the materialographic observations of the investigated multi-point inserts in the 

scanning electron microscope it was demonstrated that the tools subjected to machining trials 

show their wear according to abrasive and adhesive mechanism (Figs. 39, 40).  
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  a) 

 
b)      c) 

  
d)      e) 

     
 

Figure 36. a) Characteristic failure obtained by Scratch Test of the Ti(C,N)+Al2O3+TiN 

coating deposited on sialon ceramics substrate, b) X-ray energy dispersive plot the area X1 as 

in a figure a, c) X-ray energy dispersive plot the area X2 as in a figure a. Maps of superficial 

distribution chemical elements from areas as in a figure a: d) Ti - area with a coating, e) Si - 

area without a coating (images d and e were reduced) 

X1 

X2 
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Figure 37. Dependency graph the width of wear band on the tool flank on machining time T 

for sialon ceramic with deposited coating (Al,Ti)N 

 

On the tool flank, in particular on the cutting edges from sintered carbides with and without 

coatings, we found a build-up of the machined material, which is confirmed by the presence of 

iron reflexes on EDS graphs from the microareas (Figs. 39 b,c). We also found spalling of the 

coatings Ti(B,N), (Ti,Zr)N, Ti(C,N) (1), Ti(C,N)+(Ti,Al)N on the ceramic substrate and vast 

chipping of the coating Ti(C,N) (2) on the same substrate after 9 minutes of machining 

(Fig. 40).  
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Figure 38. The comparison of tool life T of investigated inserts 
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  a) 

 
b)      c) 

  
 

Figure 39. a) Characteristic wear of tool flank of sintered carbides inserts with 

Ti(C,N)+Al2O3+TiN coating, b) X-ray energy dispersive plot the area X1 as in a figure a, c) X-

ray energy dispersive plot the area X2 as in a figure a 

 

The surface quality of gray cast iron after machining with multi-point inserts without 

coatings and covered with the investigated coatings was determined on the basis of the 

measurement of the average deviation of roughness profile Ra of the machined surface (Table 

13). The coatings bring about lower value of roughness Ra of the cast iron surface, and hence 

ensure better quality of the machined surface. The roughness Ra of the cast iron after the 

machining with cutting edges without coating is 4.55 µm in the case of inserts from sintered 

carbides and 3.03 µm in the case of sialons. We should emphasize here that the coating 

(Al,Cr)N leads to the quality deterioration of the gray cast iron surface yet the said differences, 

as it has been demonstrated by the statistical significance test, are irrelevant. Furthermore, the 

quality of the surface of gray cast iron after the machining with covered sialons is better than 
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after the machining with covered sintered carbides, and the average roughness difference is 

Ra=1.75 µm. 

 

 
 

Figure 40. Characteristic wear of tool flank of sialon tool ceramics inserts with (Ti,Al)N 

coating 

 

Table 13. Roughness of gray cast iron after machining 

Coating 
Roughness Ra, µm 

Sintered carbides substrate Sialon ceramics substrate 

uncoated 4.55 3.03 

Ti(B,N) 4.02 2.22 

(Ti,Zr)N 3.82 1.96 

Ti(C,N) (1) 4.51 2.06 

Ti(C,N)+(Ti,Al)N 4.01 2.20 

Ti(C,N) (2) 4.16 2.34 

(Al,Ti)N 3.86 2.18 

(Ti,Al)N 3.50 2.07 

(Al,Cr)N 4.89 3.22 

Ti(C,N)+Al2O3+TiN 3.69 2.76 

Ti(C,N)+TiN 4.41 2.09 

 

In the work we applied artificial neural networks to estimate the influence of the properties 

of the investigated coatings on the durability of cutting edges from sialon ceramics and sintered 

carbides covered by these coatings. The values of average absolute error, standard deviation 

and Pearson’s correlation factor for the training, validating and testing sets presented in Table 

14 bespeak of the fact that the applied artificial neural networks properly reproduce the 
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modeled relations. It follows from the sensitivity analysis of input data on output data (Table 

15) that the durability of the cutting edge is principally influenced by the adhesion of the 

coatings to the substrate. The change of the critical load being the measure of coating adhesion 

has the highest influence on the change of cutting edge durability (Figs. 41, 42, 44). 

 

Table 14. Regression statistics of artificial neural network trained for prediction of PVD and 

CVD coatings properties deposited onto sialon ceramics  

Network 
architecture 

Regression statistics 
Data sets 

Training Set Validation Set Testing Set 

MLP3 4:4-6-1:1 

Average absolute 
error 

2.57 2.17 2.74 

Standard deviation 
ratio 

0.14 0.10 0.19 

Pearson correlation 0.99 0.99 0.98 

 
Table 15. Results of sensitivity analysis of input data for output data of artificial neural 

network trained for prediction of PVD and CVD coatings properties deposited onto sintered 

carbides 

Data sets Statistics Microhardness 
Critical load 

Lc 
Grain size Thickness 

Training 

Range 4 1 2 3 

Error 2.78 20.30 18.45 5.11 

Ratio 1.33 9.71 8.82 2.44 

Validation 

Range 4 1 2 3 

Error 3.08 27.12 15.26 4.89 

Ratio 2.49 21.96 12.36 3.96 

 

The other properties such as microhardness, coating thickness and grain size have less 

significant influence on the changes of durability of the investigated cutting edges (Figs. 41-

44). We must emphasize here that from among the other properties the grain size has the 

highest influence on the change of durability of the investigated cutting edges (Fig. 42), in 

particular in the case of covered sialon ceramics, yet the durability of the cutting edges is 

inversely proportional to the grain size. The change of microhardness and the thickness change 

of the investigated coatings only slightly influence the durability change of the investigated 

machining cutting edges. 
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Figure 41. Evaluation of the PVD and CVD coatings critical load and the microhardness 

influence of tool life T for sialon ceramics tools coated with PVD and CVD coatings 

determined by artificial neural networks at a fixed coating thickness 3.0 microns and particle 

size 8.2 nm 

 
 
Figure 42. Evaluation of the PVD and CVD coatings particle size and the critical load 

influence of tool life T for sialon ceramics tools coated with PVD and CVD coatings 

determined by artificial neural networks with a fixed thickness of 3.0 microns and coating 

microhardness 3600 HV0.05 
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Figure 43. Evaluation of the PVD and CVD coatings microhardness and the thickness influence 

of tool life T for sialon ceramics tools coated with PVD and CVD coatings determined by 

artificial neural networks with a fixed critical load Lc = 105 N and particle size 8.2 nm 

 

 
 

Figure 44. Evaluation of the PVD and CVD coatings critical load and the microhardness 

influence of tool life T for sintered carbide tools coated with PVD and CVD coatings determined 

by artificial neural networks at a fixed coating thickness 2.5 microns and particle size 9.8 nm 
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5. Summary 
 
Production technologies and the application of surface layers have a stable position and are 

regarded as basic knowledge in the field of material engineering. A lot of research centers 

worldwide working on surface engineering are applying all possible means to fathom and 

describe the phenomena taking place on the surface of solids. Such a situation instigates 

scientists to undertake challenging research work aiming to increase the operating durability of 

surface layers, and, in consequence, the durability of the product [5,6]. The coatings resistant to 

wear have been successfully applied for around half a century, mainly on machining cutting 

edges from tooling steel and sintered carbides [7,43,53,81]. What is more, in spite of opinions 

that the coating of tooling ceramics is aimless due to its sufficiently enough hardness, we can 

observe an increasing interest in such solutions. A lot of research works [11,12] including also 

those carried out at the Division of Material Processing Technology, Management and 

Computer Techniques in Material Science of the Institute of Engineering Materials and 

Biomaterials of the Silesian University of Technology in Gliwice have been devoted to the 

problem of coating of tooling materials, including also the coating of tooling ceramics [1,14-

29,42,45,52,65,72,73,75,86]. The research studies show that the deposition of thin coatings on 

the ceramic machining cutting edges is fully grounded, since it has been demonstrated that 

there is a rise of cutting abilities of ceramic tools covered by the coatings obtained in the PVD 

and CVD processes. It has been demonstrated that the deposition of coatings on the surface of 

machining tools such as sintered carbides, tooling cermets, ceramics on the basis of Al2O3 and 

Si3N4 contributes among others to a magnificent (around a dozen) rise of the durability of the 

cutting edge by lowering the wear of cutting edges as compared to the non-covered tools, to the 

improvement of tribological contact conditions in the contact area tool-machined object and to 

the protection of the cutting edge against oxidation and excessive heating. These effects 

directly contribute to the reduction of energy consumption during machining processes, they 

ensure appropriate technological reliability and reduce standstill incidents of the whole 

production lines resulting from insufficient durability of the tools.  

The designing process of the system coating-cutting edge implies an appropriate selection 

of coating material in order to reduce or totally eliminate the dominating mechanism of cutting 

edge wear [55]. As it has been confirmed by numerous research studies, the coating should 

satisfy various requirements to ensure a suitable protection of the tool during the machining 

process. Literature studies show that the most important coating properties determining its 

operating qualities are undoubtedly hardness, adhesion to the substrate and grain size. 
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Therefore in the paper we present the results of research studies estimating the influence of 

coating properties on the durability of coated cutting edges. 

In order to estimate the relation between the coating properties and operating durability of 

coated cutting edges we selected the following coatings of the PVD type: Ti(B,N), (Ti,Zr)N, 

Ti(C,N), Ti(C,N)+(Ti,Al)N, (Al,Ti)N, (Ti,Al)N, (Al, Cr)N and CVD coatings of the type 

Ti(C,N)+Al2O3+TiN and Ti(C,N)+TiN obtained on the substrates from sintered carbides and 

sialon ceramics. In there investigated coatings we applied solid solutions secondary isomorphic 

with titanium nitride TiN as well as chromium nitride CrN and aluminum oxide Al2O3 in the 

case of CVD coating.  

Basing on the experimental results involving the operating durability we elaborated 

dependence models between the properties of the coatings and operating durability of the 

cutting edges covered by the investigated coatings using artificial neural networks. In effect of 

the carried out simulations it has been demonstrated that the change of coating adhesion to the 

substrate has most significant influence on the durability of machining cutting edges. Grain 

size, thickness and microhardness of the obtained coatings have lower influence than adhesion 

on the durability of cutting edges from sintered carbides and sialon ceramics since the change 

of these quantities has smaller impact of the operating durability T. However, it has been 

demonstrated that in congruence with the assumptions the durability of the cutting edge rises 

with the decreasing grain size, which is confirmed by literature studies [69,91,92,93]. The 

change of microhardness within the range from 2230 to 3600 HV0.05 has only slight influence 

on the improvement of cutting edge durability, which is confirmed by 3D images being the 

results of the simulation with the use of artificial neural networks. The elaborated durability 

models of the cutting edge can be useful for the prediction of operating properties in view of 

the knowledge on coating properties, without the necessity to carry out expensive and time 

consuming cutting ability trials.  

Furthermore, in the case of coatings containing AlN phase of the hexagonal lattice, there 

occur covalence bonds analogous to those in ceramic substrate, which in effect yields good 

adhesion of these coatings to the substrate. It means that the type of interatomic bonds present 

in the material of substrate and coating has a great influence on the adhesion of the coatings to 

the substrate. It can be extremely helpful when selecting the coating material on ceramic 

cutting edges since the deposition of coatings on cutting edges in PVD processes is difficult 

due to their dielectric properties, because without the possibility to polarize the substrate during 

the deposition process it is difficult to obtain coatings which would have good adhesion to 

ceramic substrates. 
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Abstract 
Purpose: Investigate the structure and properties of sintered tool materials, including 

cemented carbides, cermets and oxide ceramics deposited with single-layer and gradient 

coatings (Ti,Al)N and Ti(C,N), and to determine the dependence between the substrate type, 

coating material or linear variation of chemical composition and the structure and properties 

of the obtained tool material. 

Design/methodology/approach: Analysis of the structure (SEM, TEM), analysis of the 

mechanical and functional properties: surface roughness, microhardness tests, scratch tests, 

cutting tests. The Ti(C,N) and (Ti,Al)N gradient coating was investigated by XPS and AES 

method. X-ray qualitative phase analysis and the grazing incidence X-ray diffraction method 

(GIXRD) was employed to collect the detailed information about phase composition of 

investigated material’s surface layer. Computer simulation of stresses was carried out in 

ANSYS environment, using the FEM method and the experimental values of stresses were 

determined basing on the X-ray diffraction patterns. 

Findings: Results of the investigation the influence of PVD coatings structure (single-layer or 

gradient) and kind on properties of coated tool materials. Coatings are characterized by dense, 

compact structure. The coatings were deposited uniformly onto the investigated substrate 

materials and show a characteristic columnar, fine-graded structure. The coatings deposited 

onto the investigated substrates are characterised by good adhesion and causes increasing of 

wear resistance. Gradient coatings are characterized by a linear change of chemical 

composition in the direction from the substrate to the coating surface. A more advantageous 

distribution of stresses in gradient coatings than in respective single-layer coatings yields 

better mechanical properties, and, in particular, the distribution of stresses on the coating 

surface has the influence on microhardness, and the distribution of stresses in the contact area 

between the coating and substrate has the influence on the adhesion of coatings. 
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Practical implications: Deposition of hard, thin, gradient coatings on materials surface by 

PVD method features one of the most intensely developed directions of improvement of the 

working properties of materials. 

Originality/value: The grazing incidence X-ray diffraction method (GIXRD) and using the XPS 

and AES method in the investigated coatings were used to describe the gradient character of 

the coatings. The computer simulation is based on the finite element method, which allows to 

better understand the interdependence between parameters of process and choosing optimal 

solution. 

Keywords: Materials; Tool materials; Gradient coatings; PVD; Finite Element Method 
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L.A. Dobrzański, L.W. Żukowska, Structure and properties of gradient PVD coatings deposited 

on the sintered tool materials, in L.A. Dobrzański (ed.) Effect of casting, plastic forming or 

surface technologies on the structure and properties of the selected engineering materials, 

Open Access Library, Volume 1, 2011, pp. 187-234. 

 

1. Introduction  
 
The development of material engineering and connected with it application of new 

structural materials of raised strength properties, improved wear resistance and to high 

temperature, or to the impact exerted by erosion or corrosion factors is effected by continually 

rising operating requirements involving the present-day machine design technology [1-10, 

31,35,55,60].  

In view of the fast development of civilization, continuous production growth and incessant 

crave to improve the quality of the manufactured products, the requirements involving the 

applied machining tool materials are becoming progressively higher. Tool materials are facing 

a considerable challenge to ensure appropriate hardness, wear resistance and very good 

strength properties. The main groups of tool materials, such as high speed steel, cemented 

carbides, cermets, tool ceramics and also superhard materials, are being constantly improved, 

either through the modification of their chemical composition or through the constructional 

optimization of the tool itself [1,2,40-53,55,56,59]. 

Equally important is the development of tool materials with respect to the fabrication of 

thin coatings resistant to wear in PVD and CVD processes. It is of considerable importance, 

since through the selection of appropriate components, we can obtain a tool material of better  
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properties. This area of tool material development is a priority nowadays, since it is the main 

route leading to the acquisition of machining tools of suitable properties [1,54,64,69,62]. 

The improvement of the functionality properties of the tools and the reduction of ecological 

hazards can be effected through the application of the technology of hard gradient coatings 

deposited on the tools in PVD processes, principally by ensuring better conditions of 

tribological contact in the machining area and by eliminating cutting tool lubricants. The 

machining process is becoming so common that it is necessary to intensify research studies 

concerning not only the selection of appropriate material for tools but also the deposition 

technology of modern coatings resistant to wear to cover the material, primarily such as 

gradient coatings, and to elaborate them and verify in industrial conditions. The application of 

physical vapour deposition PVD for the acquisition of gradient coatings of high wear 

resistance, also in high temperatures, enables to improve the properties of these materials in 

machining conditions, among others through the reduction of friction factor, rise of 

microhardness, improvement of tribological contact conditions in the contact area tool-

machined item, and also to protect these materials against adhesive or diffusive wear and 

against oxidation [9,40-42,55-58,63,69].  

In the Division of Materials Processing Technology, Management and Computer 

Techniques in Material Science of the Institute of Engineering Materials and Biomaterials of 

the Silesian University of Technology research studies have been carried out for several years 

on various applicability aspects of coatings deposited in the PVD process. The crucial part of 

the research involves the studies concerning the deposition of thin, wear resistant coatings in 

the PVD processes on the substrate from high speed steels, both sintered and conventional, of 

economically selected chemical composition, on cemented carbides and cermets, applied in 

machining tools and other tools, among others for the processing of polymer materials 

characterized by high abrasion wear resistance or erosion, as well as the studies on PVD 

coatings deposited on substrate from oxide [52-55,60], nitride and sialon ceramics with the 

required resistance to abrasive and operating wear. The carried out investigation studies 

involve wear resistant PVD coatings deposited on substrates from sintered tool materials 

having single-, two- several-, and multilayer structures [11-39,48,49,64,65]. A lot is to be 

expected from gradient coatings being a midway link between the single-layer and multilayer 

coatings. What makes the gradient coatings exceptional is the possibility to easily regulate the 

wide spectrum of their functionality properties (from mechanical through anti-corrosion and 

thermal to decorative ones) by changing the dosage proportions of reactive gases or sputtering 

intensity of particular shields during PVD processes [5,16,17,31-39,45,46,52,54,57,60,62].  
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The main objective of the present paper is to investigate the structure and properties of 

sintered tool materials, including cemented carbides, cermets and oxide ceramics deposited 

with single-layer and gradient coatings (Ti,Al)N and Ti(C,N), and to determine the dependence 

between the substrate type, coating material or linear variation of chemical composition and the 

structure and properties of the obtained tool material. 

 
 

2. Methodology of research 
 
The research studies were carried out on sintered tool materials, such as cemented carbides, 

cermets and oxide ceramics, deposited and non-deposited with single-layer and gradient 

coatings resistant to abrasion of the type (Ti,Al)N and Ti(C,N), using the cathodic arc 

evaporation method (CAE). The characteristics of the investigated materials are presented in 

Fig. 1 and Table 1. 

 

 

 

Figure 1. Characteristics of the investigated materials 

 

The PVD deposition process of single-layer and gradient coatings of the type (Ti,Al)N and 

Ti(C,N) was carried out in the Institute of Engineering Materials and Biomaterials of the 

Silesian University of Technology at Gliwice, on the apparatus DREVA ARC400 of the 

German Company VTD Vakuumtechnik. The apparatus is equipped with three independent 

sources of metal vapours. 

Before the deposition of coatings, the substrates were prepared for the deposition. The 

preparation process consisted of two stages. The first stage was carried out outside the 

operating chamber of the coating apparatus. The multi-point inserts were subjected to chemical 

cleaning, using washing and rinsing in ultrasonic washers and cascade cleaners, and then they 

were dried in the stream of hot air. The second preparation stage was carried out in the vacuum 

chamber of the PVD coating apparatus. That stage consisted in heating the substrate to the 

temperature of around 400°C with a beam of electrons emitted from the hollow cathode in 

argon atmosphere with lowered pressure, and then in ionic cleaning using Ar ions with the 

polarization voltage of the substrate of -300V for 25 minutes. 
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Table 1. Characteristics of the investigated materials 

Substrate Coating 
Coating 

thickness, 
µm 

Roughness, 
Ra, µm 

Micro-
hardness, 

HV 

Critical Load, 
Lc, N 

Tool life 
t, min 

Cemented 
carbide* 

uncoated - 0.13 1755 - 2.5 
(Ti,Al)N 2.2 0.14 2750 52 20.0 
gradient 
(Ti,Al)N 

2.6 0.14 3000 56 25.5 

Ti(C,N) 1.5 0.13 2600 44 5.0 
gradient 
Ti(C,N) 

2.7 0.11 2850 64 5.0 

Cermet** 

uncoated - 0.06 1850 - 2.5 
(Ti,Al)N 1.5 0.13 2900 54 19.5 
gradient 
(Ti,Al)N 

3.0 0.12 3150 63 22.0 

Ti(C,N) 1.5 0.12 2950 42 8.0 
gradient 
Ti(C,N) 

2.6 0.11 2950 60 9.5 

Al 2O3+TiC*** 

uncoated  0.10 2105 - 12.5 
(Ti,Al)N 1.6 0.27 3170 53 21 
gradient 
(Ti,Al)N 

3.2 0.24 3200 65 40 

Ti(C,N) 1.3 0.23 2850 40 15 
gradient 
Ti(C,N) 

2.1 0.21 2950 55 19 

* phase composition: WC, TiC, TaC, Co, 
** phase composition: TiCN, WC, TiC, TaC, Co, Ni, 
*** phase composition: Al2O3, TiC. 

 

For the deposition of coatings, shields of the diameter of 65 mm cooled with water were 

applied. The shields contained pure Ti and the alloy TiA1 of 50:50% at. The vacuum of 10-4 Pa 

was created in the operating chamber. The coatings were deposited in the atmosphere of inert 

gas Ar and reactive gases N2 in order to obtain nitrides, and the mixture of N2 and C2H2 to 

obtain carbonitride coatings. The gradient concentration change of the chemical composition 

along the cross-section of the coatings was obtained by changing the dosage proportion of the 

reactive gases or by changing the intensity of evaporation current of the shield on arc sources.  

The surface topography and the structure of the fabricated coatings was investigated at 

transverse fractures in the scanning electron microscope SUPRA 35 of Zeiss Company, with 

the accelerating voltage of 10-20 kV and maximum magnification of 60000x. To obtain the 

images of the structure, the detection of secondary electrons (SE) and back scattered electrons 

(BSE) was applied. To obtain a brittle fracture of the investigated specimens, notches were cut 

into their surface with a diamond shield, and then they were broken up after cooling in liquid 

nitrogen. To improve the conductivity of the investigated material, the specimens were 

sputtered with carbon using the apparatus JEOL JEE 4B. 
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The qualitative and quantitative analyses of the chemical composition of the investigated 

coatings were carried out using the X-ray energy dispersive spectroscopy (EDS), with the 

application of the spectrometer EDS TRIDENT XM4 of EDAX Company, being a component 

of the scanning electron microscope Zeiss Supra 35. The research studies were carried out with 

the accelerating voltage of 20 kV. 

The diffraction studies and the observations of thin foil structure were carried out in the 

transmission electron microscope JEM 3010 UHR of JEOL Company, with the accelerating 

voltage of 300kV and maximum magnification of 300000x. The diffraction patterns from the 

transmission electron microscope were being solved using the computer program “ElDyf”. 

Thin foils were made in the longitudinal section, cutting out inserts about 0.5 mm thick from 

the solid specimens, from which discs of the diameter of 3 mm were cut out, using an 

ultrasonic erosion machine. Then, such discs were subjected to mechanical rubbing down to 

the thickness of about 90 µm, and a notch of the depth of around 80 µm was then ground down 

in the discs. Ultimately, the specimens were subjected to ionic thinning out in the apparatus of 

Gatan Company. 

The changes of chemical concentration of the coating components in the direction 

perpendicular to its surface, and the concentration changes in the transit zone between the 

coating and substrate were determined basing on spectroscopic tests: X-ray photoelectron 

spectroscopy (XPS) and Auger electron spectroscopy (AES). The AES and XPS tests were 

carried out on the X-ray photoelectron spectrometer of the Physical Electronics Company (PHI 

5700/660) whereof diagram is presented in Fig. 2. In this spectrometer the radiation emitted 

from the anode A1Kα (1486.6 eV) was applied.  

The maximum resolution of the spectrometer PHI 5700 applied for the measurements was 

0.035 eV. The analysis area from which the electrons are collected is selected using the 

diaphragm for photoelectrons emitted from the investigated specimen, and the smallest area is 

defined by a circle of the diameter of 30 µm. Through the application of a pumping system, 

consisting of the ion and sublimation pumps, we can obtain the pressure of 10-7-10-8 Pa, 

referred to as ultrahigh vacuum UHV. The research carried out with the use of the residual gas 

analyzer RGA of the mass spectrometer demonstrated that the main components of vacuum in 

the spectrometer are: CO, H2, CO2 (given in the order of the highest partial pressures).  

Using the XPS technique [3,6], two types of surface were analyzed: immediately after 

inserting to the spectrometer and after etching with argon ions. In the second case the beam 

energy was always 4keV for the preset etching times. The analysis of the surface measured 

immediately after inserting to the spectrometer showed that there are surface impurities, mainly 
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oxides and a so called aliphatic carbon (various hydrocarbons, carbon oxides). All locations of 

photoelectron lines were calibrated against binding energy lines of silver Ag3d5/2, gold Au4f7/2 

and copper Cu2p3/2. The pure surface of the investigated gradient coatings was obtained in 

effect of bombarding the specimen with the beam of ions Ar+ or Xe+ of the energy of 4.5keV. 

The analysis involved the lines of titanium Ti2p and carbon C1s [6,15].  

In the case of AES analysis [7], the specimen surface was subjected to etching with argon 

ions of the energy of 4 keV, and the crater formed on the surface was analyzed by means of 

linear profile. The analyzed elements were selected in accordance with the preset chemical 

composition of the investigated coatings. The Auger electrons were recorded with the 

cylindrical mirror analyzer (CMA). The electrons of the prime beam in the AES PHI660 

microscope were emitted from the single crystal LaB6. The accelerating voltage of the 

electrons was being changed within the range 3-10 kV. In effect of exposing the solid surface 

to the illumination of the electrons beam, the emission of Auger electrons, secondary electrons 

and X-ray radiation is taking place. The depth of the Auger electrons analysis is from 0.4 to 5 

nm. These electrons are used for the physicochemical analysis of the composition of the 

investigated surface, whereas the secondary electrons are used for surface imaging with the 

application of secondary electron microscopy (SEM).  

The analysis of phase composition of the substrates and coatings was carried out using the 

X-ray diffraction method on the X-ray apparatus X’Pert Pro of Panalytical Company, in the 

Bragg-Brentano system, applying the filtered radiation of cobalt tube at the voltage of 40 kV 

and filament current of 30 mA. We accepted the step of 0.05° and calculation time of impulses 

of 10 seconds. Due to the superposition of the reflexes of substrate and coating material and 

due to their intensity, hindering the analysis of the obtained results, in order to obtain more 

precise information from the surface layer of the investigated materials, in our further research 

we applied the grazing incident X-ray diffraction technique with the application of the parallel 

beam collimator before the proportional detector.  

The thickness of the coatings was tested using the calotest method which consists in the 

measurement of the characteristic quantities of the crater effected by the wear on the surface of 

the investigated specimen brought about by a steel ball 20 mm in diameter. The space between 

the rotating ball and specimen surface was being fed with the suspension of diamond grains of 

the diameter of 1 µm. The test time was accepted at 120 seconds. The measurement of wear 

extent was carried through the observations on the illumination metallographic microscope 

LEICA MEF4A. The thickness of the coating was determined on the basis of the following 

relation: 
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Figure 2. Schematic diagram of X-Ray Photoelectron Spectroscopy (XPS) 
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where: 

g – coating thickness [µm], 

D – external diameter of the crater [mm], 

d – internal diameter of the crater [mm], 

R – ball radius [mm]. 

In order to obtain average thickness values of the measured coatings, 5 measurements were 

carried out for each of the investigated specimens. Additionally, to verify the obtained results, 

the measurements of coating thickness were carried out in the scanning electron microscope at 

the transverse fractures of the specimens.  

The measurements of the surface roughness of the polished specimens without coatings and 

with deposited coatings were measured in two mutually perpendicular directions on the 

profilometer Surftec 3+ of Taylor Hobson Company. The accepted measurement length was 

l=0.8 mm, and measurement accuracy ±0.02 µm. Additionally, to confirm the obtained results, 

the roughness measurements of specimen surfaces were carried out on the confocal microscope 

LSM 5 Exciter of Zeiss Company. The parameter Ra was accepted as the quantity describing 

the surface roughness, in compliance with the Standard PN-EN ISO 4287:1999.  

The hardness of the investigated materials was determined using the Vickers method. The 

hardness of the deposited substrates from sintered tool materials was tested using the Vickers 
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method with the load of 2.94 N (HV 0.3) in compliance with the Standard PN-EN ISO 6507-

1:2007. The tests on microhardness of the deposited coatings were performed on the 

microhardness meter Future Tech, making use of the Vickers dynamic method. We applied the 

load of 0.98 N (HV 0.1), enabling, to the highest possible extent, to eliminate the influence of 

substrate on the obtained results. The measurements were carried out in the mode of  periodic 

loading and unloading, in which the tester loads the indenter with the preset force, maintains 

the load over some time period and than unloads it. The dynamic hardness is determined from 

the following equation [11]: 

 

2D

P
DH ⋅= α

 (2) 

 

where: 

α – a constant allowing for the influence of indenter shape, for Vickers α=3.8584, 

P – preset load, mN, 

D – imprint depth, µm.  

 

The trial makes it possible to observe the changes of plastic and elastic strain of the 

investigated material, respectively during the loading and unloading due to a high-precision 

measurement system which can record the depth of the formed imprint in successive phases of 

the test. The measurements were carried out making 6 imprints for each of the investigated 

specimens. An average was determined, as well as standard deviation and confidence interval, 

assuming the confidence factor at 1-α = 0.95. 

The adhesion assessment of the deposited coatings to the investigated sintered tool 

materials was carried out using the scratch-test on the apparatus REVETST of CSEM 

Company. The method consists in moving the diamond indenter along the surface at constant 

speed, with the loading force increasing proportionally with the movement. The tests were 

carried out for the loading force within the range of 0±100 N, increasing with the speed of 

(dL/dt)=100N/min along the path of 10 mm.  

The critical load Lc at which the coating loses its adhesion was determined basing on the 

value of acoustic emission (AE) recorded during the measurement and on the observation of 

scratch lines effected during the scratch-test. The character of the fault was assessed basing on 

the observations in the scanning electron microscope Zeiss Supra 35 and in the confocal 

microscope LSM 5 Exciter of Zeiss Company. 
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The operating properties of the deposited coatings were determined basing on the 

technological machining trials at room temperature. The tests on cutting ability of the 

investigated tool materials without coatings and with the deposited coatings were carried out 

basing on the technological cutting trials without cutting tool lubricants on a universal 

numerically controlled lathe Gildemeister NEF 320. The cast iron EN-GJL-250 of the hardness 

of 250 HV was selected as material subjected to machining. For the technological cutting trials, 

we applied inserts fixed in a universal lathe chuck which ensures the maintenance of geometric 

parameters of the inserts.  

The following parameters were accepted for the cutting ability tests: 

• rate of feed f=0.1 mm/rev., 

• turning depth ap=1 mm 

• cutting velocity vc=150 m/min. 

 

The durability of the inserts was determined basing on the measurements of wear strip 

width on the tool flank, measuring the average wear strip width VB after the machining in a 

definite time interval. The machining trials were being stopped when the VB value exceeded 

the accepted criterion for after-machining, i.e. VB=0.2 mm. In the case of non-deposited tools, 

the trial was being carried out until the wear criterion had been reached , and the duration of 

the trial for the tools with deposited coatings was the same or longer than in the case of non-

deposited tools, whereby we can compare the wear strip width VB after the wear criterion has 

been reached by the non-deposited specimen. The VB measurements were carried out with the 

application of the illumination microscope Carl Zeiss Jena. The images of tool flank and attack 

surface of the inserts of different wear degree as well as the topography of the fractured tool 

with the use of a 3D model were obtained with the application of the scanning electron 

microscope Zeiss Supra 35 and of the confocal microscope LSM 5 Exciter of Zeiss Company. 

The analyses of chemical composition in the microareas were carried out using the EDS 

method. The obtained research results were presented in the form of graphs determining the 

dependence of wear strip width on the tool flank VB as the function of testing time, assuming 

the preset conditions of the experiment. Fig. 3 presents the basic tribological faults of the tool 

material cutting edges, which were then used to assess the wear characteristics of the 

investigated sintered materials deposited with PVD coatings.  

The work presents the application of the finite elements method for the analysis of the 

distribution of eigen-stresses in the coatings obtained in the PVD process, as dependent on the 

parameters of the process and the material of the substrate and coating.  
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Figure 3. Tool wear model [1,65] 

 

The model whereof objective is to determine the eigen-stresses in gradient and single-layer 

coatings (Ti,Al)N and Ti(C,N) on the substrate from cemented carbides, cermet and oxide tool 

ceramics, was elaborated using the finite elements method, assuming true dimensions of the 

specimen. The geometry of the insert with the deposited gradient and single-layer coatings as 

well as the calculations were carried out using the program ANSYS 12.0. On account of the 

predicted simulation range, parametric calculation files were elaborated which allowed to 

perform the analysis in a comprehensive way. We employed the experience involving 

computer simulation works in material engineering carried out for many years at the Division 

of Materials Processing Technology, Management and Computer Techniques in Materials 

Science of the Institute of Engineering Materials and Biomaterials of the Silesian University of 

Technology [66]. The geometrical model was subjected to discretization with the element of 

the PLANE 42 type for substrate material and external coating. The element of that type is 

applied for the modeling of spatial structures with the use of a flat (2-D) element of solids. It 

can be also applied for the modeling of the structures described by means of axial symmetry. It 

is a simpler and faster method, by the application of which we can avoid many errors which 

could have occurred when applying the network on spatial solids. This type of description 

generates radically smaller MES models as compared to the full 3D description, maintaining 

the understanding of the general description. The element of PLANE 42 type is defined by four 

basic nodes and can demonstrate such features as plasticity, creep, swelling, and it also enables 

the modeling of high bending and tension of the modeled objects. The true model was 
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subjected to discretization, which is presented in Fig. 4. The calculation model consists of 

12816 nodes and 11780 elements. In order to avoid errors in the calculation of eigen-stresses in 

the coatings, we applied variable quantities of finite elements. In the places where higher 

gradients of stresses were expected, the network is more condensed than in the areas where the 

stresses were expected to have values similar to one another. Therefore, in the coatings we 

applied smaller elements which better reflect the gradients of stresses, and in the substrate 

material the elements are increasing with the rise of the distance from the coatings. 

 

 
 
Figure 4. True model subjected to discretization with deposited gradient and single-layer 

(Ti,Al)N and Ti(C,N) on different substrates 

 

Since it was necessary to calculate eigen-stresses in the material of the chemical 

composition which was changing in the way perpendicular to the surface, the ideographic 

differentiation of the modeled gradient coatings was carried out into zones corresponding to the 

areas of similar chemical composition. The model with the spherical division of gradient 

coating was elaborated in the way ensuring that it was possible to determine the averaged 

eigen-stresses in the coating areas important in view of the applicability properties and to 

compare the obtained results with the calculations carried out for homogeneous coatings.  

The following boundary conditions were accepted to simulate the eigen-stresses in the 

gradient single-layer coatings (Ti,Al)N and Ti(C,N) on different substrates:  
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• the temperature change of the PVD process is reflected by cooling the specimen from 

500°C to the ambient temperature of 20°C, 

• for the coatings (Ti,Al)N and Ti(C,N) and for the substrate from cemented carbides, 

cermets and oxide tool ceramics, the material properties were accepted basing on literature 

data [6] and MatWeb catalogue. The discrepancies in literature data involving the values of 

physical properties of particular materials result from different acquisition methods, from 

the differences in the structure and composition of the materials and from errors in the 

applied measurement method [66], 

• the substrate of the investigated specimen is immobilized due to depriving all nodes lying 

on this axis of all degrees of freedom.  

With the temperature drop, from the coating deposition temperature (500°C) to the ambient 

temperature (20°C), eigen-stresses are generated both in the coating and in the substrate 

material, connected principally with different thermal expansion of particular materials. The 

distribution of these stresses is also connected with the geometry of the specimen and with 

thermal transfer during the cooling process. In effect of non-uniform cooling of the specimen 

material in the particular areas, the distribution of stresses on the coating surface and their 

concentration in the corners of the specimen is different.  

To verify the results of computer simulation, the values of eigen-stresses in the investigated 

single-layer and gradient coatings were calculated using the X-ray sin2ψ technique. 

 
 

3. Results 
 
The investigated sintered tool materials are characterized by a well condensed compact 

structure without pores, and in the case of oxide ceramics Al2O3+TiC the topography of the 

fracture surface bespeaks of high brittleness [24,25], characteristic of oxide ceramic materials 

(Figs. 5-9).  

Basing on the diffraction tests and on the studies involving the structure of thin foils carried 

out in the transmission electron microscope it was demonstrated that in the investigated 

substrate materials from cemented carbides and cermets, there are numerous faults of 

crystalline structure inside the grains of WC and TiC carbides, including dislocations and 

stacking fault. A part of dislocations is forming low-angle borders dividing the carbide grains 

into subgrain areas of a small disorientation angle (Figs. 11-12). It was also demonstrated that 

the average diameter of the wolfram carbide grains is about 1 µm, which places them into the 

category of fine-grained materials.  
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Figure 5. Fracture surface of the (Ti,Al)N coating deposited onto the cemented carbides 

substrate 

 

 

 

Figure 6. Fracture surface of the gradient (Ti,Al)N coating deposited onto the cemented 

carbides substrate 

 

The results of diffraction tests involving thin foils from the Ti(C,N) coating confirm the 

occurrence of a phase of the cubic lattice, in compliance with TiN and Ti(C,N). Due to the 

isomorphism of phases TiN and Ti(C,N) and the similar value of network parameter, it is not 

possible to differentiate these phases with the electrons diffraction method (Fig. 13). It was also 
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demonstrated, basing on the tests involving thin foils from the (Ti,Al)N coating that this 

coating contains principally very fine grains of the crystalline structure corresponding to the 

phase AlN of the cubic lattice (Fig. 14), and also very few grains of the structure and 

parameters of AlN phase of the hexagonal lattice. The grains of carbonitrides and of nitrides 

forming the coating have a very high dislocation density and are very fine – the average grain 

diameter in the coatings from carbonitrides Ti(C,N) and nitrides (Ti,Al)N does not exceed 

0.1 µm.  

 
 

Figure 7. Fracture surface of the (Ti,Al)N coating deposited onto the cermet substrate 

 

 

 
Figure 8. Fracture surface of the gradient Ti(C,N) coating deposited onto the cermet substrate 
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Figure 9. Fracture surface of the gradient Ti(C,N) coating deposited onto the cemented 

carbides substrate 

 

The deposited coatings, both single-layer and gradient ones, have a continuous structure. In 

the case of gradient coatings, the lines separating particular zones of the coating of the 

chemical composition different from one another were not determined. It was demonstrated 

that the coatings are uniformly deposited and are characterized by close adhesion to the 

substrate, without pores, cracks and discontinuities (Figs. 5-9). 

The observations involving the surface morphology of the coatings fabricated in the PVD-

CAE process on the substrate from cemented carbides, cermets and oxide ceramics are 

indicative of high non-homogeneity connected with the occurrence of numerous droplet-shaped 

microparticles (Fig. 10a). The observed morphological defects brought about during the 

deposition of the coating are most probably effected by splashing of titanium droplets liberated 

from the titanium shield onto the substrate surface, which has been confirmed by EDS tests 

from the microareas (Fig. 10b,c). The droplets observed in SEM assume regular shapes, their 

size is different and is within the range from the tenths of a micrometer to around a dozen 

micrometers.  

We also observed agglomerates created on the coating surface from several joined 

microparticles. Furthermore, we observed hollow areas generated in effect of the liberation of 

titanium microparticles after the termination of the coating deposition process. 
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a) 
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Figure 10. a,b) Surface topography of the gradient Ti(C,N) coating deposited onto the 

cermet substrate, c) X-ray energy dispersive plot the area X as in a figure a 
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In effect of the carried out research on chemical composition with the use of XPS method, 

it was demonstrated that the non-etched surface of the coating Ti(C,N) contains small 

concentration of silicon impurity (around 1% at.) The calculated value of atomic concentration 

showed that with the fabrication of the coating by means of the PVD method the obtained 

surface is coated with various adsorbents, mainly carbon oxides and oxygen atoms (Fig. 15). 

The shape of C1s lines contains at least three components. Two of them are clearly seen at the 

energy of 284.8 eV and 282.1 eV. The component of the highest intensity, of the energy of 

284.8 eV can be ascribed to surface carbon (aliphatic carbon compounds, i.e. hydrocarbons) 

which does not come from the deposition of Ti(C,N) coating. 

The position of lines of lower binding energy of 282.1 eV is typical for carbides. The 

complex shape of lines observed at the energy of about 288 eV corresponds to carbon oxides 

adsorbed on the surface of the coating. The intensity of peaks corresponding to surface carbon 

and carbon oxides is gradually decreasing with the etching time with argon ions. After 20 

minutes of etching we can see only one component in the line C1s corresponding to carbides. 

A similar situation is taking place in the case of titanium lines (Fig. 16). The spectrum of Ti2p 

lines contains additional components of the doublet. The component of higher binding energy 

corresponds to titanium atoms in the TiO2 compound, and the component of lower binding 

energy corresponds to titanium atoms in the Ti(C,N) coating [60]. After four minutes of 

etching with argon ions, only one component of the Ti2p doublet is visible. The obtained 

results for titanium lines and carbon lines demonstrate that the atoms of titanium and carbon 

are combined with one another in the Ti(C,N) coating in the form of titanium carbide TiC.  

In compliance with the accepted assumptions, the deposited Ti(C,N) coating should be 

characterized by the majority of nitrogen concentration as compared to carbon in the bordering 

area with the substrate, and by the majority of carbon concentration  as compared to nitrogen in 

the area around the surface. In effect of the analysis of the impurity-free coating surface it was 

demonstrated that the concentration of the particular components of the coating in the area 

around the surface is correct (Table 2). A very low atomic concentration of oxygen can be 

indicative of a low impurity level of the coating with oxygen compounds. Oxygen compounds 

can be migrating to the inside of the rough coating from residual gases during the PVD 

process. The obtained ratio of C/N=1.3 is typical for Ti(C,N) coatings. The atomic 

concentration of carbon with respect to nitrogen atoms in the transit area between the Ti(C,N) 

coating and substrate should be reversed. But the XPS tests were carried out only to 

characterize the coating. The investigated specimen was then etched with argon ions for t=50 

min, and Fig. 18 presents the depth profile of the chemical composition of the investigated 
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coating. The oxygen impurity level of the coating is below 2%. The distribution of the 

particular elements in the investigated coating is maintained at the constant level. The binding 

energy for the N1s line being 397 eV corresponds to the TiN compound [16]. 

In effect of etching with argon ions in time t=50 min the depth of the crater did not exceed  

 
 
a)  b) 

 
c) 

  
d) 

       
 

Figure 11. Structure of cemented carbides substrate: a) bright field; b) dark field from ( 112 ) 

WC reflex; c) diffraction pattern from area b and d) solution of the diffraction pattern 
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the range of area around the surface, and therefore the gradient character of the coating could 

not be observed. In order to investigate the transit area between the investigated coating and 

substrate, the etching of the investigated specimen with argon ions to the substrate was carried 

out.  

Basing on the tests involving the chemical composition in the coating area with the AES 

method, the chemical composition of the coating was confirmed, reflecting the assumptions, 

and at the bottom of the crater generated in effect of etching we found the elements where of 

the substrate consists of. The diameter of the crater effected by argon ions bombarding is about 

500 micrometers and is dependant on the collimation of the incident ions beam and on the set 

etching area in the applied ionic area. 

The transit area between the Ti(C,N) coating and substrate is presented in Fig. 17a,b with 

the profile of the created crater. The distribution of particular elements present in the transit 

area is presented in Fig. 17c. The obtained intensities for all elements were recalculated into 

atomic concentration. Unfortunately, in the Auger electrons spectrum, the nitrogen line 

overlaps the titanium line [6,7].  

The atomic concentration of wolfram in the substrate is at the level of 4%, and the atomic 

concentration of nickel is 2%. The width of the transit area in the crater is about 200 

micrometers. The change of atomic concentration of the elements in the gradient coating is 

smooth and not step-wise. 

In the case of the gradient (Ti,Al)N coating deposited on the substrate from cemented 

carbides and cermets, a raised concentration of aluminum, titanium and nitrogen can be 

observed in the area of external coating, and this concentration is decreasing towards the 

substrate, which is presented by the linear profile of the investigated specimens with the XPS 

and AES methods. In the Auger electrons spectrum the nitrogen line overlaps the titanium line, 

and therefore the analysis of this element with the AES method is not possible. Basing on the 

produced linear profile, using the XPS and AES techniques, of the (Ti,Al)N coating deposited 

on the substrates from cemented carbides and cermets, the presence of carbon, wolfram and 

cobalt in the substrate was determined. The concentration of these elements is gradually 

decreasing in the transit area, and in the coating itself it is at the level from 0 to 10%. 

The tests with the use of X-ray qualitative phase analysis method confirm that the substrate 

from cemented carbides consists of WC and TiC carbides and cobalt matrix (Fig. 19). In the 

case of cermet, we determined the presence of carbonitride Ti(C,N), TiC and WC carbides and 

reflexes from Co and Ni. We also confirmed the presence of phases Al2O3 and TiC in the 

substrate from oxide ceramics. Through the application of the X-ray qualitative phase analysis, 
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we can confirm that on the substrates from cemented carbides, cermets and oxide ceramics 

Al 2O3+TiC, the coatings containing the phases (Ti,Al)N, Ti(C,N) were produced in compliance 

with the assumptions (Figs. 20-21). On the X-ray diffraction patterns obtained with the use of 

Bragg-Brentano technique, we also determined the presence of the reflexes from the substrate 

from cemented carbides, cermet and oxide ceramics Al2O3+TiC (Figs. 20-21). 
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Figure 12. Structure of cermet substrate: a) bright field; b) dark field from ( 002 ) TiC i ( 111 ) 

Co reflex; c) diffraction pattern from area b and d) solution of the diffraction pattern 
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Figure 13. Structure of Ti(C,N) coating: a) bright field; b) dark field from {111} Ti(C,N) 

reflex; c) diffraction pattern from area b and d) solution of the diffraction pattern 

 

 

Table 2. Chemical composition of investigated coatings Ti(C,N) on cermet substrates obtained 
by XPS method 

Element C N O Ti 

Atomic concentration, % 29.9 21.6 4.8 43.7 
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a)  b) 

 
 

c) 
  
d) 

 
 

Figure 14. Structure of (Ti,Al)N coating: a) bright field; b) dark field from ( 002 ) AlN reflex;  

c) diffraction pattern from area b and d) solution of the diffraction pattern  

 

Due to the superposition of the reflexes of the material of substrate and coating and due to 

their intensity hindering in some cases the analysis of the obtained results, and in order to 

obtain more precise information from the surface layer of the investigated materials, we 

applied the SKP or grazing incident X-ray diffraction technique (GIXRD) of the prime X-ray 

beam (Figs. 22-23). 
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Figure 15. The shape of C1s lines obtained by XPS method for Ti(C,N) coating: a) "fresh" ex 

situ surfaces, b) after sputtering Ar+ ions for t=2 min, c)after sputtering Ar+ ions for t=4 min, 

d) after sputtering Ar+ ions for t=20 min 

 

 
 
Figure 16. The shape of Ti2p lines obtained by XPS method for Ti(C,N) coating: a) "fresh" ex 

situ surfaces, b) after sputtering Ar+ ions for t=4min 
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Figure 17. a,b) SEM picture of transition zone of sputter crater, c) line profile of chemical 

composition (AES) of gradient Ti(C,N) coating on cermet substrate  
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Figure 18. The distribution of atomic concentration of elements in the surface region of 

Ti(C,N) coating (XPS) 

 

 
 

Figure 19. X-ray phase analysis of the cemented carbides substrate (Bragg-Brentano 

geometry)  

 

Basing on the measurement of reflex shift (200) (Fig. 25) in the coating (Ti,Al)N and (111) 

(Fig. 24) in the coating Ti(C,N) obtained through the grazing incident X-ray diffraction 

technique (α=1,3, 5, 7) obtained with the use of the proportional detector and the parallel beam 
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collimator on the side of the bent beam, we determined the network parameters of coatings 

(Ti,Al)N and Ti(C,N) on the basis of the investigated reflex shift. 

 

 
 

Figure 20. X-ray phase analysis of the (Ti,Al)N coating (Bragg-Brentano geometry)  

 
 

 
 

Figure 21. X-ray phase analysis of the Ti(C,N) coating (Bragg-Brentano geometry) 
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Figure 22. X-ray phase analysis of the (Ti,Al)N coating (grazing incidence X-ray diffraction 

GIXRD method), α=1 

 

 

 
 

Figure 23. X-ray phase analysis of the Ti(C,N) coating (grazing incidence X-ray diffraction 

GIXRD method), α=1 
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Figure 24. Change of (111) reflection’s position in relation to grazing incidence of the primary 

beam (Ti(C,N) coating) 

 

 

 

 
Figure 25. Change of (200) reflection’s position in relation to grazing incidence of the primary 

beam ((Ti,Al)N coating) 
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The experimental results of the X-ray analysis were approximated with the use of a 

combination of base functions: linear function (adjusting background level) and Voight 

function (matching the investigated reflexes (Ti,Al)N and Ti(C,N) from the planes (200) and 

(111). For the determination of base function conditions, the Levenberg-Marquardt algorithm 

was applied, in which the matching quality was characterized by the function χ2. The χ2 

function is defined as the sum of the squares of the distance of the experimental results from 

the values reflected by the determined mathematical model. The parameters of base functions 

for which the function χ2 reaches its minimum are indicative of the position of the analyzed 

reflex on the diffractogram. Basing on the carried out research, in the case of carbonitride 

coatings, it was determined that the network parameter estimated at the depth of 1µm is close 

to the one quoted in the JCPDS file (42-1489) to the value corresponding to phase Ti(C,N) 

richer in carbon. With the rise of the incidence angle of the prime beam, which results in the 

rise of material volume taking part in the diffraction, the estimated network parameter 

corresponds to the phase Ti(C,N) richer in nitrogen (42-1488) (Fig. 26). In the case of (Ti,Al)N 

coating, no considerable changes of network parameter value at the depth of the investigated 

coating were determined (Fig. 26).  

 

 
 

Figure 26. Comparison of the change of lattice parameter estimated for Ti(C,N)  

and (Ti,Al)N coating 
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The deposition of single-layer and gradient coatings resistant to wear of the type (Ti,Al)N 

and Ti(C,N) on the investigated sintered tool materials results in the rise of roughness 

parameter Ra which is within the range from 0.11-0.27µm, and is higher than in the case of 

material surfaces without coatings (Table 1). The roughness rise of the surfaces of the 

deposited coatings should be linked to the character of PVD process – physical vapour 

deposition, which was confirmed by the morphological tests of the surface in the scanning 

electron microscope (Fig. 10). The roughness of the substrate has the influence on the 

roughness of the deposited coating and on its structure, as well as on the adhesion of the 

coating to the substrate (Fig. 27). Too high roughness of the substrate (Ra>0.4) can cause a so 

called thinning out effect and a generation of coatings of low-compacted structure with 

numerous surface defects and low adhesion to the substrate. With the application of too smooth 

substrates (Ra<0.04) we can not ensure a satisfying mechanical anchoring of the increasing 

coating against the substrate [75,159].  
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Figure 27. Comparison of the roughness parameter Ra of the investigated materials 

 

The deposited PVD coatings are characterized by good adhesion to the substrate within the 

range Lc=40-65N. In general, the deposition of wear resistant gradient coatings of the type 

(Ti,Al)N and Ti(C,N) on the investigated sintered tool materials results in a considerable rise of 

microhardness in the area around the surface (Fig. 28), which, combined with the good 



Open Access Library   
Volume 1  2011 

 

218 L.A. Dobrzański, L.W. Żukowska  

adhesion of the coating to the substrate (Fig. 29) obtained in effect of the application of 

gradient structure of the coating, yields good functionality properties of these materials, 

confirmed during machining tests (Table 1).  
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Figure 28. Comparison of the microhardness of the investigated materials  
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Figure 29. Comparison of the critical load according to the scratch test of the investigated 

coating deposited onto cemented carbides, cermets and Al2O3 type oxide tool ceramics  
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Figure 30. a) Indenter trace with the optical Lc=45N load (mag. 200x), b) scratch test results 

of the (Ti,Al)N coating surface deposited on cemented carbides substrate 

 

The hardness of the substrate material (Table 1, Fig. 28) is 1755 HV for cemented carbides, 

1850 HV for cermet and 2105 HV for oxide ceramics. The deposition of the coatings (Ti,Al)N 

and Ti(C,N) on the investigated sintered tool materials results in a considerable rise of 

microhardness in the area around the surface within the range of 2600-3200 HV. It was 

demonstrated that the gradient coatings have higher hardness than the single-layer coatings, 

independent of the substrate material. Hardness is a property of  material dependant on the 

values of intermetallic bonds, so the hardest materials have covalence bonds, and the rise of the 

AE 

Ft 
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share of ionic character of the bond is associated with the drop of hardness [11]. Basing on the 

carried out research it was demonstrated that the hardness of Ti(C,N) coatings, in which the 

metallic phases TiN and TiC occur, demonstrates lower hardness than (Ti,Al)N coatings in 

which there are both metallic bonds TiN and covalence bonds AlN. The deposition of the wear 

resistant coatings on the investigated substrates results in a considerable rise of microhardness 

of the surface layer, which contributes to lower wear intensity of the cutting edge of machining 

tools from cemented carbides, cermets and oxide ceramics during the machining process.  
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Figure 31. a) Indenter trace with the optical Lc=59 N load (mag. 200x), b) scratch test results 

of the gradient Ti(C,N) coating surface deposited on cermet substrate 
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In order to check the correlation between the hardness of the investigated materials and the 

functional properties of the multi-point inserts in the machining tests were carried out, the 

durability of the inserts was determined on the basis of the measurement of wear width on the 

flank face after the machining in a definite time interval (Table 1).  

The carried out research confirmed that better results are obtained by the tools deposited 

with (Ti,Al)N coatings, independent of the substrate material. It is connected among others 

with high microhardness of the coatings and with high wear resistance in raised temperature of 

the (Ti,Al)N coating. It was also demonstrated that independent of the applied substrate type, 

higher wear resistance is exhibited by the materials deposited with the gradient coating as 

compared to the materials deposited with a single-layer coating. It can be related with the 

reduction of stresses between the coating and substrate in the case of gradient coatings (Table 

3), which was also confirmed in the work [54]. Furthermore, it was demonstrated that for the 

oxide ceramics Al2O3+TiC deposited with PVD coatings, the longest durability of cutting 

edges T=40 min is for the gradient coating (Ti,Al)N and for the single-layer coating (Ti,Al)N 

T=21 min, as compared to the coatings deposited on cemented carbides and cermets, which can 

be related with higher hardness of the substrate material (Table 1, Figs. 33-38).  

 

Table 3. Results of computer simulation of internal stresses in the analysed gradient PVD 
coatings 

Substrate Coating 
Computer simulation results of internal stress, [MPa] 

Surface layer Middle layer Contact area  
Cemented 
carbide 

(Ti,Al)N -350 -220 130 
Ti(C,N) -150 160 280 

Cermet 
(Ti,Al)N -570 -350 -100 
Ti(C,N) -300 -50 50 

Al 2O3+TiC 
(Ti,Al)N -380 -250 100 
Ti(C,N) -170 120 240 

 

The most frequently occurring types of tribological defect indentified in the investigated 

materials are the mechanical abrasive defects of the flank face, crater formation of the rake 

face, thermal cracks on the flank face, chipping of the cutting edge (Fig. 39). We also found a 

build-up of chip fragments of the machined material on the flank face, which is confirmed by 

the presence of maximums from iron on EDS graphs from the investigated microareas. 

The replacement of the single-layer (Ti,Al)N coating with the gradient coating results in a 

considerable drop of absolute value of eigen-stresses occurring in the material in the contact 

area between the coating and substrate (Table 3-4), which has a positive influence on the 

adhesion of gradient coatings to the substrate, which can be one of the main factors yielding 

better applicability properties such as wear resistance.  
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a) 

 

b) 

 

c) d) 

  
 

Figure 32. a,b,c,d) Characteristic failure obtained by scratch test of the (Ti,Al)N coating 

deposited on cemented carbides substrate 

 

In the case of Ti(C,N) coatings we can observe the rise of tensile eigen-stresses in the 

contact area after the replacement of the single-layer coating with the gradient one (Table 3-4). 

In spite of this, higher adhesion has been demonstrated in the case of gradient Ti(C,N) coatings 

than in the case of respective single-layer coatings. It can be connected with the character of 

surface topography and the size of coating grains with respect to the roughness of the substrate, 

which, combined with the presence of tensile stresses, can result within certain limits in the 

positive influence of such stresses on the adhesion due to anchoring of the coating in a 

relevantly developed surface of the substrate [11]. 
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Figure 33. Comparison of the approximated values of the VB wear of the cemented carbides 

sample: uncoated and coated with the PVD coatings, depending on machining time  
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Figure 34. Comparison of the approximated values of the VB wear of the cermets sample: 

uncoated and coated with the PVD coatings, depending on machining time  
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Figure 35. Comparison of the approximated values of the VB wear of the Al2O3+TiC oxide tool 

ceramics sample: uncoated and coated with the PVD coatings, depending on machining time 
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Due to the application of gradient coatings on all investigated substrate materials, we 

obtained compressive stresses in the surface layer of the coating having a direct contact with 

the machined material during the operation process (Table 3). In the case of gradient (Ti,Al)N 

coatings, we can observe a considerable rise of compressive stresses on the coating surface as 

compared to single-layer coatings (Table 3). In the case of Ti(C,N) coatings we can observe the 

change in the character of stresses on the coating surface from tensile stresses ,occurring on the 

surface of single-layer coatings, to compressive stresses occurring on the surface of gradient 

coatings. The generation of compressive stresses in the surface layer brings about better 

resistance to cracking, and through the rise of hardness, improves the wear resistance. The 

generation of compressive stresses in the surface layer can prevent the formation of cracks 

when the element in the operational conditions is subjected to stresses generated by external 

forces. Yet, an excessive value of compressive stresses can lead to adhesive wear and can bring 

about the formation of too high tensile stresses under the coating, lowering the fatigue 

resistance of the element [61,68]. Volvoda [67] pointed out the relation between the value of 

stresses and the hardness of the layer of titanium nitrides obtained in effect of magnetron 

sputtering, demonstrating that with the rise of compressive stresses the hardness of the obtained 

layer is progressively increasing. Basing on the carried out research, it was demonstrated that 

the occurrence of compressive stresses on the surface of gradient coatings of the investigated 

materials has a positive influence on their mechanical properties, in particular on the 

microhardness (Table 1). 
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Figure 36. Comparison of the approximated values of the VB wear of the cermets sample: 

uncoated and coated with the (Ti,Al)N gradient coating, depending on machining time 
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Figure 37. Comparison of the approximated values of the VB wear of the cemented carbides 

sample: uncoated and coated with the Ti(C,N) coating, depending on machining time 
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Figure 38. Comparison of the approximated values of the VB wear of the Al2O3+TiC oxide tool 

ceramics sample: uncoated and coated with the Ti(C,N) gradient coating, depending on 

machining time 

 

Table 4. Results of computer simulation of internal stresses in the analysed single-layer PVD 
coatings 

Substrate Coating Computer simulation results of internal stress, [MPa] 

Cemented carbide 
(Ti,Al)N 170 
Ti(C,N) 150 

Cermet 
(Ti,Al)N -410 
Ti(C,N) 15 

Al 2O3+TiC 
(Ti,Al)N -180 
Ti(C,N) 150 
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Figure 40 present schematic distribution of stresses in the gradient coating (Ti,Al)N 

deposited on cemented carbide obtained by computer simulation 

To verify the results of computer simulation, the values of eigen-stresses in the investigated 

single-layer and gradient coatings were calculated using the X-ray sin2ψ technique (Table 5). 

  
  

  
 

 
 

Figure 39. Classification of character of tool wear of the sintered tool materials uncoated and 

coated with PVD coatings 
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Table 5. Results of experimental internal stresses using the X-ray sin2ψ technique of the 
analysed PVD coatings 

Substate Coating Internal stresses, σ [MPa] 

Cemented carbide 

(Ti,Al)N 212±42 
(Ti,Al)N gradient -395±45 

Ti(C,N) - 
Ti(C,N) gradient - 

Cermet 

(Ti,Al)N -459±49 
(Ti,Al)N gradient -647±77 

Ti(C,N) - 
Ti(C,N) gradient - 

Al 2O3+TiC 

(Ti,Al)N -228±48 
(Ti,Al)N gradient -456±76 

Ti(C,N) 122±52 
Ti(C,N) gradient -235±65 

 

 
 

Figure 40. Schematic distribution of stresses in the gradient coating (Ti,Al)N deposited on 

cemented carbide obtained by computer simulation 

 
 

4. Conclusions 
 
The main objective of the work was to investigate the structure and properties of sintered 

tool materials, including cemented carbides, cermets and oxide ceramics deposited with single-

layer and gradient coatings (Ti,A1)N and Ti(C,N), and to determine the relation between 

substrate type, coating material and linear variability of the chemical composition of the 

coating and the structure and properties of the obtained tool material (Fig. 41). 
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Figure 41. Schematic diagram of the objective of the work 

 

Basing on the analysis of the obtained research results the following conclusions can be 

demonstrated: 

1. The fabrication of PVD coatings of the type (Ti,Al)N and Ti(C,N) of the gradient structure 

and variable concentration of the components on the tools from sintered tool materials 

results in a considerable rise of applicability properties of tools produced in this way as 

compared to the tools deposited with a single-layer PVD coating or non-deposited coatings.  

2. Gradient coatings are characterized by a linear change of chemical composition in the 

direction from the substrate to the coating surface. The deposited coatings demonstrate 

good and uniform adhesion to the substrate material and are characterized by column, fine-

grained structure. In the contact area from the surface of the coatings we can observe a rise 

in the concentration of chemical elements being the components of the substrate, with a 

simultaneous decrease of the concentration of chemical elements forming these coatings, 

which can bespeak of the presence of a transit zone between the substrate material and 

coating.  

3. A more advantageous distribution of stresses in gradient coatings than in respective single-

layer coatings yields better mechanical properties, and, in particular, the distribution of 

stresses on the coating surface has the influence on microhardness, and the distribution of 
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stresses in the contact area between the coating and substrate has the influence on the 

adhesion of coatings.  

4. The wear resistant gradient coatings of the type (Ti,Al)N and Ti(C,N) deposited on the 

investigated sintered tool materials yield a considerable rise of microhardness in the area 

around the surface, which, combined with good adhesion of the coating to the substrate 

obtained in effect of the application of gradient structure of the coating, has the influence 

on the applicability properties of these materials during machining tests, since the 

deposition of both single-layer and gradient coatings of the (Ti,Al)N type results in the rise 

of cutting edge durability as compared to the tools deposited with Ti(C,N) coatings. It is 

connected with high wear resistance of the (Ti,Al)N coating in raised temperature. It was 

also demonstrated that independent of the applied substrate type, higher wear resistance is 

exhibited by the materials deposited with gradient coatings as compared to the materials 

deposited with single-layer coatings. 
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