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INTRODUCTION 
Due to losses resulting from wear in the life cycle costs of tools and equipment, 
development of new and cost-effective wear resistant materials has been and is 
essential. Among other wear resistant materials, ceramic-metal composites (cermets) 
are featured by favorable combination of hardness, toughness and strength as against 
ceramics. The most recognised ceramic-metal composites are based on tungsten 
carbide (WC) and cemented with more tough cobalt. Composites based on titanium 
carbide (TiC) and titanium carbonitride (TiCN) and chromium carbide (Cr3C2) prevalently 
cemented with Ni and Ni-alloys are also known. However, W and Co as metals of high 
economic importance are in the list of critical raw materials in Europe while Ni and Co 
are classified as toxic for human health. Therefore, the motivation of the present 
research was the need for W-, Ni- and Co-free biocompatible cermets replacing regular 
WC-Co cemented carbides and TiC-NiMo and Ti(C,N)-NiMo cermets.  

The focus was on TiC- and Cr3C2-based cermets bonded with high-chromium FeCr 
alloys. The goal was to acquire better understanding of microstructure evolution and 
phase transformation during sintering and find possibilities of improving cermet 
performance using alloying and/or technological opportunities. The thesis research was 
organized in two parallel directions: TiC-based and Cr3C2-based cermets. TiC- and Cr3C2-
based Fe alloys bonded cermets were produced by the conventional powder metallurgy 
route using hot consolidation liquid-phase sintering or spark plasma sintering (SPS). 
Microstructure analysis (optical and scanning electron microscope), X-ray spectroscopy 
(EDS), X-ray diffraction (XRD), and differential scanning calorimetry (DSC) were used to 
study microstructure evolution and reveal changes in phase composition during 
sintering of composites. Ceramic-based composite materials were characterized 
utilizing regular mechanical properties of cermets - Vickers hardness (HV) and fracture 
toughness (KIC). 

The novelty of this research can be outlined in brief as follows: TiC-based cermets: 1) 
determination of microstructure evolution and phase transformation features of high-
chromium TiC-FeCr and high-chromium and manganese TiC-FeCrMn cermets; 2) 
revealing technological and chemical (alloying)  opportunities for improving structural 
homogeneity and mechanical performance of TiC-based cermets characterized by high 
resistance to wear. Cr3C2-based cermets: 1) determination of microstructure evolution 
and phase transformation features of Cr3C2-based cermets bonded with iron alloys  
(FeCr, FeTi); 2) revealing technological and chemical (alloying) opportunities that enable 
improvement of the structure and mechanical performance of Cr3C2-based cermets 
characterized by excellent resistance to corrosion. 

Main results of the research are introduced in the publications – 3 in scientific 
journals (Powder Metallurgy, Proceedings of the Estonian Academy of Sciences and 
Medžiagotyra) and 2 in conference proceedings (World Powder Metallurgy 2016 and 
Materials Engineering 2017). Outcomes of the thesis were presented at following 
conferences: Materials Engineering 2014, 2015, 2017 and World PM Congress 2016. 
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ABBREVIATIONS 
AISI American Iron and Steel Institute 
a.u. arbitrary unit 
bcc body-centred cubic 
CrxCy Chromium Carbide 
DSC Differential Scanning Calorimetry 
EDS Energy Dispersive X-ray Spectroscopy 
fcc face-centred cubic 
MxCy Metal Carbide 
OM Optical Microscope 
PM Powder Metallurgy 
SEM Scanning Electron Microscopy 
SPS Spark Plasma Sintering 
TiC Titanium Carbide 
vol% volume percent 
WC Tungsten Carbide 
wt% weight percent 
XRD X-Ray Diffraction 
 

SYMBOLS 
α-Fe α-iron allotrope, ferrite, body-centred cubic (bbc) crystal structure 
γ-Fe γ-iron allotrope, austenite, face-centred cubic (fcc) crystal structure 
a the half average length of the diagonal of Vickers indentations 
c The average length of the cracks in the tips of the Vickers indentations 
HV30 Vickers hardness, load 298 N (30kgf) 
KIC Indentation fracture toughness 
p Pressure 
T Temperature  
ΔG Change in Gibbs free energy 
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1 REVIEW OF LITERATURE  

1.1 Introduction 
Major challenges in engineering (energy production, transportation, mining, clean 
water etc.) require development of materials superior in performance to those today. 
New advanced materials enable us to create new, innovative products and applications. 

Desirable properties of materials can be met in multiphase material structures 
produced using the powder metallurgy (PM) technology. PM composites suit well in 
tribological applications where the wear resistance is an important factor to improve 
the durability of products. The losses resulting from wear in the life cycle costs of 
equipment are pronounced. In some industries such as mining, building materials 
production etc., recycling of wear parts may compose up to 40% of life cycle costs. The 
challenge is to develop new reliable and cost-effective materials on the basis of 
advanced technologies and to utilize this technology effectively for new products 
(EuMaT homepage). 

Carbides cemented with metals of the iron group are composite materials where 
brittle and hard carbide phase is “cemented“ in a softer metal matrix. Such composite 
materials are known due to their high hardness, wear resistance and higher toughness 
in comparison with ceramics (Schatt, 1997). Therefore, cemented carbides are used 
extensively as cutting tool material, as well as in other industrial applications (Brookes, 
2011). Because of the good combination of hardness and wear resistance, WC-based 
cemented carbides (hardmetals) are most widely used. Cobalt as a binder of 
hardmetals is widely used since it wets WC readily and leads to products with excellent 
strength and ductility. However, hardmetal dust is the reason for hardmetal lung 
disease, which is a rear disease caused by exposure to particles of hardmetal alloys. 
WC-Co hardmetal dust has been shown to be more toxic in combination than either 
pure tungsten carbide or cobalt alone (Fischbein, 1992). In addition, because of the 
strategic nature of tungsten supply and the shortage of cobalt, great efforts have been 
made to replace or supplement these metals (Norgren, 2015). Therefore, partly or fully 
tungsten- and cobalt-free cermets have been developed (Exner, 1979) – most of the 
efforts have centred on titanium carbide- or titanium carbonitride-based cermets 
bonded with Ni-Mo alloys (Ettmayer, 1989). Another successful cermet type is 
chromium carbide bonded with nickel metal. This cermet is called a “stainless steel” of 
the hardmetal industry. But, the REACH (The Regulation on Registration, Evaluation, 
Authorization and Restriction of Chemicals) (ECHA homepage) and TSCA (Toxic 
Substances Control Act) (TSCA homepage) are classifying nickel and cobalt as metals 
toxic for human health. The allergenic diseases have increased over the past three 
decades. For example, published reports show an exponential increase in reported 
nickel allergy cases. The best method to decrease the nickel allergy is to utilize and 
develop completely Ni- and Co-free materials. 

The European Commission has created the list of critical raw materials (European 
Commission homepage) (see Fig. 1). The purpose of the list is to contribute to the 
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implementation of the EU industrial policy and to ensure that European industrial 
competitiveness is strengthened through actions in other policy areas. The list is also 
being used to help prioritize needs and actions. 

 
Figure 1. Critical raw materials for EU, upper right corner (European Commission 
homepage). 

Also, according to the European Commission’s list of critical raw materials, utilization of 
materials with high economic importance and supply risk should be reduced. Tungsten 
and cobalt are in that list. Titanium, iron and chromium are not included as critical raw 
materials. Non-toxic titanium carbide and chromium carbide and iron-based binder 
systems are the top-of-the-line solution for replacing these critical and toxic metals. 
Since the 1970s, different kinds of alloys (pre-alloyed metal powders and elemental 
powder mixtures) have been used as an alternative binder phase. Therefore, the law of 
the thermodynamics and computer simulated programs of different possible phases 
have been used by many authors. 

1.2 Stainless steels 
Different stainless steels as a binder phase of cermets and cemented carbides are 
increasingly used as initial powder in applications where high hardness and corrosion 
resistance are necessary. Therefore, the structure and phase transformation 
peculiarities of the binder phase should be observed hand-in-hand with structural 
evolutions in steels. 

Composition of stainless steels is much more complex compared to conventional 
carbon steels. The more alloying elements, the more opportunities exist to form 
possible phases and crystal structures. Ferrite, austenite and martensite are the three 
main phases of stainless steels. Stainless steel contains a minimum of 11 wt% of 
chromium alone and also other metals like manganese, silicon, nickel, molybdenum, 



11 

etc. Chromium forms the passive film that makes stainless steel corrosion resistant 
(Davis, 1994). 

In addition to Cr in stainless steels, other elements include M o for pitting resistance, 
Cu, Al and Ti for precipitation hardening, N and Mn for strength and Ta or Nb for 
sensitization (chromium depletion accompanied by precipitation of chromium carbides 
at grain boundaries) reduction. Selected compositions and characteristics linkages in 
the stainless steel family are summarized in Fig. 2. 

 
Figure 2. Composition and corresponding properties of different stainless steel families 
(Al-Mangour, 2015). 

The large number of alloying elements in relatively high concentrations causes many 
stable phases in the steel structure simultaneously. According to the law of 
thermodynamics, the number of possible solid phases is the same as the number of 
alloying elements plus one. In addition, most stainless steels have metastable structure. 
Since the diffusion is too slow for the atomic rearrangements, the structure may not 
achieve an equilibrium state. To predict the possible phases the calculation of the free 
energies is required. The phase with the lowest energy is most preferable but other 
phases may form as well. 

There are several families of stainless steel: ferritic, martensitic, austenitic and 
duplex. These names are derived from the crystal structure of the steels that 
determines their metallurgical behaviour.  
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1.2.1 Ferritic stainless steels 

Ferrite has a bbc structure and the main alloying element in stainless steels, chromium, 
is the principal ferrite stabilizing element. Silicon, molybdenum, niobium, tungsten, 
aluminium and titanium all have a similar effect, but none produces the ability of 
stainlessness. The bbc structure of ferrite allows very fast diffusion rates of all elements 
– interstitial (carbon, nitrogen, oxygen, boron and helium) and substitutional diffusion
of all other elements.  The diffusion rates are two or three orders of magnitude higher 
than in austenite. Martensite is principally ferrite that has been formed with 
supersaturation of carbon (Nayar, 2000). 

Nitrogen and carbon solubility in ferrite is essentially zero at room temperature; 
therefore, to retain the ferrite structure, free carbon must be eliminated. Also, during 
cooling, the solubility of carbon and nitrogen decreases and they must precipitate. 
Thermodynamically, the most likely compound with chromium (chromium carbide) can 
form. Therefore, to avoid the depletion of chromium by the formation of chromium 
carbide,  other  strong  carbide  formers such  as  titanium and  niobium  are  used   
(Davis, 2001). 

M23C6 is the primary carbide found in stainless steel structure particularly at grain 
boundaries (see Fig. 3) and it contains also iron that can substitute the chromium up to 
50 wt%. Tungsten, molybdenum and vanadium can also dissolve in this carbide. At 
higher carbon contents, M7C3 and M3C carbides may form and additional stabilizing 
elements form MC type carbides (Roberts, 1998). 

Figure 3. Vertical section of the Fe-Cr-C system at 13% Cr (Roberts, 1998). 
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The similar metal carbides with relatively complex structure can be presented are 
presented in the structure of cermets that contain iron and other even stronger carbide 
forming elements (Cr, Mo, Mn). Formation of metal carbides is due to the high carbon 
content of ceramic-based composites. 

1.2.2 Austenitic stainless steels 

Austenite has a fcc crystal structure. Interstitials, carbon and nitrogen, are the most 
effective austenite stabilizing elements but nickel and manganese are also stabilizers 
(Nayar, 2000). To ensure the austenitic structure of stainless steel, it must contain 
about 11 wt% of nickel. The austenite stabilizing effect of manganese is half of that of 
nickel. Chemical composition of the selected Ni-free or low-nickel austenitic stainless 
steels is presented in Table 1 (Yang, 2010; Kuroda, 2002). 

Table 1. Chemical composition wt% of Ni-free or low-nickel austenitic stainless steels. 

Manganese acts largely through its ability to promote nitrogen solubility. Despite the 
fact that manganese is two times weaker austenite stabilizer, fully nickel-free stainless 
steels have been developed and produced recently. These steels with sufficient 
corrosion resistance and biocompatibility have proved to be good surgical implantable 
materials. In addition, many austenitic stainless steels are used as a binder phase of 
ceramic-based composites. 
 

1.2.3 Powder metallurgy of stainless steels 

Powder metallurgy of stainless steels and cermets with stainless steel binder are 
principally similar in many aspects: reduction of residual oxides, sintering atmosphere 
due to the high vapor pressure of alloying elements, low level of undesirable 
interstitials and effect of additional elements with improved sinterability and 
performance. 

To a large extent, compositions of PM stainless steels have been taken over from 
some of the popular grades of wrought stainless steels. As a result, the characteristics 
of those steels are similar. Nevertheless, the chemical composition of PM stainless 
steels often differs by minor but important amounts from those of their wrought 
counter-parts. This is mainly true in the case of carbon, silicon, and manganese 
contents (Klar, 2007). The compositions of the standard grades and some of the more 

Steel C Cr Mn Mo Cu Ni Si S P N 
BIOSS4 0.029 17.05 12.58 2.38 1.44 0.03 0.42 0.007 0.014 0.43 
ASTM 0.080 21.00 22.00 1.00 0.25 0.05 0.75 0.010 0.030 0.95 
AISI 205 0.200 17.25 14.75 - - 1.35 1.00 0.030 0.060 0.35 
AISI XM-31 0.120 17.50 15.00 - - 1.00 0.70 0.030 0.045 - 
AISI 18-2Mn 0.150 17.25 12.50 - - 1.50 1.00 0.030 0.045 0.30 
AISI 18-18+ 0.150 18.00 18.00 1.00 1.00 - 1.00 0.030 0.045 0.50 
HNS 0.034 23.50 0.13 2.04 - 0.04 0.07 0.001 0.009 1.34 
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common custom grades of PM ferritic and austenitic stainless steels are listed in Tables 
2 and 3, respectively. 

In the case of powder metallurgy (PM) stainless steels, the primary goal is to 
guarantee excellent corrosion resistance along with good mechanical properties 
(German, 1998). But the amount of oxygen in PM steels is often an order of magnitude 
higher than in wrought stainless steels. The higher content of oxygen increases the 
corrosion of the sintered parts – unreduced oxide particles initiate the pitting corrosion 
and lower the mechanical properties. Therefore, vacuum sintering is very effective for 
powder metallurgy stainless steels because it combines the high-temperature sintering 
with superior oxide reduction. The main surface oxide of gas-atomized stainless steels 
is Cr2O3, which starts to decompose at temperatures above 900 °C because of the low 
stability of this oxide. The common content of carbon in stainless steel powder is 
regularly in deficiency to reduce all of its oxides. Therefore, some free extra carbon has 
been added but is should be kept at optimal level to avoid the precipitation of 
chromium carbides. Additionally, some stabilizing elements are used to avoid the 
formation of chromium carbides. Among sintered stainless steels, so far niobium has 
been used successfully. 

The second process precaution during vacuum sintering of stainless steels is the high 
vapor pressure of chromium at elevated temperatures. The surfaces of sintered parts 
demonstrate the depletion of chromium and it leads to the deterioration of overall 
corrosion resistance. Therefore, partial pressure of argon or nitrogen (up to 2 mbar) 
was applied during sintering of PM stainless steels. 

Table 2. Typical chemical composition wt% of powder metallurgy Ni-free ferritic 
stainless steels (Klar, 2007). 

Grade S* ** Fe Cr Ni Mn Si C S, P, N Other 
409L X  bal 10.5-11.7  >0.1 >0.1 >0.03 0.03-0.3 Nb 

409LE X  bal 11.5-13.7 0.5 >0.1 >0.1 >0.03 0.03-0.3 Nb 
410L X  bal 11.5-13.5  >0.1 >0.1 >0.03 0.03-0.3  
430L X  bal 16-18  >0.1 >0.1 >0.03 0.03-0.3  

430LN2 X  bal 16-18  >0.1 >0.1 >0.08 0.04-0.3  
434L X  bal 16-18  >0.1 >0.1 >0.03 0.03-0.3 Mo 

434LN2 X  bal 16-18  >0.1 >0.1 >0.08 0.04-0.3 Mo 
434LNb  X bal 16-18  >0.1 >0.1 >0.03 0.03-0.3 Mo, Nb 
434L-M  X bal 17.19  >0.1 >0.1 >0.03 0.03-0.3 Mo 

444L  X bal 17.5-19.5 0.8 >0.1 >0.1 >0.03 0.03-0.3 Mo, Nb 
* Standard grades 
** Non-standard grades 
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Table 3. Typical chemical composition wt% of powder metallurgy austenitic stainless 
steels (Klar, 2007). 

Grade S* ** Fe Cr Ni Mn Si Mo C S, P, N Other 
303L X  bal 17-19 8-13 0.2 0.8  0.03 0.03-0.2  

303N1 X  bal 17-19 8-13 0.2 0.8  0.03 0.1-0.6  
304L X  bal 18-20 8-12 0.12 0.8  0.03 0.01-0.04  

304N1 X  bal 18-20 8-12 0.12 0.8  0.03 0.01-0.6  
316L X  bal 16-18 10-14 0.12 0.8 2.5 0.03 0.01-0.04  

316N1 X  bal 16-18 10-14 0.12 0.8 2.5 0.03 0.01-0.6  
303LSC  X bal 17-19 8-13 0.2 0.8  0.03 0.01-0.2 Sn, Cu 
303L-U  X bal 17-19 8-13 0.2 0.8  0.03 0.01-0.2 Sn, Cu 
304LSC  X bal 18-20 8-12 0.12 0.8  0.03 0.01-0.04 Sn, Cu 
304L-U  X bal 18-20 8-12 0.12 0.8  0.03 0.01-0.04 Sn, Cu 
316LSC  X bal 16-18 10-14 0.12 0.8 2.5 0.03 0.01-0.6 Sn, Cu 
316L-U  X bal 16-18 10-14 0.12 0.8 2.5 0.03 0.01-0.6 Sn, Cu 

317L  X bal 19.5 14.8 1.0 0.8 3.5 0.03 0.01-0.04  
SS-100  X bal 20.0 18.0 1.0 0.8 6.0 0.03 0.01-0.04  
316-B   bal 23 18 1.0 1.0 3.5 0.05 0.05-0.2 B 

* Standard grades 
** Non-standard grades 

1.2.4 Manganese in powder metallurgy steels 

Among classic low-alloyed structural steels, one of the most common alloying elements 
is manganese. The reason lies in the following: manganese is a low-priced element, it 
increases the mechanical properties, it is an active deoxidizer and it improves the 
machinability. In comparison with classical steelmaking techniques, alloying powder 
metallurgy steels and compounds with manganese is much more complicated. 
Therefore, manganese has not been widely used among powder metallurgy steels and 
a number of additional aspects influencing the sintering parameters have to be 
considered (Hryha, 2011). 
The first effect is the sublimation of manganese – it has high vapor pressure. The 
substantial sublimation starts at around 700–750 °C when the partial pressure of 
manganese is about 10-5 mbar. Subsequent increase of temperature causes the 
exponential increase of manganese partial pressure (see Fig. 4) – 10 mbar corresponds 
to the temperature of 1450 °C (Desai, 1987). The huge amount of manganese vapor 
specifies a number of interconnected processes: manganese distribution through the 
pore system, manganese oxidation and its loss. Although high vacuum sintering 
demonstrates superior oxide reduction, it is not acceptable for chromium and 
manganese containing steels because of the depletion of these elements during the 
sintering cycle. Therefore, the conventional vacuum sintering technology is improved 
with several process precautions: vacuum sintering is conducted with low partial 
pressures of argon or nitrogen, introduction of high affinity elements in the pre-alloyed 
state. 
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Figure 4. Equilibrium partial pressure of Mn with temperature (Hryha, 2011). 

According to different researchers, in different alloys, above 600 °C and above 900 °C 
carbothermal reduction of iron and chromium surface oxides starts, respectively. This leads 
to the production of carbon monoxide according to reactions (Aigner, 1997; Klar, 2007): 

𝐹𝐹𝐹𝐹2𝑂𝑂3 + 3𝐶𝐶 = 2𝐹𝐹𝐹𝐹 + 3𝐶𝐶𝑂𝑂; 
𝐶𝐶𝐶𝐶2𝑂𝑂3 + 3𝐶𝐶 = 2𝐶𝐶𝐶𝐶 + 3𝐶𝐶𝑂𝑂. 

Carbon monoxide is also considered as an oxidizing agent for manganese vapor and 
manganese vapor reacts with carbon monoxide according to the following reactions 
(Hryha, 2011): 

 𝑀𝑀𝑀𝑀(𝑔𝑔𝑔𝑔𝑔𝑔) + 𝐶𝐶𝑂𝑂 = 𝑀𝑀𝑀𝑀𝑂𝑂 + 𝐶𝐶. 

Schubert et al. have also reported that high vacuum liquid-phase sintering is 
inappropriate for manganese containing WC-FeMn cemented carbides. Therefore, 
manganese vapor “microatmosphere” within the graphite crucible was applied. 
Consequently, the sintering was performed at 1250 °C under an argon partial pressure 
of 8 mbar and in a Mn vapor-saturated environment. Using these sintering conditions, 
up to 16 wt% of Mn could be maintained in the iron matrix. At such high Mn values, the 
binder remained partly austenitic during cooling  (Schubert, 2015). 

1.3 Titanium carbide-based cermet with alternative binders 
Beginning from the 1930s, mostly because of the shortage of tungsten, efforts were 
made to replace or supplement tungsten carbide used as a hard phase in cemented 
carbides. Therefore, titanium and chromium carbide-based cermets have been 
investigated (Brookes, 1997). 

Titanium has very high affinity to nitrogen and carbon and forms titanium 
carbonitride, Ti(C,N), in a full range from TiC to TiN. Furthermore, because of the high 
chemical and thermal stability of TiC, its solubility in iron is marginal and particles of 
titanium carbide are precipitated in steels at low content of titanium at elevated 
temperatures (Jonsson, 1998). 
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TiC-based cermets have been investigated for use in the cutting tool material since 
the 1930s, because of the high melting point and low density of TiC. Therefore, these 
cermets are used in applications where low density, high wear or high temperature 
oxidation resistance is needed. Iron-group metals (Ni, Co, Fe) have been used as a 
binder phase. Usually TiC- and TiCN-based cermets demonstrate core-rim structure, 
consisting of TiC or Ti(C,N) core with a complex carbide rim grown through the 
reprecipitation process (see Fig. 5).  

Liquid-phase and melt infiltration sintering are the two most used production 
techniques for processing TiC- and Ti(C,N)-based cermets. Nickel is most popular as a 
metallic binder of these cermets, due to its low wetting angle with solid TiC (Humenik, 
1956) and its low solubility in TiC and TiCN is low (Kocich, 2013). Extra molybdenum is 
used because it decreases the wetting angle of Ni-Mo alloy with TiC to zero (Lenel, 
1980). This minimizes the porosity of cermets and therefore good mechanical 
properties are achieved. A full densification of cermet with Mo2C addition can be 
achieved due to improvement of the wettability between Ti(C,N) and iron (Guo, 2009). 
The increasing content of Mo in cermet decreases the final grain size of the carbide 
phase and the microstructure becomes more homogeneous and compact (Dai, 2012). 

 
Figure 5. Microstructure of TiC-20NiMo cermet. 

Throughout the whole last century there has been a flurry of activity to find 
alternative binder systems for TiC-based cermets. In the 1950s, the focus was on the 
development of different nickel containing binder systems (Ni-Mo-Al, Ni-Co, Ni-Co-Cr) 
for temperature critical applications (Eisen, 1998), but these were utilized as metal 
working tools. Additionally, since the 1970s, major scientific efforts have been made to 
develop iron-based binders. 

Findings show that TiC-Fe cermets have insufficient wettability between iron and 
titanium carbide (Humenik, 1956). Also, Jing et al. concluded that in the case of TiC-Fe 
cermets, the formation of carbide Fe3C due to the eutectic reaction between remanent 
C and Fe takes place during sintering (Wang Jing, 2007). Kübarsepp et al. have studied 
corrosion and mechanical performance of TiC-based cermets with different iron-based 
binder systems (low-alloyed Si-steel, corrosion resistant Cr-Ni steels, Ni-steels) 
(Kübarsepp, 1980; Kübarsepp, 1993). They reported that sinterability and therefore also 
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mechanical characteristics of TiC-based cermets with high chromium steel as a binder 
can be improved by alloying them with silicon (Kübarsepp, 1986; Reshetnyak, 1994). 
Silicon facilitates reduction of chromium oxides at sintering temperatures (Kübarsepp, 
1986; Kübarsepp, 1994). Recent studies have addressed the influence of the different 
sintering modes on the performance and reliability of TiC-based Fe-alloy bonded 
cermets (Kübarsepp, 2014). 

In the 1980s, many scientists focused on the aluminide compounds with nickel, 
titanium and iron as a binder for TiC. Iron aluminide is an intermetallic alloy known as 
extremely resistant to corrosion under oxidizing and sulfurizing atmospheres (Deevi, 
1996). Fe3Al intermetallic matrix composites reinforced with 0–50 vol% of TiC have 
been reported. The consolidation was performed using hot pressing, pressureless 
infiltration or pulse discharge sintering (spark plasma sintering, SPS) and nearly full 
density, improved mechanical properties, nanoscale grain size is retained (Krasnowski, 
2007; Li, 2008). Also, Subramanian et al. stated that conventional liquid phase sintering 
is successful for TiC-FeAl cermets production (Subramanian, 1996). Durlu investigated a 
reaction sintering technique for processing of TiC-Fe3Si and TiC-FeAl composites. He 
demonstrated high density and hardness with moderate bending strength (Durlu, 1999). 

In previous decades, different steel grades (austenitic and ferritic) have been used as 
binders of Ti(C,N)-based cermets. Among researchers today, austenitic stainless steel as 
a binder phase of Ti(C,N)-based cermets is relatively popular.  The most commonly used 
steel is AISI316L (EN 1.4016) because of its good mechanical characteristics and 
excellent corrosion resistance. Chenxin Jin et al. fabricated TiC-316L (TiC-FeCrNi) 
stainless steel cermets using a simple melt-infiltration process. They showed that a 
complex core-rim structure was developed and no intermediate or reaction phases 
were observed (Jin, 2016). Furthermore, Akhtar et al. fabricated TiC-based cermets 
alloyed with elemental powders of Fe and Cr (Akhtar, 2007) and AISI 465 (Cr – 12 wt%) 
maraging stainless steel (Akhtar, 2008). They stated that in the case of both binder 
systems, TiC-based composites showed no reaction between TiC particles and the 
binder phase. Also, good wettability of TiC particles with AISI 465 stainless steel was 
demonstrated and these composites showed the homogeneous distribution of TiC 
grains in the binder phase (Akhtar, 2008). 

Chromium containing ferrite has high requirements for thermal processing to 
maintain the homogeneity of chromium for proper corrosion-resistance performance 
(McGuire, 2008). The limit of solubility of carbon is much lower in ferritic stainless 
steels, and the diffusion rates of interstitials are much higher due to their body-
centered cubic structure. In contrast to the face-centered cubic austenitic stainless 
steels, the diffusion rate of chromium atoms in the ferritic matrix is approximately 
hundred times faster (Klar, 2007). In addition, chromium is known as a very active 
carbide forming element and carbon solubility in ferrite is fractional. Chromium carbide 
formation in cermets decreases the chromium content in stainless steel binder 
(McGuire, 2008). Therefore, it affects the corrosion resistance and mechanical 
properties of TiC-based chromium containing cermets. 
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Alvaredo et al. investigated the influence of carbon content on the sinterability of a 
FeCr matrix cermet with Ti(C,N). The calculated equilibrium phase diagram (Fig. 6) 
shows the presence of the following phases at temperatures below 500 °C: ferrite, 
austenite, sigma phase, Ti(C,N) and carbides M23C6 and M7C3 (Alvaredo, 2013). 
Regardless of that, the XRD analysis revealed no peaks of sigma phase or carbides – 
XRD diffractrograms exhibited peaks that correspond to ferrite and TiC(C,N). This is 
most likely because they constitute a relatively low percentage of carbon in the cermet. 

 
Figure 6. Calculated equilibrium phase diagram for a material with a composition of AISI 
430L (EN 1.4016) steel and Ti(C,N) 50 vol%, as a function of C content (Alvaredo, 2013). 

1.4 Chromium carbide-based cermet with alternative binders 
Chromium carbide cermets are suitable for general and special application areas where 
both wear and corrosion resistance are needed. Chromium carbide-based cermets 
bonded with nickel demonstrate high hardness and excellent oxidation, corrosion, 
erosion and abrasive resistance. Microstructure of the chromium carbide-based nickel 
bonded cermet is presented in Fig. 7. These cermets are even called “stainless steel” of 
cemented carbides (Brookes, 1997). However, the major disadvantages of this material 
are its low mechanical properties: fracture toughness and transverse rupture strength. 
The second drawback is the cost and toxicity of nickel. Therefore, efforts have been 
made to replace nickel with low-priced and harmless iron or its alloys. 
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Figure 7. Microstructure of Cr3C2-20Ni cermet. 

Previous results from different studies demonstrate that iron and iron-based alloys 
could replace nickel as a metal matrix of chromium carbide-based cermets. 
Radomyselskii et al. focused on the development of tungsten- and nickel-free 
chromium carbide and white cast iron composites (Maslyuk, 2014). Unfortunately, 
because of high brittleness and low toughness, these cermets have not been utilized 
yet. Coarse carbide grains in the microstructure are one of the main reasons behind 
that. Despite this, Radomyselskii`s followers – Maslyuk and Vlasyuk – continued 
research in this area. They examined the interaction between chromium carbide Cr3C2 
and iron alloys and according to their findings, vertical section of the Cr-Fe-C phase 
diagram was developed (Maslyuk, 2013), (see Fig. 8). 

The Fe-Cr3C2 section demonstrates that iron-based phases are not in equilibrium 
with starting Cr3C2: carbide (Cr,Fe)7C3 forms during sintering and two phased regions 
are wide enough to produce composites with acceptable characteristics. They also 
stated that it would be most promising if the cermet is produced by liquid phase 
sintering containing 50–60 wt% of Cr3C2 carbide. When the content of iron is lower than 
40 wt%, almost all of iron is dissolved in complex carbide (Cr,Fe)7C3. During heating, in 
the carbide Cr7C3, up to 60 wt% of chromium atoms can be replaced by iron atoms 
(Vlasyuk, 1984). Also, Yakovenko et al. reported that despite the differences in the 
chemical composition of the initial metal matrix (iron or iron-chromium steel), the 
phase transformation mechanisms are similar (Yakovenko, 2011). 
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Figure 8. Vertical section of the Fe-Cr3C2 phase diagram (Maslyuk, 2013). 

Sintering temperature and time are very important technological parameters 
designating the structure and properties of the chromium carbide-based cermets. 
Marked grain growth during sintering is the second main disadvantage of these 
cermets. Tolochin et al. proved that in the case of chromium carbide cermets with 
powder metallurgy steel addition, shock-wave sintering in vacuum improves the 
mechanical properties of cermets (Tolochin, 2017). Also, because of the fast nature of 
the spark plasma sintering, it would be an optional technology in chromium carbide-
based cermets production. 

1.5 Objective and tasks of the study 
The motivation of the study is the need for tungsten, cobalt and nickel free ceramic- 
metal tribomaterials having capacity to replace regular WC-Co hardmetals and TiC-
NiMo or Ti(C,N)-NiMo cermets. 

The main objectives of the thesis research are: (1) to acquire deeper understanding 
of microstructure evolution and phase transformations during sintering of TiC- and 
Cr3C2-based cermets bonded with Ni-free FeCr alloys and as a result, (2) to develop 
composition and sintering parameters for optimized microstructure, hardness and 
toughness of composites. 
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The main goals of the research of titanium and chromium carbide-based cermets are 
as follows: 
1. Determine hot consolidation features of high chromium FeCr alloys bonded 

cermets; 
2. Reveal microstructure evolution and phase formation of cermets during sintering; 
3. Demonstrate possibilities of improvement of high-chromium FeCr alloys bonded 

cermets performance using  alloying and/or technological opportunities; 
4. Characterize mechanical properties of composites. 

1.6 Structure of the work 
This thesis covers two main parts (research directions) – titanium carbide- and 
chromium carbide-based cermets with iron-based binder systems. The first part 
contains three subthemes: study of structure evolution of titanium carbide-based 
ferritic steel bonded cermets (Paper I); problems with the manganese loss of titanium 
carbide ferro-chromium-manganese cermets during sintering (Paper II); challenges in 
the development of the sintering conditions for titanium carbide – FeCrMn cermets 
(Paper III). The second main part addresses two subthemes: the influence of 
technological factors on the structure evolution and mechanical properties of 
chromium carbide ferritic FeCr cermets (Paper V); study of technological peculiarities of 
chromium carbide FeTi steel cermets (Paper IV). 

Structure of the thesis research: 
• Titanium carbide-based cermets: 

o TiC-FeCr, 
o TiC-FeCrMn. 

• Chromium carbide-based cermets: 
o Cr3C2-FeCr, 
o Cr3C2-FeTi. 
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2 MATERIALS AND EXPERIMENTAL METHODS 
This chapter describes the characteristics of starting powders, powder materials 
processing peculiarities and methods of materials characterization. It is divided into 
three parts: starting materials, materials processing and methods of characterization. 

2.1 Starting materials and materials processing 
Chemical composition and characteristics of starting carbide and steel powders are 
presented in Table 4. Additionally, elemental powders of iron, manganese, chromium, 
molybdenum and silicon were used. Materials processing contains three stages: 
powder preparation, pressing of green compacts and sintering. 

Table 4. Chemical composition, average particle size and producer of starting powders. 

Powder 
Chemical composition, wt% Average 

particle 
size, µm 

Producer or 
supplier Basic components Impurities 

TiC Ccomb - 19.12; Cfree 
- 0.15; Ti - bal. O - 0.30; N - 0.02 2.10 PPM Ltd. 

Cr3C2 Cr - 86.7; C - 13.2 Fe - 0.1 1.88 PPM Ltd. 
AISI430L 
X2Cr17 

(EN 1.4016) 

Cr - 16.8; Mn - 
0.69; Si - 0.64; Fe 

- bal. 

C - 0.02; P - 0.01; S - 
0.01 10 - 45 Sandvik 

Osprey Ltd. 

AISI446 
X18CrN28 

(EN 1.4762) 

Cr - 24.2; Mn - 
1.2; Si - 0.85; Fe - 

bal. 

N - 0.25; C - 0.03; 
P - 0.011; S - 0.008 10 - 45 Sandvik 

Osprey Ltd. 

AISI316L 
X2CrNiMo17-

12-2 
(EN 1.4435) 

Cr - 17.1; Mn - 
1.2; Ni - 10.9; Mo 
- 2.3; Si - 0.67; Fe 

- bal. 

N - 0.1; C - 0.02; 
P - 0.022; S - 0.006; 10 - 45 Realizer 

GmbH. 

Fe Fe - 99.72 Si - 0.01; P - 0.07; 
Mn - 0.02 < 100 Rio Tinto 

Mn Mn - 99.84 O - rest 7.95 PPM Ltd. 
Cr Cr - 99.5 O - 0.38; Fe - 0.01 6.65 PPM Ltd. 

Mo Mo > 99.80 Fe - 0.0025; 
O - 0.110 2.48 PPM Ltd. 

Si Si - 99.50 
Al - 0.15; Ti - 0.002; 
Fe - 0.2; P - 0.004; 

Ca - 0.05; B - 0.0005 
44 

Whole Win, 
Materials 

Sci. & Tech. 

Fe-Si Fe - 50.1; Si - 48.2 Al - 1.1; Cr - 0.2; Mn 
- 0.4 < 100 

Comminute 
foundry 

ferrosilicon 
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2.1.1 Powder preparation and pressing 

Cermets were produced using the conventional powder metallurgy method: 
mechanical milling in the ball mill followed by uniaxial pressing and sintering. Powders 
were mechanically ball milled (grinding and mixing) in liquid media (isopropyl alcohol) 
using a laboratory ball mill with a rotating speed of 60 rpm during 72 h. Powder mixture 
milling in the ball mill using WC-Co lining and balls results in alloy moderate 
contamination with tungsten. The ball to the powder mass ratio was 10:1. Additionally, 
the influence of technological factors on the carbide grain growth of chromium carbide-
based cermets was studied by attritor milling. The charge ratio in the attritor was 5:1 
and the rotation speed of the impellers 560 rpm. Milled powder mixture was dried and 
plasticized with paraffin wax (approx. 1–2 wt%) and granulized. Granulized powder was 
compacted into green bodies with 80–100 MPa of uniaxial pressure. 

2.1.2 Sintering 

Two sintering techniques – vacuum sintering and spark plasma sintering (SPS) were 
used (Fig. 9).  

  
Figure 9. Sintering regimes: vacuum low-partial pressure (top) and spark plasma 
sintering (bottom). 

Liquid phase vacuum sintering at different temperatures (600–1500 °C) in a furnace 
with graphite heaters was used (semi-industrial FPW-300/400-2-1600-100KS/SP). 
Pressed specimens were sintered on a ZrO2 powder in graphite crucible support. The 
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compacted samples were sintered at the sintering temperature for 30 min using an 
approximate heating rate of 10 °C∙min-1. 

Manganese loss during sintering of manganese containing cermets was studied by a 
special built-up system (see Fig. 10) that includes manganese vapor "microatmosphere" 
in the presence of 4 mbar of argon gas pressure (Paper III). 

 
Figure 10. Schematic built up of the graphite crucible which includes the manganese 
vapor "microatmosphere" (Paper III). 

To consolidate the powders via the SPS method, the furnace HPD 10-GB from FCT 
Systeme GmbH with graphite dies was used (see Fig. 11). Pulsating current and uniaxial 
pressure were applied simultaneously. The temperature was measured using a 
pyrometer from inside the top graphite punch. Spark plasma sintering was performed 
in vacuum under partial pressure of 4 mbar of argon gas using a load of 60 MPa, heated 
up to the sintering temperature with the heating rate of 100 °C/min and dwelled at the 
final temperature for 2 min (Paper III). Natural cooling with furnace was followed. 
Detailed sintering parameters are described in the published papers (Papers I – V). 

 
Figure 11.Schematic of the spark plasma sintering (Guyot, 2012). 
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2.2 Characterization of materials 
2.2.1 Density, microstructure and phase characterization 

The density was measured according to the Archimedes` method using analytical 
balance Mettler Doledo ME204. In the calculated density of the cermet composition, 
the formation of new phases and evaporation or dissolution of chemical elements were 
not taken into account. The porosity was evaluated by measuring the surface area of 
pores on the optical image of the microstructure at the magnification of 200 times. 
Optical microscope Axiovert25 and software Buehler Omnimet were used. 

Phase identification of cermets was conducted using X-ray diffraction (XRD) with a 
Rigaku (D.Max.C) X-ray diffractometer (having CuKα (λ = 1.5405 ˚A) radiation and Ni 
filter operated at 30 kV and 20 mA). In the microstructural analysis,  scanning electron 
microscope (SEM) JOEL JSM 840A was used. Distribution of chemical elements and 
chemical composition of sintered cermets were analysed using X-ray spectroscopy 
(EDS). 

2.2.2 Particle size and thermal analysis 

Particle size distribution of milled powders was determined with laser diffraction. The 
wet as-milled powder was used to determine the concentration of particles and 
cumulative frequency. In the particle size analysis Laser Particle Sizer Analysette 22 
COMPACT was used.  

For the differential scanning calorimetry analysis (DSC), the specimens were 
analysed using a NETZSCH STA 449 F3 Jupiter® TG-DSC apparatus. The samples were 
heated in a pure argon (5.0) atmosphere from 40 °C to 1240 °C using constant heating 
rates set to 5 and 20 °C/min. A protective gas flow of 50 mL/min was used. The samples 
were analysed in Pt/Rh alloy crucibles with removable thin walled liners of Al2O3. 

2.2.3 Mechanical properties measurement 

Fracture toughness and hardness were measured using grinded and polished test 
samples of 5x5x17 mm. Vickers hardness was measured in accordance with the 
standard EN-ISO-6507. The fracture toughness (KIC, MPa∙m1/2) was determined by the 
method of fracture by indentation with the most commonly used empirical equation 
for fragile materials proposed by Evans (Evans, 1976): 

𝐾𝐾𝐼𝐼𝐼𝐼 = 0.16 ∙ �𝑐𝑐
𝑎𝑎
�
−1.5

∙ �𝐻𝐻 ∙ 𝑔𝑔
1
2� , 

where c is the average length of the cracks obtained in the tips of the Vickers 
indentations, (μm); a is the half average length of the diagonal of Vickers indentations, 
(μm); H is Vickers hardness, (MPa). 

Detailed characteristics and parameters of the mechanical characterization methods 
can be found in the published papers. 
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3 DEVELOPMENT OF TITANIUM CARBIDE-BASED CERMETS 
TiC-based cermets with two different high-chromium binder systems – FeCr (Paper I) 
and FeCrMn (Paper II and III) – were studied. The focus was on technological 
peculiarities, microstructural evolution and phase transformation of these cermets. 
From the applicability point of view, the goal was to propose ways of performance 
improvement on the basis of better understanding of consolidation processes. 

3.1 Cermets with FeCr binder 
Calculated chemical composition of 70 wt% TiC-based ferritic FeCr steel AISI 430L      
(EN 1.4016) bonded cermet for phase and microstructural evolution is presented in 
Table 5. Pre-alloyed ferritic stainless steel powder was used to achieve homogeneous 
chromium distribution in the binder phase. Additionally, TiC-based ferritic steel bonded 
cermet alloyed with strong carbide forming element (TiC-FeCrMe) was used to improve 
microstructural and chemical homogeneity of cermets. Austenitic stainless steel AISI 
316L (EN 1.4435) was used to produce reference TiC-FeCrNi cermet (Paper I). 

Table 5. Calculated chemical composition wt% of TiC-based (70 wt% TiC) cermets after 
milling. 

Designation C Ti Cr Ni Mo WC* Mn Si Me** Fe 
TiC-FeCr 12.7 54.6 4.8 - - 4.5 0.2 0.2 - 23.0 

TiC-FeCrMe 12.7 54.6 4.6 - - 4.5 0.2 0.2 1.2 22.0 

TiC-FeCrNi 12.7 54.6 4.8 3.6 0.8 4.5 0.4 0.3 - 18.3 

* Contamination with tungsten carbide as a result of ball milling with WC-Co balls 
** Strong carbide forming element 

Densification 

Particle size distribution and SEM image of the ball milled TiC-FeCr powder are 
presented in Fig. 12. Although the mean particle size of initial un-milled ferritic stainless 
steel powder is 10–45 μm and of TiC powder 2.1 μm (see Table 3), the average particle 
size of ball milled TiC-FeCr powder is below 2 μm. 

 
Figure 12. Particle size distribution (left) and SEM image of milled TiC-FeCr powder 
(right). 
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Fig. 13 presents the mass loss and density (measured and relative densities as 
against calculated density) of TiC-FeCr cermets depending on the sintering 
temperature. It shows the start of densification and formation of liquid phase at low 
sintering temperatures around 1300 °C, but the liquid binder is not fully soaked up by 
the porous core (see Fig. 13, right). This is a sign of insufficient sinterability. Also, 
findings of Humenik et al. show that it could be insufficient wettability between iron 
alloy and titanium carbide (Humenik, 1956). The fully dense cermets were obtained at 
the sintering temperature of 1500 °C as the wetting ability of the liquid phase improves 
significantly with the increase of the sintering temperature (Paper I). 

During vacuum sintering, marked mass loss took place (Fig. 13, left). Mass loss can 
be divided into two parts: first minor decrease in mass (from 800 up to 1300 °C) is due 
to the reduction of residual surface oxides which corresponds to the results from 
Kübarsepp`s work: the oxygen removal process of TiC-Fe-Cr-Si system is completed 
before reaching the liquid-phase sintering temperature (Kübarsepp, 1988). The second 
more intensive part of mass loss (between 1300 and 1500 °C) is caused by the 
evaporation of metals with the high vapour pressure during vacuum sintering. The 
reason partly is in the decrease of chromium content – the vacuum level during 
sintering was approximately 0.04 mbar while the vapour pressure of chromium at  
1400 °C is approximately 0.01 mbar (Paper I). Vacuum sintering with the presence of 
liquid phase also provokes the loss of iron. The higher the sintering temperature, the 
higher the marked loss of Fe and Cr (see Fig. 13) is. 

Figure 13. Density and mass loss of TiC-FeCr cermets (left), appearance of specimens 
after different sintering temperatures (right). 

Phase transformation 

The phase evolution was studied after sintering at (800–1500 °C). It follows from the 
XRD patterns of sintered specimens presented in Fig. 14 that as-milled powder mixture 
consists of three phases: titanium carbide, ferrite and also tungsten carbide as a result 
of contamination from the milling equipment.  During the solid state sintering at 800 °C 
for 30 min, an additional M7C3 phase appeared. After sintering at 1200 °C for 30 min, 
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WC lines disappeared as WC dissolves mainly in the inner rim of titanium carbide (Mari, 
2014). During the sintering in the temperature range 1200–1500 °C, no remarkable 
changes in the phase composition occurred (see Fig. 14). The final phase composition 
forms approximately at around 1300 °C, when the eutectic liquid phase formed – 
eutectic transformation of α-Fe and TiC takes place (Jonsson, 1998).  The fully dense 
composite consists of three main phases: chromium ferrous complex carbide (Cr,Fe)7C3, 
α-Fe (solid solution Fe(Cr)) and nonstoichiometric titanium carbide TiC (Paper I). 
According to the equilibrium phase diagram composed using Thermocalc software 
obtained by Alvaredo et al., TiCN-FeCr cermets have also three-phased structure: TiCN, 
α-Fe and M7C3 carbide (Alvaredo, 2013). 

  
Figure 14. X-ray diffraction pattern of TiC-FeCr cermet at different temperatures. 

Because of the allotropic changes during heating/cooling and the different carbon 
solubility levels in α-Fe and γ-Fe, the formation of free carbon may take place. 
Therefore, different types of metal carbides can be formed during cooling from the 
sintering temperature. In addition, the formed carbides will be present as a 
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combination of several carbide-forming metals if they have a similar lattice parameter – 
chromium containing iron-based alloy consists of (Cr, Fe)xCy carbides (Paper I). 

Although the phase transformation calculations show that the two most probable 
carbide phases after sintering of TiC-FeCr cermets are TiC and M7C3 carbides, other 
types of metal carbides can be formed (see Fig. 15). Traces of the following phases have 
been detected: M23C6, M3C, M6C and γ-Fe. Formation of complex metal carbides MxCy 
are the result of the free carbon connected with decomposing of γ-Fe during cooling. 
The residual γ-Fe is the result of the unfinished allotropic change Feγ→Feα.  The similar 
phase transformations show also reference TiC-FeCrNi cermet with primarily austenitic 
steel binder (see Fig. 15). 

 
Figure 15. Close-up view of XRD patterns of TiC-FeCr (top) and reference TiC-FeCrNi 
(bottom) cermets sintered at 1500 °C (Paper I). 

Although the Gibbs free energy values are useful in equilibrium conditions, these can 
be used to predict phase evolutions. Free energy from binary systems can be 
extrapolated to obtain free energies of ternary and quaternary systems. The 
information about the reactions in the system Ti-Fe-Cr-C provides the following 
thermodynamic equations (Fahlman, 2011; Frage, 2002): 

𝑇𝑇𝑇𝑇 + 𝐶𝐶 → 𝑇𝑇𝑇𝑇𝐶𝐶,   ∆𝐺𝐺 = −183,172.42 − 10.09 𝑇𝑇 J/mol; 
23
6
𝐶𝐶𝐶𝐶 + 𝐶𝐶 → 1

6
𝐶𝐶𝐶𝐶23𝐶𝐶6,   ∆𝐺𝐺 = −53,729.18 − 12.77 𝑇𝑇 J/mol; 

7
27
𝐶𝐶𝐶𝐶23𝐶𝐶6 + 𝐶𝐶 → 23

27
𝐶𝐶𝐶𝐶7𝐶𝐶3,   ∆𝐺𝐺 = −125,541.14 − 31.02 𝑇𝑇 J/mol; 

3
5
𝐶𝐶𝐶𝐶7𝐶𝐶3 + 𝐶𝐶 → 7

5
𝐶𝐶𝐶𝐶3𝐶𝐶2,   ∆𝐺𝐺 = −41,198.09 − 11.05 𝑇𝑇 J/mol; 

3𝐹𝐹𝐹𝐹 + 𝐶𝐶 → 𝐹𝐹𝐹𝐹3𝐶𝐶,   ∆𝐺𝐺 = −53,416.00 + 55.68 𝑇𝑇 J /mol. 

The thermodynamic equations prove that the Gibbs free energy of formation of 
titanium carbide and chromium carbide Cr7C3 are thermodynamically more probable 
than the formation of other carbides. Although the equations are useful in equilibrium 
conditions, they enable also prediction of phase transformations in sintered alloys. 
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The differential scanning calorimetry analysis (DSC) thermogram of TiC-FeCr cermet 
is demonstrated in Fig. 16. Heat-up followed by cooling was used to simulate real 
sintering cycle up to 1240 °C when most of the carbides formed and no remarkable 
changes in phase composition took place. The two pronounced changes of the DSC 
curve at the temperature of 600 °C are due to the change in the heating and cooling 
rates. Also, at 1240 °C, when heating gives place to cooling, the DSC curve showed a 
marked change. Three endothermic peaks were observed on the DSC graph. The first 
peak at temperatures around 700 °C arises from the reduction of oxides. The second 
peak with a maximum at approximately 1200 °C is due to the formation and the 
decomposition of different metal carbides. The result is in agreement with the XRD 
analysis (see Fig. 14), when marked changes take place at sintering temperature up to 
1200 °C. The third endothermic reaction with a maximum at 1150 °C during cooling is 
attributed to the formation of metal carbides from the decomposed γ-Fe (Paper I). 

 
Figure 16. Differential scanning calorimetry thermogram of TiC-FeCr cermet system 
(heating followed by cooling) (Paper I). 

Microstructural evolution 

The final three main phases in the microstructure of the sintered TiC-FeCr cermet are: 
carbides with TiC core, exhibiting a traditional “core-rim” structure, M7C3 complex 
carbides and iron-based metallic phase. The light grey binder region is the solid solution 
of chromium in the iron matrix and dark grey region is a complex metal carbide based 
on chromium carbide (see Fig. 17, left). Additionally, the inner and outer rim of TiC 
could be identified – the inner rim is very thin and unevenly distributed around the 
cores and contains a large amount of tungsten. 

The chemical compositions of different phases are presented in Table 6 (Paper I). 
WC-FeCr systems also demonstrated the formation of metal carbides with similar 
chemical composition (Tarraste, 2018). The EDS analysis shows that the content of iron 
and chromium in the cermet has been decreased during vacuum sintering (compare 
Tables 5 and 6). It is the result of the evaporation of these elements. Also, some 
amount of chromium dissolves in titanium carbide and a pronounced part forms the 
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complex metal carbide M7C3. As a result, chromium content in the metal binder is much 
below that in the starting AISI 430L steel (see Table 4). 

Table 6. Chemical composition wt% of TiC-FeCr cermet phases after sintering at 1500 °C. 

Phase C Ti Cr W Mn Si Fe 
Total 14.2 58.4 4.5 4.8 0.5 -  17.6 

Binder  - 6.6 4.6 -  1.8 1.0 86.0 
Metal carbide, M7C3 10.2 10.1 37.3 0.8 2.1 -  39.5 

TiC outer rim 15.1 77.4 0.9 6.0  - -  0.6 
TiC inner rim 16.5 68.2 1.2 12.0 - - 2.1 

TiC-core 15.9 81.4 0.3 2.0  - -  0.4 

 
Figure 17. Microstructure (left) and elemental signals mapping (right) of TiC-FeCr 
cermet sintered at 1500 °C: blue – titanium, red – chromium and green – iron. 

Fig. 18 shows the microstructure and binder phase distribution of cermet TiC-FeCr 
sintered at temperatures 1300 (left), 1400 (middle) and 1500 °C (right). 

 
Figure 18. Microstructure (top) and binder distribution (bottom) of TiC-FeCr cermets 
sintered at different temperatures: 1300 (left), 1400 (middle) and 1500 °C (right). 
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Distribution of the binder phase and homogeneity of cermets demonstrate some 
improvement with the increase of sintering temperature which is due to the decrease 
of the wetting angle between the solid carbide grains and liquid metal. Despite that, 
cermets sintered at 1500 °C do not exhibit complete homogeneity of the binder phase 
distribution (Paper I). 

Improving the structure and performance 

Elements with high affinity to carbon (Ti, Nb, Ta, etc) are used for alloying the corrosion 
resistant steels. These elements improve the grain refining, retard recrystallization and 
precipitation hardening of stainless steels. These effects, in turn, increase the 
toughness, strength, formability, and weldability (Mohrbacher, 2008). These elements 
have low solubility in ferrite and are strong carbide formers. In cermet TiC-FeCrMe, the 
majority of strong carbide former dissolves in the rim of TiC (more in the inner rim, like 
tungsten) but it also dissolves in the M7C3 carbide (see Table 7). The most significant 
differences between EDS patterns of TiC-FeCr (Table 6) and TiC-FeCrMe (Table 7) are 
the marked increase of Ti content in M7C3 carbide and the increase of chromium 
fraction in the metallic binder. Nevertheless, according to the XRD analysis, no 
remarkable differences were found in the phase composition of TiC-FeCr and TiC-
FeCrMe cermets because the majority of strong carbide former (Me) dissolves in TiC 
(see Table 7). Both cermets exhibit mainly three-phased structure: TiC, α-Fe and M7C3 
carbide (Paper I). 

Homogeneity of microstructures and binder phase distribution of TiC-FeCr, TiC-
FeCrMe and TiC-FeCrNi cermets are presented in Fig. 19. Our result demonstrates that 
both TiC-FeCrNi and TiC-FeCrMe cermets exhibit microstructural homogeneity and also 
homogeneity of Cr and Fe distribution (see Fig. 20). 

Table 7. Chemical composition wt% of TiC-FeCrMe cermet phases after sintering at 1400 
°C (Paper I). 

Phase C Ti Cr W Mn Si Me Fe 
Total 14.8 53.4 4.2 4.5 - - 1.1 22.0 

Binder - 4.7 6.7 0.3 0.5 0.9 - 86.9 
Metal carbide, M7C3 12.8 21.6 35.8 2.0 - - 0.5 27.3 

TiC outer rim 16.4 72.3 1.0 5.6 - - 1.5 3.2 
TiC inner rim 16.5 63.0 1.3 12.1 - - 3.2 3.9 

TiC core 17.5 76.6 1.2 2.3 - - 0.7 1.7 
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Figure 19. Microstructures (top) and binder distribution (bottom) of TiC-FeCr (left), TiC-
FeCrMe (middle) and TiC-FeCrNi (right) cermets (Paper I). 

 
Figure 20. EDS mapping results (top) and elemental distribution of chromium and iron 
(bottom) of TiC-FeCr (left), TiC-FeCrMe (middle) and TiC-FeCrNi (left). 

Mechanical properties and porosity of TiC-FeCr and TiC-FeCrMe cermets are presented 
in Table 8. 

Table 8. Porosity and mechanical characteristics of TiC-FeCr and TiC-FeCrMe 

  Hardness,  
HV30 

Fracture toughness,  
MPa∙m1/2 

Porosity,  
% 

Density,  
g/cm3 

TiC-FeCr 1459±36 10.0±0.3 0.34 5.62 
TiC-FeCrMe 1104±10 10.4±0.2 0.31 5.66 

TiC-FeCrNi 1158±20 11.0±0.3 0.56 5.55 
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3.2 Cermets with FeCrMn binder 
Results of screening experiments demonstrated that during vacuum sintering of the  
Ni-free manganese containing TiC-FeCr26Mn20 cermet, drastic reduction of 
manganese content took place (Paper II). Chemical composition of TiC-FeCrMn cermet 
after milling and after different sintering regimes is presented in Table 9. It can be 
concluded that marked depression of manganese loss can be achieved by using gas 
compression during sintering. 

Table 9. Chemical composition, porosity and mechanical characteristics of 70TiC-
FeCr26Mn20 cermet after different sinterings. 

Sintering 
conditions 

Chemical composition, wt% Porosity Hardness,
HV30 

Fracture 
toughness 

C Ti Cr W Mn Fe % MPa∙m1/2 

After milling 12.7 54.6 7.3 4.5 5.6 15.3 - - - 

1450⁰C, 5∙10-5 bar 14.5 60.3 5.3 7.2 0.5 12.2 0.56 1520±43 6.9±0.2 

1450⁰C, 1bar (Ar) 14.2 54.1 7.2 6.0 4.1 14.4 2.33 1220±35 - 

However, sintering in gas atmosphere (Ar) at 1 bar leads to the decrease of the 
sinterability and increases the porosity of consolidated samples. It is stated that 
sinterability and therefore also mechanical characteristics of TiC-based cermets with 
high chromium steel can be improved by alloying them with silicon (Kübarsepp, 1993; 
Kübarsepp, 1994). In addition, the TiC-FeSi alloy containing approximately 5 wt% of 
silicon, demonstrates the contact angle of zero between hard phase and metallic binder 
(Panasyuk, 1985). Therefore, TiC-FeCrMn cermet with silicon addition was investigated. 
Cermet alloyed by silicon (nominally 0.6 wt% in alloy 2 wt% in binder) demonstrates 
more homogeneous microstructure and reduced porosity (see Fig. 21) (Paper II). 

Figure 21. Microstructure of cermets TiC-FeCr26Mn20 (left) and TiC-FeCr26Mn20Si2 
(right) after sintering in argon (1 bar). 

An additional approach to increase structural homogeneity is using chromium steel 
powder instead of elemental powders. Therefore, well-known high-chromium pre-
alloyed super ferritic stainless steel powder AISI 446 (EN 1.4762) was used to achieve 
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more homogeneous distribution of chromium in the cermet. In addition, silicon was 
used to improve the sinterability and reduce porosity of cermets. Chemical composition 
of TiC-FeCrMnSi cermet is presented in Table 10 (Paper III). 

Table 10. Calculated chemical composition wt% of TiC-FeCrMnSi (70 wt% TiC) cermet 
after milling. 

Designation C Ti Cr WC* Mn Si Fe 
TiC-FeCrMnSi 12.7 54.6 5.2 4.5 5.9 1.3 15.8 

* Contamination with tungsten carbide as a result of ball milling with WC-Co balls

Phase transformation 

The phase composition of TiC-FeCrMnSi cermet was determined after sintering at   
1475 °C using 400 mbar of argon partial pressure. XRD pattern is presented in Fig. 22. 
Sintering using partial argon pressure enables retaining the majority of manganese and 
also chromium in the alloy. Sintered TiC-FeCrMnSi cermet consists of two carbide and 
two metallic phases – titanium carbide (TiC) and secondary metal carbide M7C3 
(M=Cr,Fe,Mn) and iron-based solid solutions Fe(Cr), prevalently austenitic γ-Fe with 
traces of α-Fe (Paper III). 

Figure 22. X-ray diffraction pattern of TiC-FeCrMnSi cermet (Sintering under 400 mbar 
of argon) (Paper III). 

Microstructural evolution 

All sintered TiC-FeCrMnSi cermets, except for spark plasma sintered, demonstrate 
typical core-rim structure formed during liquid-phase sintering (see Fig. 23). Most of 
the carbide grains consist of dark TiC cores and grey (Ti, W)C rims that have noticeable 
inner and outer part. The lighter binder phase is the solid solution of chromium in iron 
matrix with prevalently austenitic structure and the darker binder area is the complex 
metal carbide M7C3. 
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Figure 23. Microstructure of TiC-FeCrMnSi cermets using different sintering regimes: 
vacuum (left), argon partial pressure (middle) and SPS technology (right) (Paper III). 

Elemental signal analysis (EDS mapping) demonstrates that manganese is partly 
dissolved in the iron-based binder and also in the complex metal carbide M7C3 (see 
Table 11 and Fig. 24). Despite utilizing sintering under partial argon gas pressure 
enabling majority of manganese retaining in the alloy, the final content of manganese 
in the metallic binder phase is too low to ensure the fully austenitic structure of that 
phase (Table 11). 

Table 11. Chemical composition wt% of TiC-FeCrMnSi cermet phases after sintering at 
1475 °C using 400 mbar of argon partial pressure. 

Phase C Ti Cr W Mn Si Fe 
Total 14.4 54.2 5.8 4.4 4.6 0.8 15.8 

Binder  - 3.2 3.9 1.3 9.5 4.1 78.0 
Metal carbide, M7C3 9.8 4.8 39.3 - 11.4 -  34.7 

TiC rim 15.2 76.0 2.3 5.4 - - 1.1 
TiC-core 15.9  81.1 0.6 1.7  - -  0.7 

 

 
Figure 24. EDS mapping analysis of TiC-FeCrMnSi cermet: blue – titanium, red – 
chromium, green – iron. 
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Improving the structure and performance 

Schubert et al. stated that high vacuum liquid-phase sintering is inappropriate for 
manganese containing WC-FeMn cemented carbides (Schubert, 2015). Therefore, in 
this research, we used manganese vapor “microatmosphere” within the graphite 
crucible and partial pressure of argon (4 mbar and 400 mbar) to produce TiC-FeCrMnSi 
cermets. Furthermore, the sintering temperature should be as low as possible. To 
prevent manganese loss during sintering, two main sintering parameters were changed: 
temperature and gas partial pressure during sintering. Three different final sintering 
temperatures (1375, 1425 and 1475 °C) and three pressure levels (0.04, 4 and 400 mbar) 
during sintering were applied (see Fig. 25). Additionally, spark plasma sintering was used 
to produce TiC-FeCrMnSi cermets because of the very fast nature of this technology 
(Paper III). Heating rate of 100 C∙min-1 and short dwelling time (2 min) in the presence 
of argon partial pressure of 4 mbar were applied to minimize manganese loss. 

 
Figure 25. Sintering parameters (Table 12) – temperature and partial gas (Ar) pressure. 

Manganese and chromium loss using different sintering modes (conventional 
vacuum sintering, sintering in two different partial pressures of argon and sintering in 
manganese vapor) were determined using X-ray spectroscopy. Chemical compositions 
after milling and using different sintering modes are presented in Table 12 and Fig. 26. 
As a result of ball milling using WC-Co balls, tungsten (up to 4...6 wt%) was revealed in 
all cermets. 

Results in Table 12 and Fig. 26 demonstrate a substantial depletion of manganese 
and a fractional loss of chromium and silicon during vacuum liquid-phase sintering. 
When sintering under 4 mbar of argon, manganese content decreases drastically. 
Alternatively, cermet sintered under 400 mbar of argon has minor manganese loss.  

High vacuum sintered (p=0.04 mbar) cermets demonstrate unacceptable porosity. 
Reduced sintering temperatures (1425 °C and 1375 °C) minimize evaporation and as a 
result retain manganese in the cermets. On the other hand, cermets sintered using 
decreased temperatures have quite high residual porosity (see Table 12) and also 
demonstrate considerably lower Vickers hardness and fracture toughness (Paper III). 
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Table 12. Chemical composition (content of Cr, Mn and Si), porosity and mechanical 
characteristics of TiC-FeCrMnSi cermet sintered in different conditions (Paper III). 

Sintering Technology 
Cr, Mn, Si 

content, wt% 
Mass 
loss 

Hardness, 
HV30 

Fracture 
toughness Porosity 

Cr Mn Si %  MPa∙m1/2 % 

 After milling 5.3 6.0 1.3 - - - - 

R1 1475 °C, 0.04 mbar (vac) 4.0 0.3 0.6 7.81 1321 n/a 2.0 

R2 1475 °C, 4 mbar (Ar) 5.3 0.8 0.7 6.81 1315 7.1 0.6 

R3 1475°C,4mbar(Ar)* 5.2 3.6 0.7 3.80 1232 11.4 0.4 

R4 1475 °C, 400 mbar (Ar) 5.8 4.6 0.8 2.27 1244 9.6 0.6 

R5 1425 °C, 400 mbar (Ar) 5.7 6.0 0.9 1.04 1156 n/a 2.3 

R6 1375 °C, 400 mbar (Ar) 6.5 6.3 1.0 1.11 1081 n/a 3.0 

R7 SPS,1300°C,4 mbar(Ar) 5.9 5.5 1.2 n/a 1341 4.1 0.2 

* Sintering in manganese “microatmosphere” in graphite container 

 
Figure 26. Manganese and chromium content in TiC-FeCrMnSi cermets after different 
sintering regimes. 

SPS employs very high heating rates for powder consolidation at decreased the 
sintering time and temperature. Therefore, it is not surprising that SPS enables 
retaining Mn and Cr in the alloy. Also, the fast nature of SPS technology helps reduce 
drastically average grain size (see Fig. 23) and decrease residual porosity. However, 
such structural peculiarity – fine microstructure - results in low fracture toughness of 
spark plasma sintered cermets (see Table 12). 

Marked difference in the manganese content was revealed using partial pressure 
sintering (4 mbar) and partial pressure sintering in manganese vapor 
“microatmosphere” within the graphite crucible (Fig. 26). The mass loss and manganese 
depletion were noticeably smaller using sintering in the manganese vapor atmosphere 
(see Table 12). Cermets using sintering, which includes a manganese vapor 
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“microatmosphere” within the graphite crucible in the presence of 4 mbar of argon 
partial pressure at 1475 °C, demonstrate the best combination of hardness, fracture 
toughness and porosity (Paper III). 

3.3 Summary 
Our research results of the influence of the composition and technological conditions 
on the structure formation and performance of titanium carbide-based (Fe-Cr and Fe-
Cr-Mn alloys) bonded cermets can be summarized as follows: 

FeCr binder 

• Vacuum sintered TiC-FeCr composites consist of three main phases – titanium 
carbide TiC, metal carbide M7C3 and iron-based solid solution Fe(Cr). Formation of 
the M7C3 carbides takes place during solid state sintering at temperatures below 
1200 °C. 

• The decrease of Cr content in the alloy and in the metallic binder is caused by the 
evaporation during vacuum sintering, formation of complex Cr and Fe carbides 
M7C3 and solution in TiC. 

• The heterogenous distribution of Cr both in a composite and metallic binder is 
caused by the formation of complex metal carbides M7C3. 

• Alloying the TiC-FeCr cermets by strong carbide formers enables improvement of 
structural homogeneity – both of the metallic phase and Fe and Cr distribution. 

FeCrMn binder 

• Production of corrosion resistant Ni-free TiC-FeCrMnSi cermets with high fraction 
of both Cr (for attaining resistance to corrosion) and Mn (as austenitizing element) 
is challenging because of depletion of these elements during vacuum sintering 
(p=0.04 - 4 mbar), formation of secondary carbides M7C3 (M=Cr, Fe, Mn) and as a 
result, decrease of chromium content in the metallic binder. 

• Retaining both Mn and Cr in cermets is achievable using sintering under partial gas 
(Ar) pressure of about 400 mbar and higher. Pressure increase during sintering, 
however, may lead to impairment of sinterability resulting in increased porosity 
and decreased structural homogeneity. Sinterability in such condition can be 
improved using alloying by silicon. 

• An alternative approach for retaining Mn and Cr is utilizing vacuum sintering under 
low partial pressure of about 4 mbar using manganese “microatmosphere”. In 
terms of structure (porosity, structural homogeneity), sintering under such 
conditions is most effective. 

• Retaining of Mn and Cr in cermets is possible utilizing sintering at decreased 
temperatures under very short sintering regimes – spark plasma sintering. 
Structural peculiarities decreased carbide grain size in particular; however, as a 
result, fracture toughness decreased. 

• Sintered TiC-FeCrMnSi cermets consist of four main phases – titanium carbide TiC 
with coaxial structure, secondary metal carbide M7C3 (M=Cr, Fe, Mn) and iron- based 
solid solutions Fe(Cr), prevalently austenite (γ-Fe) with traces of ferrite (α-Fe). 
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4 DEVELOPMENT OF CHROMIUM CARBIDE-BASED CERMETS 
Chromium carbide-based cermets with iron-based binders Fe-Cr (Paper V) and Fe-Ti 
(Paper IV) were studied. The focus was on phase transformations, microstructural 
evolution and technological peculiarities of these cermets. From applicability point of 
view, the goal was to achieve improvement in mechanical performance through better 
understanding of consolidation, structure formation, in particular, grain growth. 

4.1 Cermet with FeCr binder 
The chromium carbide (Cr3C2) and ferritic stainless steel AISI 430L (EN 1.4016) powders 
were used to fabricate chromium carbide-based FeCr alloy bonded cermets. During 
heating, up to 40 wt% of iron dissolves in the carbide Cr7C3 (see Table 14) and there is 
also additional chromium from the starting steel. Therefore, the starting (calculated) 
chromium carbide Cr3C2 content of 50 wt% was used. Calculated chemical composition 
of studied cermets is presented in Table 13. 

Table 13. Calculated chemical composition wt% of Cr3C2-FeCr (50 wt% Cr3C2) cermets 
after milling. 

Designation Cr3C2  Cr WC* Mn Si Fe 
Cr3C2- FeCr 50  8.1 1.5 0.4 0.3 39.7 

* Contamination with tungsten carbide as a result of ball milling with WC-Co balls 

Phase transformations 

The phase composition of Cr3C2-FeCr cermet was determined after vacuum sintering at 
1300 °C. X-ray diffraction pattern of this cermet is shown in Fig. 27. According to the 
XRD results, the vacuum sintered Cr3C2-FeCr cermet demonstrates two main phases: 
iron-based ferritic solid solution Fe(Cr) and complex chromium-ferrous carbide 
(Cr,Fe)7C3 (Paper V). 

 
Figure 27. X-ray diffraction pattern of Cr3C2-FeCr (Paper V). 

The change in the structure of chromium carbide (Cr3C2 → (Cr,Fe)7C3) observed 
during heating is also connected with its composition, since in the carbide Cr7C3, up to 
60% of chromium atoms can be replaced by iron atoms (Yakovenko, 2011).                 
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The following reaction mechanism can be presented during heating: Cr3C2 
recrystallization into lower carbon containing carbide Cr7C3, iron from metal matrix 
dissolves into chromium carbide, forming the complex (Cr,Fe)7C3 carbide and chromium 
diffuse into the metallic iron-based matrix. The reaction during sintering of the alloy 
can be described as follows (Paper V): 

𝐶𝐶𝐶𝐶3𝐶𝐶2 + 𝐹𝐹𝐹𝐹(𝐶𝐶𝐶𝐶) → (𝐶𝐶𝐶𝐶,𝐹𝐹𝐹𝐹)7𝐶𝐶3 + 𝐹𝐹𝐹𝐹(𝐶𝐶𝐶𝐶). 

The resulting thermodynamic equation remained unbalanced because the equation 
does not address a single chemical reaction, but rather the sum of several simultaneous 
reactions. 
 
Microstructural evolution 

Microstructure and elemental mapping of cermet is presented in Fig. 28. EDS mapping 
demonstrates the two-phase structure of sintered cermets – the dark grey region is the 
complex (Cr,Fe)7C3 carbide and light grey is a solid solution of chromium and iron. 

 
Figure 28. Microstructure (left) of vacuum sintered Cr3C2-FeCr cermet and its elemental 
signals mapping analysis (right): red – chromium, green – iron (Paper V). 

The chemical composition of Cr3C2-FeCr cermet and its phases after sintering are 
presented in Table 14 (Paper V). The table shows that carbon content in the complex 
metal carbide (Cr,Fe)7C3 is approximately 9 wt.% (~ 30 at.%). Iron content in the 
complex carbides is approximately 20 wt% (Paper V). It is the result of iron diffusion 
and dissolution in the carbide matrix. As a result, the chromium content of the binder 
phase is higher than that in the starting AISI 430L steel (see Table 4). 
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Table 14. Chemical composition wt% of Cr3C2-FeCr cermet phases sintered in vacuum. 

Phase C Cr W Mn Si Fe 
Total 6.9 49.8 1.5 0.5 0.3 41.0 

Binder - 19.5 1.9 0.5 1.0 77.1 
Carbide 9.1 69.3 1.0 0.4 - 20.2 

Improving the structure and performance 

The main disadvantage of chromium carbide-based cermets is the rapid carbide grain 
growth during liquid-phase sintering. Although the milled powder particles average size 
is around 2 µm, the average grain size of vacuum sintered cermet is by an order of 
magnitude greater – approximately 20 µm. To suppress carbide grain growth, more 
rapid sintering technology – spark plasma sintering (SPS) – at decreased temperature 
was used. Lower temperature and shorter sintering cycle have positive effect on the 
grain size of Cr3C2-FeCr cermet (Fig. 29). 

 
Figure 29. Microstructure (left) of spark plasma sintered Cr3C2-FeCr cermet and its 
elemental signals mapping analysis (right): red – chromium, green – iron. 

The chemical composition of Cr3C2-FeCr cermet and its phases after spark plasma 
sintering are presented in Table 15. According to the EDS analysis, there can be 
distinguished two different carbide phases. As can be seen from Fig. 29, (circled) darker 
carbide regions are presented with average size of approximately 2 µm. Both carbides 
have M7C3 structure (carbon content is the same), but the iron content of darker 
carbide grains is smaller. The reason for the fast nature of SPS technology lies in the 
heterogeneity of the carbide phase composition. 
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Table 15. Chemical composition wt% of Cr3C2-FeCr cermet phases sintered using SPS 
technology. 

Phase C Cr W Mn Si Fe 
Total 7.6 50.4 1.6 0.6 0.4 40.4 

Binder - 16.3 1.5 - 0.4 81.8 
Metal carbide, light 9.5 61.5 1.4 - - 26.6 
Metal carbide, dark 9.5 82.2 0.3 - - 8.0 

Mechanical and structural characteristics of sintered chromium carbide ferritic steel 
bonded cermets using two different sintering regimes are presented in Table 16. 
Although spark plasma sintered cermets have small evenly distributed porosity, they 
outperform vacuum sintered Cr3C2-FeCr cermets by smaller grain size and higher 
fracture toughness. 

Table 16. Structural and mechanical characteristics of Cr3C2-FeCr cermets consolidated 
using different sintering technology (Paper V). 

Sintering 
technology Hardness, HV30 Fracture toughness 

KIC, MPa∙m1/2 Porosity, % Density, 
g/cm3 

Vacuum sintering 1132±33 n/a 0.2 7.2 
SPS 1167±16 6.4±0.3 0.6 7.1 

4.2 Cermets with FeTi binder 
One of the alternative approaches to reduce the grain size of chromium carbide-based 
cermets is utilization of grain size inhibitors. Strong carbide former – titanium – was 
used for that purpose (Paper IV). Table 17 shows the calculated chemical composition 
of the studied cermets with the iron-titanium binder. 

Table 17. Calculated chemical composition wt% of Cr3C2-FeTi cermets after milling. 

Cermet Cr3C2 Fe Ti WC* 
50Cr3C2- FeTi 50 38.5 10 1.5 
60Cr3C2- FeTi 60 30.5 8 1.5 
70Cr3C2- FeTi 70 22.5 6 1.5 

* Contamination with tungsten carbide as a result of ball milling with WC-Co balls 

Phase transformations 

The phase evolution study was performed after sintering at 800–1420 °C. XRD patterns 
of sintered specimens are presented in Paper IV. As it follows from the Paper IV, as-
milled powder mixture consists of four phases: Cr3C2, Fe, Ti and WC as a contamination 
from milling equipment. During sintering at 800 °C for 30 min, Cr3C2 recrystallizes into 
lower carbon content Cr7C3 carbide and iron dissolves in the matrix of this carbide 
forming complex carbide (Cr,Fe)7C3. After sintering at 1000 oC, additional TiC lines 
appeared. Ti reacts with carbon and forms TiC already at the temperatures below 1000 oC 
(Paper IV). Therefore, the carbon content of complex chromium-ferrous carbide 
decreases even more, resulting in significant changes in the XRD pattern. After sintering 
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at 1200 oC, the recrystallization of (Cr,Fe)7C3 into even lower carbon content carbide 
(Cr,Fe)23C6 takes place. During the sintering at 1420 oC for 30 min, no remarkable 
evolution in the phase composition was noticed (Paper IV). 

 
Figure 30. X-ray diffraction pattern of the Cr3C2-FeTi composite at different sintering 
temperatures (Paper IV). 

According to Fig. 30, the Cr3C2-FeTi composite consists of four phases: iron-based 
ferritic solid solution Fe(Cr), complex metal carbide (Cr,Fe)23C6, traces of carbide 
(Cr,Fe)7C3 and in situ synthesized titanium carbide TiC. The reaction during sintering of 
the alloy can be described as follows (Paper IV): 

𝐶𝐶𝐶𝐶3𝐶𝐶2 + 𝐹𝐹𝐹𝐹 + 𝑇𝑇𝑇𝑇 → (𝐶𝐶𝐶𝐶,𝐹𝐹𝐹𝐹)23𝐶𝐶6 + 𝑇𝑇𝑇𝑇𝐶𝐶 + 𝐹𝐹𝐹𝐹(𝐶𝐶𝐶𝐶) + (𝐶𝐶𝐶𝐶,𝐹𝐹𝐹𝐹)7𝐶𝐶3. 

The resulting thermodynamic equation remained unbalanced because the equation 
does not address a single chemical reaction, but rather the sum of several simultaneous 
reactions. Two step recrystallization of chromium carbides (Cr3C2→(Cr, 
Fe)7C3→(Cr,Fe)23C6) is the fundamental difference in the phase formation of Cr3C2-FeCr 
and Cr3C2-FeTi cermets. 

Microstructural evolution 

As seen from Fig. 31 (lower right), the dark grey region is prevalently dicarbide 
(Cr,Fe)23C6. The light grey region is the solid solution of chromium in the iron matrix. 
Ultrafine (below 1 µm) black near-spherical grains are TiC dispersed in the metallic 
Fe(Cr) binder phase between dicarbide (Cr,Fe)xCy particles (Paper IV). 

Rapid grain growth during solid and liquid phase sintering is one of the main 
disadvantages of chromium carbide-based cermets. As can be seen in Fig. 31 (upper 
right), the cermets solid-state sintered at 1000 °C have fine particles – the average 
carbide grain size is below 1 µm. Remarkable carbide grain growth takes place in alloys 
sintered at 1200 oC – the average carbide grain size is 2   ̶3 µm (Paper IV). However, the 
structure contains marked share of pores. High porosity of cermets is caused by the low 
liquid phase fraction at this temperature. The microstructure of the cermets sintered at 
1420 °C shows coarse (Cr,Fe)23C6 carbide grains regardless of submicron TiC grains 
between them (Fig. 31 lower right). The chemical composition of Cr3C2-FeTi cermet and 
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its phases after vacuum sintering are presented in Table 18. The EDS analysis shows 
that chromium content in the metallic binder (∼ 16 wt%) is sufficient to assure 
resistance to corrosion of Cr3C2-FeTi cermets. Iron content in the complex metal carbide 
(∼ 20 wt%) is similar to that in Cr3C2-FeCr cermets (see Table 14). 

 
Figure 31. Microstructure of 50Cr3C2-FeTi cermet after milling (upper left) and sintering 
at different temperatures: 1000 (upper right), 1200 (lower left) and 1420 °C (lower 
right) (Paper IV). 

Table 18. Chemical composition wt% of vacuum sintered Cr3C2-FeTi cermet phases. 

Phase C Cr W Ti Fe 
Total 9.9 38.9 4.1 10.6 36.5 

Binder - 16.1 3.9 1.2 78.8 
Metal carbide 10.0 65.6 2.2 1.2 21.0 

Titanium carbide 16.1 11.7 6.7 43.1 22.4 

Improving the structure and performance 

Technological parameters (milling device, sintering time and temperature) and 
mechanical properties of Cr3C2-FeTi cermets are shown in Table 19. The properties of 
cermets are dependent on their chemical composition and technological peculiarities. 
The hardness of the cermets depends mainly on the Cr3C2 content in the initial powder 
mixture – hardness increases with the increase of the carbide content. A coarse 
microstructure of Cr3C2-FeTi cermets is the main reason behind moderate fracture 
toughness (Paper IV). However, cermets Cr3C2-FeTi outperform those of Cr3C2-FeCr in 
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toughness. Cermets sintered at lower temperature during a longer time demonstrate 
the best complex of hardness and toughness. 

Table 19. Technological parameters, porosity and mechanical characteristics of vacuum 
sintered Cr3C2-FeTi cermets. 

Composition, 
wt% 

Milling 
device 

Sintering parameter 
Porosity, 

% 
Hardness, 

HV30 

Fracture 
toughness, 
MPa∙m 1/2 

Temp, 
oC 

Time, 
min 

50Cr3C2- FeTi Attritor 1390 30 0.29 979±95 7.8±0.8 
60Cr3C2- FeTi Attritor 1450 30 0.55 995±11 4.8±0.5 
60Cr3C2- FeTi Ball mill 1450 30 2.01 1008±21 n/a 
70Cr3C2- FeTi Attritor 1420 30 0.37 1180±19 5.6±0.9 
70Cr3C2- FeTi Attritor 1470 30 0.84 1349±17 3.9±0.2 
70Cr3C2- FeTi Attritor 1420 60 0.47 1067±20 7.7±0.7 
70Cr3C2- FeTi Ball mill 1420 30 1.38 1274±33 n/a 
70Cr3C2- FeTi Ball mill 1470 30 0.15 1133±31 5.4±0.1 
70Cr3C2- FeTi Ball mill 1420 60 0.92 1163± 6 6.0±0.4 

Both pure Ti metal and pre-synthesized TiC powders were used for refining the grain 
size (see Fig. 32). However, this structural peculiarity (TiC particles in the microstructure 
does not offer reduction of the size of chromium carbides – grain size of Cr3C2-Fe, Cr3C2-
FeTi and Cr3C2-TiC-Fe cermets turned out to be similar (Paper IV). 

 
Figure 32.Microstructures of Cr3C2-Fe (left), Cr3C2-FeTi (middle) and Cr3C2-Fe-TiC (right) 
(Paper IV). 

In the case of chromium carbide-based cermets, the FeCrMn binder system was also 
investigated but these cermets demonstrated relatively high porosity. The reason 
behind it is unclear and needs further research. 

Corrosion and oxidation resistance 

Oxidation tests were performed to evaluate the oxidation rates of different carbide-
based composites at the air brazing temperature of 900 °C. Oxidation rates of 
composites are presented in Table 20. Chromium carbide cermets with ferritic steel 
binder demonstrated very good oxidation resistance compared to other carbide-based 
composites. 

 



48 

Table 20. Calculated oxidation rates of carbide-based composites wt% at air brazing 
temperature 900 °C (Paper V). 

Material 85WC-Co 70TiC-NiMo 70TiC-FeCr 50Cr3C2-FeCr 

Oxidation rate, 
mg/mm2 0.9 0.03 0.04 < 0.01 

An simple immersion test was carried out to evaluate corrosion resistance in a 
cloride containing solution (see Fig. 33). The samples were tested during 72 h in 3 wt% 
HCl solution. TiC-based cermets demonstrated relatively low corrosion resistance 
because the chromium content of the binder phase is very low – below 5 wt% (see 
Tables 6 and 10). Cr3C2-based cermets are featured by good corrosion resistance, 
especially those of Cr3C2-FeTi. The high resistance to corrosion is related to the high 
chromium content of the metallic binder phase (see Tables 14 and 18). 

 
Figure 33. Immersion test results of different cermets. 

4.3 Summary 
Our research results of the influence of the composition and technological conditions 
on the structure formation and performance of chromium carbide-based (Fe-Cr and  
Fe-Ti alloys) bonded cermets can be summarized as follows: 
• Cermets Cr3C2-FeCr and Cr3C2-FeTi are featured by excellent resistance to corrosion 

and oxidation but the mechanical characteristics are moderate because of coarse-
grain structure. 

• Cermets Cr3C2-FeTi outperform those of Cr3C2-FeCr in mechanical characteristics, in 
particular, in fracture toughness. 

• During vacuum sintering of both Cr3C2-FeTi and Cr3C2-FeCr cermets, 
recrystallization of Cr3C2 into chromium-ferrous complex carbides (Cr,Fe)xCy takes 
place. The structure of Cr3C2-FeTi cermets consists essentially of three phases 
((Cr,Fe)23C6, TiC and solid solution Fe(Cr)) while the structure of Cr3C2-FeCr 
primarily of two phases – (Cr,Fe)7C3 carbide and solid solution Fe (Cr). 
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• Cr3C2-FeTi cermets are characterized by the formation of evenly distributed 
ultrafine TiC grains and two step recrystallization of chromium carbides 
(Cr3C2→(Cr, Fe)7C3→(Cr,Fe)23C6) during vacuum sintering. However, this structural 
peculiarity does not enable reduction of the size of chromium carbides in the 
microstructure. 

• Marked decrease in grain size of chromium carbide-based cermets is feasible 
utilizing spark plasma sintering that enables rapid hot consolidation at reduced 
temperature and time. 
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5 CONCLUSIONS 
Main conclusions from the microstructure evolution and phase transformations during 
sintering of TiC- and Cr3C2-based cermets bonded with Ni-free FeCr alloys and from the 
optimization of sintering parameters and chemical compositions are as follows: 

Titanium carbide-based cermets 
• Sintered Ni-free TiC based iron alloy bonded cermets TiC-FeCr and TiC-FeCrMn 

consist prevalently of two carbide phases (TiC with coaxial structure and 
secondary metal carbide M7C3 (M=Cr, Fe, Mn)) and iron based solid solution 
Fe(Cr). 

• The decrease of Cr content in the alloy and in the metallic binder is caused by 
the evaporation, solution in TiC and formation of secondary complex carbides 
M7C3 during sintering. The latter is essentially the reason of heterogeneous 
distribution of Cr in composites and reduction of Cr content in the metallic 
binder. 

• Alloying of TiC-FeCr cermets by strong carbide formers enables improvement 
of structural homogeneity – both of the metallic phase and Fe and Cr 
distribution. 

• Alloying of TiC-FeCrMn cermets by silicon enables improvement of 
sinterability, resulting in improved structural homogeneity of cermets. 

• Retaining both Cr and Mn in cermets is possible by sintering under low partial 
pressure of argon and using manganese “microatmosphere”. In terms of 
structure (porosity, structural homogeneity), sintering under such conditions is 
most effective. 

Chromium carbide-based cermets 
• Ni-free iron alloys bonded chromium carbide-based cermets are featured by 

excellent resistance to corrosion and oxidation but moderate mechanical 
characteristics because of coarse-grain structure. Cermets Cr3C2-FeTi 
outperform those of Cr3C2-FeCr in mechanical characteristics, in particular, in 
fracture toughness. 

• During vacuum sintering of chromium carbide-based cermets, recrystallization 
of the starting Cr3C2 into the complex carbides (Cr,Fe)xCy takes place. The 
structure of Cr3C2-FeCr consists prevalently of (Cr,Fe)7C3 carbide and solid 
solution Fe(Cr) while the structure of Cr3C2-FeTi cermets consists essentially of 
two carbide phases ((Cr,Fe)23C6 and TiC) and solid solution Fe(Cr). 

• Feature of Cr3C2-FeTi cermets is two step recrystallization of chromium 
carbides Cr3C2→(Cr, Fe)7C3→(Cr,Fe)23C6 as well as formation of evenly 
distributed submicron TiC grains during vacuum sintering. 

• Carbide grain size refinement is most feasible by spark plasma sintering that 
enables rapid hot consolidation at decreased temperature and time. 
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Novelty and Further research 
The novelty of present research can be attributed to: 
TiC-based cermets: 

•  Assessment of microstructure evolution and phase transformation features of 
high-chromium TiC-FeCr and high-chromium and manganese TiC-FeCrMn 
cermets; 

• Revealing technological and chemical (alloying) opportunities for improving 
structural homogeneity and mechanical performance of high-chromium TiC-
based cermets characterized by high resistance to wear. 

Cr3C2-based cermets: 
• Elucidation of microstructure evolution and phase transformation features of 

Cr3C2-based cermets bonded with iron alloys  (FeCr, FeTi); 
• Revealing technological and chemical (alloying) opportunities that enable 

improvement of the structure and mechanical performance of Cr3C2-based 
cermets characterized by excellent resistance to corrosion. 

 
For complementary increase of performance of TiC- and Cr3C2-based cermets bonded 
with Ni-free high-chromium Fe alloys, the following recommendations for further 
research are proposed: 

• Revealing the possibilities to reach corrosion resistance of TiC-FeCrMn cermets 
that is comparable to that of nickel containing TiC-FeCrNi composites with 
austenitic structure of metallic binder; 

• Study of Cr3C2-FeCrMn cermets with austenitic structure of metallic binder 
and opportunities to decrease grain size of such composites; 

• Study of the corrosion and oxidation resistance of developed composites; 
• Assessing the wear performance and degradation mechanism of developed 

composites in different wear conditions. 
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KOKKUVÕTE 
Koobalti- ja nikli-vabad titaankarbiid- ja 
kroomkarbiidkermised 
Kulutused, mis on tingitud tööriistade ja konstruktsioonielementide püsivuse 
vähenemisest seoses nende kulumisega on märkimisväärsed. Sellest tingituna on 
alatine vajadus arendada uusi töökindlaid ja hinna poolest konkurentsivõimelisi 
kulumiskindlaid materjale ja nende valmistustehnoloogiad. Keraamilis-metalsed 
komposiidid (kermised) on materjalid, kus keraamilise komponendina kasutatakse 
valdavalt karbiide ja karbonitriide (WC, TiC, Ti(C,N), Cr3C2). Pehmema ja sitkema 
metalse sideainena kasutatakse aga tavapäraselt raua grupi metalle (Co, Ni, Fe). 
Selliseid komposiitmaterjale kasutatakse, sest neil on kõrge kulumiskindlus ning sitkus. 
Keraamika-baasil komposiitmaterjalidest kasutatakse WC-Co kõvasulameid kõige enam, 
sest neid iseloomustab suurepärane kombinatsioon kõvadusest ja sitkusest. Tingituna 
W ja Co piiratud kättesaadavusest on tehtud suuri pingutusi asendamaks neid metalle 
ning välja töötada W- ja Co-vabu kermiseid. Kõige rohkem on tähelepanu olnud 
suunatud TiC- ja Ti(C,N)-NiMo kermistele. Alternatiivina neile kasutatakse korrosiivsetes 
keskkondades ka kroomkarbiidseid Cr3C2-Ni keraamilis-metalseid komposiite. Samas, 
nikkel ja koobalt on liigitatud mürgisteks metallideks. Seepärast on raua-baasil sideaine, 
mis ei sisalda mürgiseid, allergiat tekitavaid komponente parim lahendus asendamaks 
nii niklit kui koobaltit. 

Käesoleva uurimistöö ajendiks oli asendada laia kasutusalaga WC-Co kõvasulamid 
samuti ja TiC-NiMo ja Cr3C2-Ni kermised W-, Ni- ja Co-vabade komposiitidega. 
Peamiseks eesmärgiks oli välja töötada, valmistada ja karakteriseerida TiC- ja Cr3C2-
baasil alternatiivsete Ni- ja Co-vabade raua-baasil sideainetega kermised. Uurimistöö 
fookuses oli nende komposiitide mikrostruktuuri moodustumise ja faasilise koostise 
muutuste parem mõistmine ning nende teadmiste alusel uute tehnoloogiliste 
lahenduste välja töötamine. 

Kermised valmistati kasutades üldlevinud pulbermetallurgilist meetodit – 
mehaanilisele jahvatamisele järgnes üheteljeline pressimine ja paagutamine. Kasutati 
kahte paagutustehnoloogiat – vaakumpaagutus ja plasma-aktiveeritud paagutus. 
Uurimaks mikrostruktuuri moodustumist ja välja toomaks faasimuutused paagutuse 
käigus kasutati optilist ja elektronmikroskoopiat (OM ja SEM), röntgen-spektroskoopiat 
(EDS) ja röntgenstruktuuranalüüsi (XRD). Keemiliste reaktsioonide ja füüsiliste 
muunduste mõõtmiseks kasutati skaneerivat diferentsiaal kalorimeetriat (DSC) ning 
mehaanilistest omadustest määrati Vickersi kõvadust ja purunemissitkust. 

Käesoleva töö esimeses osas uuritakse TiC-baasil kermiseid, milliste sideaineks on 
suure kroomisisaldusega FeCr ja FeCrMn sulamid. Fookuses oli parem arusaam 
tehnoloogilistest iseärasustest, mikrostruktuuri ja faasilise koostise muutustest 
paagutamisel. Selgus, et TiC-FeCr kermiste struktuuris on esindatud peamiselt kahte 
tüüpi karbiidseid faase – TiC (koaksiaal struktuuriga) ja metallkarbiid M7C3 
(M=Cr,Fe,Mn) - ning raua-baasil tardlahus. Märkimisväärne kroomisisalduse 
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vähenemine sulamis ja metalses sideaines on tingitud sekundaarse metallkarbiidi M7C3 
tekkest, kroomi lahustumisest titaankarbiidis ja lendumisest. Kirjeldatud protsessid 
põhjustavad kroomi heterogeense jagunemise sulamis ning märgatava kroomisisalduse 
vähenemise sideaines. Tõestust leidis, et sobivalt legeerides TiC-FeCr kermist on 
võimalik parandada struktuurset homogeensust – nii kroomi kui ka metalse faasi 
jaotumist komposiidis. TiC-FeCrMn kermiste korral on suureks väljakutseks Mn ja Cr 
säilumine sulamis vaakumpaagutusel. Peamiseks lahenduseks strukutuurseid 
muutuseid ja mehaanilisi omadusi arvestades on paagutamine madala argooni alarõhu 
tingimustes ja mangaani „mikroatmosfääri“ kasutades. Lisaks on võimalik TiC-FeCrMn 
kermiste struktuuri homogeensust ja mehaanilisi omadusi parandada legeerides neid 
tugeva taandaja ja paagutatavust parandava räniga. 

Käesoleva töö teises osas käsitletakse kroomkarbiidi-baasil kermiseid, milliste 
sideaineks on FeCr ja FeTi sulamid. Peamiseks eesmärgiks oli välja töötada, valmistada 
ja karakteriseerida Cr3C2-baasil alternatiivsete Ni- ja Co-vabade raua-baasil sideainetega 
korrosioonikindlad kermised. Selgitati, et raua-baasil sideainetega kermised on 
suurepärase korrosiooni- ja oksüdatsioonikindlusega, kuid suhteliselt tagasihoidlike 
mehaaniliste omadustega. See on peamiselt tingitud Cr3C2-baasil kermiste 
jämedateralisest struktuurist. Cr3C2-FeCr kermise struktuur koosneb peamiselt 
(Cr,Fe)7C3 karbiidist ja raua tardlahusest. Kuid Cr3C2-FeTi kermise struktuuris sisaldub 
pemiselt karbiid (Cr,Fe)23C6 (kahe-astmelise rekristallisatsiooni Cr3C2→(Cr, 
Fe)7C3→(Cr,Fe)23C6 tulemus) ja TiC. Alamikroonse TiC moodustumine paagutamisel siiski 
ei pidurda märkimisväärselt kroomkarbiidi terade kasvu. Sellele vaatamata Cr3C2-FeTi 
kermised ületavad Cr3C2-FeCr kermiseid mehaaniliste omaduste (eelkõige 
purunemissitkus) poolest. 

Kroomkarbiidsete kermiste terakasvu pidurdamiseks annab parima tulemuse 
plasma-aktiveeritud paagutuse tehnoloogia, mis võimaldab rakendada kiiret 
konsolideerimist tavapärase vaakumpaagutusega võrreldes madalamal temperatuuril ja 
lühema aja jooksul. 
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ABSTRACT 
Cobalt- and Nickel-free titanium and chromium carbide-
based cermets 
Losses resulting from wear in the life cycle costs of equipment in the processing of 
materials, mining, building materials production etc. are pronounced. Therefore the 
challenge is to develop new reliable and cost-effective wear resistant materials and 
related production technologies. Carbides and carbonitrides cemented with metals of 
the iron group (Co, Ni, Fe) are composites where hard phase (prevalently WC, TiC, 
Ti(C,N), Cr3C2) is cemented in more soft and tough metal matrix. Such composite 
materials are known due to their higher wear resistance and higher toughness in 
comparison with ceramics. Because of the good combination of hardness and 
toughness, tungsten carbide-based cemented carbides WC-Co are the most widely 
used. First of all, because of the strategic nature of tungsten supply and shortage of 
cobalt, efforts have been made to replace these metals and elaborate W- and Co-free 
ceramic-metal composites (cermets). Most of the efforts have been centred on TiC- and 
Ti(C,N)-based cermets bonded with Ni-Mo alloys. An alternative to these cermets is 
composites based on chromium carbide (Cr3C2) bonded with Ni and Ni-alloys. However, 
Ni and Co are classified as metals toxic for human health. Non-toxic Fe-based binders 
are therefore the top-of-the-line solution for replacing Ni and Co and also WC. 

The motivation of the present study is the need for tungsten-, nickel- and cobalt-free 
cermets replacing regular WC-Co cemented carbides and TiC-NiMo or Ti(C,N)-NiMo 
cermets. The general objective is to develop, produce and characterize TiC- and Cr3C2-
based cermets bonded with an alternative Ni- and Co-free Fe-based alloys (steels). The 
aim was to acquire better understanding of the microstructure evolution of high-
chromium FeCr alloys bonded cermets, phase transformation and to find possibilities of 
performance improvement utilizing and/or technological opportunities. 
  Cermets were produced by the conventional powder metallurgy method - mechanical 
milling (in ball mill or attritor), followed by uniaxial pressing and sintering. Two sintering 
techniques were used - vacuum sintering and spark plasma sintering. An optical and 
scanning electron microscopy (OM and SEM), X-ray spectroscopy (EDS), X-ray 
diffraction (XRD) and differential scanning calorimetry (DSC) were used to study 
microstructure evolution and to reveal changes in the phase composition during 
sintering. Mechanical characteristics (hardness and fracture toughness) were used as 
the main performance characteristics of cermets. 

The first part of the research addresses TiC-based cermets with two different high-
chromium binders – FeCr and FeCrMn. The aim was to acquire better understanding of 
technological peculiarities, microstructure evolution and phase transformations of 
these composites during sintering. It was revealed that the structure of both Ni- and 
Co-free cermets TiC-FeCr and TiC-FeCrMn consists prevalently of two carbide phases – 
TiC (with coaxial structure) and complex metal carbides M7C3 (M= Cr, Fe, Mn) and iron-
based solid solution. Formation of secondary complex carbides M7C3, solution in TiC 
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and vacuum evaporation leads to a marked decrease of Cr content in the alloy and in 
the metallic binder. The former is essentially the reason behind the heterogeneous 
distribution of Cr in composites and marked reduction of this element in the metallic 
binder. It was revealed that alloying of TiC-FeCr cermets enables improvement of the 
structure homogeneity - both of the metallic phase of the composite and Cr 
distribution. A challenge in TiC-FeCrMn cermets is how to retain both Cr and Mn during 
sintering. It was revealed that in terms of structure (porosity, structural homogeneity) 
and mechanical properties, sintering under low partial pressure of Ar and using Mn 
"microatmosphere" is an effective technological procedure for such composites. Also, 
alloying of TiC-FeCrMn cermets by silicon enables enhancement of sinterability, 
resulting in improved structural homogeneity and mechanical performance. 

The second part of the research is focused on Cr3C2-based cermets. Two different 
binders – FeCr and FeTi were studied. The aim was to acquire better understanding of 
microstructure evolution, phase transformations and technological peculiarities of 
these Ni- and Co-free cermets. It was revealed that Fe alloy-bonded cermets are 
featured by excellent resistance to corrosion and oxidation but moderate mechanical 
characteristics - first of all, because of coarse-grain microstructure. During sintering of 
chromium carbide-based cermets, recrystallization of starting Cr3C2 into complex 
carbides (Cr,Fe)xCy takes place. The structure of Cr3C2-FeCr cermets consists prevalently 
of (Cr,Fe)7C3 carbide and solid solution Fe(Cr). The structure of Cr3C2-FeTi cermets due 
to the two-stage recrystallization of chromium carbides (Cr3C2→(Cr, 
Fe)7C3→(Cr,Fe)23C6) consists essentially of two carbide phases ((Cr,Fe)23C6 and TiC) and 
solid solution Fe(Cr). Surprisingly, submicron TiC particles in the structure do not 
provide reduction of the size of chromium carbides. However, cermets Cr3C2-FeTi 
outperform Cr3C2-FeCr in mechanical characteristics, in particular, in fracture 
toughness.  

It was revealed that the grain size refinement of chromium carbide-based cermets is 
most feasible by spark plasma sintering that enables rapid hot consolidation at 
decreased temperature and time. 
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Paper IV 
 
Kolnes, M., Pirso, J., Kübarsepp, J., Viljus, M., Traksmaa, R. Structure formation and 
characteristics of chromium carbide-iron-titanium cermets. Proceedings of the Estonian 
Academy of Sciences, 2016, 65 (2), 138−143. 
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Paper V 
 
Kolnes, M., Kübarsepp, J., Viljus, M., Traksmaa, R. Technological Peculiarities of 
Chromium Carbide-Based Iron Alloy Bonded Cermet. Solid State Phenomena, Trans 
Tech Publications Ltd., 2017, 267, 82–86.  
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