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Abstract 

Cermets based on Ti(C,N) have interesting properties, such as high wear resistance, high 

chemical stability and good mechanical strength at high temperature, but to become a viable 

alternative to cemented carbides, the fracture toughness and damage tolerance must be 

significantly improved. Complete solid-solution cermets (CSCs) have been proposed to 

further improve the mechanical properties of these materials. However, to develop this family 

of cermets with a high level of quality and reliability, using pre-fabricated complex 

carbonitrides is necessary instead of unalloyed mixtures as the raw ceramic material. A 

mechanochemical process called mechanically induced self-sustaining reaction (MSR) is 

suitable to obtain these complex carbonitrides with high stoichiometric control. On the other 

hand, high entropy alloys (HEAs), which can also be obtained by mechanochemical processes, 

are a good candidate to replace the current binder phase in cermets because they exhibit high 

strength and ductility at high temperature and good resistance to both wear and corrosion. In 

this work, a new family of CSCs based on (Ti,Ta,Nb)CxN1-x with HEAs belonging to the Fe-

Co-Ni-Cr-Mn-V system as the binder phase is developed by mechanochemical processes. 

With only two constituent phases, these cermets have a simple microstructure but a high 

compositional complexity because both the ceramic and binder phases are complex solid 

solutions with at least five components. 
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1. Introduction 

Cemented carbide cutting tools (based on WC) are widely used for room-temperature 

machining due to their exceptional toughness and damage tolerance under cyclic loadings. 

However, they fail to meet the requirements of the most demanding applications, such as 

high-speed machining and difficult-to-cut materials, because of their lack of chemical stability 

and oxidation resistance. At the high temperature reached at the tool/chip interface during use 

[1,2], wear diffusion can lead to the premature failure of the cutting tool if accompanied by 

additional wear due to oxidation. Moreover, the EU has classified tungsten as a critical raw 

material due to its current availability. For all these reasons, the search for alternatives to 

cemented carbides is presently an important area of research. 

Cermets (based on Ti(C,N)) have drawn increasing attention in the machining industry 

because they possess high wear resistance, high chemical stability and good mechanical 

strength at high temperature [3,4]. Nevertheless, to become a viable alternative to cemented 

carbides, the fracture toughness and the damage tolerance of cermets must be significantly 

improved. Thus far, efforts to improve their mechanical properties have mainly been focused 

on modifying the chemical composition and microstructure of the ceramic component by 

carefully choosing secondary carbide additives or/and using ultrafine- or nano-Ti(C,N) 

powders [5,6]. Note that when secondary carbides are added to cermets, the ceramic particles 

develop the characteristic core-rim microstructure via a dissolution–reprecipitation 

mechanism during the liquid-phase sintering process. The core is the undissolved original 

Ti(C,N) particle, and the rim is a newly formed carbonitride solid solution phase containing Ti 

and the other transition metals introduced as single carbides [7]. Because this rim phase is 

responsible for the good mechanical behavior of cermets, some authors have proposed that the 

only way of approaching the toughness values of cemented carbides is to develop so-called 

complete solid solution cermets (CSCs), in which the ceramic particles are composed of only 

a single homogeneous solid solution phase [8]. 

Manufacturing CSCs is a complicated task because it requires complex carbonitrides 

as the ceramic raw material, which first must be correctly synthesized. However, in previous 

works, a mechanochemical process called mechanically induced self-sustaining reaction 

(MSR) has been proven to yield homogeneous carbonitride solid solution powders [9,10]. 

This method exploits the strong exothermic character of carbonitride formation from the 
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elemental mixtures to promote self-propagating reactions by the mechanical energy supplied 

by high-energy ball mills. More recently, MSR has been successfully integrated into the 

powder metallurgy process for the development of CSCs [11,12]. 

Less attention has been paid to improving the mechanical properties of cermets by 

altering the binder phase, which is, in fact, the phase that ultimately provides toughness and 

cohesion to the material. The binder is generally composed of Ni, Co or Co-Ni alloys. Only in 

a few cases has the metallic phase been modified by introducing other alloying elements. For 

example, Cr is added when improving the corrosion resistance is required [13]. The complete 

replacement of Co and Ni by other metal alloys, such as Fe-Cr or Fe-Mn [14,15], has been 

occasionally proposed to offer a cheaper and nontoxic alternative, among other reasons. The 

use of ternary Fe-Co-Ni alloys as the binder phase in cemented carbides has been suggested as 

a promising alternative to Co [16]. Broadly, cemented carbides with these binder alloys 

possess improved toughness and fatigue resistance but lower hardness and Young's modulus. 

Recently, high entropy alloys (HEAs) have been postulated to replace current cermet 

binders [17-19]. These alloys are solid solutions composed of at least five major metal 

elements in equal or near equal atomic percentages with simple bcc or fcc structure [20]. The 

properties of HEAs are superior to those of conventional alloys, including high strength and 

ductility at high temperature and good resistance to wear and corrosion, which perfectly 

comply with the working requirements for cermets in machining operations. Many HEAs have 

been described in the literature [20], but as a first approximation, it is logical to propose 

alternative binders containing a majority of metallic elements that have already been used in 

conventional binders, either as the primary elements (Co, Ni) or incorporated in minor 

proportions (Cr, Fe, V, Mo, etc.), to enhance their properties and processability. 

The first step of the overall powder metallurgical (PM) process for manufacturing 

cermets involves mixing the different powder components (i.e., the ceramic and binder 

phases). The preferable way to prepare HEAs is melt processing [21-26], such as arc melting 

and casting, but the need to use powders in PM processes makes mechanical alloying (MA) 

more suitable. Mechanical alloying is widely recognized as a low-cost and high-efficiency 

powder processing route able to synthesize homogeneous alloys and nonequilibrium materials 

[27]. In several studies, HEA powders have already been successfully obtained through MA 

by choosing the proper milling conditions [28,29]. 
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This work is an exploratory study on the feasibility of manufacturing CSCs using 

HEAs as the binder phase. These cermets will have a simple microstructure consisting of only 

two single phases, which in turn possess a high chemical complexity because they are solid 

solutions with high numbers of components. A ternary carbonitride solid solution with the 

nominal chemical composition Ti0.8Ta0.1Nb0.1C0.5N0.5 was chosen as the ceramic phase. This 

stoichiometry was selected on the basis of previous studies that showed that improved 

oxidation resistance in CSCs based on this ceramic component [30,31]. Meanwhile, two 

different HEAs were nominated as potential candidates, CoCrFeMnNi and CoCrFeNiV. The 

CoCrFeMnNi alloy is one of the most extensively studied HEAs [21-25,28], and it has been 

shown to have a single fcc disordered solid solution phase. However, there are few reports on 

the CoCrFeNiV alloy [25], although the addition of V into different HEAs has been shown to 

usually induce the formation of ordered or intermetallic phases [26]. Special attention was 

paid to the stability of HEAs after the liquid phase sintering as alloys containing elements 

with varying melting temperatures can exhibit segregation and inhomogeneity after 

solidification. A preliminary characterization of the microstructure and mechanical properties 

of CSCs developed was performed. 

 

2. Material and methods 

 Milling processes played an important role in this work because the ceramic and 

binder phases were previously synthesized by MSR and MA methods, respectively. 

Furthermore, mixing and homogenizing both phases to obtain the powdered cermet was 

conducted by classical mechanical milling (MM) in dry conditions. The global flowchart 

outlining the pertinent steps for manufacturing CSCs is provided in Fig. 1. Ti powder (99% 

purity, <325 mesh, Strem Chemicals), Ta powder (99.6% purity, <325 mesh, Alfa-Aesar), Nb 

powder (99.8% purity, <325 mesh, Alfa-Aesar), C powder (as graphite, <270 mesh, Fe 

<0.4%, Merck), Co powder (99.8% purity, <100 mesh, Strem Chemicals), Cr powder (99% 

purity, <100 mesh, Strem Chemicals), Fe powder (99.9% purity, <10 m, Aldrich), Mn 

powder (99.5% purity, <325 mesh, Strem Chemicals), Ni powder (99.9% purity, <300 mesh, 

Strem Chemicals), V powder (99.5% purity, <325 mesh, Strem Chemicals) and N2 gas (H2O 

and O2 <3 ppm, Air Liquide) were used as the raw materials to develop the CSCs. 

 To synthesize the ceramic phase with a nominal composition of Ti0.8Ta0.1Nb0.1C0.5N0.5, 

44.6 g stoichiometric powder mixture containing elemental Ti, Ta, Nb and C together with 13 
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stainless steel balls (d = 20 mm, m = 32.6 g) were placed in a tempered steel vial (300 ml in 

volume) and milled using a planetary ball mill (Pulverisette 4, Fritsch) at a spinning rate of 

400 rpm under 6 atm N2. The planetary mill was modified to enable monitoring the MSR by 

continuously measuring the pressure inside the vial. When the carbonitride solid solution 

formed, which is an exothermic reaction, the temperature increased, which consequently 

increased the total pressure. An ignition time, i.e., the critical milling time required to induce 

the MSR process, of 36 min was determined from the spike in the recorded time-pressure 

data. After ignition, the milling was continued for 60 min to ensure full conversion and 

homogenization. The CoCrFeMnNi (HEA1) and CoCrFeNiV (HEA2) alloys were obtained by 

MA from elemental powder blends in equiatomic ratios using the same P4 planetary mill. For 

both alloys, 50 g powder mixture, 15 stainless steel balls with diameters of 20 mm, a 300 ml 

tempered steel vial, a spinning rate of 400 rpm and 6 atm Ar (H2O <3 and O2 <2 ppm, Linde) 

were used. The MA process was carried out for 10 h, stopping for 30 min every 2 h milling to 

prevent excessive overheating. Subsequently, the two different powdered cermets (CER-

HEA1 and CER-HEA2) were obtained by dry milling mixtures with 80 wt.% of the 

carbonitride ceramic phase and 20 wt.% of the corresponding HEA in a planetary ball mill 

(Pulverisette 7, Fritsch). For each alloy, 6 g of the powder mixture and 7 stainless steel balls 

(d = 15 mm, m = 13.7 g) were put into a 45 ml tempered steel vial and milled for 1 h at a 

spinning rate of 400 rpm under 6 atm Ar. Powdered cermets with 1.8 wt.% graphite as an 

additive were also prepared by dry milling (CER-HEA1-C and CER-HEA2-C). The powdered 

cermets were then shaped using a uniaxial press (2 tons, 5 min) and compacted by cold 

isostatic pressing (200 MPa, 10 min). The green bodies were sintered at temperatures between 

1500 ºC and 1575 ºC for 60 min under flowing Ar atmosphere in a horizontal tubular furnace 

(RTH-180-50-1H, AGNI) to obtain cylindrical cermets 13 mm in diameter and 9 mm in 

height. 

 The carbon and nitrogen content of the carbonitride phase synthesized by MSR was 

obtained with an elemental analyzer (model Flash EA1112 CHNS-O, Thermo Finnigan). 

 X-ray diffraction (XRD) patterns were obtained using a PANalytical X’Pert Pro 

instrument equipped with a / goniometer, a Cu Kα radiation source (40 kV, 40 mA), a 

secondary Kβ filter and an X’Celerator detector. The diffraction patterns were obtained by 

scanning from 20º to 140º (2) in the step-scan mode with 0.03º steps and a counting time of 

300 s/step. For the sintered cermets, the XRD patterns were obtained once specimens were 
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crushed and reduced to powder by hand-grinding to avoid preferential orientations. The space 

group symmetry and the lattice parameters were calculated from the complete set of peaks in 

the XRD pattern using the FULLPROF Suite free software, containing the DICVOL, Win-

PLOTR and FullProf computer programs [32]. Scanning electron microscopy (SEM) images 

of polished surfaces were obtained on a Hitachi S-4800 field emission SEM in secondary 

electron mode at an acceleration voltage of 2 kV. The transition metal contents in both the 

ceramic and binder phases were measured by X-ray energy dispersive spectrometry (XEDS) 

with a detector coupled to the SEM using an acceleration voltage of 20 kV. 

 Hardness measurements were carried out on polished surfaces of cermets at an 

indentation load of 5 kgf (HV5) using a Vickers diamond pyramidal indenter (EMCO Test 

M4U-025). At least ten indentations were made for each cermet. The fracture toughness, KIC, 

was evaluated by the indentation microfracture (IM) method using the crack length produced 

at the corners of Vickers indentations and the equation from Niihara [33]. This method is 

proven to give reasonable estimates of KIC in cemented carbides up to values of approximately 

15 MPam
1/2

 with maximum deviations of 20% compared with fracture toughness data 

obtained from single-edge-notched-beam specimens [34]. Loads between 10 kgf and 100 kgf 

(depending on the cermet) were used to produce cracks with at least half the length of the 

indentation diagonal, which is the minimum length required to obtain KIC values independent 

of the load. The crack lengths were accurately measured using both optical (Epiphot 200, 

Nikon) and scanning electron microscopy. 

 

3. Results and discussion 

 The XRD diagrams of the ceramic and HEA powders obtained by MSR and MA 

processes, respectively, are shown in Fig. 2. The XRD pattern of the ceramic phase was 

consistent with the formation of a complex titanium–tantalum–niobium carbonitride with a 

cubic structure and the Fm-3m space group. A lattice parameter of 4.3161(6) Å was calculated 

for the carbonitride solid solution. This value was analogous to that obtained in a previous 

work for a carbonitride phase with a similar nominal stoichiometry (Ti0.8Ta0.2C0.5N0.5) also 

obtained by MSR [11]. Considering the lattice parameters of tantalum and niobium carbides 

and nitrides, the partial substitution of Ta by Nb in the carbonitride cubic lattice was not 

expected to have a significant effect on the crystal structure. The presence of Ti, Ta and Nb in 

the ceramic phase was confirmed by XEDS-SEM measurements performed in both the 
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powder and sintered cermets, as will be discussed later. However, the C and N contents 

obtained by elemental analysis showed that the carbonitride phase was deficient in nitrogen 

with a chemical formula of Ti0.8Ta0.1Nb0.1C0.5N0.3. This result was in agreement with our 

previous studies on the synthesis of transition metal carbonitrides by MSR [9,35-37], wherein 

carbonitride phases with C/N ratios slightly above the nominal stoichiometry according to the 

starting mixture were always obtained. Note that carbides and nitrides, and therefore 

carbonitrides, of groups IV and V transition metals are well known non-stoichiometric 

compounds with extended homogeneity intervals [38]. 

 The XRD diagrams of both the HEA1 and HEA2 alloys after 10 h of milling (Fig. 2) 

showed the formation of complete solid solutions with simple fcc structures. The lattice 

parameters of the single phases were 3.6032(6) and 3.6115(7) Å for CoCrFeMnNi and 

CoCrFeNiV, respectively. The calculated value for CoCrFeMnNi alloy was in close 

agreement with the values found in the literature for CoCrFeMnNi single phase alloys 

obtained by melting methods [21,24-26]. The larger lattice parameter determined for the 

CoCrFeNiV alloy may be the consequence of a greater distortion of the crystal structure when 

Mn is substituted by V. 

 The XRD diagrams of the sintered cermets CER-HEA1 and CER-HEA2 are shown in 

Fig. 3. The diagrams revealed that the reflection lines of the ceramic phase remained 

essentially at the same 2 position as those of the ceramic powder, suggesting no significant 

compositional modifications during sintering. The calculated lattice parameters were 

4.3204(8) Å and 4.3137(6) Å for CER-HEA1 and CER-HEA2, respectively, which are 

practically identical to that obtained previously for the ceramic powder. However, for the 

binder phase in both cermets, new reflections lines appeared that were associated with the 

formation of intermetallic compounds upon sintering. In CER-HEA1, the reflections of the 

CoCrFeMnNi alloy were still observed (a = 3.6084(8) Å), but others lines were also detected 

that were consistent with an intermetallic C14 Laves phase with a hexagonal structure (a = b = 

4.7981(2) Å and c = 8.0325(8) Å) similar to Fe2Ti type. In CER-HEA2, the reflection lines of 

the CoCrFeNiV alloy were totally absent; instead, new lines were observed that were assigned 

to a mixture of two intermetallics: a C14 Laves phase with a hexagonal structure (a = b = 

4.7937(4) Å and c = 7.7816(8) Å) and a sigma phase with a tetragonal structure (a = b = 

9.3344(9) Å and c = 4.9119(2) Å). It has been shown that HEAs containing Cr and V are 

prone to sigma phase formation [26,39]. 
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In previous studies [40,41], the presence of Ti-containing intermetallic compounds 

was observed in cermets with Co or Ni as the binder phase. In the present case, the excessive 

dissolution of the ceramic particles in the molten alloy during sintering, promoted by the fact 

of using a non-stoichiometric carbonitride phase and low nitrogen partial pressure, induced 

the formation of the intermetallics during cooling from the binder saturated in Ti, Nb and/or 

Ta. As could be demonstrated in previous studies [42,43], carbon activity has an important 

influence on the coarsening of ceramic particles in hardmetals and cermets during liquid phase 

sintering, as it can affect the particles’ solubility in the binder. In this respect, it has been 

shown that using a carbon-containing binder melt, for example, adding extra carbon as 

graphite to the starting mixture, reduces the extent of this dissolution and prevents the 

formation of the undesirable intermetallic phases that damaged the fracture strength and 

toughness of cermets [41]. Therefore, this same strategy was followed in this work and two 

new cermets with graphite as an additive were prepared and sintered (CER-HEA1-C and 

CER-HEA2-C). 

The XRD diagrams of these sintered cermets in Fig. 4 clearly show only the reflections 

corresponding to the carbonitride phase and the fcc HEAs with no intermetallic phases. 

Moreover, the reflection lines of both the ceramic and binder phases showed very slight shifts, 

suggesting only minor compositional changes during sintering. The lattice parameters 

calculated for the carbonitride phase were 4.3297(6) Å and 4.3268(9) Å for CER-HEA1-C 

and CER-HEA2-C, respectively, slightly larger than those found for the cermets without the 

carbon additive. This result could suggest slightly higher carbon contents for the carbonitride 

phase and, therefore, partially incorporating the carbon added to the carbonitride structure 

during sintering. However, note that these small differences in lattice parameters can also be 

the result of minor variations in Ti, Ta and/or Nb contents in the carbonitride phase. 

Concerning the binder phase, similar lattice parameters for both HEAs were found in CER-

HEA1-C and CER-HEA2-C (i.e., 3.5947(3) Å and 3.5983(3) Å, respectively). These values 

were lower than those calculated after the MA process, which may again be associated with 

small compositional changes, although note that binder alloys are highly constrained between 

the ceramic particles. 

Representative SEM micrographs of the sintered cermets at different magnifications in 

Fig. 5 show the characteristic microstructure of CSCs composed of ceramic carbonitride 

particles without the typical core-rim feature embedded in the binder alloy. This morphology 
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confirms that the use of carbonitride solid solutions as the unique ceramic raw material 

enables achieving this type of cermets. The microstructure of these cermets is considerably 

less complex than that of conventional cermets and closer to that of relatively straightforward 

hardmetals. The SEM micrographs show that the ceramic grain size distribution has a bimodal 

character with submicrometric rounded particles and medium sized faceted particles, which 

are on average coarser in the CER-HEA2 cermet. Figure 5 also shows that cermets containing 

CoCrFeMnNi (CER-HEA1 and CER-HEA1-C) possess higher porosity and an inferior 

distribution and penetration of the binder phase along the ceramic grain boundaries. These two 

factors could indicate the lower wettability of this molten alloy than of CoCrFeNiV.  

The addition of graphite as an additive does not seem to significantly affect the 

microstructure of cermets; only a reduction in ceramic particle size and volumetric content of 

the binder phase was observed, especially in cermets containing CoCrFeNiV (compare in 

Figure 5 CER-HEA2 and CER-HEA2-C cermets), which was linked less ceramic dissolving 

into the molten binder during sintering. These results are in agreement with the XRD 

characterization and suggest a higher solubility of carbonitride particles in the CoCrFeNiV 

binder than in CoCrFeMnNi, which may also be responsible for better densification. The 

higher solubility causes the molten binder to properly wet the ceramic particles, which 

improves the grain boundary penetration and transport rates that are responsible for grain 

coarsening and densification. 

A careful examination of the SEM micrographs in Figure 5 shows the existence of 

distinctly shaded regions in the binder phase, which suggest the presence of regions with 

different chemical compositions because of the alloys’ lack of compositional homogeneity 

(segregation) or the formation of new intermetallic phases during sintering. To extract more 

information about the distribution of the various constituent elements of the alloys and the 

nature of the possible intermetallic phases formed, XEDS-SEM mappings and punctual 

analyses were performed on different areas of the sintered cermets. The mappings are shown 

in Figures 6-9, and the average chemical compositions of specific areas determined by 

multiple-point XEDS analyses are listed in Table 1. The terms light grey and grey binders 

refer to the shades of grey observed within individual SEM micrographs, without suggesting a 

relationship between them in the various cermets. 
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Figure 6 illustrates XEDS-SEM elemental mappings performed on the CER-HEA1 

cermet. In the back-scattered image, two different shades (light grey and grey) are visible in 

the binder phase. The binder region with different shades of grey is difficult to distinguish 

from the ceramic particles, although the Co, Cr, Fe, Mn and Ni mappings allow 

differentiation. The five alloying elements seem to be homogeneously distributed in both 

binders. Ti, Nb and Ta mappings show that these elements are also present in the binder 

phase. Furthermore, Figure 6 clearly shows that the light grey binder possesses a higher Nb 

and Ta concentration and, therefore, differences between the two binders may arise from the 

different elemental contents coming from the aforementioned ceramic dissolution. 

Although the accuracy of XEDS measurements and the interference from adjacent 

phases (lateral and in-depth) must be taken into account, XEDS results (Table 1) confirmed 

the enrichment of the light grey binder with Nb and Ta. Note that the Nb/Ti and Ta/Ti atomic 

ratios determined for this binder are considerably higher (especially for Nb) than the starting 

nominal ratios. These higher ratios suggest a preferential dissolution of Nb and Ta compared 

with that of Ti in the molten alloy. Moreover, Fe and Co enrichments were also observed in 

this binder. After subtracting the potential contribution from adjacent ceramic particles, the 

XEDS results for the light grey binder showed a chemical composition with a stoichiometry 

close to 2 in agreement with the C14 Laves phase with AB2 general formula observed by 

XRD. On the other hand, the chemical composition of the grey binder was close to that of the 

CoCrFeMnNi alloy, with nearly equal atomic contents except for the Fe, which was also 

enriched in this binder. Ti, Nb and Ta were also detected in this binder, but as the atomic 

ratios were similar to those found in the carbonitride phase, it was assumed that these 

elements were detected because of interference from the neighboring ceramic particles. 

Therefore, it may be reasonable to associate this binder with the fcc alloy as detected by XRD. 

The XEDS-SEM mappings (Figure 7) and XEDS results (Table 1) for the CER-HEA2 

cermet also showed the existence of two binder phases with clearly different chemical 

compositions, in which the differences were mainly related to the Cr, V, Nb and Ta contents. 

The light grey binder is enriched in Nb and Ta, but deficient in Cr and especially in V. As for 

CER-HEA1, this binder was associated with the C14 Laves phase. However, the grey binder 

has a chemical composition approaching that of the CoCrFeNiV alloy, but clearly enriched 

with Cr and Fe. Again, the detection of Ti, Nb and Ta in this binder can be caused by 

interference from the adjacent ceramic particles. This binder may correspond to the sigma 
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phase observed in the XRD pattern in Figure 3. The absence of the CoCrFeNiV alloy could 

suggest that most of the alloy was transformed into these new intermetallics because of the 

higher ceramic dissolution, as previously mentioned, thus allowing for better densification. 

The XEDS mappings (Figure 8) and XEDS results (Table 1) for the CER-HEA1-C 

cermet confirmed that the addition of graphite was effective in reducing the dissolution of 

ceramic particles into the molten alloy. No binder regions enriched in Nb and Ta were 

observed, and the detected Ti, Nb and Ta contents were in agreement with the atomic ratios in 

the carbonitride phase, and they were therefore attributed to the interference of adjacent 

ceramic particles. The binder with the light grey color was deficient in Mn and Cr. In contrast, 

small darker grey binder areas were observed, which possessed a significant enrichment in Cr. 

This Cr segregation might explain the slight shift in the lattice parameter of the CoCrFeMnNi 

alloy in this cermet compared with that of the as-obtained alloy after the MA process. Finally, 

the addition of graphite also succeeded in preventing the ceramic dissolution during sintering 

in the CER-HEA2-C cermet (Figure 9 and Table 1). The homogeneous distribution of V 

shown in the mapping in Figure 9 was the consequence of interference with Ti Kβ lines. 

Furthermore, no evidence of segregation was detected in this cermet’s binder, which 

maintained a homogeneous chemical composition corresponding to the initial CoCrFeNiV 

alloy. In summary, XEDS results have shown that the incorporation of Ti and especially Nb 

and Ta into the initial alloys induced the formation of intermetallic compounds. 

A preliminary characterization of the mechanical behavior of the sintered cermets, 

including Vickers hardness and fracture toughness, was conducted, and the results are 

summarized in Table 2. The hardness values for the cermets containing the CoCrFeNiV alloy 

were of the same order of magnitude as those reported for CSCs with conventional binders 

and similar binder contents [41]. However, cermets with CoCrFeMnNi alloy had considerably 

lower hardness values, although no significant difference was observed between the 

microhardnesses of both alloys as measured in powder particles after the MA process 

(HV0.01 of 88±13 and 104±7 for CoCrFeMnNi and CoCrFeNiV, respectively). It is therefore 

possible that this difference was simply the consequence of the poor densification observed in 

cermets with CoCrFeMnNi alloy. 

The fracture toughnesses (Table 2) of the cermets without graphite (CER-HEA1 and 

CER-HEA-2) were lower than the corresponding cermets with graphite (CER-HEA1-C and 

CER-HEA-2-C) due to the presence of the intermetallic compounds in the binder. Note that 
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the cermet with the lowest KIC (CER-HEA-2) was actually the cermet with only intermetallic 

phases as the binder, as demonstrated by XRD measurements. The addition of graphite 

prevented the formation of these intermetallics, thus leading to the increase in KIC. However, 

the observed increase in KIC was lower than expected compared with similar CSCs with 

conventional binders [41]. Moreover, the increasing KIC was accompanied by a decrease in the 

hardness values because the alloys, which are more ductile than the intermetallic compounds, 

were acting as the binder phase. The best compromise between hardness and fracture 

toughness was found for the CER-HEA-2-C cermet (HV5 = 1048 and KIC = 6.8 MPam
1/2

). 

 

4. Conclusions 

This work proved that the development of CSCs with HEAs acting as alternative 

binder is possible because of the mechanochemical processes that enable the synthesis of the 

constituent phases. The MSR process led to a carbonitride solid solution containing Ti, Nb 

and Ta, and the MA process created single phase HEAs, specifically CoCrFeMnNi and 

CoCrFeNiV, from elemental powder mixtures. 

A key factor in achieving the desired CSC material is the strict control of the 

metallurgical reactions during the liquid phase sintering that can induce segregations in the 

alloy binder and even the formation of intermetallic phases, which are generally detrimental to 

the mechanical behavior. Using graphite as a sintering additive was crucial to reducing the 

extent of the carbonitride ceramic particles dissolved during sintering, which was the main 

reason for the chemical changes observed in the binder phase. Better densification and 

mechanical behavior was observed in cermets with the CoCrFeNiV alloy. 

Although the hardness and fracture toughness values obtained were lower than 

expected, the results are promising because both properties should be negatively affected by 

the poor densification observed, as evidenced by the excessive porosity and poor distribution 

of the binder phase in the whole cermet specimen. This incomplete densification may be the 

result of the molten binder’s low wettability that has to be improved, for example, by 

choosing the best alloying elements and their concentration or adding secondary carbides 

(WC, Mo2C) as in conventional cermets. Moreover, optimizing other key parameters, such as 

the grain size and chemical composition of the ceramic particles, offers strong motivation for 

further research. 
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FIGURE CAPTIONS 

 

Figure 1. Global flowchart outlining the different steps for manufacturing CSCs using HEAs 

as the binder phase. 

 

Figure 2. XRD diagrams of the carbonitride ceramic phase (Ti,Ta,Nb)(C,N) (●) obtained by 

MSR and the CoCrFeMnNi (■) and CoCrFeNiV (□) high entropy alloys synthesized by MA. 

 

Figure 3. XRD diagrams of the sintered cermets CER-HEA1 and CER-HEA2. (●) 

(Ti,Ta,Nb)(C,N); (■) CoCrFeMnNi; () intermetallic C14 Laves phase; () intermetallic 

C14 Laves phase; (♦) sigma phase. 

 

Figure 4. XRD diagrams of the sintered cermets CER-HEA1-C and CER-HEA2-C. (●) 

(Ti,Ta,Nb)(C,N); (■) CoCrFeMnNi; (□) CoCrFeNiV. 

 

Figure 5. Representative SEM micrographs at different magnifications (2 kX, 5 kX and 10 

kX) of CER-HEA1, CER-HEA2, CER-HEA1-C and CER-HEA2-C cermets. 

 

Figure 6. SEM-XEDS elemental mappings performed on the CER-HEA1 cermet. 

 

Figure 7. SEM-XEDS elemental mappings performed on the CER-HEA2 cermet. 

 

Figure 8. SEM-XEDS elemental mappings performed on the CER-HEA1-C cermet. 

 

Figure 9. SEM-XEDS elemental mappings performed on the CER-HEA2-C cermet. 
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Table 1. XEDS analysis performed on different regions of the sintered cermets. 

Cermet Zone 
Co 

(at%) 
Cr 

(at%) 
Fe 

(at%) 
Mn 

(At%) 
Ni 

(at%) 
V 

(at%) 
Ti 

(at%) 
Nb 

(at%) 
Ta 

(at%) 

CER-HEA1 
ceramic 
particles 

- - - - - - 81.0 8.4 10.6 

CER-HEA1 
light grey 

binder 
14.0 8.8 14.4 7.1 8.2 - 31.5 10.1 5.9 

CER-HEA1 
grey 

binder 
13.1 15.7 20.2 13.0 14.9 - 19.6 1.9 1.6 

CER-HEA2 
ceramic 
particles 

- - - - - - 85.2 7.0 7.8 

CER-HEA2 
light grey 

binder 
15.1 8.7 18.6 - 13.9 5.2 22.6 9.7 6.2 

CER-HEA2 
grey 

binder 
11.3 16.2 18.6 - 11.5 12.0 25.7 2.6 2.3 

CER-HEA1-C ceramic 
particles 

- - - - - - 83.4 8.8 7.8 

CER-HEA1-C light grey 
binder 

18.9 10.7 26.4 12.2 17.9 - 11.8 1.2 0.9 

CER-HEA1-C grey 
binder 

4.3 48.9 11.0 6.3 2.6 - 22.9 2.0 2.0 

CER-HEA2-C Ceramic 
particles 

- - - - - - 84.3 7.9 7.8 

CER-HEA2-C light grey 
binder 

18.1 18.9 18.8 - 17.5 17.4 7.5 0.9 0.9 
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Table 2. Vickers hardness (HV5) and indentation fracture toughness (KIC) of sintered cermets 

Cermet HV5 KIC (MPam1/2) 

CER-HEA1 928±92 6.6±0.3 

CER-HEA2 1295±82 4.0±0.5 

CER-HEA1-C 663±92 7.1±0.8 

CER-HEA2-C 1048±54 6.8±0.6 
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FIGURE 1 
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FIGURE 6 
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FIGURE 9 
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