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Abstract 

Two-phase fully dense high entropy carbide (HEC) cermets were successfully prepared 
following the conventional cemented carbide/cermet processing route. Cold isostatically 
pressed equimolar TiC, VC, NbC, TaC and WC powder mixtures with 12 vol.% Ni binder were 
pressureless sintered in the solid state and liquid phase sintering regimes respectively. A 
homogeneous rock-salt (space group Fm3̅m) HEC phase embedded in a nickel alloy binder 
was attained by liquid phase sintering at 1420°C. Thermodynamic simulations were 
conducted to predict the equilibrium phases and carbide/binder phase contents. The phase 
evolution was investigated at seven different sintering temperatures in the 900-1420°C 
window. Thermogravimetry and differential scanning calorimetry analysis were performed 
to follow up the sintering process. Electron probe microanalysis was used to map the 
elemental distribution as well as to quantify the constituent phase contents. 
Nanoindentation were performed to correlate the difference in mechanical properties of 
the core-rim structured HEC grains with the chemical composition. The liquid phase sintered 
(Ti,V,Nb,Ta,W)C- 12 vol.% Ni had a Vickers hardness of 14.3 GPa and Palmqvist indentation 
fracture toughness of 9.2 MPa. m1/2.  

Keywords : High Entropy Carbides, Cermets, Pressureless Sintering, Microstructure, 

Nanoindentation 
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1. Introduction 

The transition-metal carbides from group IV, V & VI elements possess the highest 
melting point and are recognized as the hardest among all known compounds [1–3]. In 
cemented carbides and cermets, compounds such as WC, TiC, Ti(C,N), (W,Ti,Ta,Nb)C, etc. 
form in combination with a soft metal binder (Co, Ni, Fe, Ni-Co, etc.) a ceramic-metal 
composite which gives an optimum combination of hardness, strength and toughness, 
suitable for cutting tools and other wear-resistant components [2,4–6]. However, due to 
health and supply risk reasons of WC and Co, serious efforts at academic and industrial level 
have been directed towards finding alternative materials for cutting and wear-resistance 
applications [6–10]. Alternatively, TiC-TiN-WC-Mo-Ni and (Ti,Mo,W,V)(C,N)-Ni,Co type 
cermets were also developed to partially replace WC-Co for cutting tools, which due to their 
lower fracture toughness and strength are limited to high-speed finishing operations [11]. 

The recent discovery of high entropy alloys (HEA) has attracted a multitude of 
researchers to assess the feasibility of using HEA as binders in cemented carbides and 
cermets [9]. In the pioneering work, C. Chen et al. [12] reported the novel WC-
Al0.5CoCrCuFeNi which had a higher hot hardness and fracture toughness than commercially 
available WC-Co. Recently, E. Holmström et al. [13] developed a new cutting tool using a 
CoCrFeNi binder and WC hard phase. This new WC-HEA outperformed current state-of-the-
art WC-Co by demonstrating a higher resistance to plastic deformation at higher cutting 
speeds. In a comprehensive review, J.M. Torralba et al. [9] reported on the Vickers hardness 
(HV) vs. fracture toughness (K1c) relationship of Co and HEA based cemented 
carbides/cermets and showed how competitive they are to conventional cemented carbides 
[9]. The concept of HEA also inspired the development of novel high entropy ceramics such 
as high entropy oxides [14], borides [15], carbides [16–19], dual phase carbide and boride 
[20], nitrides [21], carbonitrides [22], silicides [23] and fluorides [24].  

In comparison to mono or binary carbides, high entropy carbides (HEC) have 
demonstrated higher hardness and elastic modulus as well as good oxidation, corrosion, and 
wear resistance [16,18,25–27]. Therefore, HEC have attracted considerable attention as 
potential material for demanding applications such as aerospace vehicles, cutting tools, 
rocket nozzles, nuclear reactors, etc. [25,26]. Although this new class of multi-element 
components have shown great promise, the exploration of the vast compositional space is 
the biggest challenge [28]. In this regard, torch carrying work has been carried out by P. 
Sarker et al. [18] who developed an ab initio entropy descriptor to calculate the entropy 
forming ability EFA (eV/atom-1) of 56 five-metal carbide compositions comprising of Ti, Zr, 
Hf, V, Nb, Ta, Mo and W. Based on their EFA values, only 9 compositions were synthesized 
out of which only 6 compositions (EFA ≥ 50 eV/atom-1) formed a single phase solid solution. 
The choice of five principle metal elements was inherited from the original high entropy 
alloys theory. According to this theory, systems having five or more components mixed in 
equal or near equimolar ratios, possess molar configuration entropy S ≥ 1.61R (with R the 
universal gas constant). These multi-component systems are stabilized into a single phase 
homogeneous crystalline structure by virtue of entropy [29]. Following the work of P. Sarker 
et al. [18], X. Yan et al. [17] synthesized bulk (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C single phase high 
entropy ceramics (EFA = 100 eV/atom-1) which showed low thermal conductivity and high 
mechanical properties. D. Sangiovanni et al. [30] utilized a fundamental design approach of 
using the valence electron concentration (VEC) and demonstrated this approach on two 
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five-metal high entropy carbide systems (Mo,Nb,Ta,V,W)C (VEC = 9.4 e-/f.u.) and 
(Hf,Ta,Ti,W,Zr)C (VEC = 8.6 e-/f.u.) respectively. They demonstrated that HECs with a VEC ≥ 
9.5 e-/formula unit showed enhanced plasticity and a single-phase rock salt crystal 
structure.   

Recently, J. Pötschke et al. [31] successfully synthesized two HEC based cermets, i.e. 
(Hf,Ta,Ti,Nb,V)C-19.2 vol.% Co and (Ta,Ti,Nb,V,W)C-19.2 vol.% Co, using gas pressure 
sintering (100 bar Ar) of milled HEC-Co powder mixtures at 1400°C. The reported EFA values 
for these two HEC systems are 100 eV/atom-1 [18] and 77 eV/atom-1 [18], respectively. 
However, the authors reported splitting up of (Hf,Ta,Ti,Nb,V)C phase into two similar HEC 
phases with some remnant TaC, HfO2 and clustered vanadium titanium carbide phases, 
whereas the (Ta,Ti,Nb,V,W)C grains remained intact. Inspired by the initial work of E. Castle 
et al. and J. Dusza et al. [16,19], HEC based (Zr,Hf,Nb,Ta)C-xCo (x= 5, 10, 20 wt.%)  cermets 
comprising four-metal carbides have been reported by X. Wang et al. [32]. So far, the 
synthesis of HEC powder is mainly done by mechanical alloying, self-propagating high-
temperature synthesis (SHS), liquid precursor method, direct sintering of monocarbides, 
reaction sintering involving elemental powders or carbothermal reduction of metal oxides 
[27]. Among various sintering techniques, SPS and hot pressing are most commonly used 
with a typical sintering temperature of 1800°C [27].  

In this work, a typical one-step cemented carbide processing strategy was applied to 
synthesize a two phase cubic (Ti,V,Nb,Ta,W)C-12 vol.% Ni cermet using liquid phase 
sintering. Thermodynamic simulations were used to calculate the pseudo-binary phase 

diagram and 
predict the 

equilibrium phases within the solid state and liquid phase sintering regimes.  The 
microstructure and phase analysis was studied as function of sintering temperature and 
correlated with the measured mechanical properties. 

2. Materials and Methods 

Equimolar TiC-VC-NbC-TaC-WC mixtures with a fixed 12 vol.% Ni were prepared from 
commercially available powders, the details are given in Table 1. The weighed powder 
mixture was wet milled for 48 h in a polyethylene container with a 5:1 ball to powder ratio 
using WC-Co milling media on a multidirectional mixer (Turbula, WAB, Switzerland). The 
slurry was dried on a rotary evaporator at 78°C. The powder mixture was shaped into 
cylinders (15 mm diameter, 10 mm height) through cold isostatic pressing (EPSI, Belgium) at 
200 MPa for 60 seconds. Pressureless sintering of the green compacts was carried out in an 
actively pumped vacuum (10-20 Pa) graphite furnace (HP, W100/150–2200-50 LAX, FCT 
Systeme, Frankenblick, Germany) at 900, 1050, 1200, 1300, 1360, 1390 or 1420°C for 90 min 
isothermal holding time. A heating rate of 20°C/min from room temperature up to 900 or 
1050°C, and subsequently at 5°C/min up to 1250°C or 3°C/min up to 1360, 1390 and 1420°C 
was used.  

Powders Source 
Particle size 

FSSS (µm) 

C 

(wt.%) 

O 

(wt.%) 
wt.% vol.% 

NbC CBMM, Brazil 1.75 10.80 0.29 15.2 19.1 

TiC H.C. Starck, Germany 1.0 – 1.5 19.60 1.00 8.7 17.3 

Table 1. Characteristics of the starting powders, as received from the suppliers. 
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VC 
Changsha Langfeng Metal 

Materials Co. Ltd, China 
3.38 18.08 0.32 9.1 15.4 

WC Umicore, CW5300, Belgium 1.7-2.3 6.14 0.08 28.4 17.6 

TaC 
CNMNC, TaC-1 type, Ningxia, 

China 
≤ 1.0 6.20 0.25 28.0 18.9 

Ni Vale, T123TM, U.K 3.0 – 7.0 - 0.04 10.6 11.7 

Thermodynamic simulations were carried out using Thermo-Calc version 2020b and 
database TCFE10 [33]. The post-sintering density of cermets was measured in demineralized 
water at room temperature according to the Archimedes method while the theoretical 
density of the HEC-cermet (9.80 g/cm3) was calculated according to the rule of mixtures 
based on the starting powder composition [34]. The individual densities of NbC (4.4691 Å[3], 
7.81 g/cm3), TiC (4.3280 Å[3], 4.91 g/cm3), VC (4.1590 Å[3], 5.81 g/cm3), WC (15.8 g/cm3[3]), 
TaC (4.4550 Å[3], 14.49 g/cm3) and Ni (3.5239 Å[35], 8.91 g/cm3) were calculated from their 
corresponding lattice parameters using Vegard’s law [36]. The cermets were cut with a 
diamond saw (Metkon Servocut 301-AA-V-AX, Bursa, Turkey). Mirror-finished cross-sections 
were prepared on a semi-automatic grinding and polishing machine (LaboForce 100/LaboPol 
30; Struers Copenhagen, Denmark) with 15, 3 and 1 µm diamond suspensions and final 
polishing was carried out using colloidal silica. The porosity in the sintered cermets was 
determined according to ASTM Standard B276 / ISO-4505 by light optical microscopy at a 
100 times magnification. The microstructures were observed by high resolution scanning 
electron microscopy (NanoSEM, Nova™ 450 FEGSEM, FEI, The Netherlands) and EBSD 
mapping was carried out at 20kV with 0.1 µm step size and the data were analysed using 
OIM analysis software. Electron Probe Micro Analysis (EPMA, JXA-8530F, JEOL Ltd, Japan) 
was used at 15 kV and 100 nA for WDS elemental mapping, quantitative analysis (ZAF 
correction method) and line analysis. The carbide grain size was estimated from at least 250 
grains at 10,000 times magnification BSE-micrographs by the line intercept method using 
imageJ software [37]. Contiguity was determined according to the method proposed by C. 
Smith & L. Guttman [38]. Phase identification was carried out on a θ-θ X-ray diffractometer 
(XRD, Bruker D2 Phaser, Lynxeye) using Cu Kα radiation (30 kV, 10 mA). The diffraction 
patterns were obtained through a step scan mode (step size 0.02°, scan rate 0.1s/step) in 
the 30°- 80° 2θ range. The peak positions of carbide and binder phases were fitted with the 
Pseudo-Voigt function and the lattice parameters were refined using the Rietveld method in 
X’pert Highscore Plus software [39]. The mass loss during sintering was determined by 
simultaneous differential scanning calorimetry (DSC) and thermogravimetry analysis (TGA) 
(SDT Q600 T.A Instruments) at 1420°C with 10 min isothermal holding time under Argon gas, 
using a heating and cooling rate of 10°C/min. The carbon content of powder mixture and 

sintered cermets was measured by carbon combustion analysis at 1250°C (Ströhlein 
Coulomat 702 SO/CS) and the presented data are the arithmetic mean of three 
measurements. The Vickers hardness, HV30, (FV-700, Future Tech Corp., Japan) was 
evaluated with an indentation load of 30 kg for 15 sec, and the Palmqvist indentation 
fracture toughness (K1c) was measured from the radial crack lengths around the HV30 

indentations using the Shetty formula [40]. The values of five indentations are presented as 
mean and standard deviation. Nanoindentations (Nano hardness tester; CSM Instruments 
SA, Switzerland) were carried out with a Berkovich diamond indenter, calibrated on a fused 
silica standard sample with a Young’s modulus of 72 GPa [41]. The tests were performed in a 
load control mode with a maximum load of 20 mN, loading/unloading rate of 40mN/min 
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and a grid spacing of 5 µm. The hardness and reduced elastic modulus were calculated 
according to the Oliver-Pharr method [41]. A Poisson’s ratio of 0.22 was assumed for the 
HEC-Ni cermet [42].  

3. Results and discussion 

3.1 Thermodynamic simulations 

The pseudo-binary phase diagram for the equimolar HEC-12 vol.% Ni cermet is presented in 
Fig. 1a. The dashed line indicates a total carbon content of 8.47 wt.%, as calculated from the 
starting powder composition. The compositionally complex system evolves to a simple two 
phase cubic structure of HEC-(Ti,V,Nb,Ta,W)C and nickel alloy binder. The HEC phase starts 
to become stable around 1300°C during solid state sintering. It slightly cuts through a phase 
region where graphite is also stable. To further clarify, one axis calculation was carried out 
at a fixed carbon content of 8.47 wt.% and the result in Fig. 1b showed an insignificant 
amount of graphite which disappears as the nickel starts to liquefy at 1324°C and only two 
phases i.e. carbide and binder are thermodynamically stable at higher temperatures. The 
chemical composition of the carbide and binder phases were also calculated as function of 
sintering temperature and are presented in Fig. 1 c and d, respectively. At lower 
temperature, the cubic carbides i.e. TiC, VC, NbC and TaC, which are known to be mutually 
soluble into each other [3], equally contribute to the FCC carbide phase formation. WC 
however continually dissolves into the carbide and binder phases as temperature increases. 
It has been reported that due to its lower vacancy formation energy, Ta tends to become a 
host to facilitate the interdiffusion among fellow metal-carbides during solid state sintering 
[16]. Based on the DFT (Density Functional Theory) calculations carried out by Yu et al. [43] 
the vacancy formation  
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Figure 1. Calculated thermodynamic phase diagram for NbC-TiC-VC-WC-TaC-12 vol.% Ni (a) Mass 
fraction of all phases at 8.47 wt.% carbon content (b) Carbide phase content (c, e) and binder phase 
content (d, f) as function of sintering temperature. 
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energy (eV) of group IV and V elemental carbides in the ascending order are: TaC(3.5) < 
NbC(4.1) < VC(4.5) < TiC(8.6) < HfC(9.3) < ZrC(9.4). Therefore, it can be safely assumed that 
TaC together with NbC hosted the metal carbides for solid solution formation. The binder 
phase composition shows that NbC and TaC starts to diffuse into the nickel binder during 
the solid state sintering stage. However, the concentration of WC increases with 
temperature and eventually dominates the binder phase in the liquid phase sintering region 
as liquid nickel readily wets WC [44].  

3.2 Thermal analysis  

 The DSC curve up to 1420°C is presented in Fig. 2, it is clear that the melting of nickel 
binder occurs in two steps, identified by two endothermic peaks at 1355°C and 1395°C 
respectively. Nickel forms the first eutectic with a solid solution of carbides formed during 
solid state sintering. The second eutectic is formed with pristine and/or a solid solution of 
TiC. During cooling however, the nickel binder solidifies with a single exothermic peak at 
1370°C, suggesting a complete (Ti,V,Nb,Ta,W)C-HEC solid solution formation. The TGA 
curves are presented in Fig. 2 (b, c), the mass loss curve is discontinuous at 1355°C and 
follows a sharp descend at 1395°C. This significant mass loss is due to liquid nickel 
evaporation. Multiple peaks were identified on the mass loss rate curve (Fig. 2c). Peak 1, 2 
and 3 could be associated with the carbothermal reduction of surface oxides present on the 

 
Figure 2. Thermal analysis for (Ti,V,Nb,Ta,W)C - 12 vol.% Ni at 1420°C for 10 min isothermal 
holding time, Differential Scanning Calorimetry (DSC) plot (a) and Thermogravimetric Analysis 
(TGA), mass loss curve (b) and mass loss rate curve (c). 
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starting powder mixture. The removal of these oxides is essential to allow wetting of the 
carbide phase by the binder. Three carbothermal reduction peaks have been reported for 
cemented carbides, accompanied by CO2 (250-500°C) and CO (500-1000°C) formation 
[45,46]. Peaks 4 and 5 are rather sharp and correspond to the two eutectic temperatures. L. 
Chen et al. [47,48] identified the eutectic temperatures of cermets containing NbC, TaC, WC, 
TiC, TiN, (Ti,W)(C,N) and Co/Ni to be between 1350°C and 1400°C. Moreover, a careful 
examination of the pseudobinary phase diagram (Fig 1a) also revealed that, at nominal 
equimolar carbide composition, the nickel binder traverses through a small liquid + Ni + HEC 
phase region before approaching the Liquid + HEC liquidus line, which is also in good 
agreement with the thermal analysis. 

3.3 Microstructure and phase analysis 

The elemental distribution of the top surface of a green powder compact is presented 
in Fig. 3, showing that the starting powders are well distributed with an average particle size 
≤ 2 µm. The ductile nickel particles were elongated during the wet milling process. Optical 
and BSE scanning electron micrographs of solid state and liquid phase sintered HEC-cermets 
are presented in Fig. 4 and Fig. 5, respectively. The relative density, grain size, contiguity, 
carbon analysis and apparent porosity are compared in Table 2. The microstructure of the 
cermet sintered at 1300°C is highly porous. The grain size and contiguity of the cermet 
sintered at 1300°C could not be determined because of its indiscernible grain boundaries. 
However, the microstructure represented a solid-state sintered cermet with interconnected 
porosity and undissolved WC and TiC particles with bright and dark atomic number 
contrasts respectively, as verified by the compositional analysis in Fig. 6a. At 1360°C, a 94% 
densified cermet was obtained with isolated porosity and no remnant WC phase, indicating 
the onset of liquid phase formation as indicated in the DSC-TGA (Fig. 2). 

 

Figure 3. EPMA elemental mapping of the top surface of a green powder compact. 
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The cermet sintered at 1390°C was fully densified with a two-phase microstructure and 
almost no apparent porosity. This verifies that the cermet was in the liquid phase sintering 
region. The nickel binder distribution however, remained moderate with increasing 
temperature and a connected carbide phase microstructure with high contiguity was 
realized which shows a modest wettability of HEC phase and nickel binder. A smaller grain 
size was observed at 1390°C when liquid binder starts to impregnate the skeletal carbide 
structure. The microstructure however (Fig. 5 c) showed some partially dissolved TiC in the 

Table 2. Sintered density, relative density, grain size, contiguity, porosity and carbon to metal mole 
ratio for (Ti,V,Nb,Ta,W)C-12 vol.% Ni cermets at different sintering temperatures. 

Sintering 

Temperature 

(°C) 

Sintered 

density 

(g/cm3) 

Relative 

density 

(%) 

Carbide 

grain size 

(µm) 

Contiguity 

Apparent 

porosity 

(ISO-4505) 

C/(Ti,V,Nb,Ta,W) 

Coulometry 

1300 7.21 73.6 / / A08B04C00 

/ 
1360 9.19 93.8 

1.13 ± 

0.07 

0.89 ± 

0.03 

A06B00C00 

1390 9.83 100.3 
0.93 ± 

0.11 

0.85 ± 

0.05 

A02B00C00 

1420 9.87 100.7 
1.80 ± 

0.26 

0.80 ± 

0.06 

A00B00C00 0.86 ± 0.02 

 

Figure 4 Light Optical Microscopy (LOM) at 100x magnification of the (Ti,V,Nb,Ta,W)C-12 vol.% Ni 
cermets sintered at 1300°C (a), 1360°C (b), 1390°C (c) and 1420°C (d). 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



core and at carbide/binder interfaces. A closer look, shown in the magnified inset in Fig. 5 c, 
reveals that a dark atomic contrast phase is also present at the grain boundary interfaces of 
some carbides (indicated with arrows). This dark phase is remnant TiC from the starting 
powder mixture.  

Wavelength dispersive elemental mappings of the HEC cermet sintered at 1390°C are given 
in Fig. 6 b. This remnant phase could be attributed to the delayed solubility of TiC in the 
nickel binder amid the saturation by highly soluble WC and VC constituents. Moreover,  The 
solubilities (wt.%) of carbides in a nickel binder at 1400°C were determined by P. Ettmayer 
et. al. [49]  WC (27) < VC (14)  < TiC (11)  < NbC (7.0) < TaC (6.3). Therefore, the cermet was 
sintered at a higher sintering temperature of 1420°C and a fully dense two-phase 
microstructure without porosity and/or remnant TiC was obtained (Fig. 4 d and 5 d). The 
black spots within the carbide phase are most likely residual oxides from the starting 
powder mixture. The WDS elemental mapping and line scan are presented in Fig. 6 (c, d). It 
is clear that the dark atomic contrast phase in the BSE micrograph represents the nickel 
binder, which is present in an isolated manner within the contiguous light atomic number 
contrast HEC phase. The concentration of transition metals and carbon is dominant in the 
carbide phase. However, a careful examination revealed that the BSE micrograph contains 

 
Figure 5. BSE micrographs NbC-TiC-VC-WC-TaC-12 vol.% Ni sintered for 90 min at 1300°C (a), 

1360°C (b), 1390°C (C) and 1420°C (d). Jo
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two types of core-rim structured carbide grains with 2-fold and 3-fold structures. The 2-fold 
carbide grains consist of a bright core, dark inner rim and a bright outer rim whereas 3-fold 
carbide grains consist of a dark core, bright inner rim, dark intermediate rim and a bright 
outer rim. This contrast can be correlated with elemental mapping results revealing that the 
bright contrast is due to a higher concentration of heavy elements i.e. Ta and W, the dark 
core is due to the higher concentration of intermediate elements i.e. Nb and V whereas the 
dark inner rim is due to the light atomic weight Ti. In light of the foregoing discussion, Nb 
and Ta formed a host for fellow metal carbides to form cubic HEC grains with Nb-rich dark 
core (2-fold) and Ta-rich bright core (3-fold) structured grains. The delayed the dissolution of 
TiC resulted in the formation of a fine dark inner rim in both types of carbide grains whereas 
the bright outer rim is caused by solution re-precipitation. The W elemental map clearly 
shows, the remains of W  
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in the binder region, as indicated by the light blue concentration shade in Fig. 6 a. This  

distribution of elements across the carbide grains is further elaborated by the line scan. The 
concentration of Ti and W in the rim is clearly distinguishable from that of the core, which is 
higher in Ta, Nb, V and C concentration. 

 
Figure 6. WDS elemental mapping of (Ti,V,Nb,Ta,W)C-12 vol.% Ni cermets sintered at 1300°C  (a), 

1390°C (b) and 1420°C (c) and a Line scan of cermet sintered at 1420°C (d). 
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Figure 7. EPMA for (Ti,V,Nb,Ta,W)C-12 vol.% Ni sintered at 1420°C for 90 min spot analysis (at.%) 

(a) area analysis (b) and a representative Inverse Pole Figure (IPF) map (c). 

In order to verify the homogeneity of the HEC phase, EPMA point analysis were carried 
out on eight randomly selected HEC grains and the binder phase, as presented in Fig. 7a. 
The chemical composition of different grains showed similar values, implying that the 
microstructure is homogeneous. It is well known that carbides of transition metals can be 
considerably sub-stoichiometric [3]. Therefore, the degree of sub-stoichiometry in the two-
phase sintered cermets was estimated for the (Ti,V,Nb,Ta,W)C-12 vol.% Ni sintered at 
1420°C from carbon combustion analysis to be 0.86 (Table 2). The thermodynamically 
calculated carbon stoichiometry in fcc-HEC phase as function of temperature is presented in 
Fig. 8a, revealing a decreasing trend from the solid state sintering towards the liquid phase 
sintering region. The measured carbon to metal ratio in the sintered cermet was 
considerably lower as compared to the thermodynamically calculated value (0.97 at 1420°C) 
due to two plausible reasons, i.e. carbon loss due to carbothermal reduction of oxides and 
technical constraints in accurate carbon content analysis. For comparison, T.J. Harrington et 
al. [25] reported a sub-stoichiometry of 0.85 for an equimolar (Ti,V,Nb,Ta,W)C HEC, sintered 
at 2200°C under a carbon rich environment, implying an equilibrium sub-stoichiometric 
carbon content for the HEC composition. EPMA area analysis and an Inverse Pole Figure 
(IPF) map of a representative HEC cermet are shown in Fig. 7 (b and c). The quantitative 
analysis holds good conformity with the nominal material composition which confirms that 
the cermet is a nickel bonded HEC, with 5-35 at.% of five different transition metals as 
defined by Yeh et al [29]. The IPF map reveals that the cermet is composed of randomly 
distributed crystals with no preferred orientation. 

The evolution of the thermodynamic properties of the HEC-Ni system, as function of 
temperature is shown in Fig. 8b, indicating a decreasing Gibbs free energy and an increasing 
entropy and enthalpy with the increasing temperature. This implies that at higher 
temperatures or prolonged holding times at liquid phase sintering temperatures, the system 
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will continue to prevail the two-phase fcc structure and the HEC grains will continue to grow 
by Ostwald ripening to achieve the lowest possible Gibbs free energy by reducing the 
number of grain boundaries.   

3.4 Phase analysis and lattice parameter     

In order to examine the phase evolution as function of temperature, X-ray diffraction 
patterns of the HEC-cermets were acquired, as shown in Fig. 9 (a-c). The XRD pattern of the 
starting power reveals the characteristic peaks of the monocarbides and nickel. No 
significant change was observed at 900 and 1000°C. At 1200°C, the high intensity TaC/NbC 
peaks started to shift towards higher 2θ values, implying a shrinkage of the cubic lattice 
parameter. The individual peaks of VC and TiC disappeared and the diffraction pattern only 
contained peaks of WC, a FCC solid solution carbide and nickel. At 1300°C, the characteristic 
peaks of TaC/NbC completely disappeared whereas WC peaks remained, which is consistent 
with the thermodynamic simulations (Fig. 1 a, b) and microscopy analysis (Fig. 5 a). At 1360 - 
1420°C, the XRD pattern evolves to a simple two-phase fcc carbide and fcc nickel alloy 
binder phase. The evolution of the XRD patterns indicates that HEC solid solution formation 
initiated at 1200°C and was completed at 1360°C. The remnant TiC phase, observed in the 
BSE micrographs at 1360 and 1390°C (Fig. 5 b, c), could not be detected in the XRD pattern. 
However, as discussed earlier a complete solid solution was only realized during liquid phase 
sintering of 1420°C with the formation of (Ti,V,Nb,Ta,W)C with a lattice parameter of 4.3601 
Å, consistent with published literature values [50]. The lattice parameter of the nickel binder 
increased continuously up to 1300°C due to the dissolution of metal atoms from the 
dissolving carbides. The atomic radius (pm) of the constituent elements are: Nb (146), Ti 
(147), V (134), W (139), Ta (146), Ni (124) [3]. The lattice parameter of the Ni binder 
however drops above 1300°C, probably due to the replacement of Ta and Nb by smaller W, 
as indicated by the thermodynamic calculations (Fig. 1 d). The elemental mapping of the 
HEC cermet sintered at 1390°C (Fig. 6 b) showed a relatively higher W concentration in the 
binder phase as compared to Fig. 6c. The cermet sintered at 1420°C showed grain growth 
and the lower solute content resulted in a decreased lattice parameter of the nickel binder 
phase. 

 
Figure 8.  Calculated carbon content in HEC phase (a) and thermodynamic properties (b) for the 

(Ti,V,Nb,Ta,W)C - 12 vol.% Ni cermet system as function of temperature. 
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Figure 9.  XRD patterns of the HEC-Ni cermet starting powder mixture as function of temperature, 
demonstrating the evolution of the monocarbides and nickel powder mixture into a two phase 
cubic (Nb,Ti,V,W,Ta)C high entropy carbide and nickel alloy binder phase (a), magnified peaks for 
carbide and binder phases (b) and influence of sintering temperature on the lattice parameter of 
carbide and binder phases (c). 

 

Table 3. Nanoindentation hardness and stiffness, Vickers hardness and Palmqvist toughness 
of liquid phase sintered HEC-Ni cermets. 

3.5 Mechanical properties  

The mechanical properties of the liquid phase sintered (Ti,V,Nb,Ta,W)C-Ni cermets are 
presented in Table 3. The nanoindentation hardness and elastic modulus are compared with 
those of a spark plasma sintered binderless (Ti,V,Nb,Ta,W)C high entropy carbide [25], 
whereas the microhardness and Palmqvist toughness are compared with a gas pressure 
sintered (Sinter-HIP) (Ti,V,Nb,Ta,W)C-19.2 vol.% Co [31]. The liquid phase sintered 
(Ti,V,Nb,Ta,W)C-Ni cermets were fully densified. Despite the bigger grain size and lower 
contiguity (Table 2), the cermet sintered at 1420°C had a lower hardness and comparable 
fracture toughness (14.26 ± 0.4 GPa and 9.2 ± 0.2 MPa.m1/2) as compared to the cermet 
sintered at 1390°C (14.45 ± 0.6 GPa and 9.5 ± 0.5 MPa.m1/2). The slightly lower mechanical 
properties of the former could be attributed to the formation of core-rim interfaces which 
could act as sites for of crack initiation [51]. At 1420°C, the TiC completely dissolved and 
precipitated in the rim area of the HEC phase increasing the hardness of the carbide phase 
by solid solution strengthening but the fracture toughness decreased. The nanoindentation 
hardness and elastic modulus of the HEC-cermet are evidently lower than for a reference  

Material 
Sintering 

temperature  
H (GPa) E (GPa) HV (GPa) 

K1C 
(MPa.m1/2) 

(Ti,V,Nb,Ta,W)C-12 vol.% Ni 1420°C 
23.0 ± 

6.0 
358 ± 

35 
14.26 ± 

0.4 
9.2 ± 0.2 

(Ti,V,Nb,Ta,W)C-12 vol.% Ni 1390°C / / 
14.45 ± 

0.6 
9.5 ± 0.5 

(Ti,V,Nb,Ta,W)C [25]  2200°C 28 ± 2  
485 ± 

36  
/ / 

(Ti,V,Nb,Ta,W)C-19.2 vol.% 
Co [31] 

1400°C / / 
14.32 ± 

0.1  
6.7 ± 0.2  
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binderless (Ti,V,Nb,Ta,W)C ceramic, due to the presence of the ductile nickel binder. 
Moreover, the standard deviation on the nano-hardness measurements is quite high in the 
HEC-cermet and the deconvoluted nano-hardness distribution shown in Fig. 10 reveals a tri-
modal distribution corresponding to the carbide/binder interfaces, (Ta,Nb,V)C rich carbide 
cores and (Ti,W)C rich rim areas, respectively. These results clearly show a substantial 
hardness difference between the carbide grain core (22 ± 0.3 GPa) and rim (29 ± 0.3 GPa), 
which can be correlated with the composition analysis in Fig. 6 (a, b).  The reported nano 
hardness (max. load 300 mN) of transition metal carbides in descending order is: TiC (31 
GPa) > VC (29 GPa) > WC (27 GPa) > NbC (17 GPa) > TaC (14 GPa) [25], indicating a potential 
hardening effect of Ti and W versus Ta and Nb. A representative nanoindentation grid map 
along with its electron backscattering diffraction (EBSD) Inverse Pole Figure map (IPF) and a 
randomly selected nanoindentation in the rim area are shown in Fig. 11. The majority of the 
nanoindentations were without crack formation, which shows that TaC and NbC not only 
hosted the metal carbides but also carried along their inherent ductile characteristics, as 
indicated by the slip lines [52]. Moreover, the load-displacement curves are smooth without 
structure, pop-in events. Representative crack propagation patterns and fractured surfaces 
for (Ti,V,Nb,Ta,W)C-Ni cermets sintered at 1390°C and 1420°C are presented in Fig. 12 (a-d). 
In general, the cracks followed a mixed trans and intergranular trajectory through the 

 
Figure 10. Deconvoluted hardness values (bin size 1 GPa) of 350 nanoindentations performed in a 
load control mode to a maximum load of 20 mN. 
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composite structure, revealing active toughening mechanisms like crack deflection and 
crack  

bridging. The higher fracture toughness of the cermet sintered at 1390°C could be 
correlated with the  dominant intergranular fracture pattern and solid solution 
strengthening of the nickel binder with higher remnant solute content (Fig. 6 d). Despite the 
grain growth and reduced river-like patterns which indicate a higher fracture toughness of 
cleaved carbide grains [53]. Carbide grains with remnant plastically deformed binder phase 
(characteristic of intergranular fracture) are more dominant in the cermet sintered at 
1390°C. The nickel binder in both cermets showed ductile dimple (red arrows) features.  

4. Conclusions 

A high entropy carbide cermet based on TiC, VC, NbC, TaC, and WC monocarbides as 
well as 12 vol.% Ni was prepared using conventional liquid phase sintering. The 
microstructure and phase analysis carried out in the solid state and liquid sintering regimes 
correlated well with the thermodynamic simulations. The solid state sintered cermets 
showed a lower relative density and remnant starting powder components, whereas full 

 
Figure 11. Representative nanoindentation grip map (a), IPF map of the grid map (b), a randomly 
selected nanoindent at the rim area of HEC phase (c), and load-displacement curve for the 
nanoindent (d). 
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densification was achieved upon liquid phase sintering above 1360°C. A single cubic 
(Ti,V,Nb,Ta,W)C phase carbide with a (Ta,Nb,V)-rich core and a (Ti,W)-rich rim structure was 
obtained when sintered at 1420°C. XRD and SEM phase analysis showed a progressive 
dissolution of the multi-component powder mixture into FCC (Ti,V,Nb,Ta,W)C-high entropy 
carbide and nickel alloy binder phases. TaC and NbC were identified as host phases for solid 
solution carbide phase formation, whereas WC and TiC only completely dissolved above 
1300°C and 1360°C, respectively. The delayed dissolution of TiC was reflected in a locally Ti-
enriched carbide rim structure, with dark atomic number contrast and enhanced hardness. 
The solid state sintered cermets showed a lower relative density and remnant starting 
powder components, whereas full densification was achieved upon liquid phase sintering 
above 1360°C. A single cubic (Ti,V,Nb,Ta,W)C phase carbide with a (Ta,Nb,V)-rich core and a 
(Ti,W)-rich rim structure was obtained when sintered at 1420°C.  Nanoindentation analysis 
revealed a much harder rim (29 ± 0.3 GPa) structure surrounding a lower hardness core (22 
± 0.3 GPa). The TaC and NbC hosted cubic solid solution lattice showed high plasticity during 
nanoindentation, which rendered a contiguous structured cermet with an acceptable 
fracture toughness for wear resistant applications.  
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Highlights 

 

 Fully dense (Ti,V,Nb,Ta,W)C-Ni cermets were prepared using conventional liquid 

phase sintering at 1420°C. 

 The high entropy carbide phase formation was studied in detail at seven different 

temperatures and correlated with thermodynamic calculations. 

 TaC and NbC hosted the other metal-carbide elements to form a single phase FCC 

high entropy carbide phase with ductile characteristics. 
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