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Abstract 

In this study, the influence of up to 15 vol% WC or Mo2C addition to Ni bonded NbC 

matrix cermets, prepared by pressureless liquid phase sintering in vacuum for 90 min 

at 1390 °C was assessed. The constituent phases and W/Mo dissolution in the Ni 

binder and NbC phases were simulated by thermodynamic modelling. Microstructure 

and phase analysis using XRD and SEM indicated that the WC or Mo2C modified NbC 

based cermets were composed of a (Nb,W)C or (Nb,Mo)C solid solution cubic phase 

dispersed in a cubic Ni alloy binder. Residual WC was present in the cermets with 10 

vol% WC addition, whereas up to 15 vol% Mo2C addition completely dissolved into the 

NbC cermets. The phase evolution and influence of the WC/Mo2C content on the solid 

solution formation is discussed and the fracture toughness, Vickers hardness and 

transverse rupture strength was assessed.  

Key words: Niobium carbide, Cermets, Liquid phase sintering, Microstructure, 

Mechanical properties  

 

1. Introduction 

Cemented carbides based on tungsten carbide (WC) with a cobalt (Co) binder phase 

are widely used as cutting tools due to their extremely favourable combination of 

hardness, toughness, wear-resistance and strength[1,2]. Secondary carbides such as 

NbC, TaC, Cr3C2, Mo2C, etc, were added to WC-Co based cemented carbides to tailor 

the mechanochemical properties for specific applications[3]. During use, WC-Co 

cemented carbides could be easily transformed into a submicron particle size oxide 

mixture of CoWO4 and WO3 by oxidation and wear processes[4]. The formation of water 

soluble WO3 upon oxidation, and the high solubility of WC in Fe-based alloys at 
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elevated temperatures favoured abrasive and especially dissolution crater wear[5-7]. 

The maximum application temperature of WC-Co cemented carbides was 800 to 

900 °C. At higher temperatures, plastic deformation due to softening of the binder 

phase and the reaction between WC and Co led to tool failure[9].     

      Extensive research had been devoted to the possible replacement of WC by other 

carbides or carbonitrides, such as niobium carbide (NbC) and titanium carbonitride 

(TiCxN1-x). Niobium oxide (Nb2O5) from the oxidized NbC had fully REACH-registered 

and no particular hazards or critical notifications for Nb2O5 and NbC were filed so far[10]. 

The solubility of NbC in iron, cobalt and nickel was substantially lower than that of WC 

at elevated temperatures[11], resulting in reduced crater wear of NbC inserts when dry 

cutting these alloys. The melting temperature of NbC was higher than that of WC, the 

hot hardness could be tailored exceeding that of WC above 600 °C and the E-modulus 

and hardness of NbC were quite stable with increasing temperature[10]. Huang et al. 

[12] investigated the influence of the Co content on the mechanical properties and 

microstructure of NbC-Co cermets prepared by Spark Plasma Sintering. The effect of 

WC, Mo2C, VC and Mo on the NbC grain growth, microstructure evolution and 

mechanical properties was investigated, and demonstrated that the addition of 

secondary carbides improved the binder/NbC wettability and minimized NbC grain 

growth with a Ni or Co binder[12-15]. NbC grain growth inhibition was achieved by adding 

Al to a NbC-Fe alloy or by adding Mo2C or VC to a NbC-Ni cermet[16]. However, the 

mechanical properties, i.e. hardness and flexural strength of NbC-Ni based cermets 

was modest due to an apparent grain growth. Therefore, secondary carbides 

wereintroduced into NbC-Ni systems as microstructure modifiers to improve their 

mechanical properties for different applications. It was well known that Mo2C or Mo 

was used as sintering aid to improve the wettability of hard phases like TiC or Ti(C,N) 

and metallic binder phases[17, 18]. WC was a necessary component in Ti(C,N) based 

cermet systems to improve mechanical properties[19]. A core-rim structure 

wasreported in NbC-Ni based cermets with WC addition[15]. However, the core-rim 

structure evolution with the WC content and its formation mechanism needs to be 

further investigated.   

     The wettability between binder and carbide phase was important during liquid 

phase sintering of hardmetals[20]. The microstructure of a hot pressed NbC-24.5 wt.% 

Co with WC addition was characterized by a relatively continuous, interconnected and 

irregular NbC grain network with an isolated Co binder phase, indicating a poor 
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wettability of NbC by the Co binder[21]. A much better wetting between NbC and Ni 

binder in NbC-Ni with different fractions of Al metal powder was observed during 

conventional liquid phase sintering in vacuum[9]. Fe3Al was also used as a binder to 

improve the strength and toughness of sintered NbC[22]. In addition, Ni bonded NbC 

cermets represented a viable alternative to Co bonded WC[14]. Nb is known to be one 

of the most biocompatible metals, whereas Ni powder does not have the same 

hazardous classification as Co powder[10]. In this study, Ni was chosen as binder 

phase due to its good wetting behaviour with cubic carbides.    

        Thermodynamic factors make solid-state sintering difficult for most hard materials 

and the most widely applied sintering method is liquid phase sintering[23]. In this paper, 

NbC-10Ni (vol%) powders with various amounts of WC or Mo2C additions were 

sintered to full density via liquid phase sintering. The effects of the added amount of 

WC/Mo2C on the density, microstructure, hardness, fracture toughness and transverse 

rupture strength were investigated and compared with the reference NbC-10Ni (vol%) 

bonded cermets.  

         

2. Experimental details  

NbC (CBMM, FSSS = 1.75 µm, Brazil), WC (Umicore, CW5300, FSSS = 2 µm, 

Belgium), Mo2C (Langfeng, FSSS = 3.50 µm, China) and Ni (Vale, T123TM,  FSSS = 

3-7 µm, UK) powders were used as starting materials. The NbC powder had total C 

and O contents of 11.2 and 0.17 wt%, respectively. The overall composition of the 

starting powder mixtures is summarized in Table 1.  NbC-10Ni-(2.5 to 15) WC or (2.5 

to 15) Mo2C (vol%) powder mixtures were weighted and mixed on a multi-directional 

mixer (Turbula) for 48 h in ethanol using WC-6 wt% Co milling balls (Ceratizit, H20C). 

The ball-to-powder mass ratio was 5:1. After mixing, the powder suspensions were 

dried on a rotating evaporator at 75 °C. The dried powder mixtures were cold 

isostatically pressed into green cylinder blanks at 250 MPa for 2 min and sintered by 

conventional pressureless liquid phase sintering for 90 min at 1390 °C at a heating 

rate 3 °C /min in a dynamic vacuum (~ 20 Pa) in a graphite furnace (HP, W100/150-

2200-50 LAX, FCT Systeme, Frankenblick, Germany). In order to investigate the core 

rim evolution in the WC doped cermets, NbC-10 Ni-15 WC (vol%) green compacts 

were sintered at different temperatures for 90 min and at 1390 °C for different dwell 

times.  
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       The equilibrium phase diagram and constituent phase compositions were 

simulated by Thermo-Calc software using the TCFE10 database[13]. The density of the 

sintered cermets was measured in demineralized water using the Archimedes method. 

Cross-sectioned cermets were ground with a diamond plate using an aqueous 15 μm 

diamond suspension, then polished on canvas with 3 and 1 μm colloidal diamond 

aqueous suspension. The phases were identified by X-ray diffraction (XRD, Seifert 

3003 T/T) on polished cross-sections of the cermets. In addition, the lattice parameters 

of the NbC and Ni phases were refined via Maud software based on the Rietveld 

method [24]. The micro-hardness (Model FV-700, Future-Tech Corp.,Tokyo) was 

measured with a load of 30 kg during 15 s. The reported values are the mean and 

standard deviation of five indentations. The Palmqvist indentation fracture toughness, 

KIC, was assessed from the length of the radial cracks originating from the corners of 

these indentations and calculated according to the formula of Shetty[25]. Three point 

bending testing was conducted on planparallel ground 2.0x3.0x25.0 mm3 specimens 

on an Instron 4467 with 1 kN load cell, a span length of 20 mm and a cross-head 

speed of 0.1 mm/s. The reported data are the average and standard deviation of 5 

specimens.  

       The microstructure of polished cross-sections was observed by scanning electron 

microscopy (NanoSEM 450 and XL-30 FEG, FEI). Schematics diagrams of the core-

rim structure of WC-doped cermets were coloured by PS CC2018 based on BSE 

images at a high magnification. The average NbC and Ni grain sizes were measured 

by EBSD at 800x magnification. EBSD analysis was carried out on a Philips XL30 

SEM using OIM software for grain size analysis. A 20 kV accelerating voltage was 

used with 4x4 binning of the EBSD patterns and a step size of 0.2 μm. The grain core 

diameter and rim thickness of the core-rim carbide grains was obtained from their area, 

based on BSE micrographs assuming that a circular core with a surrounding ring rim. 

The contiguity of the carbide grains, C, was calculated by the following equation[26]: 

 𝐶 =
2𝑁𝑁𝑏𝐶/𝑁𝑏𝐶

2𝑁𝑁𝑏𝐶/𝑁𝑏𝐶+𝑁𝑁𝑏𝐶/𝑁𝑖
                                                                (1) 

where 𝑁𝑁𝑏𝐶/𝑁𝑏𝐶 and 𝑁𝑁𝑏𝐶/𝑁𝑖 represent the number of NbC/NbC and NbC/Ni interfaces 

respectively, obtained by the line intercept technique on BSE micrographs at 2000x 

magnification.  
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3. Results and Discussion 

3.1. Thermodynamic predictions  

The calculated equilibrium phase diagrams of the NbC-10Ni-WC/Mo2C (vol%) 

systems, using Thermo-Calc and the TCFE10 database, are presented in Fig. 1. The 

content of WC and Mo2C was varied from 2.5 to 15 vol%, corresponding to 4.84 to 

25.89 wt% WC and 2.85 to 16.79 wt% Mo2C, respectively. The selected compositions 

are indicated by the vertical lines in Fig. 1. In the phase diagrams, the stable phases 

were the metallic Ni binder with fcc structure, WC with hexagonal structure, (Nb,W)C 

or (Nb,Mo)C solid solution phase with fcc structure and NbNi3 phase. The lowest 

temperature at which liquid phase was formed was close to 1302 °C for the WC/Mo2C 

free cermets. The solidus temperature of the WC doped cermets initially increased 

from 1302 °C up to a maximum of 1315 °C at 9 wt% WC with increasing WC content 

and decreased again to 1312 °C when the solid solubility limit of WC in NbC was 

reached at 21 wt% WC. The solidus temperature for Mo2C doped cermets decreased 

from 1302 °C to 1232 °C with increasing Mo2C addition, and remained constant at this 

temperature. The liquid phase sintering temperature in NbC-12Ni-(3-9)Mo2C (vol%), 

which was very close to the selected compositions, was measured to be around 

1300 °C [27], and well below the applied sintering temperature of 1390 °C.   

 

Fig. 1. Equilibrium phase diagrams for the (a) NbC0.96-10Ni-xWC (vol%) and (b) 

NbC0.96-10Ni-xMo2C (vol%) cermets.  

 

The calculated isothermal section of the NbC-WC-Mo2C system at 1000°C, shown in 

Fig. 2(a), indicates that there is no liquid phase in the WC or Mo2C doped cermets at 

1000 °C. However, WC/Mo2C and NbC partially dissolved into the Ni binder and 

WC/Mo2C also dissolved into the NbC phase to form a solid solution (Nb,W/Mo)C and 
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Ni binder phase. Additionally, WC remained in >  5 vol% WC doped cermets at 

1000 °C. Liquid phase was formed in all WC/Mo2C doped cermets at 1390 °C 

indicating liquid phase sintering can be performed at this temperature, as shown in Fig. 

2(b). All selected WC/Mo2C compositions were located in the same phase field 

showing the presence of liquid Ni binder and (Nb,W/Mo)C due to the fact that the solid 

solubility was increased with increasing temperature. According to the Thermo-Calc 

calculation of the liquid binder and NbC phase composition, shown in Fig. 2(c) and 2(d) 

respectively, the amount of WC or Mo2C that dissolved into the Ni metallic binder and 

the NbC phase linearly increases with increasing secondary carbide content in the 

starting powder, and reaches a maximum at 23 wt % WC or 33 wt % Mo2C addition. 

The solubilities of NbC, WC and Mo2C in nickel at 1400 °C were reported to be 7, 27 

and 36 wt% respectively[28].    

       

 

 

Fig. 2. Isothermal section of the NbC0.96-10Ni-xWC/Mo2C system at (a) 1000 °C and 

(b) 1390 °C. Calculated Ni binder phase (c) and NbC phase (d) composition at 1390 °C.  
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3.2. Constituent phases  

The chemical compositions, along with the theoretical (TD) and measured (MD) 

density, of the investigated NbC-Ni based cermets are summarised in Table 1. The 

sintered density (MD) clearly followed the theoretical density and increased with the 

amount of added WC/Mo2C. The theoretical density was calculated from the starting 

powder composition, assuming a density of 7.79, 8.91, 15.68 and 9.06 g/cm3 for NbC, 

Ni, WC and Mo2C respectively. All pressureless sintered cermets could be considered 

as fully dense.  

            

Table 1 Chemical composition and density of the investigated NbC-Ni based 

cermets 

 

Cermet 

(vol%) 

Composition 

(wt%) 

WC/Mo2C 

(mol%) 

TD 

(g/cm3) 

MD 

(g/cm3) 

WC influence     

NbC-10 Ni NbC-11.27 Ni 0 7.92 7.92 

NbC-10 Ni-2.5 WC NbC-11 Ni-4.84 WC 2.43 8.10 8.10 

NbC-10 Ni-5- WC NbC-10.74 Ni-9.45 WC 4.87 8.30 8.33 

NbC-10 Ni-7.5 WC NbC-10.49 Ni-13.85 WC 7.29 8.49 8.51 

NbC-10 Ni-10 WC NbC-10.25 Ni-18.04 WC 9.70 8.69 8.72 

NbC-10 Ni-15 WC NbC-9.80 Ni-25.89 WC 14.49 9.08 9.13 

Mo2C influence     

NbC-10 Ni-2.5 Mo2C NbC-11.23 Ni-2.85 Mo2C 1.37 7.93 7.91 

NbC-10 Ni-5 Mo2C NbC-11.18 Ni-5.69 Mo2C 2.76 7.97 7.95 

NbC-10 Ni-7.5 Mo2C NbC-11.14 Ni-8.50 Mo2C 4.18 8.00 7.98 

NbC-10 Ni-10 Mo2C NbC-11.10 Ni-11.28 Mo2C 5.62 8.03 8.02 

NbC-10 Ni-15 Mo2C NbC-11.01 Ni-16.79 Mo2C 8.60 8.09 8.06 

 

       The XRD patterns of the pure Ni different cermets with WC sintered at 1390 °C 

for 90 min are compared in Fig. 3(a, b, c). A diffraction peak of residual WC was clearly 

visible in the NbC-10Ni-10WC (vol%) and NbC-10Ni-15WC (vol%) compositions. The 

main diffraction peak of NbC gradually shifted to higher diffraction angles with 

increasing WC content, to reach a maximum shift at 7.5 vol% WC addition as shown 
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in Fig. 3(b), because of the solid solubility of W into the NbC lattice[29, 30]. The main 

diffraction peak of the Ni binder had shifted to a lower diffraction angle, compared to 

that of pure Ni, but the peak position in the cermets hardly changed as a function of 

the WC content. The sintered cermets were composed of a (Nb,W)C solid solution 

cubic phase dispersed in a cubic Ni alloy binder, along with a residual WC phase at 

starting powder WC contents 10 vol%. Although WC was predicted in all selected 

WC doped cermets at room temperature (see Fig. 1(a)), it was only observed in the 

10 and 15 vol% WC doped cermets due to the slow outward diffusion from the 

(Nb,W)C matrix and concomitant precipitation during cooling down.   

        The diffraction patterns of the pure Ni and Mo2C containing cermets are 

compared in Fig. 3(d, e, f). No Mo2C diffraction peak was observed in any of the Mo2C 

doped cermets, and only a Ni alloyed binder phase and a (Nb,Mo)C solid solution 

could be identified, as shown in Fig. 3(d). With increasing Mo2C content, the Ni 

diffraction peak progressively shifted towards lower 2 values and the opposite trend 

was observed for the diffraction peak of the (Nb,Mo)C phase as presented in Fig. 3(f) 

and (e). Complete solid solution of all selected Mo2C compositions was achieved after 

90 min at 1390 °C since Mo has a high solubility in the Ni binder and carbide phases, 

as reported for the TiC-18TiN-24Ni-(5-14)Mo2C system[31]. The fact there was no 

NbNi3 phase observed in the XRD patterns at room temperature in any of the Mo2C 

doped cermets was inconsistent with the results of the calculated equilibrium phase 

diagram shown in Fig. 1(b). Only a carbide phase solid solution and nickel-rich binder 

were obtained in the NbC-12Ni-0.5WC-(0-9)Mo2C (vol%) system after heating at 

6 °C/min to 1450 °C and immediately cooled upon reaching 1450 °C at 20 °C/min to 

20 °C in vacuum (5.10-6 bar)[27]. Mo2C  also precipitates at a very low temperature 

according to calculated phase diagram, but Mo2C could not be detected in the XRD 

patterns. The 2 shift of the NbC and Ni diffraction peaks in the Mo2C-doped cermets 

was higher than for the WC cermets, as shown in Fig. 3(b), (c), (e) and (f). Since the 

atomic radius of W and Mo was the same, i.e. 139 pm, the larger peak shift implies 

the solubility of Mo in NbC and Ni was higher than for W, as confirmed by the 

calculations presented in Fig. 2(c) and (d).  
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Fig. 3. XRD patterns of the WC (a), (b), (c) and Mo2C (d), (e), (f) doped cermets 

sintered at 1390 °C for 90 min.  

The evolution of the lattice parameters of the carbide and binder phases as 

a function of the WC/Mo2C content is presented in Fig. 4(a). The lattice parameter of 

the NbC phase decreased linearly from 0.44666 to 0.44404 nm with increasing Mo2C 

content, and from 0.44696 to 0.44587 nm with increasing WC content up to 10 vol%. 

At higher WC content, the lattice parameter remained constant implying the formation 

of a saturated (Nb,W)C solid-solution. The lattice parameter of NbC in the Mo2C doped 

cermets  decreased constantly with increased Mo2C addition, indicating the solubility 

limit of Mo2C was not reached. Although the lattice parameter of the Ni phase in the 

WC and Mo2C doped cermets is higher than for pure Ni (0.35283 nm), it was nearly 

constant (~ 0.35630 nm) in the NbC-10Ni-xWC cermets and slightly linearly increased 

to 0.35926 nm in the NbC-10Ni-xMo2C (vol%) system, indicating that the Mo 

concentration steadily increased in the Ni metallic binder phase as shown in Fig. 2(c). 

The evolution of the lattice parameters was confirmed by the EDX point analysis of the 

constituent phases presented in Fig. 4(b). The solubility of Mo in the Ni binder and (Nb, 
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Mo)C phase linearly increased, whereas the W content in (Nb,W)C and Ni binder 

became constant above 7.5 vol% and 5 vol% WC addition respectively.  

 

Fig. 4. Lattice parameters of the NbC and Ni phases as a function of the WC and Mo2C 

content in the starting powder (a) and evolution of the Mo and W content in the 

constituent phases, as measured by EDX point analysis (b). 

 

3.3. Microstructural evolution   

Backscattered electron (BSE) micrographs of polished surfaces of the cermets doped 

with different WC compositions sintered at 1390 °C for 90 min are compared in Fig. 5. 

Three phases were distinguished in the WC doped cermets based on their atomic 

number contrast. The grey, dark and bright contrast phases were the (Nb,W)C solid 

solution carbides, Ni binder and undissolved WC. All cermets were obtained by liquid 

phase sintering according to the Ni binder distribution, in agreement with the 

thermodynamic prediction shown in Fig. 1(a). The NbC-10Ni-15WC cermet was similar 

to the TiC-18TiN-24Ni-(10-29)WC (mol%) system where remaining WC was detected 

after vacuum sintering at 1430 °C for 90 min[18]. Some remaining WC grains were 

observed in NbC-24.5Co-(10-30)WC cermets[21]. The submicrometer black 

intragranular spherical spots were small pores or oxygen-rich NbCxOy
[32]. Comparing 

Fig. 5(a) with (b) revealed that the solid solution (Nb,W)C grain size was substantially 

smaller upon adding 2.5 vol% WC, compared to the NbC-Ni cermet. However, ~ 5 vol% 

WC addition did not show a significant influence on the (Nb,W)C grain growth as 

shown in Figs. 5(b)-(d). The shape of the NbC grains changed from faceted with 

rounded corners to rounded as the WC content increased, which indicated that the 

thermodynamic stability of the solid-solution phase was increased until 10 vol% WC[33]. 
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WC was present in the cermets that contain 10 or 15 vol% WC in the starting powder 

as shown in Fig. 5(e) and (f), which was consistent with the XRD patterns displayed in 

Fig. 3(a). The (Nb,W)C grains formed an interconnected carbide grain structure and 

the Ni solution phase was surrounded by (Nb,W)C grains indicating a reasonably good 

wettability between (Nb,W)C and the Ni solution phase. A (Nb,W)C core-rim structure 

with a slightly darker contrast core area was observed in the BSE images of all WC 

doped cermets. This became more pronounced with increasing WC content. The 

core/rim boundary appeared rather irregular, which could be explained by interface 

instability due to the presence of strain energy[34]. Based on the BSE contrast, the core 

should be richer in Nb whereas the rim should contain more W, as indeed confirmed 

by the EDX point analysis spectra shown in Fig. 6.  

 

Fig. 5. SEM-BSE micrographs of the cermets with various WC contents: (a) 0; (b) 

2.5; (c) 5; (d) 7.5; (e) 10; (f) 15 vol%.  
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Fig. 6. SEMBSE micrograph revealing the core/rim structure of the (Nb,W)C phase in 

the NbC-10Ni-7.5WC (vol%) cermet sintered at 1390 °C for 90 min (a), and EDX 

spectra taken from the core (b), rim (c) and Ni binder (d).  

  

        Fig. 7 shows the BSE micrographs of NbC-10Ni-(0-15)Mo2C (vol%) cermets as 

a function of the Mo2C content, sintered at 1390 °C for 90 min. The dark phase was 

the Ni binder and the grey phase was NbC or (Nb,Mo)C. The (Nb,Mo)C grain size 

decreased significantly when 2.5 vol% Mo2C was introduced and varied slightly at ≥ 

7.5 vol% Mo2C where coalescence of some small carbide grains occured. The shape 

of the NbC grains also changed from faceted with rounded corners to round since the 

sharp corners were firstly dissolved during liquid phase sintering. More liquid phase 

was formed at 1390 °C in the cermets with Mo2C addition than in the WC doped 

cermets (see Fig.1). In addition, Mo2C was reported to have the best wettability with 

Ni compared to other carbides[41], so (Nb,Mo)C had a better wettability with Ni than 

(Nb,W)C, and the solubility of Mo in NbC was higher than for W. Therefore, no core-

rim structure was formed in the Mo2C doped cermets, indicating a homogeneous solid 

solution might have been formed already in the solid state. It was reported that Mo2C 

additions have a clear inhibiting effect on NbC grain growth, already in the solid state[27]. 

However, further work is still in progress to understand the mechanisms of grain 

growth inhibition. Similarly, there was also no core-rim structure in the hard phase of 

the (Ti,W)C-Ni or (Ti,W)(CN)-Ni system in the size ranges of 100-500 and 200-800 nm, 

respectively[35]. The contact angle of NbC and Ni at 1420 °C was 11°[36] and decreased 
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due to a decreased solid-liquid interface energy upon introducing WC or Mo2C[37]. This 

interface was expected to suppress carbide growth by inhibiting the coalescence of 

carbides[38].  

 

 

Fig. 7. SEM-BSE micrographs of the cermets with various Mo2C contents: (a) 0; (b) 

2.5; (c) 5; (d) 7.5; (e) 10; (f) 15 vol%.  

 

         EBSD maps of NbC-10Ni-7.5WC/Mo2C (vol%) are shown in Fig. 8. Comparing 

Fig. 8(a) and (c), a much finer microstructure was observed in the Mo2C doped cermet. 

Additionally, the Ni binder distribution was more homogeneous in the Mo2C doped 

cermet as shown in Fig. 8(b) and (e).  
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Fig.8. EBSD orientation maps using IPF colouring for the NbC (a,d) and Ni (b,e) phase 

in the (a,b) NbC-10Ni-7.5WC and (d,e) NbC-10Ni-7.5Mo2C cermets.  (c) color code 

for Ni binder and NbC phase. 

 

         The core-rim evolution with WC content in WC doped cermets is schematically 

presented in Fig. 9. Only a few core-rim structures were observed in the 2.5 vol% WC 

doped cermets. The (Nb,W)C solid-solution phases form during sintering when WC 

was added to NbC-Ni powder and the composition of the (Nb,W)C phase depends 

mainly on the dissolution rate, the volume fraction, and the surface area of the NbC 

and WC phases[39]. A similar microstructure evolution was reported for (Ti0.93W0.07)C-

20Ni-(0-25)WC (wt%) and NbC-24.5Co-(4-30)WC (wt%) cermets where the core-rim 

structure was formed when WC is introduced[21,40]. Free WC was located at the 

(Nb,W)C/Ni or (Nb,W)C/(Nb,W)C grain boundaries as shown in Fig.9(e) and (f). 
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Fig. 9. Schematic representation of the BSE core-rim structure evolution in the NbC-

Ni-WC cermets as a function of the WC content; (a) 0; (b) 2.5; (c) 5; (d) 7.5; (e) 10; 

(f) 15 vol% WC. The orange and white colours represented the WC and Ni binder 

phase respectively, whereas the core of a core-rim grain is coloured black and the 

rim or core-less (Nb,W)C grains are coloured. 

         The average grain size of the (Nb,W)C phase decreased from 3.06 μm to 1.57 

μm when 2.5 vol% WC is introduced and levelled off at 1.60 µm with increasing WC 

content, as shown in Fig. 10(a). This indicated that the grain growth in WC doped 

cermets was not strongly related to the composition, but rather linked to the kinetics 

of dissolution and reprecipitation[41, 42]. The average grain size of the (Nb,Mo)C phase 

grains decreased from 3.06 μm to 1.55 μm with 2.5 vol% Mo2C addition and slightly 

decreased to 1.06 μm upon increasing the Mo2C content to 15 vol%. The average 

grain size reduction of the carbide solid solution grains was more pronounced in Mo2C 

doped cermets than for WC doped cermets. The (Nb,Mo)C had a better wettability 

with the Ni metallic binder phase than (Nb,W)C, since Mo2C had the best wettability 

with Ni amongst all IVB, VB and VIB carbides[43]. Therefore, a finer microstructure was 

observed in Mo2C doped cermets as presented in Fig. 7(a)-(f). A similar phenomenon 

was observed in TiC and Ti(C,N) cermets[17,18]. The grain growth inhibiting effect 

increased with increasing additive content in the liquid phase until the solubility limit of 
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the secondary carbides was reached[44]. As described above, the solubility limit of Mo-

2C was not reached even at 15 vol% Mo2C, so Mo2C kept on decreasing the (Nb,Mo)C 

grain size, whereas the maximum WC solubility in the nickel binder was already 

reached at 2.5 vol% WC addition. The Ni binder intercept length decreased from 2.36 

μm to 0.79 μm and 0.70 μm, upon 2.5 vol% WC/Mo2C addition and was nearly 

constant at 0.52 μm upon increasing the WC/Mo2C content to 15 vol%. The core-width 

and rim thickness of the core-rim carbide grains evolved as a function of the WC 

content as shown in Fig. 10(b). The (Nb,W)C core had already formed during solid 

state sintering and the rim phase grew around on top by dissolution and reprecipitation 

of the (Nb,W)C phase in the liquid phase. The amount of (Nb,W)C increased with 

increasing WC content. The core width increased with increasing WC content until the 

solid solution limit of WC was reached, which induced decreased rim thickness. The 

core width increased from 0.30 to 1.15 µm at 10 vol% WC and levelled off with 

increasing WC content, whereas the rim thickness decreased from 0.98 to 0.29 µm at 

10 vol% WC and levelled off with increasing WC content as shown in Fig. 10(b).  

 

Fig. 10. Average grain size and intercept length versus WC/Mo2C content (a), and core 

width and rim thickness as a function of the WC content (b).  

 

        The core-rim evolution as a function of the sintering temperature in the 15vol% 

WC doped cermet is presented in Fig. 11. No core-rim structure was observed in the 

cermets solid state sintered at 1200 °C or 1280 °C for 90 min as shown in Fig.11(a) 

and (b). Very few core-rim structures and a large number of Ni agglomerates were 

observed when sintered at 1330 °C for 90 min. When liquid phase sintering, the 

dissolution-precipitation process became active, leading to a distinct core-rim structure. 

Thisbecame obvious when sintering at 1390 °C for 90 min as displayed in Fig. 11(d). 
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When sintering at even higher temperatures, the core-rim structure gradually 

disappeared as shown in Fig.11(e) and (f). No residual WC was observed in the 15 

vol% WC doped cermet sintered at 1600 °C for 90 min, as confirming by the XRD 

analysis shown in Fig. 12. The grains became coarse with a less distinct core-rim 

structure after sintering at 1600 °C because the higher temperature was beneficial for 

W atom interdiffusion between the core and rim, leading to a smaller black cores with 

thicker rim phases. Therefore, the final morphology of the cermet tended to become a 

homogeneous (Nb,W)C solid solution embedded in a Ni-based binder with increasing 

sintering temperature. A similar phenomenon was observed in the TiC-25WC-

11Mo2C-10Ni-8Co-1C (wt%) system[45]. The calculated NbC phase composition in 

WC/Mo2C doped cermets as a function of temperature is shown in Fig. 13. The amount 

of WC dissolved in NbC steadily increased with temperature until 1306 °C, followed 

by an abrupt increase between 1306 and 1321 °C (as indicated by the dashed circles) 

and a further increase to level off around 1420 °C (see Fig. 13(a)). Conversely the 

amount of dissolved Mo2C is increased with increasing temperature up to 1371 °C and 

then varies slightly as displayed in Fig. 13(b). There were still core rim structures in 

the NbC-Ni-15WC (vol%) system even when sintered at 1600 °C for 90 min indicating 

that the interdiffusion between core and rim was extremely slow. Therefore, the 

obvious core rim structure was observed after sintering at 1390 °C. 
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Fig. 11. NbC-10Ni-15WC starting powder sintered at different temperatures: (a) 

1200 °C; (b) 1280 °C; (c) 1330 °C; (d) 1390 °C; (e) 1480 °C; and (f) 1600 °C.  

 

 

Fig. 12. XRD pattern of the NbC-10Ni-15WC (vol%) cermet sintered at 1600 °C for 90 

min.  

 

 

Fig. 13. Calculated NbC phase compositions in the 15 vol% WC/Mo2C doped cermets 

as a function of temperature.    

 

Fig. 14 shows BSE images of the 15 vol% WC cermet sintered at 1390 °C for various 

sintering times. Less distinct core-rim structures were observed in the cermets sintered 

at 1390 °C for 0, 180 and 360 min compared to the cermet sintered for 90 min. The 

interdiffusion between cores and rims occurred during sintering and W atoms diffused 

into the core with increasing sintering time to achieve more equilibrated composition.  
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Fig. 14. SEM-BSE micrographs of NbC-10Ni-15WC (vol%) cermets sintered at 

1390 °C for different dwell times: (a) 0 min; (b) 90 min; (c) 180 min; (d) 360 min. 

There was a significant increase of WC in the NbC matrix in the temperature range 

from 1376 to 1396 °C according to the calculations shown in Fig. 13(a). However, the 

interdiffusion between core and rim was extremely slow. Therefore, the addition of WC 

in NbC-10Ni-(0-15)WC (vol%) cermets resulted in a core-rim structured material. The 

formation of the rim was related to the dissolution-reprecipitation process. The 

(Nb,W)C core was formed via solid solution during solid state sintering as displayed in 

Fig. 11(a)-(b). The newly solid state formed (Nb,W)C phase and undissolved WC 

dissolved in the molten Ni binder above the liquidus temperature and a W-richer rim 

of (Nb,W)C precipitated on top of the non-dissolved (Nb,W) or NbC grains which acted 

as nucleation sites when the liquid Ni binder was oversaturated during the dwell period 

and during cooling. The W-richer rim structure had the same crystal structure and 

similar lattice parameters as the NbC/(Nb,W)C core since the XRD patterns did not 

show any evidence of peak splitting. The core width increased with increasing WC 

content since larger solid state formed (Nb,W)C grains acted as reprecipitation sites, 

as presented in Fig.11(b), which caused more core rim structure with increasing WC 
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content until the solid solution limit of WC was reached as shown in Fig. 9(b)-(f). At 

higher sintering temperature - longer sintering time combinations, the interdiffusion of 

W from rim to core led to a more homogeneous (Nb,W)C phase, as shown in Fig. 11 

and Fig. 14.  

3.4. Mechanical properties  

The change in the Vickers hardness and fracture toughness was presented 

in Fig. 15(a). The Vickers hardness initially increased upon adding 2.5 vol% WC, but 

levelled off at WC contents of 5-10 vol%, in agreement with the evolution of the 

(Nb,W)C grain size, as shown in Fig. 11(a). Since the hardness did not change upon 

2.5-10 vol% WC addition, the intrinsic hardness of the NbC and (Nb,W)C phases were 

comparable. A highest HV30 of 1261± 5.1 kg/mm2 was measured for the 15 vol% WC 

grade, which was slightly higher than for the other WC-doped grades most probably 

due to the intrinsically harder WC phase present. The Vickers hardness of the Mo2C 

doped cermets significantly increased with increasing Mo2C content. For the cermet 

with 15 vol% Mo2C addition, a highest microhardness of 1463  ± 19 kg/mm2
 was 

measured, correlating with the smallest (Nb,Mo)C grain size of 1.06 µm. The reason 

can be twofold: (i) according to the Hall-Petch relationship, the hardness increased 

with decreasing (Nb,Mo)C grain size; (ii) Nb and Mo were dissolved in the Ni binder[18] 

as shown in Fig. 2(c)  to cause solid-solution hardening, but the effect was not 

identified[46].  

       The fracture toughness  decreased significantly with increasing amount of WC or 

Mo2C from 10.9 MPa m1/2 without carbide addition down to 7.7 ± 0.1 MPa m1/2
 and 8.6 

± 0.1 MPa m1/2 for the 15 vol% WC and Mo2C doped cermets respectively. The 

evolution of the contiguity with WC/Mo2C content is shown in Fig. 15(b). It increased 

from 0.50 ± 0.05 with increasing WC/Mo2C content to a maximum of 0.72 ± 0.05 and 

0.63 ± 0.04 at 15 vol% WC and Mo2C addition, respectively. The contiguity for the 

Mo2C doped cermets slightly increased between 0 and 2.5 vol% Mo2C addition, and 

was constant at 0.63 at higher Mo2C contents. Above 8 vol% secondary carbide 

addition, the contiguity in the Mo2C system was lower than in the WC system, 

confirming the better wettability in the Mo2C containing cermets. Due to the higher 

contiguity, a lower fracture toughness was observed for the WC doped cermets. The 
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hardness of the WC doped cermets slightly increased with increasing contiguity, while 

the fracture toughness followed the opposite trend.  

 

 

Fig.15. Vickers hardness and indentation fracture toughness (a) and contiguity (b) of 

the sintered cermets.  

 

      The crack propagation path testing with a load of 30 kg during 15 s in the cermets 

is shown in Fig. 16(a), revealing that the cracks mainly propagated intergranularly 

along the NbC-Ni interfaces in the NbC-Ni cermet. Cracks mainly propagated along 

the outer rim grain boundary in WC doped cermets as shown in Fig. 16(c). Both 

transgranular and intergranular crack propagation were observed in the WC and Mo2C 

doped cermets as shown in Fig.16. The Ni binder played a similar role as Co in WC-

Co hardmetals, inhibiting crack propagation in the hardmetal by shielding the stress 

field in front of the crack tip or by forming bridging ligaments behind the crack tip[47]. 

The similar phenomenon was observed in NbC-Al2O3 system[48]. 
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Fig.16. Crack propagation path in the NbC-10Ni-xWC cermets with (a) 0; (b) 2.5; (c) 

7.5 and (d) 15 vol% WC; and NbC-10Ni-xMo2C cermets with (e) 2.5; (f) 7.5 and (g) 15 

vol% Mo2C.  

 

The flexural strength of the cermets with varying WC/Mo2C content is shown in Fig. 

17. The flexural strength initially increased with increasing WC content up to a 

maximum of 1706  44 MPa at 7.5 vol% WC and was reduced upon further increasing 

the WC content. The flexural strength of all Mo2C doped cermets was comparable 

around 1406  107 MPa, with a highest value of 1482  137 MPa at 5 vol% Mo2C. 

According to the Griffith equation (2), the calculated critical flaw size in the 5 vol% 

Mo2C doped cermets was about 26 μm which was much largger than the average 

grain size, implying the (Nb,Mo)C grain refining effect on the flexural strength is limited: 

 
𝜎𝑓 =

𝐾𝐼𝐶

√𝜋𝐶
 (2) 

where 𝜎𝑓 is the flexural strength required to propagate a crack of half-length C and 𝐾𝐼𝐶 

is the fracture toughness.  
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Fig. 17. Transverse rupture strength of the sintered cermets. 

 

4. Conclusions  

        Fully dense Ni-bonded NbC cermets with up to 15 vol% WC/Mo2C were 

synthesized by pressureless liquid phase sintering for 90 min at 1390 °C. XRD lattice 

parameter analysis, energy dispersive point analysis and Thermo-Calc calculations 

revealed that the WC or Mo2C addition mainly dissolved in the NbC phase, forming 

solid solution (Nb,W)C/(Nb,Mo)C carbide phases, and to a minor extent in the Ni-

binder. Residual WC was observed at 10 vol% WC addition, whereas up to 15 vol% 

Mo2C completely dissolved into the NbC/Ni cermets.  

      The liquid phase sintered Mo2C doped cermets had a finer homogeneous grain 

sized microstructure, whereas the near solid state sintered WC-containing cermets 

had a coarser core-rim structured carbide phase with a W-rich (Nb,W)C rim around a 

Nb-rich (Nb,W)C core. The grain size of the (Nb,Mo)C grains slightly decreased with 

increasing Mo2C content above 2.5 vol% resulting in a hardness increase up to 1463 

± 19 kg/mm2 (15 vol% Mo2C addition), whereas the core-rim (Nb,W)C grain size 

remained constant resulting in a hardness of 1200-1250 kg/mm2. The contiguity of the 

WC cermets increased linearly with increasing WC content, accompanied by 

decreased fracture toughness. The contiguity of the Mo2C doped cermets kept rather 

constant around 0.63 ±  19 at and above 2.5 vol% Mo2C addition. The Mo2C-

containing cermets however had a higher toughness than their WC equivalents since 

the wettability in the Mo2C system was higher than for the WC equivalents, as revealed 

by their lower contiguity at higher secondary phase starting powder additions. The 
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flexural strength of the NbC-10Ni-xWC cermets was maximum at 1706  44 MPa at 

10 vol % WC, whereas the strength of the NbC-10Ni-xMo2C cermets was comparable 

with a highest value of 1482  137 MPa at 5 vol% Mo2C. 
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