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Abstract 

The need for Co replacement with alternative binders is imperative in hardmetals research due to 
environmental and health issues, high cost, and inferior corrosion properties. In combination with nano 
WC powders, alternative binders could reach the properties of WC-Co hardmetals with improved 
corrosion resistance. Nickel as a binder is one of the best cobalt alternatives due to its similar 
properties and enhanced electrochemical corrosion resistance. Previous studies indicated that adding 
niobium carbide to WC-Co hardmetals significantly refines grain size and limits grain growth. 
Depending on the amount of NbC in hardmetals, transverse rupture strength, hardness, and wear 
resistance can be improved. In contrast, TaNbC significantly improves oxidation, thermal and wear 
resistance, and hot-hardness. In this work, microstructural characteristics and mechanical properties 
were investigated by observing the influence of adding NbC and TaNbC to starting mixtures with a Ni 
content of 9 wt.% and a mean particle size of tungsten carbide of approximately 150 nm.  

Introduction 

Compositions of tungsten carbide (WC) and cobalt (Co) binder with different additions have been 
widely investigated and are commercially available. Alternative binder metals such as Nickel (Ni) and 
Iron (Fe) were later introduced to improve WC-based hardmetals corrosion resistance [1-3]. Studies of 
WC-Ni systems showed a better corrosion and oxidation resistance in comparison to Co binder based 
systems [3,4]. Most recent studies aim to utilize Ni binder for achieving better mechanical properties 
while reducing the high cost of raw material primarily associated with the high Co price and its 
negative environmental impact and health hazard issues [5-7]. However, early studies on WC-Ni 
hardmetals reported lower strength and hardness than Co binder systems [8,9]. Regardless of the 
binder material used, the addition of different types of cubic carbides such as Cr3C2, TaC, TiC, and VC 
has shown to be necessary to limit the grain growth during sintering in grades with WC grain sizes 
below 1 µm [10-12]. Information on the influence of different grain growth inhibitor (GGI) combinations 
on the grain growth inhibition process and resulting microstructural characteristics of consolidated 
hardmetals with binder materials other than Co is relatively scarce. Studies have shown that VC, TaC 
and Cr3C2 provide significant grain size refinement effects [13, 14]. Only a few published studies 
focused on NbC and TaNbC as grain growth inhibitors in nanostructured WC-Co hardmetals [15, 16]. 
Previous studies indicate that the addition of NbC to conventional WC-Co hardmetals significantly 
refines WC grain size and limits grain growth [17]. Besides grain refinement, NbC also improves 
mechanical properties such as transverse rupture strength, hardness, and wear resistance [18]. In 
literature, there is no published research on NbC and TaNbC influence on mechanical properties and 
microstructural characteristics of nanostructured hardmetals with alternative binders. Conventional 
WC-Co hardmetals are not the best solution for the petroleum and chemical industry, considering they 
exhibit low corrosion stability [19, 20]. Therefore, there is a need for new innovative materials 
with comparable mechanical properties to cobalt bonded nanostructured hardmetals. To achieve 
desired and similar mechanical properties, the solution to that problem could be using WC 
nanoparticles with NbC and TaNbC as multifunctional powder and Cr3C2 as a grain growth inhibitor. 
This study investigates the effect of NbC and TaNbC added to  WC-Ni hardmetals, focusing on 
microstructure development during sintering, grain refinement effectiveness, and mechanical 
properties.  

Materials and Methods 

Two types of starting mixtures with the same WC powder and Ni binder content of 9 wt.% were 
prepared. WC powder has an average grain size of dBET˂150 nm and a specific surface area (BET) of 
2.9 m2/g. Used Ni powder has a fisher particle size of 2.6 µm. Since GGIs have been shown to 
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strongly contribute to grain size refinement effects, 1 wt. % Cr3C2  with a fisher particle size of 1.5 µm 
was added to both starting mixtures. Different types of cubic carbides were added to the starting 
mixtures: NbC with a fisher particle size of 0.9 µm was added to the first mixture, while TaNbC with the 
Ta:Nb ratio of 83.1/9.6% and a fisher particle size of 1.1 µm was used in the second. A horizontal ball 
mill was used for powder mixing/homogenization (24 h, powder ball ration of 1:10). An overview of 
starting powders and mixtures characteristics is given in Table 1.   

Table 1: Starting powders and mixtures characteristics 

Mixture Starting powders 
Content, 

wt. % 

WC - 9Ni - NbC 

WC DN 3.0 (H. C. Starck Tungsten) rest 

AMPERSINT MAP Ni (Hӧganäs) 9 

Cr3C2 160 (Hӧganäs) 1 

NbC HGS (H.C. Starck) 0.5 

WC - 9Ni - TaNbC 

WC DN 3.0 (H. C. Starck Tungsten) rest 

AMPERSINT MAP Ni (Hӧganäs) 9 

Cr3C2 160 (Hӧganäs) 1 

TaNbC HGS (H.C. Starck) 0.5 

 
After milling and vacuum chamber drying, mixtures were sieved with a 315 μm sieve. Compacting of 
bending bar samples was conducted by uniaxial die pressing with a pressure of 200 MPa at room 
temperature on a hydraulic press. After debindering in H2 containing atmosphere, both types of 
samples were directly sintered using a single-cycle sinter HIP process at a temperature of 1450 ºC 
and pressure of 60 bar for 45 min. Post-production sample characterization included density 
measurements by Archimedes principle using Metler Toledo range scale according to ISO 3369:2006. 
The porosity and possible unbound carbon presence were determined by comparing the polished 
surfaces with photo micrographs given in the ISO 4505:1978 standard. The occurrence of η-phase 
was checked by detailed analysis performed by optical microscopy (Olympus, Shinjuku City, Tokyo, 
Japan) after etching in Murakami reagent for 2 seconds. Microstructure analysis consisted of field 
emission scanning electron microscopy FESEM (Zeiss, Oberkochen, Germany), XRD analysis and 
EBSD analysis. Characterization of the mechanical properties included measurement of Vickers 
hardness and fracture toughness. The instrumented indentation test was conducted using Anton Paar 
micro combi tester MCT³ with Vickers indenter to determine the micro-mechanical properties of both 
types of samples. The force of 500 mN was applied, and a matrix of 24 indentations was made on 
each sample type. Poisson's ratio of 0.24 was assumed. 

Results 
Microstructural characteristics of consolidated samples 

Table 2: Characteristics of consolidated samples with different types of added cubic carbides 
 

Sample 
Density 
g/cm3 

Rel. 
Density, % 

ISO Porosity 
dWC, nm 

   A               B              C 

WC-9Ni-1Cr3C2-0.5NbC 14.45 100.2 A00-A02 B00 C00 267 

WC-9Ni-1Cr3C2-0.5TaNbC 14.50 100.2 A00-A02 B00 C00 284 

 
Consolidated samples achieved the theoretical density. The polished surfaces of both samples are 
mostly without porosity or uncombined carbon. In some places on the polished surface, some small 
pores are visible. Etching for 2 seconds in a Murakami reagent for η-phase evaluation revealed the 
presence of clusters on the surfaces of both samples, seen as star-like structures (Figure 1). These 
areas have similarity to η-phases (ISO 4499-4:2016). The star-like structures are more prominent on 
the WC-9Ni-1Cr3C2-0.5NbC sample (Figure 1a). The WC grain size dWC measured by a conventional 
linear intercept method showed a slightly smaller grain size for the WC-9Ni-1Cr3C2-0.5NbC sample, 
later confirmed by FESEM analysis. Both samples have a mean WC grain size dWC>200 nm and can 
be classified as near-nanostructured hardmetals. Microstructure FESEM analysis (see Figure 2.) 
confirmed a uniform distribution of WC grains without abnormal grain growth. However, within the WC-
9Ni-1Cr3C2-0.5TaNbC sample, some larger WC grains were detected. The presence of 
structures/clusters distributed over the entire sample was confirmed for both samples. Since the 
density of the η-phase is higher than the Ni density, it would be of a lighter shade of grey on FESEM 
micrographs using a SE or ESB detector.  
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a)                                                                       b) 
Figure 1. Etched sample microstructure of sample a) WC-9Ni-1Cr3C2-0.5NbC b) WC-9Ni-1Cr3C2-

0.5TaNbC 
 

 
Figure 2. FESEM micrographs of the unetched samples where light grey particles are WC, medium 

grey particles are cubic carbides, and dark regions correspond to Ni binder. (a)(b) clusters detected on 
WC-9Ni-1Cr3C2-0.5NbC sample; (c) (d) clusters detected on WC-9Ni-1Cr3C2-0.5TaNbC sample 

Since similar observed clusters were linked to the formation of complex Ni, Cr and Nb containing cubic 
carbide precipitations, [10,14] an EBSD mapping and EDS analysis of W, Ni, Nb and Cr was done to 
identify the WC, Ni, NbC and Cr3C2 phases within the microstructure. EDS results for both samples 
are shown in Fig. 3, and the EBSD results for the WC-9Ni-1Cr3C2-0.5NbC sample are shown in Figure 
4.  
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b) 

 

 

 

Figure 3. EDS analysis a) WC-9Ni-1Cr3C2-0.5NbC b) WC-9Ni-1Cr3C2-0.5TaNbC 

 
Figure 4. EBSD map of the same region of WC-9Ni-1Cr3C2-0.5NbC 

WC and Ni phases were identified as the main phases, with NbC and Cr3C2 cubic carbides detected 
mostly at grain boundaries. Cubic carbide precipitation from the added cubic carbides was only 
identified by EDS (Figure 5) and EBSD analysis and light optical analysis. 

Further investigations done by XRD indicated WC with hexagonal crystal structure and an alloyed Ni 
binder with cubic structure, as shown in Figure 5. The binder peak of both samples corresponds quite 
well to a Cr alloyed Ni3Cr phase (PDF file 01-071-7595). No peaks for η- phase, like Ni2W4C, Ni3W3C 
or Ni6W6C were present in any samples. Comparing obtained patterns with those in other studies [21] 
of WC-Ni systems where η-phase peaks are identified at certain 2 theta values it is evident that no 
such peaks are seen for the here studied WC-9Ni-1Cr3C2-0.5NbC as well as the  WC-9Ni-1Cr3C2-
0.5TaNbC samples. This confirms the absence of η-phase and the presence of a heavily alloyed 
binder phase. However, also none of by EDS and EBSD identified carbide precipitations were 
detected by XRD. Possible reasons are either the too low amount of just around 1 wt.% or a complex 
less structured lattice of these precipitations. 
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Figure 5. XRD pattern for samples WC-9Ni-1Cr3C2-0.5NbC and WC-9Ni-1Cr3C2-0.5TaNbC  

 

Mechanical testing results 

The average hardness of 1810±10 HV10 was measured for the WC-9Ni-1Cr3C2-0.5NbC sample and 
1790±10 HV10 for the WC-9Ni-1Cr3C2-0.5TaNbC sample using a standard HV10 tester. Fracture 
toughness of 8.2±0.2 MPa√m was obtained for the WC-9Ni-1Cr3C2-0.5NbC sample and 8.2±0.1 
MPa√m for the WC-9Ni-1Cr3C2-0.5TaNbC sample. Instrumented indentation test IIT results include 
indentation plane strain modulus (E),  indentation modulus (EIT), indentation hardness (HIT), Vickers 
instrumented hardness (HVIT), stiffness (S), elastic work (Welast), plastic work (Wplast), indentation work 
ratio (ηIT), and indentation creep (CIT), and are presented in Table 3. 

Table 3: Instrumented indentation test results 

WC-9Ni-1Cr3C2-0.5NbC  
 

E, 
GPa 

EIT, 
GPa  

HIT, 
MPa 

HVIT 
(HV) 

S, 
mN/nm 

Welast, 
pJ 

Wplast, 
pJ 

ηIT, 
% 

CIT, 
% 

Min 562 530  19234 1815 2.078 66515 118702 33.6 1.28 

Max 678 639  22610 2134 2.416 70458 131924 36.8 2.23 

Mean 622 586  20815 1965 2.257 68459 127459 35.0 1.76 

St dev 36.8 34.6  842.7 79.54 0.093 1046 3155.8 0.01 0.21 

WC-9Ni-1Cr3C2-0.5TaNbC 

 E, 
GPa 

EIT, 
GPa 

HIT, 
MPa 

HVIT 
(HV) 

S, 
mN/nm 

Welast, 
pJ 

Wplast,  
pJ 

ηIT, 
% 

CIT, 
% 

Min 613 578 17894 1689 2.219 55876 128196 28.5 1.53 

Max 949 894 21453 2025 3.018 66880 142497 34.0 2.36 

Mean 706 665 19889 1877 2.497 62619 134869 32.0 1.94 

St dev 86.3 81.4 922.9 87.10 0.209 3243.1 4414.6 0.02 0.24 

 

Higher hardness values HIT were measured by IIT compared to Vickers hardness HV10 measurement 

for both samples related to the indentation size effect ISE. ISE represents the increase in hardness 
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with decreasing penetration depth, especially at depths of less than a few micrometres, and is 

connected to dislocation microstructures and how they vary with indentation size [23]. Regardless of 

the test method used, higher hardness values were measured for the WC-9Ni-1Cr3C2-0.5NbC sample 

indicating that the addition of pure NbC in comparison to TaNbC results in a higher overall hardness. 

Higher Welast and ηIT were also obtained for the WC-9Ni-1Cr3C2-0.5NbC sample, indicating here too 

that internal resistance to deformation under applied load is higher in case of NbC addition. CIT  

represents the relative change in the indentation depth during the application of constant force over 30 

seconds and is lower for the WC-9Ni-1Cr3C2-0.5NbC sample indicating higher resistance to time-

dependent deformation under the constant stress at room temperature. 

On the other hand, higher values of Wplast, S, E and EIT were measured for the WC-9Ni-1Cr3C2-

0.5TaNbC sample indicating that TaNbC added to the starting WC-Ni hardmetal mixture contributes to 

higher stiffness of the material.  Here, the stiffness of the contact S includes a contribution from both 

the sample and the test device itself, but it still represents the resistance of the material to being 

deformed elastically and corresponds to higher values of Wplast, E and EIT. 

 

Conclusions 

The following conclusions can be drawn from the conducted research: 

 

• Fully dense WC-Ni hardmetals with the addition of Cr3C2, NbC and TaNbC were developed 
using one cycle sinter-HIP process. Both samples achieved a homogeneous microstructure 
with relatively uniform WC grain-size distribution, without abnormal grain growth but a slightly 
inhomogeneous Ni binder distribution.  

• Etching with Murakami for 2 sec. shows an additional third phase with star-like structures in 
the light optical microscopy. Further investigations showed, that these structures are not η-
phase but precipitation of the used carbide additions. The results show, that for Ni bonded 
hardmetals already etching for 2 sec. is enough for revealing cubic carbide precipitations, in 
contrast to Co bonded hardmetals where such carbide precipitations are only expected after > 
5 sec. [22]. 

• The use of Cr3C2 and Nb/TaNbC addition with in total 1.5 wt.% in the starting mixtures of WC-
9 Ni is thus to high for a full solution within the binder phase and leads to the 
formation/precipitation of cubic lattice.  

• The Ni binder is highly alloyed with Cr, resulting in a XRD peak shift to a peak position 
constating with a cubic CrNi3 phase 

• Achieved mechanical properties are comparable to mechanical properties of Co-bonded 

nanostructured hardmetals. Higher HIT,  Welast and ηIT values were obtained for WC-9Ni-

1Cr3C2-0.5NbC sample, while higher E, EIT, S, Wplast and CIT,  were obtained for WC-9Ni-

1Cr3C2-0.5TaNbC sample.  
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