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A B S T R A C T

Nickel is among the substitutes for Co as a binder in cemented carbides due to its higher corrosion resistance, 
lower cost and critical availability. However, the low wettability of Ni in WC has limited the development of 
cemented carbides with a low metal binder content, especially when sintered by conventional methods. In this 
study, high-density WC-Ni cemented carbides, with 10 and 15 Ni vol% (5.9 and 9.1 wt%), were manufactured. 
To ensure that metal particles were in contact with the WC and thus ensure homogeneous sintering, nanosized-Ni 
(nNi, from now on) powders were dispersed in a matrix of micron-sized WC powders. Using colloidal processing 
routes enables high and homogeneous dispersion of nNi throughout the entire volume of the part. Green samples 
of the two compositions were pressureless sintered under high vacuum and flowing argon atmospheres, both at 
1450 ºC and 1500 ºC. The best sintering condition resulted in being under high vacuum at 1450 ºC in terms of 
microstructural parameters and hardness. Obtaining relative densities of 96.6 % and 97.2 %, WC grain sizes of 
2.4 µm and 2.7 µm and Vickers hardness of 10.5 GPa and 9.3 GPa for WC/10Ni and WC/15Ni compositions, 
respectively. Furthermore, plasticity mechanisms were evaluated by studying the microstructure of the hardness 
indentation transverse plane.

1. Introduction

The cemented carbide industry is increasingly interested in 
substituting Co as a binder in WC-based compositions due to two main 
reasons: the first, which has been considered since 1987 [1] and today is 
a critical problem [2], is that Co is regarded a strategic material due to 
its scarcity and increasing demand. Second, the mixture of WC and Co 
has potential lung toxicity, so sintered WC-Co hard metals were classi
fied as carcinogenic to humans [3,4]. In addition to this, WC-Co presents 
low corrosion and wear resistance performance under severe working 
conditions. The leading candidates to replace Co as a binder are Fe and 
Ni [5] or a combination of both elements, i.e. Fe-Ni [6− 8] and Fe-Co-Ni 
alloys [2,9] also studying de addition of Mo [10]. Iron is beneficial due 
to its lower price, higher availability and low toxicity, but it has poor 
corrosion resistance and a poor wettability with WC grains [3], implying 

higher difficulties during sintering and a low adhesion of the phases. On 
the contrary, nickel has better wettability than iron with WC grains [3]
and excellent corrosion resistance [11], therefore, although other ap
proaches are being investigated, such as WC-W [12] and WC-W2C [13]
compositions for applications where high thermomechanical resistance 
is needed, or the recent development of HEAs [14] as binder materials, 
Ni remains as the preferred alternative to Co binder.

To maintain the thermomechanical resistance of the carbide phase, it 
is necessary to keep the metallic binder additions in the lowest quantity 
possible but sufficient and homogeneously distributed to have mild 
sintering conditions to achieve high material densification, i.e. the 
metallic phase acts as a sintering aid. The colloidal processing technique 
makes it possible to obtain homogeneous phase distribution [15] of the 
starting powders even if the quantity of binder is low [5].

In recent years made densification of materials with high melting 
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points possible at lower temperatures or in a shorter period. These 
techniques are known as nonconventional sintering techniques and 
include spark plasma sintering (SPS), hot isostatic pressing (HIP), hot 
press sintering (HPS), flash sintering (FS), etc. [16]. These techniques 
have the disadvantage of being high energy and economically 
demanding compared to conventional sintering techniques (or pres
sureless techniques), in which the green body is heated to a defined 
temperature without applying any external pressure [17]. Besides, 
nonconventional sintering techniques sometimes have shape and size 
limitations that make them not applicable in industrial-scale production 
or in combination with novel manufacturing techniques such as additive 
manufacturing.

However, due to the difficulties in obtaining full densification, 
research on WC-based cermets with low Ni binder additions by con
ventional sintering techniques is still limited [18− 21]. Therefore, in this 
study, the compositions of WC/10Ni and WC/15Ni (in vol%) were 
formulated by colloidal processing to achieve a homogeneous binder 
distribution, which makes it possible to act as a sinter-aid even with low 
Ni amounts. Two sintering atmospheres were studied for both compo
sitions, high vacuum and flowing argon, at two different temperatures: 
1450 ºC and 1500 ºC. A deep analysis of the sintered samples in terms of 
density, microstructural parameters and hardness was performed to 
identify the most favourable sintering conditions.

Furthermore, SEM observations of the transverse cross-section 
beneath the Vickers indentation were conducted to investigate the 
plasticity mechanisms activated during deformation. This section was 
accessed using standard grinding and polishing techniques without FIB 
preparation. It is important to clarify that the use of conventional 
grinding and polishing techniques to access the indentation cross- 
section is a well-established method and not introduced as novel in 
this work. However, although plastic deformation and dislocation 
behaviour in WC, WC-Co, and WC-Ni systems have been previously 
examined [22− 25], and some studies have analysed transverse sections 
using FIB-SEM [26,27], detailed microstructural characterisation of the 
central region beneath the indentation in cemented carbides has rarely 
been undertaken. In this study, we provide a comprehensive analysis of 
this region, offering new insights into the local microstructural response 
without relying on FIB-based preparation.

2. Experimental

2.1. Starting materials and powder mixtures

The starting materials used in this study were two commercially 
available powders. Tungsten carbide (ST/HT/WC3.5, Wolfram, Austria) 
with a mean grain size (d50) of 3.4 µm and spherical nanosized nickel 
particles (UNI 300 CNPC Powder, China) with a mean particle size of 
0.3 µm. Two powder mixtures were prepared for this study: WC/10Ni 
and WC/15Ni, colloidally processed in water, following a procedure 
described elsewhere [28]. Both mixtures were prepared using high solid 
content suspensions (31.5 vol%) using deionised water as a dispersion 
medium and polyethylenimine (PEI Mw-2000, Sigma-Aldrich, Ger
many) as a dispersant. The detailed powder composition of each mixture 
is described in Table 1.

The mixture preparation process consists of first adding the Ni 
powders (minor phase) to deionised water containing the calculated 
amount of PEI under mechanical stirring, followed by the addition of the 

WC powders (primary phase). The suspension is ball-milled for one hour 
at a rotational speed of 250 rpm in a plastic jar. The jar is filled such that 
one third of its volume is occupied by Si₃N₄ balls, one third by the sus
pension, and the remaining third by air. Then, the resulting slurries were 
dried by rotary evaporation under vacuum, and finally, the dried pow
ders were crushed in an agate mortar and sieved.

2.2. Shaping and sintering of the compacts

Conventional shaping and sintering techniques were used to obtain 
the final compact materials of both compositions, WC/10Ni and WC/ 
15Ni. The compressibility of the granules was measured using a uni
versal testing machine, MicroTest EM2 (MicroTest, Madrid, Spain), 
applying uniaxial compression stress of up to 240 MPa at a speed of 
0.5 mm/min, using a steel die of 5 mm. At the selected pressure, the 
powders were pressed in the same 5-mm diameter cylindrical steel die, 
obtaining cylindrical green compacts with an approximate height of 
6 mm. The walls of the die and the punches were coated using a mixture 
of oils (DOSMAR, Spain) as a demolding agent using a brush. The testing 
machine provides stress and displacement data to construct the pres
sure–density curves from the compressibility test. The mass and diam
eter remain constant, while the height at each point is calculated by 
subtracting the recorded displacement from the initial height. The initial 
height is the final green compact height plus the total displacement 
recorded during compression.

Green samples were sintered under different atmospheres and tem
peratures, as detailed in Table 2, using a tubular furnace with a 99.9 
alumina tube (80 mm diameter) under a high vacuum atmosphere (10− 4 

– 10− 6 mbar) and flowing argon (purity > 99.999 %) atmosphere. Inside 
the tube, the samples were placed over an alumina crucible, with a sheet 
of graphite placed at the bottom and the top faces of the sample. Three 
samples of each sintering condition and composition were manufac
tured. All sintering trials consist of a single sintering ramp, with a first 
step of heating from room temperature to the maximum sintering tem
perature at a heating rate of 5 ºC/min, a second step of 1 h to dwell at 
that temperature, and a final cooling step to room temperature at a 
cooling rate of 5 ºC/min.

2.3. Microstructural, elemental, and mechanical characterisation

The mixed and dried granules of each composition were morpho
logical and elemental characterised by SEM-SE and SEM-EDX, using a 
field emission scanning electron microscopy (Auriga Series FE-SEM 
Zeiss, Oberkochen, Germany) with energy dispersive X-ray spectros
copy (EDX, X-Flash detector 5010, Bruker, Germany), applying an 

Table 1 
Designation and composition of the cemented carbides studied.

Composition WC + binder (vol%) WC + binder (wt%)

WC Ni WC Ni

WC/10Ni 90 10 94.1 5.9
WC/15Ni 85 15 90.9 9.1

Table 2 
Summary of the sintering conditions used and sample designations.

Sample 
designation

Composition 
(vol%)

Sintering conditions

Atmosphere Temperature Dwell Ramp 
rate

10Ni- 
Ar1450

WC/10Ni Argon 1450 ºC 1 h 5 ºC/ 
min

10Ni- 
Ar1500

1500 ºC

10Ni- 
Vac1450

High 
vacuum

1450 ºC

10Ni- 
Vac1500

1500 ºC

15Ni- 
Ar1450

WC/15Ni Argon 1450 ºC

15Ni- 
Ar1500

1500 ºC

15Ni- 
Vac1450

High 
vacuum

1450 ºC

15Ni- 
Vac1500

1500 ºC
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operation voltage of 5 kV and 15 kV, respectively.
The density of the green samples was determined geometrically by 

measuring their height and diameter with a digital caliper with 0.1 mm 
precision and measuring their mass on the AG245 weighting scale 
(Mettler Toledo, Swiss) with an accuracy of 0.1 mg. Dilatometric tests of 
the green samples were carried out to obtain information about the 
linear contraction behaviour during sintering. It was carried out in a 
vertical dilatometer with an alumina rod (SETSYS, Setaram, France) 
under an argon atmosphere, with a heating rate of 5 ºC/min up to a 
maximum temperature of 1500 ºC, with a dwell time of one hour.

The density of the sintered samples was measured in ethanol by 
Archimedes’ method according to the ISO 3369: 2006 standard and 
using the LC-P Density equipment (Mettler Toledo, Switzerland). The 
relative density of the samples was calculated considering the following 
theoretical densities of each component: ρWC = 15.66g/cm3, ρNi =

8.90g/cm3 and therefore ρWC/10Ni = 14.98g/cm3 and ρWC/15Ni =

14.65g/cm3.
The samples were cut in its transverse plane and mounted in resin, 

following the scheme of Figs. 1a and 1b, and then grinded and polished 
using diamond paste down to one micron. Aluminium foil and carbon 
adhesive tape made the polymeric resin conductive. In cases where the 
edges of the sample need to be seen, it was necessary to metallise the 
sample with carbon using sputtering equipment. The polished samples 
were chemically etched before microstructural analysis by SEM to reveal 
the grain boundaries of the WC, using Murakami’s reagent: 10 g of K3(Fe 
(CN)6) + 100 ml of distilled water + 10 g of NaOH. The time needed to 
etch the samples was between 30 and 40 s.

The optical microscope images were obtained with the inverted re
flected light microscope Axiovert 100 A (ZEISS, Jena, Germany) on 
polished and indented samples. The microstructural characterisation 
was performed on the polished samples by SEM using secondary elec
trons and an operation voltage of 5 kV, complementarily using EDX with 

an operation voltage of 15 kV to obtain elemental composition 
information.

The average grain size, dWC, the grain contiguity of tungsten carbide, 
CWC, and the mean free path of the nickel binder, λNi, were measured on 
SEM images to characterise the microstructure of the sintered materials; 
these parameters are related to the mechanical properties of the 
cemented carbide, and optimising them allows for tailoring the prop
erties of the final material [29,30]. The linear interception method [31]
was used to determine the average grain size according to the ASTM 
E112–13 and UNE-EN ISO 4499–2 standards. Five images of randomly 
selected areas of each sample, with 10–20 grains in the field of view, 
were analysed at x2500 magnification for such analysis. In each image, 
four interception lines were drawn,; at least 50 and 200 grains were 
intercepted on each image and each sample, respectively.

WC grain contiguity CWC is a quantitative measurement of the degree 
of mutual contact between grains [32,33], CWC = 1 when the carbide 
grains form a continuous and CWC = 0 when the carbide particles are 
completely isolated between them. In this study, Eq. (1) proposed in 
[34] was chosen for the calculation of CWC: 

CWC = 0.036+0.973 • exp
(

−
dwc

3.901

)

• exp
(

−
Vbinder

0.249

)

(1) 

Here, Vbinder is the volume of binder present in the cemented carbide. 
Finally, for the calculation of the mean free path of nickel, Eq. (2) was 
used [35]: 

λNi =
dWC

1 − VNi
•

VNi

1 − CWC
(2) 

Where VNi is the volume of nickel present in the cemented carbide. The 
mean free path and the contiguity are opposite parameters; hence, a 
higher mean free path of the binder means that the WCs are spaced 
between them. The mean free path of the binder was defined as the mean 

Fig. 1. Scheme of the processes followed for sample preparation. (a) Cut the sample through its transverse section. (b) Sample mounting in the resin. (c) Sample 
preparation to see the transverse section of the indentation.
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size of the metallic phase [36].
The coefficient of variability, CV(%), of average grain size, was also 

calculated with Eq. (3): 

CV(%) =
σdWC

dWC
• 100 (3) 

where σdWC is the standard deviation, and dWC is the average grain size 
[37].

Vickers hardness was evaluated on the polished samples with a micro 
indenter LECO V-100A (LECO, Japan), with loads ranging from 1 kgf 
(9.8 N) to 50 kgf (490 N), the indentation time was ten seconds in all 
cases. The diagonals of the indentations were measured with optical 
microscopy and image analysis software uEye. The equation to calculate 
the hardness value is Eq. (4): 

HV = 0.0018544 ×
P
d2 (4) 

Where HV is the hardness in GPa, P is the load applied in N, and d is the 
mean diagonal length of the indentation in mm.

The procedure for preparing the transverse section at the Vickers 
indent is illustrated in Fig. 1c. It consists of: 1) cutting the sample near 
the indentation that is wanted to be seen, 2) measuring with a profile 
projector the distance from the edge of the sample to the centre of the 
indentation, 3) mounting the sample in resin again, 4) perform grinding 
and polishing having into account the removal speed of each grinding 

step and measure the thickness variation in the profile projector until 
have removed the necessary quantity to be in the middle of the inden
tation. The cross-section of the indentations was then analyzed using 
SEM.

A characteristic defect was found in all samples which was suspected 
to be graphite. XRD spectra were recorded using an X-ray diffractometer 
X′Pert MPD (Malvern Panalytical, Malvern, UK), equipped with Cu Kα 
radiation (λ = 1.540598 Å). It was operated in the Bragg-Brentano 
configuration with an angular range of 2θ = 20–90⁰, with step sizes of 
0.033⁰ and a time of 100 s / step.

Raman spectroscopy was performed in the graphite type defect re
gions using the equipment inVia Raman Microscope (RENISHAW, UK), 
using a λ = 514 nm and an acquisition time of 10 s.

3. Results and discussion

3.1. Mixed powders characterisation

The morphological and elemental characterisation of the mixed 
powders by SEM-SE and SEM-EDX is presented in Fig. 2. The SEM im
ages indicate a homogeneous distribution of de Ni particles, which are 
easily distinguishable from the WC particles due to their spherical shape. 
Moreover, on the EDX maps (Fig. 2e,f), nickel spherical particles can be 
identified in blue. This homogeneous distribution of the nNi particles 
between the micronic WC ones, as a result of the previous colloidal 

Fig. 2. SEM-SE and SEM-EDX images of mixed WC/10Ni granules (a), (c), (e), and of the WC/15Ni mixed granules (b), (d), (f). Images (a – d) correspond to 
secondary electron signals at different magnifications, while images (e) and (f) correspond to the elemental composition map obtained with EDX. Carbon is green, 
nickel is blue, and tungsten is red.

A.M. Barja et al.                                                                                                                                                                                                                                Journal of Alloys and Compounds 1037 (2025) 182503 

4 



processing of the starting powders, guarantees a homogeneous distri
bution of the phases in the sintered samples microstructure.

The compressibility curves of the granules are represented in Fig. 3a, 
where a faster compressibility of the WC/10Ni can be noticed. In both 
samples, pressure is released as a result of the deformation of the Ni 
particles. As expected, the lower presence of the metallic phase in WC/ 
10Ni makes the pressure transmit faster than in WC/15Ni. The resulting 
final relative density is near the same for both powders, around 65 %. 
Both compositions were uniaxially compressed at 150 MPa to obtain an 
average green relative density of 64.4 % and 64.2 % with the WC/10Ni 
and the WC/15Ni mixed powders, respectively. Applying pressures 
exceeding 150 MPa may lead to the formation of cracks or defects 
during the demolding of green compacts, due to the strong interactions 
between the compacted powders and the die walls.

Dilatometry analyses were performed on samples of both composi
tions to study their shrinking behaviour during sintering, the resulting 
curves are presented in Fig. 3b. The dilatometry curves are divided into 
three stages [21], which are represented by green dotted vertical lines in 
Fig. 3b. Region I corresponds to the pre-initial and initial stages and is 
where particle rearrangement and neck formation occur through surface 
transport mechanisms. This stage occurs between 950 – 1305 ºC and 950 
– 1280 ºC for WC/10Ni and WC/15Ni, respectively, with a shrinkage of 
2.75 % in both cases. The faster ending of that stage for WC/15Ni is 
justified by its higher binder content, which favours transport 
mechanisms.

Region II is the intermediate stage, in which the main shrinkage and 
densification of the sample occur, driven by surface and volumetric 
transport mechanisms. For both samples, this stage extends up to 1370 
ºC with a shrinkage of 10 %. Finally, region III corresponds to the stage 
where the nickel melts [38]. As the density of molten nickel is lower than 
the solid one, there is an associated expansion to the melting process, 
which in the curve means a sudden stop in the shrinkage and even a 
slight expansion in the WC/15Ni sample. Sintering continues after this 
temperature by a solution-precipitation mechanism during the dwelling 
process. The blue arrows in Fig. 3b highlight the shrinkage observed 
during the dwell time at the highest temperature. It can be seen that the 
shrinkage rate slows after 30 min, indicating that consolidation has 
finished and grain growth dominates. At the end of the process, the 
samples have shrunk by up to 15.1 %, obtaining a relative density of 
97.3 % and up to 14.9 %, obtaining a relative density of 97.1 % for the 
WC/10Ni and the WC/15Ni sample, respectively. The minimal differ
ence between the two compositions does not provide sufficient grounds 
to conclude that they behave differently.

Given the obtained results, 1450 ºC and 1500 ºC were selected as 
sintering temperatures, with one hour dwell time. Although sample 
would continue shrinking if higher dwell times were selected, this would 
result in larger WC grains [39− 41], which is detrimental to some 

mechanical properties, such as hardness [29,36].

3.2. Density of the sintered samples

Three samples were sintered in each atmosphere, and the tempera
ture conditions for both compositions and the average results of their 
relative density after sintering are presented in Table 3. The samples 
undergo a shrinkage during sintering of around 13 %. Greater shrinkage 
was observed during sintering under high-vacuum than argon under 
otherwise identical sintering conditions and composition.

Compositions with 15 vol% Ni have a higher relative density than 
those with 10 vol% Ni, this is explained by the liquid phase sintering, 
where nickel provides both the capillary force and the transport medium 
to promote densification [40]. Regarding the sintering atmosphere, at 
1450 ºC no significant differences were observed. However, at 1500 ºC, a 
slight increase in density was noted under vacuum conditions for a given 
composition. This minor increase may be explained by literature on 
liquid-phase sintering, which reports that vacuum atmospheres facilitate 
gas removal from pores prior to sintering [39], hence resulting in a 
higher density after sintering. In contrast, when an inert atmosphere, 
such as argon, is used, the inert gas inhibits full densification since the 
trapped argon stabilises closed pores [39]. It is observed that under an 
argon atmosphere, density unexpectedly decreases when increasing the 
sintering temperature from 1450 ºC to 1500 ºC. Although no clear 
explanation for this phenomenon was found, the authors considered that 
the more pronounced grain growth at 1500 ◦C may also lead to increased 
argon entrapment within the sample.

In contrast, samples sintered in a high vacuum atmosphere main
tained a constant relative density, or slightly higher, regardless of the 
sintering temperature. Since sintering at higher temperatures requires 
more energy and time, resulting in higher costs, the most favourable 
sintering condition would be under a high vacuum atmosphere at 1450 
ºC.

3.3. Microstructural and elemental characterisation of the sintered 
samples

Fig. 4 shows the secondary electron SEM images of the microstruc
ture after chemical etching of WC/10Ni (Fig. 4a-d) and of WC/15Ni 
(Fig. 4e-h) sintered samples under different conditions. Generally, the 
WC grains (lighter areas) appear with a polygonal, well-faceted geom
etry [42], typical of a liquid sintering process, with the nickel (darker 
regions) located at the triple points or surrounding the grains in a ho
mogeneous and quasi-continuous way. As expected, it appeared in a 
higher proportion in the 15 vol% Ni samples. The microstructural pa
rameters for all samples are collected in Table 4.

The average WC grain size dWC decreases when sintering under a 

Fig. 3. Mixed powders characterisation. (a) Compressibility curves of the granules. (b) Dilatometric curves of both compositions, pointing out the different stages of 
the process: I, II and III.
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Table 3 
Shrinkage and relative density of the samples sintered under different conditions.

Sample Composition (vol%) Sintering conditions Shrinkage (%)* Relative density 
ρ (%)*

Atmosphere Temperature Height Diameter

10Ni-Ar1450 WC/10Ni Argon 1450 ºC 11.9 13.0 96.50 ± 0.04
10Ni-Ar1500 1500 ºC 12.8 12.6 95.58 ± 0.04
10Ni-Vac1450 High vacuum 1450 ºC 12.5 13.0 96.63 ± 0.04
10Ni-Vac1500 1500 ºC 12.9 12.8 96.7 ± 0.1
15Ni-Ar1450 WC/15Ni Argon 1450 ºC 9.5 12.7 97.24 ± 0.09
15Ni-Ar1500 1500 ºC 12.5 13.0 96.47 ± 0.06
15Ni-Vac1450 High vacuum 1450 ºC 12.4 13.2 97.20 ± 0.03
15Ni-Vac1500 1500 ºC 13.3 13.1 97.16 ± 0.08

* Averaged values for three samples of the same composition

Fig. 4. SEM-SE images of the microstructure after chemical etching of the sintered samples of both compositions and under different sintering conditions. (a) 10Ni- 
Ar1450. (b) 10Ni-Ar1500. (c) 10Ni-Vac1450. (d) 10Ni-Vac1500. (e) 15Ni-Ar1450. (f) 15Ni-Ar1500. (g) 15Ni-Vac1450. (h) 15Ni-Vac1500. Light areas with polygonal 
geometries correspond to WC grains, and darker areas correspond to Ni matrix.
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high vacuum atmosphere. However, dWC increases when the amount of 
binder increases and the sintering temperature increases, which corre
lates with the literature [41]. This is due to the lower viscosity of the 
molten nickel at 1500 ◦C [43] which favours the liquid phase migration 
(LPM) [44] during the solution-precipitation process. The increase in 

dWC with a higher binder content could be related to the solution pre
cipitation phenomena of the WC grains in the Ni liquid phase. The 
carbide grain contiguity CCW decreases with a larger amount of binder, 
while the mean free path of binder λNi increases, as expected [36,39,41]
because there is a higher probability that the binder phase surrounding 

Table 4 
Microstructural parameters of the sintered samples.

Sintering condition Argon 1450 ºC Argon 1500 ºC Vacuum 1450 ºC Vacuum 1500 ºC

Sample 10Ni-Ar1450 15Ni-Ar1450 10Ni-Ar1500 15Ni-Ar1500 10Ni-Vac1450 15Ni-Vac1450 10Ni-Vac1500 15Ni-Vac1500
dWC (µm) 2.5 ± 0.1 2.66 ± 0.07 2.9 ± 0.1 3.3 ± 0.2 2.40 ± 0.07 2.66 ± 0.06 2.49 ± 0.06 2.70 ± 0.08
CV (%) 21.6 12.1 17.9 29.4 13.0 9.7 11.4 14.1
CCW 0.38 0.31 0.34 0.26 0.39 0.31 0.38 0.30
λNi 0.45 0.68 0.50 0.80 0.44 0.67 0.45 0.69

Fig. 5. SEM-EDX elemental map of the sintered WC/10Ni simples. (a-b) 10Ni-Ar1450. (c-d) 10Ni-Ar1500. (e-f) 10Ni-Vac1450. (g-h) 10Ni-Vac1500. The secondary 
electron images are shown in the left column and the composition maps obtained by EDX are shown in the right column.
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the carbide particles.
In the same way, CCW decreases (and λNi increases) when increasing 

the sintering temperature, as described in [41]. Finally, sintering in a 
high vacuum results in higher CCW and lower λNi than in an argon at
mosphere. It is difficult to conclude the coefficient of variability of the 
carbide grain size CV(%). It can be noticed that when sintering at 1450 
ºC is higher for the 10 vol% Ni compositions, and when sintering at 1500 
ºC is higher for the 15 vol% Ni ones. The most important fact is that CV 
(%) decreases when sintering using a high vacuum atmosphere, result
ing in a more homogeneous microstructure. Therefore, the most bene
ficial sintering condition is under a vacuum atmosphere at 1450 ºC to 
obtain a homogeneous microstructure with a small grain size.

The elemental maps are presented in Fig. 5 and Fig. 6 for the samples 
of WC/10Ni and WC/15Ni compositions, respectively. With respect to 

the colour map, tungsten is red, carbon is green, and nickel is blue. The 
homogeneous distribution of the nickel matrix between the tungsten 
carbide grains can be appreciated.

Two defects can be identified in the microstructure, independently of 
the composition and sintering method used. For this reason, they will be 
exemplified in randomly selected samples, Fig. 7. The material pull-out 
defect is highlighted in Fig. 7a, and it is caused during the sample 
preparation processes: cutting, grinding, and polishing. Fig. 7b shows a 
defect suspected of being graphite, as in previous studies [5]. Analysing 
the W-C-Ni diagram [19,38] graphite may precipitate during cooling if 
the carbon content exceeds the small carbon window for stoichiometric 
WC formation (between 5.2 % and 5.45 %C in WC – 10 wt% Ni com
positions [38]). This excess of graphite could result from compositional 
changes caused by the graphite foils placed at the top and the bottom of 

Fig. 6. SEM-EDX elemental map of the WC/15Ni sintered simples. (a-b) 15Ni-Ar1450. (c-d) 15Ni-Ar1500. (e-f) 15Ni-Vac1450. (g-h) 15Ni-Vac1500. The secondary 
electron images are shown in the left column and the composition maps obtained by EDX are shown in the right column.
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the sample during sintering, as well as residues of the dispersant (PEI) in 
the powder mixture.

The presence of graphite was further analysed by SEM-EDX, X-ray 
diffraction and Raman spectroscopy, as shown in Fig. 8. The tungsten 
carbide signal was identified based on PDF-file 51–0939 ICDD, while 
nickel was detected according to [45], graphite signal was plotted with 
data retrieved from PDF-file 41–1487 ICDD. While XRD analysis, shown 
in Fig. 8c, did not addressed the presence of graphite (indicated in blue 
in the XRD spectrum), its presence could be clearly distinguished from 
particles pulled-out from the surface in the EDX mapping of carbon 
(Fig. 8b).

In order to identify the allotropic form of carbon present in the 
material, Raman spectroscopy was performed on a graphite-type defect 
area (Fig. 8e); the graphite spectrum obtained is shown in Fig. 8d. The 
analysis was carried out on a WC/10Ni sample, selecting different re
gions. First, the objective was to discard the possibility of this defect 
being a hole or pore in which the polishing diamond suspension was 
retained, however, the Raman spectra of diamond has only a very 
intense peak at 1332 cm− 1 [46− 49], which was not present in the 
spectra. Another possibility would be to have amorphous carbon, but the 

spectrum obtained does not match the variations given in [47,48] or 
[50]. This latter presents an amorphous carbon spectrum with two peaks 
but with a FWHM wider than in this study: the first one in the range of 
1320–1360 cm− 1, and the second peak ranging from 1500 to 
1600 cm− 1. Therefore, the possibility of having amorphous carbon was 
discarded. Finally, it was concluded to be graphite because the peaks D 
at 1360 cm− 1, G at 1583 cm− 1 and the 2D band at 2721 cm− 1 match 
with the results for graphite obtained in [46− 51]. In the case of gra
phene, the peaks are in the same position, but the difference is that the 
2D peak is more intense than the G peak [51]. However, in this study, 
the G peak is more intense than the 2D peak.

Ni segregations were found at the edges of the sample in all the 
samples sintered under an argon atmosphere, Fig. 9. They were identi
fied by SEM (Fig. 9a), verifying by EDX that the segregation composition 
was nickel, coloured in blue (Fig. 9b). These segregations are not 
beneficial because they mean that the Ni is not inside generating a 
compact microstructure, and it may result negatively with regard to 
mechanical properties, supporting the fact that it is more advantageous 
to sinter in a high-vacuum atmosphere.

Fig. 7. SEM-SE images of the two common defect types highlighted by red arrows: (a) material pull-out and (b) graphite.

Fig. 8. Graphite type defect characterisation: (a-b) SEM-EDX images with a mapping of carbon (in green), which is noticeable in the differences between pulled-out 
particles and graphite type defects, (c) DRX spectrum. The blue lines represent the peaks that would have corresponded to graphite. WC and Ni signals were obtained 
and pointed out over the peaks. (d) Raman spectrum of a graphite-type defect. as highlighted in (e).
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3.4. Mechanical characterisation of the sintered samples

Hardness was measured in all the samples, applying a load of 9.8 N, 
while hardness of specimens sintered at 1450 ºC was also evaluated with 
indentation loads ranging from 49 N (5 kgf) to 490 N (50 kgf). Fig. 10a 
shows the hardness values measured for all the sintered materials, it can 
be seen that the difference in hardness directly correlate with the Ni 
content, but also with differences in grain size. A small grain size results 
in a more rigid material. Therefore, the samples sintered under a vac
uum atmosphere are harder than those sintered under an argon atmo
sphere. As well as the samples sintered at 1450 ºC regarding to those 
sintered at 1500 ºC. Samples with 15 vol% Ni are always less hard than 
those with 10 vol% Ni. In addition to being related to a larger grain size, 
this is also due to the higher quantity of soft phase (nickel phase) in the 
microstructure. This is also reflected in a higher λNi and a lower CCW, 
which results in a lower hardness but an expected higher toughness [22, 
36]. Based on the results obtained, it was concluded that sintering under 
a vacuum atmosphere at 1450 ◦C is the most appropriate sintering 
condition to improve the hardness of the material.

The influence of the load applied on the hardness results obtained 
was also studied for the samples sintered at 1450 ºC, using an indention 
load of 49 N (5 kgf), 98 N (10 kgf), 196 N (20 kgf), 294 N (30 kgf) and 
490 N (50 kgf), as shown in Fig. 10b. This selection was based on the 
best characteristics shown in microstructure and hardness when 
compared with the samples sintered at 1500 ºC. Fig. 10b shows how 
hardness decreases when the load applied up to a value of 98 N. Even if 
the load increases, the hardness values remain pretty constant compared 
to that value. This happens because the diagonal indentation length 
increases as load increases, covering a larger microstructure area with 
more WC grains, Ni matrix and defects, resulting in a more represen
tative average of the material’s hardness. This is reflected in decrease in 
the measurement error when indenting at higher loads. The Vickers 
indentation should be performed with a minimum load of 98 N to obtain 

a reliable value of the hardness of these materials. An exception to this 
behaviour was found in sample 10Ni-Ar1450, and it may be related to a 
more heterogeneous distribution of defects in this sample surface. The 
average hardness of these materials, measured with 490 N load, resulted 
in 8.81 ± 0.07 GPa, 10.49 ± 0.08 GPa for WC/10 Ni samples sintered 
under argon and vacuum, respectively; and 8.4 ± 0.1 GPa and 9.30 
± 0.08 GPa for WC/15Ni samples sintered under argon and vacuum, 
respectively.

Some trials were performed to measure fracture toughness by 
indentation, but even when indenting the sample the maxium load 
(490 N, 50 kgf), cracks did not appear in all the indentation vertices, 
which means that the materials showed a strong plastic behaviour [43]. 
Examples of the hardest (Fig. 11a) and the softest (Fig. 11b) material 
indented with 490 N are shown. It would be expected that the hardest 
material would have a more brittle behaviour and produce these cracks, 
but this did not happen in this study, indicating that the manufactured 
materials have a high fracture toughness.

3.5. Study of the plasticity mechanisms

The impossibility of measuring fracture toughness via indentation, as 
well as the low hardness obtained in comparison with the previous 
studies of compositions of WC cermets with low Ni content as a binder 
[5,6,18,52− 55], denotes the presence of an important plasticity mech
anism preventing crack formation, which results in a high toughness. To 
study this plasticity mechanism, hardness indentations were observed in 
the basal and transverse planes by SEM-SE and SEM-EDX techniques. To 
facilitate a better understanding of the observed indentation planes, a 
schematic representation is provided in Fig. 12.

In the SEM-SE images of the basal plane, Fig. 13, different indenta
tion regions are signaled with red arrows and numbers and then 
included at higher magnifications. Relevant fracture and deformation 
mechanism are labelled and signaled over the images with white arrows. 

Fig. 9. Ni segregations on the sample edge when sintering under an argon atmosphere. (a) SEM-SE image of the segregations, and (b) SEM-EDX image of the 
composition map colouring Ni in blue. The original version of this image, without labels, is available as Fig. S1 in the Supplementary Material.

Fig. 10. Vickers hardness results. (a) Results for the indentations of 9.8 N that were performed in all the samples. (b) Load vs hardness results for the samples 
sintered at 1450 ºC. The dotted lines correspond to the linear correlations.
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The fracture toughness of cemented carbides is described as a two-step 
process: a brittle intercrystalline and transcrystalline fracture of the 
carbide phase, followed by ductile rupture of the binder phase and the 
carbide-binder interfaces [56]. In Fig. 13, region number 2, a brittle 
intercrystalline fracture of the carbide followed by ductile rupture of the 
carbide-binder interfaces occurred. No ductile fracture of the binder 
phase is observed. However, the plastic deformation of the nickel matrix 
allows for the rearrangement of the carbide grains. The latter can be seen 
very clearly in the deformation region number 4, where the carbide 
grains have been stacking due to the plasticity of the nickel matrix, 
which has been repositioned to allow it. Also, in region number 3, a 
critical WC carbide grains rearrangement is appreciated if we focus on 
the areas where a higher concentration of nickel is seen concerning the 
rest of the microstructure. Examples of transcrystalline brittle fracture 
can be found in regions 1, 3 and 4, where some WC grains show cracks 
through them. Furthermore, WC has been reported to undergo a high 
level of plastic deformation by dislocation movement and not only by 
grain boundary sliding [23]. In some of the grains, we can observe beach 
marks indicating the direction of deformation through the grain.

Elemental EDX maps of different indentation deformation regions 
are included in Fig. 14 to easily appreciate the plasticity of the nickel 

matrix that allows the carbide grain rearrangement stated previously.
Furthermore, the transverse section of the indentation was observed 

by SEM-SE, Fig. 15 and SEM-EDX, Fig. 16, to check how the plasticity 
mechanisms occur on the sides and under the indentation. Figs. 15a and 
15b show two different indentations. For each indentation, three distinct 
areas were selected for analysis: Area 1 corresponds to the microstruc
ture beneath the indentation, while Areas 2 and 3 refer to the micro
structure on either side of the indentation. These regions are examined 
at higher magnification in Fig. 15c–h. In the images, selected zones 
representing deformation of the nickel matrix - facilitating the move
ment of WC grains - are outlined in yellow. Additionally, regions indi
cating significant rearrangement of WC grains are marked in purple. In 
contrast with indentation basal plane images, no evidence of brittle 
intergranular or transgranular fracture across the WC grains is observed, 
nor are any cracks present. This suggests that ductile plastic deformation 
mechanisms are predominant in this region, primarily involving the Ni 
matrix.

The EDX colour map presented in Fig. 16 facilitates the identification 
of the deformation mechanisms occurring in the nickel matrix, as dis
cussed above.

In view that no cracks were observed either from the vertex of the 

Fig. 11. Optical microscope images of Vickers indentations performed at 490 N. No cracks from the four vertex that allow fracture toughness calculation were 
present. Examples are (a) the hardest sample, 10Ni-Vac1450, and (b) softest sample, 15Ni-Ar1450.

Fig. 12. Scheme of the different indentation sections studied by SEM.
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basal plane indentation or in the region beneath it, and considering that 
the dominant deformation mechanism involved ductile rearrangement 
of the Ni matrix to accommodate WC grain repositioning, it can be 
concluded that the materials produced in this study exhibit high 
toughness, despite the low content of soft phase (5.9 and 9.1 wt% Ni). 
This behaviour is attributed to the homogeneous distribution of the 
binder around the carbide particles, achieved through the colloidal 
processing route. The plasticity mechanisms responsible for impeding 
crack propagation during indentation are primarily governed by the 
local rearrangement of WC grains within the Ni matrix.

3.6. Discussion of results

Table 5 summarises previous studies about WC-based cemented 
carbides with low Ni content as the binder phase. It can be noticed that 
little research has been published on compositions with as low quantities 
of Ni as in this study, i.e. 5.9 wt%. Furthermore, focusing on conven
tional sintering, only one work uses a lower amount of binder. The 
relative density value obtained is in the range of the literature results, 
only overpassed when higher quantities of binder or non-conventional 
sintering routes are used. Material densification is greater under non- 
conventional sintering due to the applied pressure, which promotes 
earlier liquid phase formation and enhances solution–precipitation 
mechanisms. Additionally, pressure aids in gas elimination, reducing 

Fig. 13. SEM-SE images of the indentation basal plane. Indentation areas are differentiated with red numbers and arrows, also included at higher magnifications. 
Interesting fracture and deformation features are labelled over the images and signalled with white arrows. The original version of this image, without labels, is 
available as Fig. S2 in the Supplementary Material.
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porosity and improving overall densification.
Regarding grain size, only one study employing conventional sin

tering assessed this parameter, reporting larger grain sizes than those 
observed in the present work, which correlates with lower hardness. 
This difference may also be attributed to the higher binder content. 
Grain size tends to be smaller when non-conventional sintering tech
niques are employed, primarily due to the typically faster processing 
conditions. These methods often involve higher heating rates and 
significantly shorter dwell times at the maximum temperature — for 
instance, in spark plasma sintering (SPS), the holding time is commonly 
limited to around 10 min. Such conditions limit grain growth, resulting 
in finer microstructures.

Drawing direct comparisons in terms of hardness is challenging, as it 
is strongly influenced by the binder content, which varies across all 
cases. Hardness is also affected by the final density. Although densities 
exceeding 96 % were achieved in the samples analysed in the present 
study, the remaining internal porosity corresponds to very small pores 
homogeneously distributed throughout the sample volume. Optical 
micrographs at lower magnifications for the 10Ni-Vac1450 and 15Ni- 
Vac1450 samples are provided in Figure S4 of the Supplementary Ma
terial, where these small pores can be observed. In conventional sin
tering, higher nickel content generally leads to increased densification 
and, consequently, greater hardness. However, a higher metallic binder 
content also implies a greater proportion of soft phase, which in turn 
leads to a reduction in hardness. This occurs, for instance, in [18], where 
a hardness of 13.23 GPa was reported for an alloy with 8 wt% Ni, higher 

than the 9.3 GPa measured in this study for 9.1 wt% Ni. This discrep
ancy may be attributed to the higher relative density in [18] (99.8 % vs. 
97.2 %), as well as the slightly lower Ni content. However, higher 
hardness was obtained compared to [20], which can be attributed to the 
significantly higher binder content in that study (20 wt%). Similarly, in 
[21], a markedly lower hardness was reported despite a comparable Ni 
content (5 wt%).

Besides, in non-conventional sintering, the higher density achieved 
— due to the mechanisms previously discussed — combined with the 
finer grain size, contributes to the observed increase in hardness. 
Therefore, the hardness value obtained in this study falls within the 
expected range, considering the sintering route and the amount of 
binder added.

4. Conclusions

WC-based cemented carbides with low Ni contents (10 and 15 vol%) 
were successfully fabricated via conventional sintering, achieving a 
homogeneous binder distribution through prior colloidal powder 
processing.

Sintering conditions were carefully optimised to enhance densifica
tion, microstructural features, and mechanical properties. Two sintering 
atmospheres - high vacuum and argon - were compared at 1450 ºC and 
1500 ºC. Vacuum sintering slightly improved densification in some cases 
by facilitating gas evacuation from pores, and results in a smaller dWC, 
leading to increased hardness. Under argon sintering, CV(%) increased, 

Fig. 14. SEM-EDX compositional maps of different indentation regions. (a-b) Complete indentation view. (c-d) Important carbide grain stacking region. (e) 
Important nickel matrix concentration region, highlighting with white arrows (f) WC grains rotated inside the matrix.
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indicating greater microstructural heterogeneity, and Ni segregation 
was detected at sample edges. No significant differences were observed 
between the two sintering temperatures.

After comparing the obtained results, it was concluded that sintering 
under a high vacuum atmosphere at 1450 ºC is the most beneficial for 
grain size and hardness. Obtaining the best results of 96.6 % and 97.2 % 
relative density, 2.4 µm and 2.7 µm of WC grain size and 10.5 GPa and 
9.3 GPa of Vickers hardness for the WC/10Ni and WC/15Ni composi
tions, respectively.

Furthermore, the plasticity mechanisms in these materials were 
investigated through microstructural observations of the central cross- 
section beneath the Vickers indentation. This represents a significant 
contribution of the present study, as such detailed imaging of this 

specific region has not been previously reported in the literature on 
cemented carbides.
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Fig. 16. SEM-EDX images of the Vickers indentation transversal plane. Examples of regions exhibiting significant deformation of the Ni matrix, enabling WC grain 
rearrangement, are indicated in white.

Table 5 
Summary of previous research on WC-based cemented carbides with low Ni addition: comparison of WC grain size, relative density and Vickers hardness.

Reference Composition Processing dwc (µm) Density (%) HV (GPa)

This study WC þ 5.9 wt% Ni Conventional: Vacuum sintering at 1450 ºC 2.40 ± 0.07 96.63 ± 0.04 10.49 ± 0.08
This study WC þ 9.1 wt% Ni Conventional: Vacuum sintering at 1450 ºC 2.66 ± 0.06 97.2 ± 0.03 9.30 ± 0.08
[18] Phuong et al. (2016) WC þ 8 wt% Ni Conventional: Vacuum sintering at 1450 ºC - 99.8 13.23
[19] Wen et al. (2023) WC þ 10 wt% Ni + 2.5 wt% W Conventional: N2 sintering at 1480 ºC - 98.5 -
[20] Steinlechner et al. (2021) WC þ 20 wt% Ni + 4.3 wt% C Conventional: Vacuum sintering 3.6 - 6.8
[21] Lima et al. (2024) WC þ 5 wt% Ni Conventional: Vacuum sintering - 91.8 7
[5] Garcia-Ayala et al. (2021) WC þ 3 wt% Ni NON-Conventional: HPS 2.9 98.3 19.5 ± 0.5
[52] Zegai et al. (2023) WC þ 10 vol% (W+5vol%Ni) NON-Conventional: SPS - 99.8 18.9 ± 0.3
[53] Rong et al. (2012) WC þ 6 wt% Ni NON-Conventional: SPS - 92.3 ± 0.2 24 ± 0.5
[54] Kim et al. (2015) WC þ 3 wt% Ni NON-Conventional: SPS 0.3 99.6 22
[57] Shi et al. (2015) WC þ 8 wt% Ni NON-Conventional: HIP - - -
[55] Ghasali et al. (2017) WC þ 10 wt% Ni NON-Conventional: SPS - 99.9 17.8 ± 0.4
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