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In this paper, WC-10 wt.%CoCrFeNiAlx cemented carbide was prepared by a vacuum pressureless tube
furnace using the high-entropy alloy CoCrFeNiAlx (x = 0, 0.25, 0.5, 0.75, 1.0) as the binder phase. The
effects of Al content changes on the microstructures and mechanical properties of cemented carbides were
analyzed. The results showed that the high-entropy alloy as the binder phase could significantly refine the
grain size of WC and enhance its mechanical properties. With increasing Al content, the densification of
cemented carbide decreased gradually, but the hardness increased gradually; moreover, the fracture
toughness and flexural strength appeared to first increase and then decrease. When the Al content was
x = 1.0, the densification was the lowest, but the hardness reached a maximum value of 1898.5 MPa, and
the fracture toughness and flexural strength reached relatively low values of 7.76 MPa m1/2 and 680 MPa,
respectively. When the Al content was x = 0.25, the hardness value reached 1822.4 MPa, and the fracture
toughness and flexural strength reached 10.72 MPa m1/2 and 1350 MPa, respectively; this composite
exhibited optimal overall performance and had the potential to replace Co as a new binder phase.
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1. Introduction

Cemented carbides, also known as cermets, can be prepared
by using ceramics or hard equivalent refractory metal com-
pounds as the matrix and transition metals (Co, Cr, Fe, etc.) as
the binder phase (Ref 1, 2). A hard phase with a good modulus
of elasticity is the framework of an alloy that provides good
hardness, and the ductile bonding phase acts as an adhesive that
promotes sintering densification and provides good toughness
(Ref 3, 4). WC-Co cemented carbide has the advantages of high
hardness, good strength, wear resistance and corrosion resis-
tance, and it is widely used in industrial fields to date. However,
Co is a strategic resource, that is expensive and toxic, and long-
term exposure increases the risk of cancer. The search for new
bonding phases to replace Co with excellent properties is a
popular topic in the field of cemented carbides (Ref 5, 6).

A high-entropy alloy (HEA) is a multicomponent alloy
system with at least five principal elements, where each element
accounts for approximately 5-35 at.% of the total system, and
the atomic radius differences among them are not significant.
According to conventional wisdom, multicomponent alloy

systems tend to form intermetallic compounds, which can affect
their mechanical properties (Ref 7, 8). However, HEAs usually
form only a simple solid solution due to the strong mutual solid
solution ability of the group elements, and their excellent
properties of high strength, high toughness, high temperature
resistance, and corrosion resistance give them the potential to
replace Co as the bonding phase of cemented carbide. In
addition, the interactions and radius differences between
different atoms of HEAs produce lattice distortions and slow
diffusion effects, which impede the dissolution and diffusion of
WC in liquid-phase HEAs; furthermore, grain refinement can
be achieved without adding inhibitors, which is conducive to
obtaining carbide alloys with improved overall performance
(Ref 9-11).

In recent years, a number of studies have demonstrated that
HEAs can feasibly serve as binder phases for WC-based
cemented carbides. Zhu et al. (Ref 9) prepared WC-HEA
cemented carbide by SPS using the high-entropy alloy
CoCrFeNiAl as the binder phase and studied the microstruc-
tures and properties of cemented carbide with different binder
phase contents and temperatures. The results showed that
increasing the sintering temperature can promote the phase
transition of HEA from BCC-FCC; additionally, for the
composite material, the hardness decreases, the fracture tough-
ness increases, and the comprehensive mechanical properties
are optimal when the content of HEA is 10 wt.%. Zhou et al.
(Ref 12) prepared ultrafine-grained WC-AlFeCoNiCrTi and
WC-Co cemented carbides by hot-press sintering under the
same process parameters and studied their microstructures and
mechanical properties. The results showed that the high-
entropy alloy can obviously inhibit the growth of WC grains,
and its mechanical and corrosion resistance properties are better
than those of WC-Co. Chen et al. (Ref 13) prepared a WC-
based cemented carbide with a single FCC-phase-structured
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high-entropy alloy Al0.5CoCrCuFeNi as the binder phase and
found that the WC grains are homogeneously dispersed in the
polyalloy without the formation of a second phase, and their
grain sizes are significantly smaller than those in WC-Co. The
hardness is higher than that of WC-Co at both room and
elevated temperatures, and the fracture toughness of WC-
20 wt.%Al0.5CoCrCuFeNi cemented carbide reaches
17.4 MPa m1/2, which is 30% higher than that of the commer-
cial WC-Co at the same hardness; additionally, the microhard-
ness and abrasion resistance decrease dramatically as the
content of the bonding phase increases. These studies show that
HEA as a binder phase contributes to the excellent mechanical
properties of WC cemented carbides, but their relationship
lacks in-depth study. It has been shown (Ref 14, 15) that the
element Al has a larger atomic radius than other elements and
that the microstructures and properties of high-entropy alloys
can be significantly altered by changing the content of Al.
However, few studies have been conducted on the application
of Al to WC cemented carbide, and the results are still unclear.

In this study, WC-10 wt.% CoCrFeNiAlx cemented carbide
was prepared by conventional vacuum sintering using a high-
entropy alloy CoCrFeNiAlx system instead of Co as the binder
phase and WC as the hard phase, as an extension of previous
work (Ref 9), to investigate the properties and the effects of
variation in the elemental content of Al in the binder phase on
the microstructure and mechanical properties of cemented
carbide.

2. Experimental details

2.1 Material Preparation

Co, Cr, Fe, Ni, and Al powder (>99.9% purity,
d50 = 50 lm, Nanjing Xindun Alloy Materials Co., Ltd.,
China) were used to produce CoCrFeNiAlx high-entropy alloys
and commercial WC powder (> 99.9% purity, d50 = 1.95 lm,
Vilory Advanced Material Co., Ltd., China) was selected to
prepare WC-10 wt.%CoCrFeNiAlx (x = 0, 0.25, 0.5, 0.75, 1)
mixed powders. The five mixed powders were placed in a ball
milling jar; the ball milling medium was YG6 ball, the ball
material ratio was 10:1, and the rotational speed was 300 r/min.
Then, 40 g of alcohol (> 99.5% purity, Jinan Chaoxu
Instrument Co., Ltd.) was added to each ball milling jar as a
control agent for the wet grinding process. The powder was
mixed and milled using a high-energy planetary ball mill for
36 h, after which the powder was dried in a vacuum drying
oven at 80 �C for 12 h and passed through a 100 mesh sieve.

2.2 Sintering

Circular samples with a diameter of 30 mm and height of
6 mm were prepared by taking 25 g of mixed powder and
holding it under a uniaxial pressure of 200 MPa in a hydraulic
press for 30 s. Afterward, the samples were placed in a tube
furnace to be heated to 1450 �C, held for 60 min and then,
cooled to room temperature (heating and cooling rate of 5 �C/
min). To avoid oxidization of the samples during sintering,
titanium powder was placed separately in the furnace tube to
absorb excess oxygen, while argon gas was continuously
charged throughout for protection (Ref 16).

2.3 Sample Characterization

X-ray diffraction (XRD) analyses of the pre-sintered powder
and the sintered samples were performed using an x-ray
diffractometer (BRUKER D2 PHASER RAX-30). The operat-
ing voltage was 40 V, and the operating current was 200 mA.
The scanning step size was 0.026�, and the scanning angle
range was from 10� to 90�. Scanning electron microscopy
(SEM) in backscattered electron (BSE) mode and energy-
dispersive x-ray spectroscopy (EDS) techniques were used to
analyze the microstructures and elemental compositions of the
pre-sintered powder and the sintered samples. The WC grain
size and distribution were statistically analyzed using the line
intercept method, with at least 200 grains being analyzed for
each sample. The density of the alloy was determined using the
Archimedes drainage method. The hardness of the alloy was
measured using a Vickers hardness tester (HVS-30) under a
30 kg load for 15 seconds. The fracture toughness of the
samples was calculated using the length of the indentation
crack, with the following formula (Ref 17, 18):

KIC ¼ 0:15�
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u
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where HV30 (kgf mm2) is the Vickers hardness value, and li is
the crack length (mm) observed under a Leica microscope at
5009 magnification. The samples were cut into standard
specimens with dimensions of 20 mm 9 4 mm 9 3 mm and
polished to a surface roughness of less than 0.1 lm. The
flexural strength of the alloy was determined using a universal
testing machine (AGS-X5KN) through a three-point bending
test. The loading rate was set at 0.5 mm/min, and the span
between the support points was set at 14 mm. The formula for
calculating the flexural strength r was as follows (Ref 19):

r ¼ 3PL=2bh2 ðEq 2Þ

where P is the load (N) at the fracture of the alloy, L (mm) is the
span between the support points, and b and h are the width and
height (mm) of the specimen, respectively. To ensure data
accuracy, all mechanical property experimental data in this
study were reported as the average of 6-8 experimental results.

3. Results and Discussion

3.1 Powder Characterization

The SEM images in Fig. 1(a) and (b) depict the initial WC
powder and the ball-milled WC-10 wt.%CoCrFeNiAl0.5 com-
posite powder, respectively. The initial WC powder exhibited
mostly spherical shapes, while after 36 hours of ball milling
with HEA powders, the shape and particle size underwent
significant changes. Larger spherical particles were broken
down into smaller and more irregular shapes than before. Due
to the reduced particle size after ball milling, the powders
tended to aggregate and form relatively large powder particles.

The components of HEA powder and WC-HEA mixed
powder after ball milling are shown in Tables 1 and 2. The
content of carbon and oxygen in the powder after ball milling is
normal, which also indicates that the powder was not contam-
inated during the ball milling process.
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Figure 2 shows the XRD pattern of the mechanically alloyed
high-entropy alloy powder. When the content of Al is x = 0, the
main phase of the FCC phase and the secondary phase of the
BCC phase are detected in the high-entropy alloy powder, and
with the increase in the content of Al, the FCC phase gradually
changes to the BCC phase. When the content of Al is x = 1.0,
only the BCC phase is detected in the phase structure. This
phenomenon is attributed to the fact that the atomic packing
density of the BCC structure is lower than that of the FCC
structure, and the lattice constant of the alloy increases with
increasing aluminum content, resulting in the loss of stability of
the originally tightly packed FCC structure and the formation of
a looser BCC phase (Ref 20). Figure 3 shows the XRD pattern
of the ball-mused WC-HEA composite powder. Compared with
the original WC powder, due to grain thinning and strain
generation, the diffraction peak of the ball-mused WC com-
posite powder becomes shorter and wider. Furthermore, the

phases of the HEA binders remain unchanged during the ball
mill mixing process.

3.2 Microstructural Analysis of the WC-HEA Cemented
Carbide

Figure 4 shows the SEM images of WC-10 wt.%Co and five
kinds of WC-HEA cemented carbides prepared under the same
process parameters. Combined with the element distribution
and XRD pattern in Fig. 5, the white part in the figure is the
hard phase of WC, and the gray part and black dots distributed
around WC are the Co or HEA-bonded phase. The surface
morphologies of WC-Co and WC-HEA are very different. In
WC-Co, the WC grains are more irregular and larger in size,
while in WC-HEA, the WC grains become more regular and
smaller in size. With increasing Al content, the number of black
dots on the surface increases, and there is additional precip-
itation on the polished surface. EDS point scanning analysis is
performed on the black region in the figure, and the results are
shown in Table 3. Relative to other elements, the content of O

Fig. 1 (a) SEM image of the initial WC powder and (b) SEM image of the ball-milled WC-10 wt.%CoCrFeNiAl0.5 composite powder

Table 1 Contents of ball-milled CoCrFeNiAlx powder
(wt.%)

Elements Co Cr Fe Ni Al O

X = 0 26.17 22.96 24.86 25.92 0 0.09
X = 0.25 25.29 22.28 24.25 25.23 2.91 0.04
X = 0.5 24.55 21.62 23.70 24.47 5.64 0.02
X = 0.75 23.89 21.04 22.97 23.78 8.27 0.05
X = 1.0 23.18 20.46 22.15 23.47 10.68 0.06

Table 2 Contents of ball-milled WC-HEA composite
powder (wt.%)

Elements W C O Co Cr Fe Ni Al

X = 0 86.62 2.41 < 0.01 2.94 2.45 2.75 2.82 0
X = 0.25 85.71 3.44 < 0.01 2.83 2.53 2.61 2.55 0.32
X = 0.5 85.73 3.75 < 0.01 2.81 2.47 2.63 2.09 0.51
X = 0.75 86.00 4.26 < 0.01 2.58 2.47 2.62 1.29 0.77
X = 1.0 85.88 3.98 < 0.01 2.62 1.73 2.43 2.58 0.78

Fig. 2 XRD pattern of CoCrFeNiAlx (x = 0, 0.25, 0.5, 0.75, 1.0)
powder
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is higher in the black region, and Al and Cr have higher
affinities for O. These regions may exhibit these phenomena
due to the oxide compositions of Al and Cr.

Figure 5 shows that although there are differences in the
distributions of Co, Cr, Fe, Ni and Al, the five elements are
basically evenly distributed in the sample, and no precipitation
similar to intermetallic compounds occurs. In addition, the
formation of pores is related to the enrichment of high-melting
point elements, such as Co, Cr, Fe and Ni, among which Cr and
Ni are the most obvious. In the liquid-phase sintering process,
HEA melts into liquid and diffuses into the cracks of WC grains
under the action of surface tension, and the bonded phase
shrinks in the melting state, thus producing pores (Ref 21, 22).
Compared with other elements, Al has a lower melting point,
and sublimation occurs during the liquid-phase sintering
process and enters the pores, resulting in its near absence in
the gray bonding phase.

The average grain size of WC in WC-Co is 1.27 lm, while
in WC-HEA, the average grain sizes of WC are 1.04, 0.85,
0.88, 0.98, and 1.02 lm, as shown in Fig. 4(b)-(f), respectively.
The growth of WC grains in WC-HEA occurs through the
process of dissolution-precipitation-recrystallization (Ref 23).
When the temperature exceeds 1400 �C, WC grains dissolve in
the liquid Co or HEA binder phase, followed by diffusion into
the interior of the binder phase. The solubility of WC grains
decreases as the temperature decreases, leading to the precip-
itation of WC grains at the edges of larger WC grains and
resulting in grain growth by recrystallization. Due to the
different binder phases, there are differences in the solubility
and diffusion capabilities of WC. The HEA, with a high
number of elements, exhibits lattice distortion and slow
diffusion effects due to the interactions and radius differences
between the elements, which hinder the dissolution and
diffusion of WC, leading to relatively small and rounded WC
grains. The HEA not only inhibits the growth of WC grains
during sintering but also shows a close correlation with the Al
content. Figure 6 shows the microstructure evolution of
cemented carbide with different Al content; among the five
elements (Co, Cr, Fe, Ni, and Al), Al has the largest atomic
radius. The addition of Al increases the atomic size difference
in the HEA, resulting in significant lattice distortion and

influencing the atomic diffusion rate, the average grain size of
WC decreases. However, when the content of Al is further
increased, the content of Ni with the slowest diffusion rate is
reduced (Ref 24), which weakens its hysteretic diffusion effect,
resulting in the grain size of WC gradually increasing; however,
it is still smaller than that in WC-Co.

3.3 Phase Analysis of WC-HEA Cemented Carbides

Figure 7 shows the XRD pattern of the WC-10 wt.%CoCr-
FeNiAlx cemented carbide after sintering. Compared with the
mixed powder of WC-HEA before sintering, the diffraction
peak of WC-HEA after sintering becomes narrower, but the
strength increases due to the increase in the grain size and the
release of microstrain. In addition, some diffraction peaks of g-
carbides (Co, Fe, Ni) 3W3C appear. The face-centered cubic
structure (a = b = c = 11.1118 Å) of (Co, Fe, Ni)3W3C typi-
cally appears during liquid-phase sintering of WC and metal
alloys (Ref 10). Moreover, in the solid-state sintering process,
slow diffusion of free carbon leads to the localized decarbur-
ization of the cemented carbide and promotes the formation of
g-carbide. The diffraction peak related to WC is clearly visible;
the diffraction peak of high-entropy alloy is very weak; on the
one hand, because the content of high-entropy alloy itself is
small; on the other hand, the vast majority of high-entropy
alloys react with WC to form intermetallic compounds.
However, the major phases of the HEA binders with different
Al contents transform into FCC. This transformation indicates
that high temperatures during sintering accelerate the transfor-
mation of HEA from BCC to FCC, and the FCC phase can be
stable at a high temperature for CoCrFeNiAlx high-entropy
alloys.

3.4 Relative Density of WC-HEA Cemented Carbides

Relative density is an important index to reflect the internal
defects of materials and has a certain impact on mechanical
properties. Figure 8 shows the relative density of the WC-HEA
cemented carbide. The figure shows that when the Al content
x = 0, it has the highest relative density (97.5%). With the
gradual increase in Al, the relative density of the material
gradually decreases. When the Al content is x = 1.0, the
relative density is the lowest (95%). The relative density of the
sintered material is affected by many factors, including the type
of bonding phase, sintering method, sintering temperature and
holding time (Ref 25-27). Under the same sintering process
parameters, Co exhibits the best wettability on WC, with a
contact angle of approximately 0�. However, the presence of
multiple principal elements in HEA leads to a decrease in
wetting ability with WC. Previous studies have shown (Ref 28)
that the introduction of Al can result in a slower wetting rate
and decreased wetting ability, which is consistent with the
findings of this study regarding the gradual decrease in relative
density with increasing Al content.

3.5 Hardness of WC-HEA Cemented Carbides

Figure 9 shows the hardness of the WC-HEA cemented
carbide. The figure shows that adding a small amount of Al can
significantly improve the hardness of cemented carbide.
However, with the further increase in Al content, the grain
size gradually increases, and the relative density gradually
decreases, resulting in a gradual decrease in hardness. When the
relative density is low and the grain size is large, the hardness

Fig. 3 XRD pattern of the initial WC powder and WC-HEA
cemented carbide composite powder after ball milling
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Fig. 4 Microstructure and WC grain size distribution of WC-10 wt.%Co and WC-10 wt.%CoCrFeNiAlx cemented carbides: (a) WC-
10 wt.%Co; (b) x = 0; (c) x = 0.25; (d) x = 0.5; (e) x = 0.75; and (f) x = 1.0
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Fig. 5 Elemental distribution in WC-10 wt.%CoCrFeNiAlx cemented carbides: (a) x = 0; (b) x = 0.5; and (c) x = 1.0
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value reaches the highest value of 1898.5 MPa. According to
the Hall–Petch equation (Ref 29) and the relationship between
yield strength and hardness (Ref 30), the smaller the grain size
is, the more significant the grain boundary strengthening effect
and the more obvious the hardness improvement. When the
content of Al is x = 1.0, the grain size is larger, but the hardness
is the highest. The reason for this phenomenon should be

attributed to the increase in Al content in the HEA binder
phase, which leads to an increase in the atomic size difference d
and the more serious lattice distortion (Ref 31). This phe-
nomenon leads to increases in the Young’s modulus and lattice
strain effect in the HEA bonding phase, which increases the

Table 3 Elemental analysis (at.%) of different regions using EDS

Elements W C O Co Cr Fe Ni Al

A 14.46 … 16.72 8.78 36.33 7.10 14.63 …
B 25.03 … 16.31 5.13 15.10 4.28 10.89 23.26
C 21.01 … 34.64 … 14.28 … … 30.07
D 32.01 … 30.70 3.25 8.76 1.36 4.28 19.64
E 40.23 … 20.36 7.23 11.42 2.47 3.56 14.73

Fig. 6 Schematic representation of the morphology evolution of WC-10%CoCrFeNiAlx cemented carbides: (a) x = 0; (b) x = 0.25; (c) x = 0.5;
(d) x = 0.75; and (e) x = 1.0

Fig. 7 XRD spectrum of the sintered WC-10 wt.%CoCrFeNiAlx
cemented carbide

Fig. 8 Relative densities of WC-10 wt.%CoCrFeNiAlx cemented
carbides
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hardness of the HEA bonding phase (Ref 32) and thereby the
hardness of the WC-HEA cemented carbide. In addition,
studies have shown (Ref 24, 33) that with increasing Al
content, the adjacency in WC-HEA cemented carbide increases,
and a high adjacency suggests that the WC/WC contact has a
relatively high stiffness, which contributes to the improvement
in hardness.

3.6 Fracture Toughness of WC-HEA Cemented Carbides

Figure 10 shows the fracture toughness diagram of the WC-
CoCrFeNiAlx cemented carbides. With an increase in Al
content, the fracture toughness exhibits a trend of first
increasing and then decreasing. The maximum fracture tough-
ness value of 10.72 MPa m1/2 is achieved at an Al content of
x = 0.25. Subsequently, the fracture toughness gradually
decreases with a further increase in the Al content. The fracture
toughness of WC-HEA cemented carbides is influenced by
factors such as density, wettability between HEA and WC,
sintering characteristics of the binder phase, and deformation
ability. The high-entropy alloy exhibits good deformation
ability, which enhances the fracture toughness of the cemented
carbides as a binder phase. However, excessively high Al
content leads to lower density and larger grain size, directly
affecting the fracture toughness. At an Al content of x = 1.0,
the fracture toughness value is only 7.76 MPaÆm1/2. Figure 11
shows the SEM morphologies of indentation cracks in the
cemented carbides. Due to the higher hardness of the HEA
binder phase, when the crack reaches the binder phase, it forms
a sawtooth pattern, hindering crack propagation and causing
crack deflection (Ref 34, 35). From the figure, it can be
observed that when the binder phase is reduced to a point, the
bridging material is pulled out of the matrix, hindering further
crack propagation behind the crack, leading to the occurrence
of crack bridging (Ref 36). Further observation reveals that in
the critical region between the WC grains and the binder phase,
some WC grains are pulled out, which is an energy-consuming
mechanism. Additionally, the smaller the WC grain size is, the
more grain boundaries are generated, resulting in higher energy
consumption during crack propagation. These phenomena

collectively contribute to the enhancement of fracture tough-
ness in cemented carbides when HEAs are used as the binder
phase.

3.7 Flexural Strength of WC-HEA Cemented Carbides

Figure 12 shows the flexural strengths of WC-
10 wt.%CoCrFeNiAlx cemented carbides with different Al
contents. The graph shows that the flexural strength of the alloy
first increases and then decreases with increasing Al content.
The alloy exhibits the highest flexural strength of 1350 MPa at
an Al content of x = 0.25. Subsequently, the flexural strength
decreases significantly as the Al content further increases,
reaching a value of 680 MPa at an Al content of x = 1.0. The
flexural strength of WC-HEA cemented carbides is mainly
influenced by factors such as WC grain size, composition and
content of the binder phase, microstructure, and porosity.
Figure 13 presents the fracture surface morphologies of the
cemented carbides with different Al contents. The addition of
Al induces lattice distortion and refinement of the WC grain
size. An abundance of grain boundaries imposes additional
resistance to the movement and formation of dislocations,
making the material more difficult to deform. This effect
requires the alloy to consume additional energy during fracture,
resulting in better flexural strength than alloys without added
Al. The fracture surface morphology reveals predominantly
transgranular fracture in WC-HEA cemented carbides with
varying Al contents, along with some intergranular fracture and
dimple fracture (Ref 34, 37). Transgranular fracture mainly
occurs at large WC grains, and theoretically, an increase in Al
content leads to further transgranular fractures. Transgranular
fracture requires overcoming high-energy barriers, indicating
increased flexural strength. However, the flexural strength
decreases as the Al content increases from x = 0.25 to x = 1.0.
This decrease is attributed to the significant influence of
porosity, which causes stress concentration and nucleation of
cracks during deformation. Increasing the Al content reduces
the wettability between the HEA binder phase and WC, leading
to decreased densification and increased porosity in sintered

Fig. 9 Hardnesses of WC-10 wt.%CoCrFeNiAlx cemented carbides Fig. 10 Fracture toughnesses of WC-10 wt.%CoCrFeNiAlx
cemented carbides
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samples and thereby reducing the flexural strength of the alloy.
Therefore, the optimum flexural strength is achieved when the
Al content is x = 0.25.

4. Conclusions

The WC-10 wt.%CoCrFeNiAlx (x = 0, 0.25, 0.5, 0.75, 1.0)
cemented carbides were produced by pressureless sintering and
then the effects of Al element content on microstructures and

mechanical properties were studied. Based on the above results
and discussion, the following conclusions were obtained:

(1) Due to the slow diffusion effect of high-entropy alloy,
with HEAs as the binder phase, the grain size of WC is
obviously refined. In addition, reducing the content of
Al can enhance the inhibition effect of high-entropy al-
loy on the growth of WC grains, which leads to a fine
microstructure.

(2) Tungsten carbide with HEAs as the binder phase is not
as dense as WC-Co, but its hardness is increased by
58%. In addition, with increasing Al content, the hard-
ness as a whole shows an upward trend.

(3) With increasing Al content, the fracture toughness and
bending strength of cemented carbide first increase and
then decrease. When the Al content is x = 0.25, the frac-
ture toughness and bending strength of cemented carbide
are the best, reaching 10.72 MPa m1/2 and 1350 MPa,
respectively. The toughening mechanisms of fracture
toughness are grain pulling out, crack deflection and
crack bridging. Theoretically, with increasing Al content
and increasing WC grain size, additional transgranular
fractures occur, and the bending strength increases. In
fact, the decrease in density caused by excessive Al con-
tent plays a dominant role in its bending strength, and
the bending strength decreases.

Therefore, using high-entropy alloys as the bonding phase
can significantly refine the grain size of WC and enhance its
mechanical properties. When the content of Al element is
relatively low, its overall performance is optimal, demonstrat-
ing the potential to replace Co as a new type of bonding phase.

Fig. 11 SEM images of the indentation crack morphology of WC-10 wt.%CoCrFeNiAlx cemented carbides: (a) x = 0; (b) x = 0.25; (c) x = 0.5;
(d) x = 0.75; and (e) x = 1.0

Fig. 12 Flexural strengths of WC-10 wt.%CoCrFeNiAlx cemented
carbides
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