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Abstract: Cemented carbides have belonged to the most important engineering materials since their
invention in the 1920s. Commonly, they consist of hard WC grains embedded in a cobalt-based
ductile binder. Recently, attempts have been made to substitute the cobalt using multicomponent
alloys without a principal component (also known as high entropy alloys—HEAs). HEAs usually
contain at least five components in more or less equal amounts. The substitution of a cobalt binder
with HEAs can lead to the refinement of WC grains; it increases the hardness, fracture toughness,
corrosion resistance and oxidation resistance of cemented carbides. For example, a hardness of
2358 HV, fracture toughness of 12.1 MPa.m1/2 and compression strength of 5420 MPa were reached
for a WC-based cemented carbide with 20 wt.% of the equimolar AlFeCoNiCrTi HEA with a bcc
lattice. The cemented carbide with 10 wt.% of the Co27.4Cr13.8Fe27.4Ni27.4Mo4 HEA with an fcc lattice
had a hardness of 2141 HV and fracture toughness of 10.5 MPa.m1/2. These values are higher than
those for the typical WC–10 wt.% Co composite. The substitution of Co with HEAs also influences the
phase transitions in the binder (between the fcc, bcc and hcp phases). These phase transformations
can be successfully used for the purposeful modifications of the properties of the WC-HEA cemented
carbides. The shape of the WC/binder interfaces (e.g., their faceting–roughening) can influence the
mechanical properties of cemented carbides. The most possible reason for such a behavior is the
modification of conditions for dislocation glide as well as the development and growth of cracks at
the last stages of deformation. Thus, the substitution of a cobalt binder with HEAs is very promising
for the further development of cemented carbides.

Keywords: cemented carbides; binder; high-entropy alloys; grain boundary wetting; phase
transitions; phase diagrams

1. Introduction

Cemented carbides, also known as hardmetals, have become one of the most important
engineering materials since their invention in the early 1920s. WC-Co cemented carbides
are used for numerous applications due to their unique combination of hardness, fracture
toughness and abrasion resistance. In their simplest form, these materials consist of WC
grains embedded in a ductile metallic binder, typically cobalt. The tungsten carbide–cobalt
materials possess high hardness (up to nearly 20 GPa [1]), density (≈15 g/cm3 [1,2] at
10 wt.% Co), fracture toughness (>10 MPa.m1/2 at 10 wt.% Co depending on a WC mean
grain size [3]) and strength (transverse rupture strength (TRS) of above 3000 MPa at
10 wt.% Co [1]). This unique combination of different properties makes cemented car-
bides the best-known materials for many applications. Unfortunately, the use of cobalt
(Tmelt = 1495 ◦C [2]) as a binder in cemented carbides is disadvantageous at high tem-
perature, in strong corrosive media and in other harsh environments because of its poor
corrosion resistance and high temperature resistance [4]. Additionally, the cobalt binder in
WC-based cemented carbides has some health concerns because of its possible carcinogenic
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effects [5]. Due to these health concerns as well as to tailor or improve the mechanical
properties of WC-based cemented carbides, numerous attempts have been made to find
alternative binders [6,7]. These attempts are listed in Table 1.

Table 1. Alternative binders for WC-based cemented carbides.

Group of Alternative Binders Composition and Reference

Iron and iron-based alloys

Fe–Ni, Fe–Ni–Co, Fe–Cr, Fe–Al [8], Fe–Ni–C [9]
10 wt.% Fe [10]
Fe–Ni, Fe–Ni–Co, Fe–Mn [11,12]
Fe–Ni–Co [13,14]
Fe–Cr–Ti(C,N) [15]
Fe–Al–B [16]
FeAl, Ni3Al [17]
Fe–Ni–Cr [18,19]
Fe–Ni–Co [20]
Alloyed κ-W9Fe3C4, κ-W9Ni3C4, and κ-W9
(Fe/Ni)3C4 phases [21]
Fe–Cu [22]
Fe, FeAl [23–25]
FeAl with VC and/or Cr3C2 [26]
Fe3Al [27]
Fe–Mn [28,29]
Fe–Ni–C [30]
H13 Hudson tool steel [31]
AISI 304 stainless steel [32–35]
High vanadium tool steels PM 10 V and PM 15 V [36]

Cobalt-based alloys

Fe–Ni–Co [13,20]
Fe–Cr–Co [37]
Fe–Cu–Co [38]
Fe–Cu–Ni–Co [39]

Carbide binders

Fe–Cr–Ti(C,N) [15]
κ-W9Fe3C4, κ-W9Ni3C4, and κ-W9 (Fe/Ni)3C4
phases [21]
FeAl with VC and/or Cr3C2 [26], VC and Al [40],
W6Co6C [41], ZrC [42], WCrC [43,44]

η-phases W2C, W3Co3C, W4Co2C, and W6Co6C [41], ZrC [42],
WCrC [43,44], AgNi [45]

Various pure metals Al [40], Cr [37], Cu [38,46], Al [47,48]

Nickel and nickel-based alloys [7,10,12,17,18,39]

Some of these attempts to replace cobalt were quite successful, but not always. In many
cases, they failed due to various reasons, such as the poor mechanical properties (e.g., fracture
toughness, hardness, and transverse rupture strength—TRS) [12,13,17,22,25,26,35,36,38,42],
the growth of large or abnormally large WC grains [7,29,30,40], the formation of deleterious
phases [7,10,19,28–31,34,37] as well as poor densification behavior during sintering [26,33].

One can see that these attempts were made with pure metals [1,7,8,10,23,37,38,46–48], bi-
nary alloys [8,10,17,18,22,24,25,27–29,42,45], ternary [8–10,13,15–20,26,30,37–41,43,44] or ever
quaternary alloys [21,26,30–36,39]. A very interesting attempt was to use the strengthening
nanozones in the Co matrix, based on the Co3W phase, with the Cu3Au lattice [49].

The logical continuation of this way was to move up to even more complicated alloys.
As a result, a new approach was recently elaborated, namely the substitution of cobalt
binder with multicomponent alloys without any principal component. These alloys contain
at least five components. Such alloys are also known as high-entropy alloys or HEAs [50].
HEAs usually have a densely packed crystal lattice (fcc, hcp or bcc) and contain only
one multicomponent solid solution comprising at least five different elements. HEAs
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possess elevated high-temperature hardness, wear-resistance and corrosion resistance.
Disordered arrangements of atoms in the crystal lattice of HEAs prevent the diffusion
mass transfer due to a strong lattice distortion effect. HEAs can allow the decreasing of
the sintering temperature of cemented carbides and suppress the growth of WC grains
during sintering [51]. They also ensure good WC wettability with the liquid binder. As a
result, cemented carbides with HEA binders show excellent high-temperature hardness,
high wear-resistance and improved fracture toughness [51]. The substitution of a cobalt
binder with HEAs also influences the phase transitions in the binder (between the fcc, bcc
and hcp phases) and affects the WC/binder interfaces (faceting–roughening). One can find
further details on the WC-based cemented carbides with HEA binders in Refs. [50–70]; they
are also discussed below in this review.

It should be mentioned that some conventional cemented carbide grades with a Co-based
binder, containing either grain growth inhibitors (vanadium and chromium carbides) or cubic
(Ti,Ta,Nb,W) C carbides (carbide grades for steel machining), can be considered as cemented
carbides with HEA binders. In the first case, the binder comprises Co, V and Cr as well as
W and C, which are usually dissolved in the binder, so that the formal requirement that the
binder must be a solid solution of five chemical elements is formally satisfied. In the second
case, the binder consists of six chemical elements: Co, Ti, Ta, Nb, W and C.

2. Refinement of WC Grains by Use of HEA Binders

The application of HEA binders can be used as an effective instrument for the re-
finement of WC grains. For example, Zhou et al. studied WC cemented carbides with
equimolar AlFeCoNiCrTi HEA as a binder [51]. The AlFeCoNiCrTi HEA powders were
prepared using high-energy ball milling. The WC-based cemented carbides were fabricated
by use of a conventional powder metallurgy route. The WC–10 wt.% Co, WC–10 wt.% HEA
and WC–20 wt.% HEA powders were milled with tungsten carbide balls in a planetary
ball-mill. The dried mixed powders were sintered at a pressure of 10 MPa at 1500 ◦C
for 2 h. The AlFeCoNiCrTi HEA had a bcc lattice. The size of the WC grains in the
WC–10 wt.% Co alloys was about 1 µm, whereas in the WC–10 wt.% HEA and WC–20 wt.%
HEA alloys, the WC mean grain size was at least five times smaller. Thus, the substitution
of cobalt binder with the bcc HEA drastically changed the WC grain size.

Another example of WC grain refinement with HEA binders was give in the work of
Chen et al. [54]. In their work, CoxFeNiCrCu (x = 1, 1.5, 2, 2.5) HEAs were mechanically
alloyed using high-energy ball milling from high purity (99.99 wt%) metals at a rotation
rate of 400 rpm for 48 h, and with a ball-to-powder weight ratio of 6:1. The WC-HEA
powders were poured into a ∅20 graphite die and sintered in a spark plasma sintering
(SPS) system at a uniaxial pressure of 30 MPa for 8 min at 1300, 1350, 1400 and 1450 ◦C. The
conventional WC–10 wt.% Co alloys were also prepared for comparison. In Figure 1, the
average size of the WC grains in the conventional WC–10 wt.% Co alloy and in WC-HEA
(CoxFeNiCrCu, x = 1, 1.5, 2, 2.5) alloys sintered at 1400 ◦C is shown [54]. The CoFeNiCrCu
HEA contained a mixture of fcc and bcc phases. The substitution of the cobalt binder with
the CoFeNiCrCu HEA lead to a grain size decrease from 630 nm to 400 nm. The WC grain
size slightly increased with an increasing cobalt content in the HEA. Thus, the usage of the
CoFeNiCrCu HEA binder with a mixture of fcc and bcc phases was less effective for WC
grain refinement in comparison with AlFeCoNiCrTi HEA having one bcc phase [51].

A third important example of HEA with an fcc lattice was given in the work of Velo
et al. [57]. An equimolar CoCrFeNiMn HEA with an fcc crystal structure was prepared
using ball milling of the powder mixture. The WC powder was taken in its as-delivered
state or ball milled for 2 or 4 h. These three kinds of WC powder were mixed with 10, 20 or
30 vol.% of the milled HEA powder and sintered at 1450 ◦C for 60 min. A minimal WC
grain size of 300 nm was obtained for the sample of WC milled for 2 h with 10 mol.% of
HEA. A maximal WC grain size of 760 nm was obtained for the sample with WC milled for
2 h and 30 mol.% of HEA. Thus, the obtained WC grain size with an fcc binder was higher
than in the composites with bcc [51] and bcc + fcc binders [54]. It should be also noted that
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the HEAs mentioned above [51,54] contained chromium, which is known to be a strong
grain growth inhibitor, so the refinement of WC grains is expected.
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3. Corrosion Resistance and Oxidation Behavior

Zhou et al. studied the corrosion resistance of WC–10 wt.% Co, WC–10 wt.% HEA
and WC–20 wt.% HEA alloys [51]. The studied AlFeCoNiCrTi HEA had a bcc lattice.
The corrosion resistance of these alloys was tested electrochemically in a 0.1 M sulphuric
acid solution. Table 2 contains the electrochemical characteristic parameters and polar-
ization curves, respectively. The passive and over-passive regions are clearly seen in all
three alloys. The passive region in the WC–10 wt.% Co alloy is wider in comparison with
the two other alloys. This means a higher corrosion potential of the WC–10 wt.% Co
alloy. The WC–10 wt.% HEA and WC–20 wt.% HEA have a small platform in the anode
polarization region (before the passive region). Differently, in the WC–10 wt.% Co alloy, a
similar small platform occurs inside the passive region, which means that the HEA binder
is more passive than the cobalt one.

Table 2. Electrochemical corrosion parameters of WC-based cemented carbides with Co and HEA
binders [51].

Alloys, Reference Ecorr, V Icorr, mA cm−2 Solution

WC–10 wt.%Co [51] –0.272 14.371 0.1 M sulphuric acid

WC–10 wt.% HEA [51] –0.281 3.404 0.1 M sulphuric acid

WC–20 wt.% HEA [51] –0.289 1.549 0.1 M sulphuric acid

One can see in Table 2 that the WC–10 wt.% Co alloy has a higher Ecorr in compar-
ison with the WC–10 wt.% HEA and WC–20 wt.% HEA alloys, which means that the
corrosion resistance of WC–10 wt.% Co is the lowest among the three alloys. The Ecorr of
WC–10 wt.% HEA and WC–20 wt.% HEA is almost the same. This means that the corrosion
resistance of these cemented carbides depends mainly on the type of the binder, but not on
the binder content. The corrosion current density Icorr for WC–10 wt.% Co is larger than
Icorr for WC–10 wt.% HEA and WC–20 wt.% HEA; in other words, the WC–HEA alloys
possess higher corrosion resistance than the WC–Co alloy. The Icorr of WC–10 wt.% HEA is
two times higher than that of WC–20 wt.% HEA, which means that the binder content and
the corrosion rate are inversely proportional.

Luo et al. examined the isothermal oxidation behavior of the conventional WC-Co ce-
mented carbides and cemented carbides with HEA binders with the composition
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AlxCoCrCuFeNi (x = 0, 0.5, 1.0, 1.5) [63]. Such alloys contain a single fcc phase for
x < 0.8 and a mixture of bcc and fcc phases at x > 0.8.

The experiments were conducted at 600–800 ◦C in air using the thermogravimetric
method. The oxidation rate of the WC-HEA decreased with an increasing aluminum
concentration in the HEA binder. In particular, the specific mass gains of the composites
with HEA binder were at least 20% smaller than that of the conventional WC–Co cemented
carbide. A further decrease in specific mass gain from 61.89 to 24.55 mg/cm2 occurs when
the HEA content increases from 5 to 20 wt. %. It should be also noted that with the increase
in Al content, a transition takes place from a single phase fcc structure of HEA to a bcc + fcc
two-phase one. Figure 2 shows the scheme for the steps of the oxidation process for the
WC-HEA alloy. It starts from the selective oxidation of the HEA binder phase (Figure 2a),
followed by the simultaneous oxidation of the HEA and the WC phases (Figure 2b,c), and
finishes with the growth of the oxide layer accompanied by swelling (Figure 2d,e).
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It should be noted that the HEAs mentioned above contained chromium and nickel,
the oxidation and corrosion resistance of which are greater than those of cobalt, so the
improved oxidation and corrosion resistance of the cemented carbides with HEA binders
can be expected. In addition, further investigations with HEAs containing various elements
are very promising to improve oxidation and corrosion resistance.

4. Hardness and Fracture Toughness

In Ref. [51], the WC–10 wt.% Co, WC–10 wt.% HEA and WC–20 wt.% HEA alloys
were prepared using high-energy ball milling with an equimolar AlFeCoNiCrTi HEA.
The mixed HEA and WC powders were sintered at 10 MPa and 1500 ◦C for 2 h. The
studied AlFeCoNiCrTi HEA had a bcc lattice. The Vickers hardness, fracture toughness and
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compression strength of cemented carbides with the HEA binder increased in comparison
with the conventional WC–10 wt.% Co alloy (see Table 3).

Table 3. Vickers hardness, fracture toughness, compression strength, transverse rupture strength and
ultimate tensile strength of WC-based cemented carbides with Co and HEA binders.

Alloys, Compositions and Sintering
Temperatures ◦C

Hardness,
Vickers
Units

Fracture
Toughness,
MPa.m1/2

Compression
Strength,

MPa

WC–10 wt.%Co, 1500 ◦C [51] 1910 8.10 3595

WC–10 wt.% HEA, 1500 ◦C [51] 2231 8.33 5219

WC–20 wt.% HEA, 1500 ◦C [51] 2358 12.10 5420

WC–10 wt.% HEA, 1300 ◦C [52] 1200 7.5 2110

WC–10 wt.% HEA, 1400 ◦C [52] 2160 7.0 4395

WC–10 wt.% HEA, 1450 ◦C [52] 2090 6.9 4125

WC–20 wt.% HEA, 1300 ◦C [52] 1600 9.2 3530

WC–20 wt.% HEA, 1400 ◦C [52] 1701 9.5 3644

WC–20 wt.% HEA, 1450 ◦C [52] 1640 9.9 3507

WC–10 wt.%Co, 1500 ◦C [71] 1784 7.5 -

WC-10CoFeNiCrCu, 1300 ◦C [54] 1570 9.2 -

WC-10CoFeNiCrCu, 1350 ◦C [54] 1810 11.2 -

WC-10CoFeNiCrCu, 1400 ◦C [54] 1952 10.8 -

WC-10CoFeNiCrCu, 1450 ◦C [54] 1870 10.7 -

Conventional WC-10 wt.%Co [54] 1544 9.1 -

WC-10 AlxCoCrCuFeNi, x = 0 [52] 1820 9.8 -

WC-10 AlxCoCrCuFeNi, x = 0.5 [52] 2070 10.3 -

WC-10 AlxCoCrCuFeNi, x = 1.0 [52] 2040 9.9 -

WC-10 AlxCoCrCuFeNi, x = 1.5 [52] 2130 9.8 -

WC–10 wt.%Co [56] 1458 10.1 -

WC–7.5 wt.%Co–2.5 wt.% HEA [56] 1550 8.2 -

WC–5 wt.%Co–5 wt.% HEA [56] 1679 6.4 -

WC–10 wt.% HEA [56] 1004 5.4 -

WC–10 wt.%Co–5 wt.% HEA [56] 1421 10.8 -

WC–10 wt.%Co–10 wt.% HEA [56] 1222 17.8 -

WC–10 wt.%FeNiZr, 2000 A [59] 1581 - -

WC–10 wt.%FeNiZr, 1850 A [59] 1550 - -

WC–10 wt.%FeNiZr, 1800 A [59] 1540 - -

WC–Co [70] - 12.1–16.2 -

WC–CoNiFe [70] - 13.2–17.8 -

WC–10Co7Ni2Fe1Cr4.5C (wt.%) [62] 1080 -

Transverse
rupture
strength

1800

WC–10Co7Ni2Fe1Cr4.7C (wt.%) [62] 1000 - 1700

WC–10Co7Ni2Fe1Cr4.9C (wt.%) [62] 950 - 3450

WC–CoCrFeNi [65] 1394 -
Ultimate

tensile
strength

629

WC– (CoCrFeNi)0.96W0.04 [65] 1712 - 687

WC–10 wt.%(Co27.4Cr13.8Fe27.4Ni27.4Mo4) [67] 2141 10.5 -

WC–20 wt.% (Co27.4Cr13.8Fe27.4Ni27.4Mo4) [67] 2039 9.5 -
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Zhou et al. prepared WC-based cemented carbides with a binder of an equimolar
AlCrFeCoNi HEA [52]. The high-purity (99.99 wt.%) Al, Fe, Co, Cr and Ni metals were
first melted in a vacuum in an induction furnace. The HEA melt was then atomized in a
high-purity argon atmosphere. The atomized powders were sieved through a 200-mesh
screen. The mean grain size of the WC powders employed was 200 nm. The powders of
WC–10 wt.% HEA and WC–20 wt.% HEA were prepared in a planetary ball mill. The green
samples were first heated in a vacuum up to 500 ◦C at a heating rate of 10 ◦C/min, and
then heated up to 1200 ◦C at a heating rate of 20 ◦C/min, followed by heating up to the
final sintering temperatures of 1400 ◦C and 1450 ◦C at a heating rate of 20 ◦C/min. The
precipitation of Al from the AlCrFeCoNi alloy causes the bcc-to-fcc transformation of the
high entropy alloy.

The fracture toughness and hardness of these WC-HEA composites [52] are given
in Table 3. Their values firstly increase and then decrease with the increasing sintering
temperature. The liquid phase sintering was not fully completed at a temperature of
1300 ◦C. Therefore, the WC grains grew mainly by aggregation and recrystallization. The
hardness of the samples was reduced due to the abnormal WC grain growth and high
porosity of the samples sintered at 1300 ◦C. An increase in the sintering temperature up
to 1400 ◦C made the dissolution and re-precipitation of WC grains easier. On the other
hand, it enhanced WC grain coarsening, which can result in poor mechanical properties.
When the sintering temperature increased up to 1450 ◦C, the hardness decreased further.
Therefore, the samples sintered at 1400 ◦C (both WC–10 wt.% HEA and WC–20 wt.%
HEA) possessed the highest Vickers hardness. The binder content significantly affects
the fracture toughness. Thus, the fracture toughness of the WC–10 wt.% HEA samples
decreased with the increasing sintering temperature. On the contrary, the hardness value
of the WC–20 wt.% HEA alloy increased with the increasing sintering temperature. In the
WC–10 wt.% HEA samples, the fracture toughness was inversely proportional to hardness.
When the HEA content increased up to 20 wt.%, the fracture toughness of the samples
became higher.

In the work of Chen et al. [54] the WC–10 wt.% Co and WC-CoxFeNiCrCu (x = 1, 1.5,
2, 2.5) HEA alloys were sintered from pure powders under uniaxial pressure of 30 MPa at
1300, 1350, 1400 and 1450 ◦C. The studied HEA had an fcc lattice. The fracture toughness
and hardness of the WC-10CoFeNiCrCu composites [54] are given in Table 3. An increase
in the sintering temperature eliminated the porosity and increased density, thus improving
the hardness values. The relative density after sintering at 1400 ◦C and 1450 ◦C was
almost equal, but sintering at a higher temperature lead to a larger WC mean grain size.
The fracture toughness increased with the elimination of pores. In addition, coarsening
WC grains resulted in an increased number of WC/WC grain boundaries (GBs). This
circumstance increased also the probability of crack propagation along the WC/WC GBs.
WC has a significantly lower fracture toughness in comparison with the HEA binder, so
that the overall fracture toughness of the alloy decreased. This work indicates that the HEA
has the potential to replace the conventional Co as a new binder, because of its finer grain
and high hardness.

Luo et al. used the elemental powders of Al, Co, Cr, Cu, Fe, and Ni of >99.5 wt.%
purity and an average particle size below 45 µm to produce AlxCoCrCuFeNi HEAs [53].
The starting WC powders had a purity of >99% and a mean grain size of about 0.9 µm.
Ball-milled AlxCoCrCuFeNi (with x = 0, 0.5, 1.0, 1.5) HEA powders were used as binders
to produce WC-10 wt.% HEA cemented carbides using SPS. Such alloys contain a single
fcc phase for x < 0.8 and a mixture of bcc and fcc phases at x > 0.8. The relative density
of the WC-HEA alloys increased from 97 to 98.9% with an increasing aluminum content,
as well as Vickers hardness. The fracture toughness first increased with the increasing
aluminum content to a value of 10.3 MPa m1/2 at x = 0.5, and afterwards decreased. Thus,
an ultrafine WC-HEA alloy with the best mechanical properties can be produced with the
Al0.5CoCrCuFeNi HEA as a binder. One should mention that a relative density of about
99% obtained using SPS is insufficient for the majority of applications; the present state of
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the art in the carbide industry corresponds to a density of 100.0% obtained as a result of
sintering in a vacuum followed by HIPing in Ar at high pressures.

In Ref. [56], WC-Co/CrMnFeCoNi composites were manufactured by Dong et al.
using sintering at 1410 ◦C. CrMnFeCoNi HEA is known as Cantor alloy and possesses
a single-phase fcc structure. The binder contained different amounts of cobalt and is an
equimolar HEA, so that the following cemented carbides were produced: WC–10 wt.%
Co, WC–7.5 wt.% Co–2.5 wt.% HEA, WC–5 wt.% Co–5 wt.% HEA, WC–10 wt.% HEA,
WC–10 wt.% Co–5 wt.% HEA and WC–10 wt.% Co–10 wt.% HEA. The Vickers hardness as
well as fracture toughness increased with the increasing HEA content (see Table 3).

Li et al. fabricated WC–CoCrFeNi and WC–(CoCrFeNi)0.96W0.04 cemented carbides
with HEA binders using arc melting in a water-cooled copper hearth under an Ar atmo-
sphere, using high purity Co, Cr, Fe, Ni, and W powders (>99.9%) [65]. All samples were
homogenized at 1200 ◦C for 5 h and subsequently forged at 1200 ◦C, which lead to a 50%
reduction in their thickness. The HEA binder contained hcp and fcc phases. Then, the
forged samples were heat-treated at 1200 ◦C for 6 min with water quenching, followed by
room temperature rolling to a 40% reduction in thickness. Finally, the samples were heat
treated at 1000 ◦C again for 6 min to obtain fully recrystallized structures. The hardness of
the studied samples increased with increasing tungsten content.

In Ref. [65], cemented carbides with fcc HEA binders WC–10 wt. % (Co27.4Cr13.8Fe27.4Ni27.4Mo4)
and WC–10 wt. % (Co27.4Cr13.8Fe27.4Ni27.4Mo4) were sintered at 1200 ◦C for 15 min and a pressure
of 50 MPa using the SPS technique. The HEA binder was designed using Thermo-Calc calculations.
Compared to a commercial WC–Co material, WC–10 wt.% HEA composites exhibit higher hardness
and fracture toughness (21 GPa and 10.5 MPa m1/2, respectively).

Pittari et al. sintered a WC powder with 10 wt.% of an equimolar FeNiZr medium-
entropy alloy (MEA) using the field-assisted sintering technique with heating at a current
increase rate of 100, 150 and 200 A/s up to a current value of 1800, 1850 or 2000 A [59]. The
resulting hardness of this composite lay between 1540 and 1582 Vickers units (see Table 3).
In Ref. [70], the WC-CoNiFe and WC-Co cemented carbides with different grain sizes
were prepared using sintering including hot isostatic pressing (Sinter-HIP). Their fracture
behavior was evaluated. The results showed that WC-CoNiFe had a slightly higher fracture
toughness than that of WC-Co (see Table 3). Thus, the application of medium-entropy
alloys binders (MEAs) instead of pure cobalt does not improve the mechanical properties
of cemented carbides as strongly as the usage of HEAs.

Thus, the best values of hardness (2358 HV), fracture toughness (12.1 MPa.m1/2) and
compression strength (5420 MPa) were obtained for the WC with 20 wt.% of equimolar
bcc AlFeCoNiCrTi HEA sintered at 1500 ◦C [51]. The second best values of hardness
(2141 HV) and fracture toughness (10.5 MPa.m1/2) were obtained for the WC with 10 wt.%
fcc Co27.4Cr13.8Fe27.4Ni27.4Mo4 HEA [67]. These values are higher than those for the typical
WC–10 wt.%Co composite [51].

What is the difference in the toughening mechanisms in the WC-HEA cemented
carbides in comparison with those with a cobalt binder? These are generally speaking crack
deflection, WC grain pull-out and crack bridging. The high deformability of HEA binders
surrounding the hard WC crystallites is due to extensive plastic stretching in the crack.
When the crack spreads in the HEA binder, the binder phase necks to a point or to a line [53].
This indicates crack bridging. As a result, the crack opening is inhibited behind the crack tip
contributing to the improvement of toughness. The fracture toughness of the WC cemented
carbides with HEA binders can also be improved by the crack deflections resulting from
an intergranular fracture. The crack deflections and the total length of fracture paths can
be increased thanks to the grain refinement and higher volume fraction of abnormal WC
grains. It means that a higher amount of energy can be consumed during the propagation
of a crack [53].

In addition, the pulling out of WC grains can additionally consume energy during
crack propagation. The observations of cracks demonstrate that numerous elongated WC
grains at the interfaces between WC crystallites and the HEA binder are pulled out [53].
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The resulting holes in the HEA binder are highly visible on the fracture surfaces. Thus,
the pulling out of WC grains also consumes energy. As a result, the inhibition of crack
extension improves the fracture toughness of WC-HEA cemented carbides.

5. Phase Transitions in the Binder

The phase transitions in the binder are critical for its homogeneity. If the binder consists
of a multi-component alloy without a major component, it is possible that various phases
will precipitate during the cooling or during the sintering. The alloy will freeze into a single-
phase one if the diffusion is slowed down. This is the case when the entropy contribution to
the Gibbs energy dominates. If the diffusion stops at a temperature where the entropy term
is small, the system may be a multiphase mixture instead of single-phase one.

In the WC-based cemented carbides with an equimolar AlCrFeCoNi HEA binder [52],
the precipitation of Al during sintering results in a transformation from the body-centered
cubic (bcc) to face-centered cubic (fcc) structure of the HEA binder. The precipitated Al
reacted with oxygen forming an alumina film around the remaining pores. The final
HEA/WC composite material consists of two or three hard phases (WC and η-phases
M3W3C and M3W9C4) as well as a remaining HEA binder with an fcc crystal structure [52].

Luo et al. [53] produced WC-HEA cemented carbides with a HEA binder of
AlxCoCrCuFeNi (x = 0, 0.5, 1.0, 1.5) HEA using SPS. The major phases of the HEA binders
with different Al contents transformed after sintering into phases with an fcc crystal struc-
ture. Thus, the fcc phase is likely a phase stable at high temperature for AlxCoCrCuFeNi
HEAs. No η-phase or deteriorating metal oxide properties of cemented carbides were
detected in the XRD patterns during the preparation of the WC-HEA samples, which is
beneficial for the mechanical properties of WC-AlxCoCrCuFeNi composites [53].

According to the results of Ref. [56], the HEA binder in the cemented carbide
WC-Co/CrMnFeCoNi does not only comprise a single phase with an fcc crystal lattice.
After addition of HEAs to WC-Co composites, an η-carbide phase inevitably forms due to
the reaction between WC and the HEA components during liquid phase sintering. When
the HEA completely replaces cobalt as the binder, the sample contains a lot of cobalt pools
and pores, which significantly deteriorate the mechanical properties.

In the work of Holmström et al., the HEA binder phase consisted of a CoCrFeNi
alloy containing dissolved tungsten and carbon [58]. Holmström et al. combined the
thermodynamic and first principle calculations and established the HEA composition
corresponding to a martensitic transformation of the hcp phase to the fcc one; the HEA is
characterized by certain carbon and tungsten solubilities. The resulting cemented carbide
with a HEA binder phase withstood much higher cutting speeds in metal-cutting than
conventional WC-Co cemented carbides [58]. The increased durability of cutting tools was
also observed for cemented carbides with CoFeCu and CoMoTi medium entropy alloy
binders [60].

Thus, the phase transformations in the WC-HEA cemented carbides can be success-
fully used for the purposeful modifications of their properties. Especially promising can
be the way from single-phase HEAs towards two- or multiple-phase ones. Well-tuned
thermal treatments could allow the further improvement of HEA binders; for example
with strengthening nanoprecipitates, as was conducted earlier with a conventional Co
binder [49].

6. Faceting–Roughening of WC/Binder Interfaces

Usually, WC grains in sintered cemented carbides with a cobalt binder have a shape of
truncated trigonal prisms and are perfectly faceted (see for example Figure 3 [72,73]). However,
it is well known that faceted (flat) surfaces or interfaces can become curved as a result of the
so-called faceting–roughening phase transformation [74,75]. The transition from the faceted to
the rough (curved) shape can take place with a change in the misorientation or inclination of
interfaces [76,77], temperature increase [78,79] or change in the composition [80]. In Ref. [61],
the conventional cobalt binder was substituted in cemented carbides with an equimolar CoCr-
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CuFeNi HEA and two different HEAs with aluminum additions, namely Al0.5CoCrCuFeNi
and Al2CoCrCuFeNi. The microstructure of such cemented carbides, sintered at 1500 ◦C in a
vacuum for 2 h, is shown in Figure 4, redrawn from Ref. [61].
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Al2CoCrCuFeNi HEA binders sintered at 1500 ◦C in a vacuum for 2 h. Reprinted with permission
from Ref. [61]. Copyright 2019 Elsevier.

It can be clearly seen that the shape of WC grains (they appear grey in Figure 4) strongly
differs from that in conventional cemented carbides. The WC grains of cemented carbides ob-
tained according to Ref. [61] are rounded and possess many fewer flat facets than those reported
in Refs. [73,81]. It appears that the WC grains in the composite with the Al0.5CoCrCuFeNi HEA
binders are a little bit more faceted than in the CoCrCuFeNi and Al2CoCrCuFeNi HEA binders
(see Figure 4, redrawn from Ref. [61]). In other words, the substitution of the conventional cobalt
binder with HEA binders can lead to the faceting–roughening transition of the WC/binder
interfaces. Such shape change in the WC/binder interfaces can, in turn, affect the phenomena
of crack initiation and propagation in cemented carbides subjected to high impact loads and,
thus, improve or deteriorate their mechanical properties.

The results of Qian et al. give a good example of how the shape of WC grains can affect
the mechanical properties of cemented carbides [70]. WC-CoNiFe and WC-Co cemented
carbides with different grain sizes were prepared using vacuum sintering followed by
hot isostatic pressing (Sinter-HIP) [70]. The WC-CoNiFe material had a higher fracture
toughness than WC-Co (see Table 3). The fracture toughness and fatigue crack growth
(FCG) were closely related to the parameters of the cemented carbides’ microstructure. The
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fracture toughness increased via ductile ligament bridging and crack deflection, as the
mean free path of the binder phase (λCo) increased, or the contiguity of the carbide phase
(CWC) decreased. The fatigue fracture mode showed a transition from a cleavage-like
brittle fracture to a ductile dimple-like fracture. The fatigue sensitivity of cemented carbides
was directly related to the fracture toughness [70].

Qian et al. prepared cemented carbide WC-10Co-7Ni-2Fe-1Cr (wt.%) with different
carbon contents (4.5, 4.7 and 4.9 wt.%) using vacuum sintering followed by hot isostatic
pressing (Sinter-HIP) [62]. The alloys contained clusters consisting of WC grains fully
surrounded by an η-phase (Figure 5a). These WC grains were rounded and had fewer flat
facets than those surrounded by the 10Co-7Ni-2Fe-1Cr binder (Figure 5b). The η-phase
aggregates in large clusters with the increasing carbon content, which leads to a decrease in
hardness and an increase in TRS (see Table 3). The shape change in the WC grains could be
at least partially responsible for this effect.
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How we can understand the influence of the faceting/roughening of WC grains on
the mechanical properties of WC-based cemented carbides? Crack deflection and bridging
are the main toughening mechanism for WC grains. In case of strong crack deflection on
WC grains, it is determined by the characteristics of the WC crystallites. The WC crystal
possesses a close-packed hexagonal crystal structure. It has only one slip family {1010}
〈1123〉 in the unit cell and four independent slip systems [70].

As a result, the transgranular propagation is more complicated compared with inter-
granular propagation. If a propagating crack meets a WC grain, it is not very probable that
the slip surface and direction are the same as the original. As a result, crack deflection or
branching takes place when the crack starts to propagate through WC grains. In case of
less faceted WC grains, the intergranular crack propagation along curved interfaces is also
more complicated in comparison with flat and faceted WC grains. Thus, the crack paths are
more tortuous when they follow larger and more rounded WC grains. The cracks exhibit
more pronounced and frequent deflections or branches. Such cemented carbides exhibit
higher toughness. In other words, the fracture changes from a cleavage-like brittle one to a
ductile dimple fracture.

Thus, the shape change in the WC grains (e.g., faceting–roughening of WC/binder inter-
face) can influence the mechanical properties of cemented carbides. The most possible reason
for such a behavior is the modification of conditions for dislocation glide as well as for the
development and growth of cracks at the last stages of deformation. The control of the shape
of WC crystallites, by changing the composition of the HEA binder as well as the well-tuned
thermal treatment, is very promising for the further development of cemented carbides.

7. Conclusions

The substitution of a cobalt binder with HEAs can lead to the refinement of WC grains.
It can also lead to an increase in the hardness, fracture toughness, and corrosion- and
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oxidation-resistance of cemented carbides. The best values of hardness (2358 HV), fracture
toughness (12.1 MPa.m1/2) and compression strength (5420 MPa) were obtained for the WC
with 20 wt.% of equimolar bcc AlFeCoNiCrTi HEA sintered at 1500 ◦C [51]. The second
best values of hardness (2141 HV) and fracture toughness (10.5 MPa.m1/2) were obtained
for the WC with 10 wt.% fcc Co27.4Cr13.8Fe27.4Ni27.4Mo4 HEA [67]. The substitution of Co
with HEA also influences the phase transformations in the binder (between the fcc, bcc
and hcp phases). These phase transformations can be successfully used for the purposeful
modifications of the properties of the WC-HEA cemented carbides. Especially promising
can be the way from single-phase HEAs towards two- or multiple-phase ones. In partic-
ular, one can use the phenomenon of grain boundary (GB) wetting already observed in
HEAs [82–84]. The application of GB wetting allows us to purposely arrange the sec-
ond phase in HEAs along GBs in the form of continuous layers or regular chains of
lenticular precipitates.

Last but not least, the shape change in the WC grains (e.g., the faceting–roughening of
the WC/binder interface) can influence the mechanical properties of cemented carbides.
The most possible reason for such a behavior is the modification of conditions for dislocation
glide as well as for the development and growth of cracks at the last stages of deformation.
The well-tuned thermal treatments of HEA binders could allow the further improvement of
the HEA binders; for example, with shape change in WC crystallites or the introduction of
strengthening nanoprecipitates, as was conducted earlier with a conventional Co binder [49].
Therefore, the substitution of a cobalt binder with HEAs is very promising for the further
development of cemented carbides.
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