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ARTICLE INFO ABSTRACT

Keywords: Due to elevated potential associated with the extremely vast compositional space of high-entropy alloys (HEAs),
High-entropy alloys there is a significant drive to explore these alloys in high-performance contexts such as intensive wear and
Cermets

oxidative environments. In this regard, this review article comprehensively explores the utilization of HEAs in
cemented carbides, focusing on their role as binders in cermets. The wear resistance and oxidation behavior of
HEA-containing cermets depends on the ceramic-binder thermodynamic compatibility, phase transformations
during sintering, microstructure, and mechanical properties. Hence, much high quality research has been focused
into exploring the combination of several HEAs with tungsten carbide, titanium carbides, nitrides, carbonitrides
and diborides along with other ceramic compounds. As there are many HEA-ceramic combinations, this review
aims to provide a landscape of the developments in this field, providing detailed information about the chemical
compositions, sintering techniques, mechanical properties and wear and oxidation resistance obtained. Finally,
the need for further research to fully understand the complex interactions between composition, microstructure,
and wear and oxidation resistance is highlighted, aiming to tailor HEA compositions for optimized performance.
The findings presented in this review contribute valuable insights into the promising applications of HEAs in

Cemented carbides
Complex composition alloys

cemented carbides.

1. Introduction

Cemented carbides, are ceramic/metal composites used in cutting
tools whose performance is situated between that of cermets and tool
steels; hence, these are harder and more wear resistant than the latter
but with lower toughness and thermal conductivity [1]. The first
marketable cemented carbide (commonly referred to as “Straight
grade”) was invented in 1923 by Karl Schroeter at Osram Studienge-
sellchaft, Germany [2-4]. The compound consisted of WC particles
bonded with Co as the binder phase [1] and was first used to replace
diamond in extruder nozzle tips to produce W filaments used in incan-
descent bulbs. Global production of WC-Co based hardmetals has grown
rapidly over the last 30 years, with total production of approximately
20,000 ton/year in 1993 and increasing to over 60,000 ton/year with
China’s entry into the market in 2008 [5]. 65 % of the world’s pro-
duction goes to the manufacture of cutting tools, approximately 15 %

corresponds to the mining, oil and rock excavation industry, about 11 %
belongs to the woodworking industry and, finally, the construction in-
dustry accounts for the remaining 9 % of the market share [1,5]. Thus,
the worldwide market for WC-Co hard metals comprises approximately
50 % compared to other cutting tools (i.e. high speed steels (HSS), Boron
Nitrides, TiN, etc.) [2,5,6].

For wear related applications, the microstructure of cermets consists
of a ceramic phase, characterized by high hardness, elastic modulus and
wear resistance, bonded with a metallic matrix that imparts toughness
and ductility to the alloy [1,2,7]. The binder phase content in
commercially significant cemented carbides varies from 2 to 30 wt%
[1,3]. For conventional WC — Co, their mechanical properties vary with
the binder content, so their hardness can range from ~6.9 to 35.3 GPa
(~700 to 3600 HV), while their the modulus of elasticity (E) and
compressive strength ranges between 400-700 GPa and 300-9000 MPa,
respectively [3,5]. However, they are characterized by a low fracture

* Corresponding author at: Department of Materials Science and Engineering, Delft University of Technology, Delft, Netherlands.

E-mail address: p.m.martinsaint-laurence@tudelft.nl (P. Martin).

https://doi.org/10.1016/j.matdes.2024.113431

Received 10 August 2024; Received in revised form 29 October 2024; Accepted 3 November 2024

Available online 5 November 2024

0264-1275/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:p.m.martinsaint-laurence@tudelft.nl
www.sciencedirect.com/science/journal/02641275
https://www.elsevier.com/locate/matdes
https://doi.org/10.1016/j.matdes.2024.113431
https://doi.org/10.1016/j.matdes.2024.113431
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2024.113431&domain=pdf
http://creativecommons.org/licenses/by/4.0/

C. Madrid et al.

toughness (5-30 MPa-m'/ 2) [2,5], low resistance to corrosive environ-
ments, and poor performance at elevated temperatures [8,9]. Addi-
tionally, these cermets present thermal stresses, product of the
difference between the coefficients of thermal expansion of their con-
stituents Aa =~ 6x107® K~! | where an excess of Co has negatively
influenced the thermal fatigue resistance of cermet [10,11]. In fact,
these factors have led to poor performance in operation, where binder
phase degradation has caused cermet failure at speeds not much higher
than those used in high-speed steels [1].

The European Union has classified W and Co, among other elements,
as critical raw materials, due to the difficulty of their extraction due to
the lack of easily accessible deposits [12]. Furthermore, according to
World Economic Forum [13], the market for lithium-ion batteries
(which contain Co as one of their constituents) is expected to increase by
at least 25 % each year, and the demand for Co is projected to at least
quadruple by 2030, compared to last year’s levels [ 14]. In addition, Co is
considered to be a carcinogenic agent, because prolonged exposure to
hard metal dust in suspension considerably increases the mortality of
people due to lung cancer [15] and heart problems [16]. These problems
have motivated researchers to develop new cemented carbides or cer-
mets, with a total or partial replacement of Co as a binder and/or WC as
the hard phase. Various elements (Fe, Ni, Cr, etc.), intermetallic com-
pounds (NisAl, FeAl, among others) and some ceramics (Al;O3, MgO)
have been studied to replace the Co present in cemented carbides [17].
On the other hand, hard particles like TiC, TiN, Ti(C,N), TiB,, FeB, NbC,
etc. have been proposed to replace the WC.

The choice of Fe as the binder phase is attributed to its ability to
inhibit grain growth, its non-toxicity and low price [18]. However, with
the publication of the first phase diagram of the Fe-W-C ternary system
by Takeda in 1936 [19], it could be observed that the alloy is prone to
form the eta carbide (n — MgC) at a stoichiometric C content of WC, due
to the high affinity of Fe for C, which generates a decrease in the me-
chanical properties of the material. The formation of this phase was
avoided with the addition of free C i.e., C that is not contained in the
hard phase. However, the resulting mechanical properties were inferior
to those of WC-Co [20], reaching only 40-60 % of the transverse rupture
strains (TRS) of similar WC-Co composites [21]. On the other hand, Ni
has been also explored as a binder aid for these cermets. The first binary
binder (Fe-Ni) successfully used for the fabrication of cutting tools was
developed by Agte in 1957 [22]. The good performance of these mate-
rials depends mainly on the absence of the intermetallic compound MgC
and free graphite in their microstructure [21,23]. The first Fe-Ni-W-C
phase diagram was presented by Kohlermann and Wehner in 1957,
followed by Gabriel in 1984 and Guillermet in 1987 [24-26], the latter
being successfully used as a guide for the development of new WC/Fe-Ni
alloys. The phase diagram shows that an increase in the amount of
binder causes the two-phase field of interest to widen, and that by
varying the Ni content (maintaining a constant binder content), an in-
crease in Ni generates a preliminary tightening and subsequently a
widening of the admissible composition range to achieve a stable two-
phase structure at room temperature [24].

Mn is another element that has been used in conjunction with Fe to
form part of the binder in a cemented carbide, due to its similarity with
Co in terms of melting temperature, lattice structure, and phase trans-
formation during cooling, as well as its low cost and reduced toxicity
[27]. The martensitic transformation of these compounds can generate
stacking faults, mainly responsible for the increase in mechanical
strength and resistance to plastic flow of the binder [28], an approach
supported by the research conducted by Sevost’yanova et al. [29].
Hanyaloglu et al. [27] studied the mechanical properties of two
cemented carbides, WC-15(Fe-13.5Mn) and WC-25(Fe-13.5Mn),
obtaining higher hardness than its alloy counterpart of WC-Co, 35.4 %
y 78 %, respectively. Complementarily, the results obtained by Schubert
et al. [30] show that the range of tenacity in alloys with WC-10%(Fe
(2-16)Mn) ranges from 7.5t0 7.8 MPa-m"/ 2, lower than that recorded by
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its alloy counterpart of WC-Co (8.5-10 MPa-m'/?).

Other elements used as alloying agents in Fe-based binders are Mn,
Cu, Cr, and Mo. Mn allows obtaining harder but more brittle composites
[27,30] while Cu generates a greater densification of the material and an
increase in the TRS, without increasing the hardness of the material
[31]. The addition of Cr suppresses the grain growth of the ceramic
phase and improves the corrosion and oxidation resistance of cemented
carbide [32,33]. Finally, Zhao et al. [34] determined that Mn generates
an increase in TRS and prevents grain growth of the reinforcing phase,
without further affecting the hardness of Fe-Ni-W-C alloys.

Aluminides such as NigAl, are an attractive option for use as a binder
because it has been shown to possess favorable wettability over WC
[35,36], high hardness, high melting point, low density, excellent
corrosion and oxidation resistance, and high elastic modulus [37,38].
Liang et al. [39] synthesized a WC-10wt.%Ni3Al cemented carbide and
determined that it exhibits better performance compared to a WC-8Co
composite when cutting at high speeds. In turn, Liu et al. [40] studied
the resistance of these cermets to abrasive wear, observing that WC-8Co
has a lower wear resistance than the aluminide composite. The results
presented are attributed to the high hardness and low chemical reac-
tivity of the NigAl.

Despite intensive efforts to obtain a comprehensive improvement of
the performance and mechanical properties of WC-Co based cemented
carbides, only a partial improvement of these materials has been ach-
ieved [41]. However, with the development of the firsts high-entropy
alloys (HEAs), independently proposed by Cantor et al. [42] and Yeh
et al. [43] in 2004, a whole new field of studies focused on the devel-
opment of new cemented carbides or cermets using HEAs as binder
phase was opened. HEAs were conceived as those metallic materials
constituted for at least 5 elements, all of them between a 5 and 35 at. %,
without a clear base element as in traditional alloys. In the liquid state,
their complex composition would conduct them to a totally mixed state
with an elevated ideal configurational entropy, that would stabilize a
solid solution — containing all the constituent elements — even after
cooling up to room temperature by means of the elevated entropic term
[44]. The first HEAs effectively presented only face-centered cubic
(FCC) and body-centered cubic (BCC) solid solutions, just as was hy-
pothesized, revealing a potential new field of metallic materials.

Nevertheless, further research has revealed that single-phase solid
solution microstructures in HEAs are obtained only in particular cases,
and most of these alloys actually present multi-phase microstructures,
containing either multiple solid solutions, or well, solid solutions
accompanied by intermetallic phases; even more, single-phase inter-
metallic phases microstructures have been observed too. Despite the
mostly multiphase character of HEAs, they have exhibited excellent
combinations of properties, including high hardness [45,46], high yield
stress [47,48], excellent fatigue resistance [49], good fracture toughness
[50], and superior oxidation resistance [51]. All these remarkable fea-
tures make these relatively new alloys ideal candidates to be used as
binders in the fabrication of cermets.

Several review articles addressing the definition, composition,
microstructure, and performance of HEAs can be found in literature; in
this context, this work aims to discuss and analyze the development of
cermets utilizing HEAs as binders, focused on the interaction between
the hard phase and the HEA binder. A concise analysis of the relation-
ship between binder composition, processing method, microstructure
and mechanical, wear, and oxidation resistance are presented, in order
to have a complete understanding of the potential of HEAs in these
applications.

2. Microstructure, mechanical, and tribological properties of
HEAs-bonded cermets

One of the main features of HEAs is the vast universe of alloys that
can be classified in this category. According to Cantor et al. [42], if only
40 elements of the periodic table are considered as potential constituent
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elements and taking step sizes of 1 at. %, an enormous number of 10%¢
compositions can arise. This is indeed the origin of the wide variety of
potential microstructures that characterize HEAs, and more impor-
tantly, of the interesting catalogue of properties that they have to offer.
In this manner, the complex composition of HEAs widens the potential
interactions between binder and hard phases, which in the case of
traditional alloys utilized as binders, are mostly identified and consid-
erably reduced in number. Since the mechanical behavior and the
tribological response of the cermet will be strictly associated with its
microstructure — which is an outcome of the composition and fabrication
route — is not possible to understand the firsts ones without considering
the role that the microstructural features play.

The fabrication technique in most of the studies in the field has been
limited to sintering techniques — preceded or not by milling processes —
including spark plasma sintering (SPS), hot pressing (HP), hot isostatic
pressing (HIP), and pressureless sintering, either in vacuum or inert
atmospheres. A description of these processes can be found elsewhere
[52,53], and reviews especially dedicated to the powder metallurgy
fabrication of HEAs are available as well [54,55]. Nevertheless, in the
specific case of HEAs cermets, the most important variables in the study
of their feasibility is the composition of the binder and the hard phase,
with the sintering temperature and binder content in secondary roles as
well.

In this manner, for a better understanding of the topic, the current
section will be divided firstly based on the hard phase, due to their
characteristics determine the base features of the cermet (due to the
hard phase constitutes the majority of the volume of the cermet). Since a
considerable number or articles and results have been produced
addressing WC-based cermets, that particular section will be subdivided
based on the binder composition as well. In this manner, the particu-
larities of the constituent elements of the binder and their interaction
with the corresponding hard phase can be clearly identified, in order to
establish guidelines for the future design of HEAs-cermets.

2.1. WC-based cermets

The WC-HEAs cermets are the most studied ones among cermets;
even more, from the articles considered in this review, almost 50% of
them are solely based on WC. Fig. 1 summarizes the hardness of WC-
cermets fabricated by sintering as a function of the sintering tempera-
ture, employing different binder contents and composition. As can be
appreciated, there is no straightforward effect of the sintering temper-
ature over hardness, since this is a property that depends on several

26
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factors beyond composition. Among them, grain size and densification
are both affected by sintering temperature but in opposite manners:
increasing the sintering temperature will result in a higher densification
but in a coarse grain size. While the first contributes to a higher hard-
ness, a more coarse grain size commonly results in lower hardness
values. As can be observed in the Figure, the higher hardness were ob-
tained with sintering temperatures of 1500 °C (in the cermets containing
10 wt% and 20 wt% of AlCoCrFeNiTi [56]) and 1300 °C (in the cermets
containing 5 wt% and 10 wt% of CoCrFeNiMn [57]). In opposition, the
three lower hardness values were reported using sintering temperatures
of 1200 °C (30 wt% of CoCrCuFeNi [58]), 1300 °C (10 wt% of
AlCoCrFeNi [59]) and 1400 °C (25.5 wt% of AlCoCrNiTi [60]). A
complete summary of the chemical and microstructural features of WC-
HEAs cermets, as well as their fabrication procedure and resultant me-
chanical properties in the sintered state can be found in Table S1
(Supplementary Material).

2.1.1. CoCrFeMnNi alloy

From Table S1, it can be appreciated that most of them are based in
the Cantor’ alloy — an equiatomic CoCrFeNiMn alloy with a face-
centered cubic (FCC) single-phase solid solution, firstly reported in
[42] and the most studied HEA up to the date [61]. Hence, this
composition can be considered as a starting point to understand the
effect of other constituent elements in the microstructure and properties
of WC-HEAs cermets. Hence, Velo et al. [62] studied the binder content
effect on the microstructure and hardness of the WC-CoCrFeNiMn
cermet. The microstructure of all of the samples was constituted by a
FCC solid solution, WC and n-carbides ((Fe,Co,Ni)sWsC, (Fe,Co,
Ni)¢WeC). The presence of these carbides can have a positive effect on
the mechanical behavior of the material, especially regarding to the
wear resistance [63]. Particularly, the sample with 30 vol% binder and
WC initial particle size of 27 pm presented a core-rim structure, shown in
Fig. 2 with a core constituted by the WC carbide particles embedded in
the HEA matrix (region Al in Fig. 2(a)) and surrounded by (Fe,Co,
Ni)sW3C in the shell (region A2 in Fig. 2(a)). This microstructure
resulted in the highest hardness among the studied cermets, registering a
value of 13.15 GPa in the core and 22.15 GPa in the shell.

Ruiz-Esparza-Rodriguez et al. [57,64,65] studied the effect of the
binder content, sintering temperature, and sintering time on the
microstructure and mechanical properties of the WC-CoCrFeNiMn
cermet. In contrast to the previous, the microstructure was constituted
by several oxides alongside the FCC metallic binder and WC. The highest
densification (94.44 %) was achieved employing 20 wt% of the binder
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Fig. 1. Hardness as the effect of sintering temperature of WC-HEA cermets fabricated using milling followed by sintering routes.
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Fig. 2. (a) Characteristic SEM micrographs of WC-30 vol% FeCoCrNiMn cermet. (b) Compositional mapping of the area showing the different microstructure [62].

Reproduced with permission of Elsevier.

and sintering in vacuum at 1400 °C for 5h. Nevertheless, the highest
hardness (23.24 GPa) was attained by the cermet with 5 wt% of binder,
sintered in vacuum at 1300 °C by 5h; this, however, presented an
elevated remanent porosity (~10 %) that could be detrimental for the
composite performance.

An alternative strategy employing a mixture of CoCrFeNiMn and Co
as a binder was taken by Dong et al. [66], studying both the effect of
binder content (10 % to 20 %) and the binder Co/HEA ratio (4:0 to 0:4)
on the microstructure and mechanical properties of the cermets. The
microstructure of the samples was composed by an FCC solid solution,
WC, and Co that increasingly dissolved C and the HEA as the sintering
process proceeds. Besides, when the CoCrFeNiMn content was over 5 wt
%, n-carbides (M3W3C) were observed at the WC-FCC solid solution

a) 26
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© o
& 224 .
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interface due to their interaction. On the other hand, a high presence of
pores were observed, as well as a lower Mn content was measured in the
FCC solid solution, indicating its sublimation during the liquid phase
sintering. Hence, the highest Vickers hardness (~ 9.8 GPa) was achieved
using 5 wt% Co + 5 wt% HEA as binder phase, very similar to that re-
ported in [60,67,68] with the WC-CoCry Fe 1Nig g cermet. Apart from
the low hardness, a low fracture toughness (6.4 Mpa~m1/ 2) was reported,
attributed to both the high remanent porosity and the n-carbides pres-
ence. An increase of the binder content up to 10 wt% Co + 10 wt%
CoCrFeNiMn increases this value to 17.8 MPa-m'/?, slightly decreasing
its hardness. Hence, this article reveals some of the difficulties that can
be faced employing HEAs as binders for WC cermets.
Ruiz-Esparza-Rodriguez et al. [64] studied the effect of binder
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Fig. 3. Effect of the binder content, sintering time, and sintering temperature over densification and hardness of the WC-CoCrFeMnNi cermet [64].
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content, sintering time, and sintering temperature over densification
and hardness of the WC-CoCrFeMnNi cermet. The results are summa-
rized in Fig. 3. As can be appreciated, increasing the binder content
results in a monotonical reduction of hardness and increase in densifi-
cation. Nonetheless, the effect of sintering conditions is not as simple as
expected: the maximum hardness is found in the WC-5 wt.%CoCr-
FeMnNi after 5h of sintering at 1300 °C rather than at 1400 °C, none-
theless this latter presented a higher densification than the first. Since
the authors did not perform an exhaustive characterization of the
microstructure of the sintered samples, it is not possible to establish the
reasons behind this peculiar tendency.

2.1.2. CoCrFeNi system

Following the previous, and dispensing of Mn, the Co-Cr-Fe-Ni sys-
tem has been employed in several reports [60,68-71]. Despite the
equiatomic CoCrFeNi can be considered as a medium-entropy alloy
binder, in the present review it will be referred as a HEA for simplicity.
Zheng et al. [71], studying the equiatomic CoCrFeNi HEA as binder,
reported that the cermet was composed exclusively of a FCC solid so-
lution and WC phases. According to the authors, an increment in the
binder content (from 6 to 15 wt%) straightforwardly decreased the
hardness (from 19.1 GPa to 16.1 GPa) and increased the fracture
toughness (11.7 MPa-m'’? to 16.8 MPa~m1/2). The best results were
reported by employing an intermediate 10 wt% of binder (18.95 GPa
and 15.88 MPa-m'/ 2), even superior to those of the WC-10 wt.%Co
(16.98 GPa and 14.76 MPa-m?/ 2) fabricated under the same conditions.
Meanwhile the better fracture toughness was attributed to the intrinsic
superior ductility of FCC structures (attained with the HEA) in com-
parison to that of the HCP lattice structure of Co, the higher hardness
levels can be attributable to the multi-element solid-solution has a
higher hardness than elemental Co and the smaller WC-grains. On the
other hand, the high softening resistance of the WC-CoCrFeNi composite
is mainly attributed to the diffusion retardation effect, directly related to
the delayed densification of the HEA specimen. Soria-Biurrun et al. [60]
also reported a FCC binder+WC microstructure in the WC-15wt.%
CoCrFeNi, as long as the C content is maintained within the C window —
that is, the C range in which no precipitation of either graphite or sec-
ondary carbides is observed.

Further investigation on the Cr and C effect on the microstructure
and C window of WC-CoCrFeNi cermet was performed by Soria-Biurrun
et al. [69]. Since Cr possess a BCC stabilizing effect, the addition of 0.75
wt% of Cr to the binder composition modifies the binder microstructure
from fully FCC to a mixture of FCC + BCC. Nevertheless, if the Cr content
is at least 0.75 wt% and the C content exceeds the C window, the pre-
cipitation of the brittle M;Cg carbide is observed. Similarly, Qian et al.
[67,68] investigated the effect of C, Fe and Ni content on the C window
and microstructure of WC-20wt.%CoNig gCrg.1Fep1 and WC-20wt.%
CoNig 7Feg 2Crp.1 cermets. The C window became wider with Ni addi-
tions and narrower with Fe additions, noticing that the lower limit is
higher in WC-HEAs cermets (4.7-4.9 wt% C) rather than in WC-Co
cermets. Both cermets were composed by an FCC binder, WC ceramic
phase, M;Cg and (W, Cr)C, reducing the interfacial energy and stress
concentration. During the dissolution-reprecipitation process of the WC
particles during the sintering process, the (W, Cr)C phase formed in the
WC/HEA interface exerts a pinning effect on the WC moving boundaries.
During the dissolution process, the W and C atoms must first diffuse
through the (W, Cr)C layer into the binder, and, during the re-
precipitation process, both atoms again need to diffuse through the
(W, Cr)C layer onto the growing WC grain. Therefore, as compared to
WC-Co (WC grain size: 1.82 pm; MFP: 1.63 pm), the WC- 20 wt.%
CoNig 7Fe 2Crg 1 exhibited a lower WC grain size (1.46 pm) and a larger
mean free path (1.78 pm).

2.1.3. Cu-containing CoCrFeNi system
The microstructure and performance of WC-CuCoCrFeNi cermets
have been studied as well by several authors [58,72-74], exploring
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different C, Co or binder contents. Zou et al. [58] determined that an
increase in the binder content (between 5 and 30 wt%) did not produced
changes in the phase equilibrium, since a mixture of WC + FCC phases
was observed in all the cases. Nonetheless, it did produce a gradually
reduction of the WC grain size as well as of the Vickers hardness,
evolving from 19.78 GPa and 472 nm, to 11.33 GPa and 286 nm,
respectively. A binder content of 10 wt% lead to the maximum densi-
fication (98.7 %) as well as to an attractive combination of hardness,
fracture toughness, and RT compressive strength (19.5 GPa, 10.98
MPa-m'/2, and 3307 MPa, respectively). The tribological response of the
WC-10wt.%CoCrCuFeNi cermet under different conditions (load, ve-
locity, temperature and testing time) was investigated by Zou et al. [72]
using a pin-on-disk configuration with a #45 steel disk (50 HRC), results
are summarized in Fig. 4. As observed in Fig. 4(a), the increase in testing
load from 200 to 400N while maintaining the velocity and time, resulted
in a decrement of the coefficient of friction (COF) from 0.692 to 0.45
(38.44 %), while the wear rate (WR) gradually increased from 8.17x10
"mm> N 1m1t09.8x107 mm3 N~ 1.m™! (20 %). Similarly, Fig. 4(b)
shows that an increasing the testing speed from 0.12 m/s to 0.36 m/s at a
constant load of 300N for 10 min, reduced the COF from 0.622 to 0.514
(~17 %) and increased the WR from 8.68x107 mm3 N~ l.m'lto
8.89x107 mm> N '.m~! (~2.5 %). The increment of testing time from
10 min to 1h slightly increases the COF in 3.38 % and further increases
the WR in ~6 %, as depicted in Fig. 4(c). Finally, an increase in testing
temperature from ambient temperature to 500°C (as shown in Fig. 4(d))
considerably reduces the COF from 0.514 to 0.365 and increases the WR
from 8.89x107 mm*N~'mto 11.2x107 mm*N"'.m™! (26 %). The
best performance was achieved applying a load of 300N and a velocity of
0.36 m/s at RT, reporting a COF of 0.514 and a WR of 8.89x107
mm>3N"1.m™!. An excellent high-temperature was observed by raising
the temperature up to 500 °C, that caused a reduction of the COF in a 29
% and a raise in the WR in 25 %, as well as absence of oxides.

The effect of Co content and the sintering temperature in the WC-
10wt.%CoxCrCuFeNi system was investigated by Chen et al. [74]. Using
an equiatomic CoCrCuFeNi HEA as binder, and similarly to the results of
Zhou et al. [59], the increase in sintering temperature up to 1400 °C
effectively increased both Vickers hardness and fracture toughness of
WC-10wt.%CoCrCuFeNi up to 1.95 GPa and 10.83 MPa-m"/ 2, respec-
tively, by achieving a densification of over 99 %. However, a further
increase is detrimental for the mechanical properties due to the pre-
cipitation of deleterious phases and grain growth. In all these cases, the
binder presented a BCC+FCC microstructure, and regardless of the
sintering temperature, the densification of WC-10wt.%CoCrCuFeNi is
always superior to 96 % due to the excellent wettability (0.5°) of
CoCrCuFeNi over WC. In terms of the effect of Co content in the binder,
the microstructure presented a major content of BCC as long as the Co
content increased. Besides, a coarser grain size was observed with
further Co, which was attributed to the easier diffusion of WC in the less
compacted BCC phase. Although the fracture toughness values obtained
with these cermets are similar to those of commercial WC-based cer-
mets, the resultant Vickers hardness (< 2.1 GPa-m'/?) are among the
lowest values obtained with WC-HEAs cermet. Additionally, the effect of
the C content in the microstructure of a gradient WC + CoCrCuFeNi
cermet was studied by Linder et al. [73]. The authors reported that
gradient microstructure is sensitive to the C content, achieving a n-phase
free zone in the surface when 2.25 wt% of C was added. With an increase
in C content, the composite is displaced beyond the C window, causing
the disappearance of the gradient microstructure. In such instances, the
resultant microstructure predominantly comprises WC, HEA binder,
y-phase, and graphite regions. Conversely, when the sample is main-
tained within the C window, a gradient microstructure is discernible,
and there is an absence of graphite formation. These two features can be
used to enhance the impact toughness of the tool by preventing crack
propagation from the surface to the bulk, thereby improving the lifetime
of the tool [75]. A further increase in the C content pushes the cermet
equilibrium outside the C window, promoting the precipitation of free C
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Fig. 4. Coefficient of friction (COF) and wear rate (WR) of WC-CoCrCuFeNi cermets: (a) effect of load test, (b) effect of the linear velocity at a constant load of 300 N,
(c) effect of time at 300 N and 0.36 m-s’l, and (d) effect of temperature at 300 N, 0.36 m-s~! and 10 min duration [72].

as graphite, and eliminating the gradient microstructure.

On the other hand, the processing route may have considerable ef-
fects on the microstructure and mechanical performance of WC-cermets.
Unfortunately, the effect of the different fabrication variables is not
straightforward and optimal conditions (that leads to the best combi-
nation of mechanical properties) must be experimentally determined.
For example, Mueller-Grunts et al. [76] found that increasing the milling
time from 30 min to 1h during the preparation of the WC-20wt.%
CoCrCuFeNi cermet caused a raise in the Vickers hardness (from 6.78 to
10.05 GPa) in the sintered state. Nevertheless, the authors also found
that a further increase up to 2h was detrimental and reduced the bulk
hardness to 8.18 GPa. Hence, previous steps to the sintering stage can
lead to important differences in the mechanical performance of the
cermet.

At the same time, the physical and chemical features of the starting
material also possess an influence on the microstructure and perfor-
mance of cermets. The effect of the initial WC particle size and how Cr
was introduced in the binder phase (added as Cr3C; particles or doping
the WC ceramic particles with Cr3Cy and VC nano particles) was studied
by Soria-Biurrun et al. [70] employing the WC-Co-Cr-Fe-Ni system. The
authors registered a 12 % reduction on the shrinkage during sintering
when Cr3Cy and larger WC particles (3.7 pm) were used instead of
smaller doped WC particles (0.8 pm), due to the lower driving force
(surface area) of the larger particles and the modification of the atomical
diffusivity due to the simultaneous dissolution of Cr3Cy and WC parti-
cles. The application of a posterior HIP process could eliminate the
remaining porosity only in the samples fabricated with coarse particles,
nevertheless, the best performance was attained by employing doped
ultrafine WC particles, achieving 15.84 GPa, 8.1 MPa-m'/? and 2696
MPa of Vickers hardness, fracture toughness and TRS, respectively. The
resultant Vickers hardness is superior to what was reported by Soria
Biurrun et al. [60] but with a slightly inferior TRS value. Nevertheless,
the mechanical properties reported were lower than those obtained by
Zheng et al. [71] and ultrafine grade commercial WC-Co.

2.1.4. Al-containing CoCrFeNi system

The CoCrFeNiAl HEA has been studied as binder of WC cermets too,
based on their excellent mechanical properties and corrosion resistance
[77-79]. Zhou et al. [59] studied the effect of the binder content and
sintering temperature on the microstructure and mechanical properties
of WC-CoCrFeNiAl cermet prepared using mechanical alloying,
compaction and sintering. The resultant microstructure was composed
by WC + FCC + n-carbides (M3W3C, M3WgC4) + AlyOs3, regardless of
sintering temperature or binder content. According to the authors, Al;03
films around the pores are formed during the sintering process due to the
Al precipitation and posterior reaction with the O, present in the surface
of the mechanical alloyed powders. Regardless of binder content, an
increase in the sintering temperature up to 1400 °C can effectively raise
the composite hardness and compressive strength; nonetheless, further
increase of the sintering temperature is detrimental for both properties.
The best combination of hardness and fracture toughness reported by
the authors was achieved with a 10 wt% of CoCrFeNiAl sintered at
1400 °C for 1h, registering 21.18 GPa and 7 MPa-m'/2, respectively.

Similarly, Chen et al. [80] studied the effect of the binder content on
the mechanical properties at RT and high temperatures of the WC +
CoCrFeNiAlp 5 cermet. The microstructure was only composed by and
FCC solid solution and a WC ceramic phase, likewise to that reported by
Luo et al. [81]; however, the resultant Vickers hardness (14.84 GPa)
obtained by the firsts was somewhat lower to that reported by the latter
(20.31 GPa). Increasing the binder content from 10 to 35 wt%
straightforwardly decreased the Vickers hardness from 14.84 to 10.03
GPa and the wear resistance from 38 m/mm?® to 4 m/mm>. The best
balance of properties was thus reported with a 20 wt% of binder, pre-
senting a Vickers hardness of 13.86 (slightly inferior to that of WC-18wt.
%Co commercial grade) and a RT fracture toughness of 17.4 MPa-m'/?
(The performance exceeds that of the commercial equivalent by 30%,
marking it as the highest reported value to date). When comparing the
high temperature hardness with commercial grades WC-based cermets
[82], it was found that the substitution of Co by CoCrFeNiAly 5 increased
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the softening resistance of the composite, registering a high temperature
hardness (700°C) of 7.29 GPa, almost 3GPa superior to that reported for
WC-Co commercial grades at the same temperature. Contrary to the
observed in [81,80], Muller-Grunts et al. [76] found that the micro-
structure of WC-20 wt.%CoCrFeNiAlj s was composed of the FCC solid
solution and WC, but several secondary phases as W>C, CogWoCy4 and
Al,03 were observed too, when the C content was stoichiometric. Even
more when the C content was higher, Cr;Cs, NiAl and graphite where
observed.

2.1.5. AlCu-containing CoCrFeNi system

Investigations of the CoCrCuFeNiAl HEA as binder were reported in
[76,80,81,83]. Luo et al. [81] studied the effect of Al content in the WC-
10wt.%CoCrCuFeNiAly cermet, reporting that despite the increase in the
wetting angle from 0.5° to 4.6° when the Al content increases from x =
0 to x = 1.5 [84]. The cermet densification and Vickers hardness
increased meanwhile the fracture toughness was not highly affected.
The composites only exhibited a WC and FCC phases with a lower grain
size compared to WC-Co cermets sintered under the same conditions and
the best combination of mechanical properties was attained by WC-
10wt.%CoCrCuFeNiAl with a 97.9 % of densification, 20.3 GPa of
Vickers hardness and 10.3 MPa-m'/? of fracture toughness.

One step beyond additive manufacturing, Li et al. [83] employed
selective laser melting (SLM) to fabricate WC-20wt.%CoCrCuFeNiAl
cermets. The sample fabricated by selective laser melting (SLM) showed
a gradient microstructure along the building direction (as depicted in
Fig. 5) due to the high-power laser that caused the sublimation of certain
elements as well as a dilution effect due to diffusion from the substrate
(made of a FeNi alloy) to the sample. In the region nearby to the

200 pm

Fig. 5. Optical micrograph of the cross section of the as-built cemented carbide
and the Vickers hardness impressions along the building direction [83].
Reproduced with permission of Elsevier.
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substrate, the Fe, Ni and Al elements diminishes and the W, Co, Cr and
Cu increases, while in the farthest region only the W element increases
and the rest of element decreases. This gradient structure resulted in
gradient hardness and fracture toughness, observing the highest hard-
ness and lower toughness in the upper region and the lowest hardness
and higher toughness in the lower region, attributed to the presence of
dendritic WoC (harder but more brittle than WC [85]) and the increase
of carbide fraction. The properties of the upper and lower portion of the
gradient composite are comparable to that of WC-12 wt.%Co and WC-
25wt.%Co, respectively, however, the difficulty to control the compo-
sition of the HEA during the SLM process should be improved to syn-
thesize a material with homogeneous microstructure and mechanical
properties that could compete with cermets discussed above and/or the
commercial grades.

2.1.6. Other binder compositions

On the other hand, Yadav et al. [86] investigated the effect of the
binder content on the microstructure and mechanical properties of
WC-Cog7.4Cry3 gFeg7 4Nigy 4Moy cemented carbide, proving that the
cermet maintained a simple microstructure after the sintering process,
being only composed by an FCC solid solution and the WC reinforcement
phase. Decreasing the binder content from 20 to 10 wt% increases the
Vickers hardness from 20 to 21 GPa, the compressive strength from 1.9
to 2.2 GPa, the Weibull modulus from 7.98 to 9.72 and contrary to that
reported the previous authors, the fracture toughness also increases
from 9.43 to 10.5 MPa-m'/2. Incorporating Mo in the composition of the
binder phase suppress the formation of Cr;Cg carbide during the sin-
tering process, inhibit grain growth and increases the hardness by solid
solution, which enhances the TRS, corrosion and abrasion resistance of
the alloy. The results obtained with this binder are superior to those
obtained by Zou et al. (19.5 GPa and 10.96 MPa-ml/z) [58], Lou et al.
(19.47 GPa and 10.15 MPa-m'/?) [87] and even commercial grades
[88,89]. This suggest that this high-entropy alloy could exhibit a very
interesting performance as binder of cermets for metal cutting, rock and
mining industries.

Zhou et al. [56] studied the effect of the binder content on the
microstructure and mechanical properties of WC-CoCrFeNiTiAl cermet,
obtaining a microstructure composed only by a BCC solid solution and a
WC ceramic phase. Contrary to that observed by the previous authors,
an increase in the binder content from 10 to 20 wt% increases the
fracture toughness, the Vickers hardness, and the compression strength
from 8.33 MPa-m'/?, 21.88 GPa and 5219 MPa to 12.1 MPa-m'/?, 23.12
GPa and 5420 MPa, respectively. As could be seen, the best performance
was attained by using 10 wt% of HEA as sintering aid and while the
hardness and toughness is somewhat similar to the WC-10 wt.%CoCr-
FeNi cermet fabricated by Zheng et al. [71] (18.95 GPa and 15.88
MPa-m'/2), the TRS value is the highest reported until now, making this
cermet a very good candidate to replace the commercial WC-based
cermets.

The effect of binder content and aging temperature in the Vickers
hardness and microstructure of WC-CoCrTiNiAl cermets was studied by
Biurrun et al. [90]. Regardless of the binder content, the cermet was
constituted by WC, FCC solid solution, and in situ formed (Ti0 g,W 2)C
carbides and NisAl precipitates. As the metallic content increased from
14.2 to 30.4 wt%, the as HIP-ed Vickers hardness only decreased from
12.21 to 11.49 GPa. Regarding the aging treatment, it was found that the
maximum binder’ hardness is obtained at lower aging temperatures as
the Al content increases. This results from the higher driving force for
precipitation as the Al supersaturation is greater after the solution
treatment. However, despite to the aging effect observed in previous
reports [60], the aging treatment slightly reduces the Vickers hardness
and TRS values of the as HIP-ed cermet from 8.99 GPa and 2423 MPa to
8.88 GPa and 2376 MPa, though, the hardness of the binder increases
from 11.8 GPa to 13.9 GPa, showing a hardening effect due to gamma
prime precipitation. The previous reveals that the aging treatment could
be a good strategy to improve the mechanical properties, although



C. Madrid et al.

detailed further studies are required to effectively control the aging
process and achieve a better combination of mechanical properties.

In a second study, the authors investigated the effect of milling time,
metallic content and aging time at 600 °C with different additions of AIN
or TiAlz in the microstructure and performance of WC-CoCrTiNiAl cer-
mets [91]. They reported that a better alloying effect, in terms of
dissolution of compounds in the metallic matrix, was obtained when
aluminum is incorporated in form of TizAl instead of AIN due to its
higher dissolution rate during the liquid phase sintering. A finer
microstructure is obtained when more Al is dissolved in the binder phase
during sintering, observing a lower WC grain size when the Al is
incorporated in for of TizAl (1.2 pm) instead of AIN (2.1 pm). Results
that are in concordance with prior investigations substantiate the
assertion regarding the efficacy of Al as a proficient inhibitor of WC
grain growth during the sintering process and the improvement on the
thermal stability [92]. As the milling time or the Al content in the binder
increases, the WC grain growth is diminished due to the precipitation of
y-and the presence of Al itself [92].

Nakonechnyi et al. [93] studied the effect of the sintering tempera-
ture and time in the performance of the WC-10 wt.%CrFeNiMoW
cemented carbide employing electron beam sintering technique.
Regardless the sintering temperature or time, the microstructure was
composed by an BCC solid solution, WC reinforcement phase and (Cr,
Fe, Ni)xWyC, complex carbide, associated with the presence of a thin
oxide layer on WC and HEA particles and to the process of C depletion of
WC [94]. Additionally, the consolidation of the EBS-ed cermets was
improved by both, the sintering temperature and the sintering time, an
increase in the relative density from 70.07 to 98.8 % was observed when
the temperature increased from 1250 °C to 1450 °C while maintaining 4
min of sintering time. Similar results are obtained if the sintering tem-
perature was kept at 1450 °C and the sintering time increased from 10 s
to 4 min, registering an increase in densification from 73.5 to 98.8 %.
The best combination of hardness and toughness was obtained using a
sintering temperature of 1450 °C for 4 min, achieving a WC grain size
between 1 and 5 pm, a binder grain size between 0.3 and 0.5 pm, 18.9

GPa of hardness and a fracture toughness of 11.4 MPa-m'/2,

2.2. TiC- and Ti(C,N)-HEAs cermets

Ti(C,N)-based cermets are characterized by adequate high-
temperature hardness, good chemical stability, superior ductility, and
higher wear and oxidation resistances that WC traditional cermet
[95-98]. The properties of the Ti(C,N) are directly related to the basic
characteristics of TiC and TiN, since these two are the basis for the Ti(C,
N) [96]. All of them exhibit a fcc lattice structure, where both C and N
atoms share (with complete solubility) the octahedral interstitial sites of
the lattice formed by Ti atoms (see Fig. 6) [99]. Table 1 summarizes
some of the physical and mechanical properties of the TiC, TiN and
different composition of C and N in the Ti(C,N).

The development of the Ti(C,N)-based cermets began with the
improvement of the wettability of the binder in the TiC-Ni cermet. In the

Tic: 4.32 A
Ti(CN): 4.28 A
TiN: 4.24 A

Fig. 6. Illustration of the lattice structure of TiC, TiN or Ti(CN).
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first instance, the addition of Mo allowed complete wetting of TiC with
the binder, promoted a more uniformly dispersed TiC structure which
improved its mechanical properties, due to refinement of carbide grain
size, but there is a strong tendency for Mo to diffuse into carbide phase
[102,103]. These cermets show a characteristic rim-core structure,
where the core remains with the composition of the original ceramic,
and the rim corresponds to a (Ti,Mo)C [104]. This feature allows various
metals to dissolve and re-precipitate in the carbide or carbonitride phase
during the sintering stage, developing complex rim solid solutions of (Ti,
M)(C,N), where M can be W, Mo, Ta, among others. This microstructural
feature can be obtained by adding these elements in the binder, or by
using secondary carbides (such as MoyC, VC, WC, NbC, among others)
[95,96,99,101,104-108]. A simplified schematic of the powder
blending and microstructure of the Ti(C,N)-based cermet with secondary
carbides is presented in Fig. 7a and b, respectively. In this latter, the hard
phases consist of a core of carbides or carbonitrides surrounded by one
or two rings with complex composition, embedded in the metallic matrix
(this last represented in yellow). In the image, the black core consists of
TiC/Ti(C,N), white phase is a carbide or carbonitride rich in heavy
metals (Ta, Mo, V, W, Nb, among others), and the gray phases is the
closest thing to the equilibrium composition of the hard phase formed
when the secondary carbides dissolve in the structure of TiC or Ti(C,N).
This last is usually referred as a coreless grain. Fig. 7c schematizes the
composition profile of a core-rim hard phase grain and the surrounding
binder phase. In this, it can be observed that the core contains the
highest amount of TiC/Ti(C,N), surrounded by the inner ring, with high
presence of the secondary carbide components added in the cermet, and
by the outer ring with a distribution similar to the equilibrium compo-
sition of the hard phase.

The addition of TiN or N, in a particular study, increases the amount
of binder in the cermet whatever the initial Ni percentage, improving
fracture toughness, as well as preventing Mo diffusion [101,104]. The
effect in the microstructure and mechanical properties are summarized
in Table 2, where the presence of N leads to a drop of Young’s modulus,
hardness and density value. For the cermets with 25 wt% of Ni as binder,
the grains and rims size are smaller with the addition of TiN, where it
acts as a grain growth inhibitor [104]. Nevertheless, this effect is not
present in the other composites (higher TiC content in the mixture),
where the amount of rim and core phase volumetric increases, mani-
festing a higher decomposition of TiC or TiCN [101]. Then, the effect of
inhibiting grain growth and hard phase decomposition by adding N to
the system depends on the C/N ratio in Ti(CN)-based cermet, more than
binder content.

Despite the excellent characteristics of Ti(C,N)-based cermets, these
exhibit lesser mechanical properties than WC-based cermets. Contin-
uous efforts to improve the toughness of TiC-based cermets have led to
employ HEAs as binder in Ti(C,N) cermets, aiming for a good balance
between mechanical strength and toughness, characteristics that can be
further improved by adding different elements that can affect the hard
phase. These elements not only improve the strength and toughness of
the hard phase but also enhance the wettability of the hard particles
with the binder phase during liquid phase sintering [99], reducing the
coalescence of the particles and promoting a more uniformly dispersed
ceramic structure [102].

Table S2 (Supplementary Material) summarizes the fabrication
method, the microstructural features, and mechanical properties of Ti(C,
N)-HEAs cermets. As can be appreciated, these comprises complex hard
phase compositions, obtained by the mixture of several carbides during
the blending and milling stage therefore. On the other hand, as just as
with the WC-HEAs cermets, FCC-stabilizing elements are commonly
occupied in the binder composition, conducting to mostly FCC binder
microstructures. An exception of this was the cermet reported by Liu
et al. [110], who mixed WC, Mo,C, TaC, NbC and VC powders with Ti
elemental powders and employed reactive synthesis for the obtention of
the cermet. Hence, the bulk cermet exhibited Ti-rich carbides partially
enriched with Nb and Ta, bonded by a MoVWNbTa BCC phase - a
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Table 1
Physical and mechanical properties of TiC, TiN, and Ti(CxN;) (with x = 0.3, 0.5, 0.7) [99-101].
Hard Particle Lattice Parameter Hardness(GPa) Kie Oys E (GPa) k (600 °C aprox.)(W/m/°C) o
A (MPa-m'/%) (MPa) (u-Q-cm)
TiC 4.320 31.38 — — - 16 -
TiCo.7No.3 4.296 20.79 5.7 330 510 17.5 95.1
TiCo.sNo.s 4.280 20.59 6.3 435 473 22.5 76.6
TiCo.3No.7 4.265 17.06 5.4 360 467 25 52.3
TiN 4.240 19.61 - - - 28 -
b) T?éaglr('lc'i?::eN) inner rim outer rim c)
precipitation of the \ | ! : |
inner rim T '
=) 5 aw || |
’g n{:elals T
hard particle with g R |
equilibrium composition  © (CN)]! \
(Ti,M)(CN) s : :
Obinder bright core rich n metal iouter' inner§ black ‘ inner outer metal
heavy metals gray rim binder ' fim ' core ' fim ' binder

& Ty O(Mo,W.Ta,Nb,A.A)(C)

Fig. 7. Schematic of the morphology of the possible microstructure of the Ti(CN) based cermet with secondary carbides: a) powder distribution in the green sample
(before sintering process), b) microstructure of cermet, with the different structures on the cermet, such as, black core-gray rim, inner and outer rim, bright core-gray
rim, bright and black particles, and solid solution hard particles (phase in equilibrium composition respect to the hard particles), ¢) hypothetical composition profile

of a hard particle with black core-inner and outer rim [101,104,107-109].

Table 2
Average grain size, volume proportions of rims, cores, and binder, and me-
chanical properties of cermet’s TiC-TiN-Mo,C-Ni [101,104].

Cermet xTiC-yTiN-10Mo,C- xTiC-yTiN-10Mo,C- xTiC-yTiN-10Mo,C-
25Ni 20Ni 15Ni
X = 65; x = 55; x = 70; X = 60; x =175; X = 65;
y=0 y =10 y=0 y=10 y=0 y=10
Grain size 4.2 2.4 2.3 3.2 2.8 3.6
(pm)
Binder (%) 10.1 21.4 11.2 13 8.7 10
Core (%) 6.5 6.7 30.4 18 26.8 11
Rim (%) 83.4 71.9 58.4 69 64.5 79
Density (g/ 5.32 5.15 5.58 5.56 5.42 5.41
cm3)
E (GPa) 370 290 400 390 410 396
H, (GPa) 1510 1270 1360 1235 1520 1420
Kie 6.0 10.0 13.8 14.2 10.3 13.6
(MPa-m"/
R

refractory high-entropy alloy (RHEA) binder [111]. The TiC-RHEA
composite exhibited a RT compressive strength of 3060 MPa and a
fracture surface corresponding to brittle transgranular cracks and quasi-
cleavage fracture. The high strength was attributed to the solid solution
strengthening mechanism, both in the binder and in the carbide.
Returning to 3d TM HEAs binders, research has shown that among
typical HEAs constituent elements, Cr has the strongest interaction with
the ceramic phase. For example, Rogachev et al. [112,113] reported
rounded TiC grains with a dissolution of up to 1 wt% of Cr on them,
using three different HEAs as binders: CoFeNiCrMn, CoFeNiCrTi and
CoFeNiCrAl. According to the authors, the presence of Ti in the binder
resulted in a slightly larger TiC grain size, while the addition of Al
resulted in the highest hardness (17.7 GPa) as well as the highest BCC/
FCC phase fraction ratio. On the other hand, De la Obra et al. [114]
evaluated the effect of different constituent elements on the stability of
Ti(C,N)-based cermets. Four different HEAs were used for this purpose:
CoFeNiCrCu, CoFeNiCrMn, CoFeNiCrV, and CoFeNiMnV; where Cr-

containing alloys exhibited Ti-Cr-rich regions in both vicinities of the
ceramic-binder interface, while dissolution of Ti into the binder was
observed in all the cases. Cu addition produced the precipitation of a
secondary Cu-rich FCC phase, meanwhile a loss of up to 14 % of Mn was
observed in the CoFeNiCrMn binder, attributed to Mn sublimation. V-
containing cermets presented a core-rim structure, due to the dissolution
of V into the carbonitride grains.

Years before, De la Obra et al. [115] had synthesized a
(Tig.8Tip.1Nbg.1)(C,N)-based cermets employing CoFeNiCrMn and
CoFeNiCrV as binders (both HEAs possessed only a FCC phase in the
powder state). While the CoFeNiCrMn was constituted by a FCC solid
solution and C14 Laves phase, the CoFeNiCrV binder suffered a com-
plete transformation only presenting sigma and C14 Laves phases. Ac-
cording to the authors, the formation of these intermetallic compounds
was induced for the excessive dissolution of the ceramic particles in the
molten alloy during sintering, saturating the binder in Ti, Nb and Ta,
promoted by using a non-stoichiometric carbonitride phase
(Tig.gTip.1Nbg.1)(Co.5,Ng.3). When an additional 1.8 wt% of graphite was
incorporated in the initial mixture, the amount of Ti, Ta and Nb in the
binder phase was reduced, the carbonitride dissolution was hindered,
and a fully-FCC microstructure of the binder in the CoFeNiCrV-based
cermet was observed. Although the addition of graphite resulted in an
enhanced toughness, the hardness was severely affected: even more,
these cermets have the worst combination of hardness and toughness of
those presented in this section (see Table S2). The researchers deter-
mined that these results were caused by poor densification, due to the
low wettability of the binder.

The presence of C14 Laves phase and (Ti,Ta,Nb)C; x Hagg phase
were reported in the investigation of Real et al. [116], synthesizing Ti(C,
N)-20vol.%CoFeNiCrMnAl (x = 0, 0.3, 0.5) cermets obtained by reac-
tive sintering, employing (Tip gTag.1Nbg 1)(C,N) as ceramic phase. In
addition, the microstructure of the sintered cermet showed (Ti,Ta,Nb)
(C,N) complex carbonitride and FCC solid solution. The research was
focused on the mean free path (related to densification) and the coars-
ening rate constant, where both increases with the increase of sintering
temperature and Al content. At the same time, the sample with no Al
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exhibited the highest activation energy (236.1 kJ/mol) conducting to
the smaller particle size (2.95 ym) and the highest hardness (12.6 GPa)
among the studied samples. Better results were presented by Lin et al.
[117], synthesizing to TiC-based cermet using Co; s5CrFeNij sTips as
binder, comparing it with Ni and Ni;3sMoy, produced by LPS. A superior
wettability and activation energy (788.8 kJ/mol) was found in the TiC-
HEA cermet in comparison to traditional ones, since a thin layer of Fe,
Co, and Ni was formed around the carbide grains. The use of the HEA as
the binder did not result in a core-rim structure, like in the TiC-Ni;3Moy,
but small amounts of Cr were dissolved in the carbide. Hence, the TiC-
HEA presented the highest hardness and smallest grain size between
the three cermets (18.4 GPa and 0.435 pm), but a lower fracture
toughness than TiC-Ni. The grain size reported corresponds to the
smallest one among the cermets presented in the current section.

Fig. 8 shows a plot of hardness vs sintering temperature of Ti(C,N)-
based cermet of three studies.; Ti(C,N)-20vol.%CoFeNiCrMnAl (x = 0,
0.3, 0.5) [116] referred to above; cermet contain 25 wt% TiB, as a
secondary ceramic and CoFeNiCrAl as binder phase [118], this study
will be presented later; and Ti(C,N)-CoCrNiCuMn cermet, using powders
of TiNp 3 and TiC in a wt. ratio of 72:28 [119]. In this last, the cermet
with 7 wt% of binder was sintered at different temperatures, where the
best performance was obtained at 1400 °C, with hardness and toughness
values of 17 GPa and 6 — 7 MPa-m'/2, respectively, since it is the con-
dition with the best results. This composite differs from the others by
having less coarse grains with presence of trans-granular fracture.
Despite of that cermet sintered at 1450 °C does not show trans-granular
fracture, its lower hardness is a consequence of higher grain growth. The
main fracture mechanism is inter-granular fracture, in all hard com-
posites. In Cermets with variation in Al content, the microhardness
decreased with the rising of sintering temperature, favored the phase
segregation and the formation of intermetallic compounds which brit-
tleness the cermet [116]. The reduction in particle size acts as the main
strengthening mechanism in these composites. In the case of Li et al.
[120] study, the behavior of hardness is related to poor wettability and
grain growth at low (1450 °C) and high (1650 °C) sintering temperature.
The result of fracture toughness is closely related to the wettability of
CoFeNiCrAl with the Ti(C,N) and TiB,, where the molten HEA almost
completely spreads onto the Ti(C,N), with a contact angle of 5.3°.

The tribological properties of Ti(C,N)-HEAs cermets have been
studied too, as can be appreciated from Table 3; this summarizes the
tribological tests and results published up to the date of this article.
Wang et al.[121] studied the tribological performance of Ti(C,N)-15wt.
%CoCrFeNiCu cermets employing a mixture of Ti(Co.7,No.3), WC, Mo2C,

Fig. 8. Hardness vs of Ti(C,N)-based cer-

mets [116,119,120].

Sintering temperature
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and TaC for the ceramic phase, and either gas-atomized HEA powder
(alHEA), MA-ed powder (mHEA) and Ni. Compared to the cermet with
conventional binder, both HEA-cermets showed less growth of core-rim
structures and promoted the formation of coreless-grains (complete
solid solution of hard phase). More intergranular fracture is shown in
crack propagation paths of both HEA-based cermet, with presence of
transgranular fracture, crack deflection and grain pull-out, compared to
traditional Ni as binder. The Ti(C,N)-maHEA condition and Ni binder
present a Laves phases with a hexagonal structure similar to Fe,W and
NigTi, respectively. Besides, results of tribological testing at 600 and
800 °C (dry sliding ball on disk at 1000 rpm and 10N) resulted in a
superior lubrication performance and wear resistance of HEA-based
cermets. These exhibited the formation and delamination of a tribo-
oxide layer; meanwhile, Ti(C,N)-Ni cermet additionally exhibited
abrasive wear due to debris and particle detachment.

Similar study was realized for Chai et al. [122] synthesizing two Ti
(Co.7,Np.3)-10wt.%Mo2C-15wt.%CoCrFeMnNi cermet, using either gas-
atomized HEA powders (a2HEA), a mixture of pure elemental powders
of Co, Cr, Fe, Mn, (mxHEA), and Ni as binders. In HEA-cermet cases, the
ceramic phase exhibited a typical core-rim structure (attributed to the
dissolution of the Mo carbide) and coreless grains, meanwhile the binder
presented a Ti,Mo-rich FCC phase and intermetallic C14 Laves phase
similar to Fe,Ti, with no effect on densification. While intergranular
fracture was the main mode of fracture in the cermets, the Ti(C,N)-
a2HEA exhibited crack deflections, grain pull-out, bridging, and crack
branching that improved the hardness. Both studies showed the less
grain size with the gas atomized HEA condition, 0.87 and 1.05 pm for
alHEA and a2HEA, respectively, this last one had a relative density
99.32 %. The authors also reported the characteristics of Ti(C,N)-HEA
cermet used as substrates for the Chemical Vapor Deposition (CVD) of
a multilayer coating of TiN/Aly03/TiCN. A summary of the quality of
the deposited coating is presented in Table 4. The coating using the Ti(C,
N)-a2HEA as a substrate exhibited the best resistance to adhesion failure
— classified as HF1 — and a lower wear rate compared to that using Ti(C,
N)-Ni substrate, although this last one exhibited a lower friction coef-
ficient fluctuation and shorter time in the transition stage. A best wear
resistance was obtained in the HEA-cermets, due to the presence of
flakes and complete oxide aluminum layers on the worn surface, in the
mxHEA and a2HEA cases, respectively. The COF fluctuated 0.45-0.6 for
both HEA-containing cermets (indicated in the Table 3), and the lower
wear rate while the lower wear rate was obtained in the a2HEA-
containing cermet.

On the other hand, Liu et al. [127] deposited a multi-layer nano
CrAIN/TiAIN coating in to a synthesized Ti(C,N)-based cermets with
three different atomized HEAs powder — CrFeCoNiMo, CrFeCoNiMn and
CrFeCoNiAl - as binders, whose mechanical properties are presented in
Table 5. The cermets showed a typical “core-rim” structure with two
FCC structures, corresponding to Ti(C,N) and a high-entropy solid so-
lution phase (see Fig. 9). Using CrFeCoNiAl as binder resulted in the
multi-layer coating deposited on the cermet with the highest densifica-
tion and mechanical properties, exhibiting a dense and smooth surface
with few micro voids and particles. A similar coating morphology was
obtained in the case of cermets with Ni/Co binder, but the smaller grain
size of the substrate Ti(C,N)-CrFeCoNiAl allowed to obtain a more dense
and thinner coating. On the contrary, the microstructure of the coatings
on the other two cermets, showed rough morphology and irregular
surface with a few pores. A greater volume of binder phase in the
microstructure of these cermets, worsened the depositacion of the
coating since the nucleation of the coating preferentially developed in
the Ti(CN) phase. Comparing these two cermets, the Mo-content
exhibited a finer average grain size, which provided more nucleation
points for the coating growth. It attributed a little denser and thinner
coating on cermets and has better properties that the cermet with Mn-
content.

Yang et al. [123] studied the effect of progressively replacing Ni with
CrMnFeCoNi on the mechanical and tribological properties of Ti(C,N)-
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Table 3
Tribological characterization perfomed on HEA Ti(C,N)-based cermets.
Composition Counterbody Test Condition COF Wear rate Ref
(mm®N'mi')
Ti(C,N) - WC — Mo,C — TaC15 wt. % Steel Cemented carbideGCr15 Dry sliding (ball on disk)1000 rpm. 10 600 °C: 0.34-0.38800 °C: 600 °C: 7.5-10 x [121]
CoCrFeNiCu Steel ball N, 600 °C/800 °C 0.21-0.25 10
800 °C: 8.5-12.5 x
10°®
Ti(C,N) — Mo,C ASTM51200 steel Dry sliding (ball and disk)2000 rpm, 5 0.45-0.6 3-3.5 x 107 [122]
15 wt% CoCrFeMnNi N, 700 °C,30 min
CVD Coating (TiN/Al;03/TiCN)
Ti(C,N) - WC — Mo,C — TaC SizNy Dry sliding (ball on disk)1000 rpm. 10 0.48-0.75 15.16-8.82 x 10° [123]
15 wt% Ni/CrMnFeCoNi N, 750 °C
Ti(C,N) — WC — Mo,C — TaC Steel cemented carbide Dry sliding (pin on disk)200 rpm, 4.9 0.13 - [124]
10 wt% Aly 3CoCrFeNi N, 900 °C, 10 min
Ti(C,N) - WC — Mo,C — xNbC15 wt. Steel cemented carbideGCrl5 Dry sliding (ball on disk)1000 rpm, 10 0.284-0.198 4.14-14.7 x 10° [125]
% CoCrFeNi Steel ball N, 700 °C
Ti(C,N) — TiB,10 wt. % FeCoCrNiAl Cemented carbideWC-6Co Dry sliding 450 rpm. 5 N, 200 — 800 °C, 0.23-0.36 9.8-1.7 x 10° [126]

20 min

Table 4
Properties of the coatings TiN/Al,O3/TiCN on the Ti(C,N)-based cermets as
substrate [122].

Grain size Binder of Critical Hardness Coating
of Coating SubstrateTi(C,N) Loads Lc (GPa) classified
TiN/ -Mo,C-15wt.%binder N)
Al,03/
TiCN(nm)
22.1/34.2/ CoCrFeMnNi 123 23.61 HF1
15.0 (atomized HEA
powder condition)
22.9/36.4/ CoCrFeMnNi 115 26.4 HF2
16.2 (elemental powders
HEA condition)
23.3/37.6/ Ni 91 23.61 HF3
25.9

based cermets. The (15 wt%-x)Ni-xHEA binder (withx =0, 5, 10, 15 wt
%) was blended with 60wt.%Ti(Cg 7,Ng.3), 19wt.%WC, 4wt.%Mo-C, and
2wt.%TaC and sintered at 1310 °C. Table 6 summarizes the properties of
the resultant cermet, together with those obtained by sliding wear tests
to 750 °C and dry cutting test. With the increment of HEA content, the
relative density decreased, affected by the lower wettability of HEA with
the hard phase, gas stored in its structure, pores of gas- atomized HEA
powders, and Mn sublimation. The worst tribological response was ob-
tained with the traditional binder (not containing HEA), but the only
addition of 5 wt% of HEA on the binder, significantly improved fracture
toughness, COF and wear rate. Additionally, this last sample also pre-
sented the minimum wear depth and cross-sectional area of the worn
scar, Furthermore, the cermet with a fully-HEA binder presented the
best cutting time, however, with almost the same wear resistance that
the fully-traditional binder.

The highest fracture toughness among Ti(C,N)-HEAs cermets (11.5
MPa-m'/?) was reported by Zhu et al. [128,129]. This cermet was ob-
tained by blending different carbides (Ti(Cg 7Np.3), WC, Mo>C and TaC)
with a 15 wt% of MA-ed AlCoCrFeNi powders, followed by sintering at
1500 °C for 1h. The cermet presented a core-rim structure, as depicted in
Fig. 10, with a high Cr content in the rim phase, as well as coreless

Table 5

grains. The binder presented two fcc phases with different amounts of
dissolved of W (position 3 and 4 in Fig. 10(a)), where the volume frac-
tion of the W-rich phase is predominant. For these cermets, the
improvement in fracture toughness is attributed to the higher presence
of coreless grains, unlike the cermet with Ni/Co as binder (see Fig. 10
(c)), with a Kic of 9.21 MPa-m'2. The authors inferred that the inter-
facial areas of the core/rim interface could be potential crack-initiation
sites. A similar binder was employed in the work of Fang et al. [124],
where the 40wt.%Ti(C,N) — 10wt.%WC — 5wt.%MosC — 5wt.%TaC —
10wt.%Alj 3CoCrFeNi cermet presented the highest RT microhardness
reported in this section (20.1 GPa) as well as an elevated hardness of
11.2 GPa at 1000 °C. The research reports an improvement on the me-
chanical properties at RT and 1000 °C of this cermet when compared
with the Ni/Co bonded cermet. Only the flexural strength was 1.54-1.08
times less than that that was obtained for the cermet with traditional
binder, with 1488-826 MPa at RM and 1000 °C, respectively. Finally,
the COF and the groove widths obtained with the 900 °C wear tests were
0.13 and 49 pm, better than the cermet with conventional binder (whose
COF and grooves width was 0.21 and 172 pm, respectively).

Gou et al. [125] study the influence of NbC additions (0, 3, 6, and 9
wt pct.) on Ti(C,N)-15wt.%CoCrFeNi cermet. Although a typical core-
rim structure was observed in all the cases, the increase of NbC frac-
tion promoted grain growth and a higher proportion of coreless hard-
phase grains (Ti,Nb,W,Mo)(C,N). Additionally, it also caused less
dissolution of refractory metals in the binder phase. The addition of 3 wt
% of NbC resulted in the highest mechanical resistance and tribological
performance in a cutting and high temperature sliding wear test, pre-
senting COF and wear rate values of 0.198 and 4.14x10% mm®N'm™1,
respectively. Higher NbC proportions worsened the cutting performance
and fracture toughness, promoting transgranular crack propagation.
Fig. 11 illustrates the apparition of cracks and tip breakage in the cermet
inserts. The adhesive wear mechanism is dominant, where the tribolayer
contains a presence of Fe, O, and a trace of hard phase elements of Ti, W,
Mo and Nb.

Lietal. [118] studied the effect of the addition of TiB; as a secondary
reinforcement particle in Ti(C,N)-Xwt.%TiB,-10wt.%FeCoCrNiAl
cermet (with X =0, 11.5, 15.0, 22.5, 45). The cermets presented a BCC

Properties of the coating CrAIN/TiAIN on the Ti(C,N)-based cermet as substrate [127].

Thickness of coating Binder of substrateTi(C,N)

Mismatch degree (%)

Critical Loads (N) Nano Hardness(GPa) Elastic modulus(GPa)

CrAIN/TiAIN — TaC — Mo,C - WC — 18 wt% binder

(pm) CrAIN substrate CrAIN TiAIN
1.67 CrFeCoNiMo 3.477 3.05 46.36 29.4 414
2.63 CrFeCoNiMn 3.480 3.23 43.89 28.5 411
1.10 CrFeCoNiAl 3.458 3.16 68.11 33.5 445
1.25 Ni/Co 3.460 3.32 56.18 31.3 426
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Fig. 9. EDS maps of Ti(C,N)-based cermet with 18wt.%CrFeCoNiAl as binder [127]. Reproduced with permission of Elsevier.

Table 6

Physical, mechanical, and tribological properties of Ni-CrMnFeCoNi cermets [123].

Binder Grain size Relative density (%) TRS (MPa) Hardness(GPa) Kic COF(j) Wear rate Cutting time(min)
(um) (MPa-m'/?) (mm3*N'mil)

15 wt% Ni 0.90 99.17 2181 14.39 8.5 0.75 15.16 x 10 28

10 wt% Ni + 5 wt% HEA 0.83 99.00 1757 16.17 9.1 0.48 8.82 x 10°° 36

5 wt% Ni + 10 wt% HEA 0.80 98.75 1790 17.15 8.3 0.56 11.65 x 10 37

15 wt% HEA 0.75 98.37 1490 16.86 8.1 0.65 14.85 x 10 47

phase as a binder, and TiB; and Ti(C,N) grains. With the increment of
TiBy content, the grain size reduced from 3.6 to 1.5 pm, while the
microhardness incremented from 17.9 to 19.7 GPa. Although, the
bending strength and fracture toughness was maximum with 22.5 wt%
of TiBy with a density relative of 98.86 %. The addition of TiBy worsened
the densification process of composite cermets, decreasing the relative
density from 99.20 to 95.54 %. In a previous article [120], the group
studied the effect of sintering temperature over mechanical properties,
(see Fig. 8), finding that the cermet with 22.5 wt% of TiB, presented
different crack propagation modes: transgranular and intergranular in
the vicinity of Ti(C,N) grains, and grain fracture in the vicinities of TiBy
grains. Besides of that, the cermet presented a superior hardness at
1000 °C that traditional Ni/Co-based cermet (see Fig. 12).

A complementary study was realized by Li et al. [126] employing 6,
10 and 14 wt% of HEA as binder for the Ti(C,N)-TiBy-FeCoCrNiAl
cermet. A Ti(C,N):TiB, mass ratio of 3:1 was used for the ceramic phase.
Hardness, fracture toughness and bending strength values of
18.6-19.3-19.7 GPa, 7.26-7.90-7.73 MPa-m'/? and 652-727 — 720
MPa, were obtained, respectively. The tribological properties tested in
vacuum were carried out at 200 — 800 °C for the 10 wt% of HEA and Ni/
Co as binder, with a counter body of WC-6wt.%Co, then the COFs and
wear rates of traditional binder was highest. The WR of the two mate-
rials reduced almost 5 times with increased of test temperature. At 200
and 400 °C the wear rate were 8 — 9x10°> mm>N'm ™!, respectively, to
cermet with HEA as binder, where the wear mechanism is mainly
abrasive wear. The inferior COF and wear rate was obtained at 800°C
with 0.23 and 1.7x10”° mm>3N'm™!, respectively. The wear scar sur-
face has a shallow and flat plow marks, with a relatively smooth wear
surface versus 600 °C. In this case, the tribo-oxidative wear is the main
wear mechanism, while the Ni/Co cermet presented adhesive and
abrasive wear. A comparative high temperature hardness with the
counter body (WC-6wt.%Co) indicated that cermet with 10 wt% of HEA
as binder has an excellent high temperature softening resistance
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compared to WC-based cermet, because its hardness is 14.51 and 13.04
GPa at 600 °C and 800 °C, respectively, 1.05 and 1.33 times higher that
counter body.

The enhanced properties obtained in cermets with HEA as binder
rather than with Ni/Co can be attributed to the differences in grain size
and hardness, with a slight improvement in fracture toughness. Sum-
marizing, the microstructure of HEA-containing cermets presents the
typical core-rim structure of traditional Ti(C,N)-based cermets, although
with a finer grain size, smaller size of the rim region, and a greater
amount of coreless grains. This is a direct consequence of the low sol-
ubility of the hard particles components in the multicomponent binder,
as well as the lower grain growth kinetics, promoted by the complex
composition of HEAs. It should be noted that the most studied binder
corresponds to CoCrFeNi containing different amounts of Al, which
stand out for their fracture toughness, a property that depends on the
intrinsic characteristics of the binder and its interaction with the hard
phases. Regarding the tribological properties reported, cermets with
HEA as binder have outperformed those with traditional binder in all
aspects, despite presenting poorer densification, TRS and/or Kic.

2.3. TiBy-HEAs cermets

Titanium diboride (TiB5) is a good candidate to be considered as a
potential hard phase due to its attractive mechanical properties — similar
to those of WC - like extraordinarily high hardness (25 - 35 GPa) that
could be retained up to high temperatures, high elastic modulus and
flexural strength (560 GPa and >500 MPa respectively) and good
thermal conductivity (60 — 120 Wm™K™!). Additionally, it presents
higher electrical conductivity (10°® S~cm’1), melting point (3498 K) and
chemical stability in contact with pure Fe, great resistance to corrosion
and oxidation (over 1100 °C), high specific strength, and good wear and
creep resistance [130,131]. However, this compound exhibits poor
sinterability due to its strong ionic and covalent bonds, low self-diffusion
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Fig. 10. Microstructure images of the Ti(C,N)-based cermets synthesized in the studies of Zhu et al. [128,129]. (a) Backscattering SEM of 50 wt% Ti(Cq 7Nq.3) — 25 wt
% WC — 10 wt% (Mo,C + TaC) — 15 wt% AlCoCrFeNi; (b) SEM of 42 wt% Ti(Cy.7Ng.3) — 25 wt% WC - 10 wt% Mo,C — 8 wt% TaC — 15 wt% AlCoCrFeNi; SEM of 42 wt
% Ti (Cp.7No.3) — 25 wt% WC — 10 wt% Mo,C — 8 wt% TaC — 15 wt% NiCo. Reproduced with permission of Elsevier.

coefficient, and the presence of an O-rich layer (TiO, and B203) on its
surface. Additionally, this ceramic has a high sintering temperature
(over 2000 °C) and exhibits forms secondary brittle borides, leading to a
low fracture toughness of ~5 MPa-m'/? on its monolithic form, which
limits its use in engineering applications [132-134].

To improve the performance of TiBy-based cermets, several authors
have employed HEAs as a sintering aid to enhance the composite
densification and mechanical properties, whose main results, in terms of
microstructural features and mechanical properties, are summarized in
Table S3 of the Supplementary Material. Besides, synthesis route and
cermet composition are listed too.

Yang et al. [135] studied the effect of sintering temperature and
initial TiB, particle size on the microstructure and mechanical proper-
ties of TiBy-12wt.%CoCrFeNi cemented carbide. It was observed that
regardless of the sintering temperature, the composites fabricated with
an initial ceramic particle size of 45 and 20 pm exhibited a micro-
structure composed by TiB,, Ti(O,C,N), Cr3B4 and FCC solid solution,
reaching a densification and Vickers hardness lower than 86 % and 5.8
GPa, respectively. When the initial ceramic particle size is 3 — 5 pm, the
Cr3B4 secondary boride is not observed in the microstructure and the
increase in temperature from 1400 to 1500 °C increases the densifica-
tion and hardness but decreases the fracture toughness, from 94 %, 6.01
GPa and 7.7 MPa-m'/? to 95.3 %, 6.84 GPa and 6.9 MPa-m'/2, respec-
tively. A further increase in temperature does not improve the me-
chanical properties and the awful combination of mechanical properties
is mainly attributed to the low coverage ratio of the metallic binder in
the cermet.

In contrast, Yang et al. [134] investigated the effect of the sintering
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temperature on the microstructure and mechanical properties of TiBs-
5wt.%FeNiTiAl cermet, compared to the pure TiB; sintered at 1800 °C,
the incorporation of the HEA as metallic binder increases the densifi-
cation of the samples even at lower sintering temperature, reaching over
95 % of relative density in contrast to the 76.8 % achieved by the pure
TiB,. The consolidated samples were composed of TiB, ceramic phase,
Ti(O, C, N), FCC metallic binder, Al;03 and M3B secondary borides
formed by the reaction between the ceramic particles with Fe and Ni
contained in the binder. As the temperature increases from 1200 to
1500 °C, the content of brittle secondary borides decreases from 3.8 to
1.2 wt%, however, the fracture toughness increases from 3.9 to 6.1
MPa-m'/? due to the grain refinement and the plastic behavior of the
metallic binder. The best combination on mechanical properties were
attained by sintering at 1300 °C, achieving 97.3 % of densification, 21.1
GPa of Vickers hardness, 5.51 MPa-m'/? of fracture toughness and 460.9
GPa of elastic modulus. If compared with those reported in [135], the
higher hardness relays on the superior densification attained with
FeNiTiAl as sintering aid, meanwhile the lower fracture toughness was
attributed to the presence of secondary brittle borides. Nevertheless,
both authors achieved a higher toughness in contrast to that of mono-
lithic TiBy (5.2 MPa-m'/?) [136], TiBy-33wt.%CoTiAl (4.7 MPa-m'/?)
and TiBy-20wt.%FeNi (5.5 MPa-m'/?) [137], proving the better tough-
ening effect of the HEA in contrast to the conventional metallic binders.

The TiBy-5wt.%CoCrFeNiAl system was analyzed by, the effect of the
sintering temperature on the mechanical properties was investigated by
Zhang et al. [138], reporting that the microstructure was composed by
an FCC solid solution, TiB; ceramic phase and an amorphous phase
homogeneously distributed along the grain boundary of the TiB,
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Fig. 11. Flank wear morphologies of (61 wt% — x)Ti(C,N)-15wt.%CoCrFeNi-18 wt%WC-6wt.%Mo2C-xNbC cermet inserts after cutting GCr15 bearing steel for 30
min: (@) x = 0 wt%; (b) x = 3 wt%; (c) x = 6 wt%; (d) x = 9 wt% [125]. Reproduced with permission of Elsevier.

Fig. 12. High temperature hardness of the Ti(C,N)-TiB,-FeCoNiCrAl and Ti(C,
N)-TiB,-Ni/Co cermets sintered at 1500 °C with 22.5 wt% of TiB, and 10 wt%
of binder [120] Reproduced with permission of Elsevier.

particles and observing that as the sintering temperature increases from
1500 to 1650 °C the relative density, Vickers hardness and TRS values
successfully increases from 95.5 %, 18.11 GPa and 478.7 MPa to 99.7 %,
23.12 GPa and 820 MPa, respectively. However, a further increase in the
temperature slightly decreases the mechanical properties, and the best
performance is reached when the sintering temperature is 1650 °C. This
was later confirmed by Li et al. [139] whose studied microstructure and
mechanical properties of TiB2-5 wt.%CoCrFeNiAl sintered at 1650 °C,
reporting the same microstructural composition and same values for the
mechanical properties. The combination of nanocrystalline-amorphous
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microstructure agrees with the so called “supra-nano-dual-phase struc-
ture” (SNDP) and this composite has become the first cermet with this
kind of structure used as a binder phase. The better densification,
hardness and flexural strength in comparison to those reported in
[134,135,140] relays on the good wettability between the metallic and
ceramic phase, the absence of secondary brittle borides and the excellent
mechanical properties of CoCrFeNiAl with a SNDP structure [138].

The employment of CoCrFeNiAlTi HEA as metallic binder was re-
ported in [141-143]. Fu et al. [142,143] analyzed the effect of the
binder content and milling time on the microstructure and mechanical
properties of TiBp-CoCrFeNiAl fabricated using the C-coated precursors
method (CCPM) to reduce the production cost and oxide rich layer
present on the surface of TiBy ceramic particles. The authors reported
that the implementation of an additional milling stage after the me-
chanical alloying process modifies the microstructure from FCC, TiBy,
Al,03 and Tiz0s3, to one containing FCC, TiBy and AlyOs, since reducing
the particle size increases the reactivity between oxide impurities and Al
dissolved in the metallic binder. Increasing the binder content from 5 to
20 wt% can effectively increase the densification but reduce the Vickers
hardness, from 82 %, and 12.1 GPa to 86.5 % and 13.2 GPa, respectively.
In the same way, conducting an additional milling stage of 2h effectively
improved the densification and the Vickers hardness regardless of the
metallic content. A further increase in the time of the additional milling
stage resulted in negligible increase of the densification. The best com-
bination of mechanical properties was attained with a 10 wt% of HEA
binder, achieving a 97 % of densification with 17.5 GPa of Vickers
hardness and 12.8 MPa-m'/? of fracture toughness.

Similarly, Ji et al. [141] studied the effect of the sintering tempera-
ture on the mechanical properties of TiB,-5wt.%CoCrFeNiAlTi cermet,
reporting that independently the sintering temperature, the micro-
structure was composed by TiB,, FCC solid solution, Al;Os, Ti(C, N, O)
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and an amorphous phase. The increase in temperature from 1400 to
1600 °C effectively increases the densification, Vickers hardness and
flexural strength from 96 %, 20.4 GPa and 540 MPa to 99.12 %, 23.11
GPa and 800 MPa, respectively. However, a further increase in this
variable is detrimental for the mechanical properties and the best per-
formance was achieved by the cemented carbide sintered at 1600 °C,
exhibiting a 99.12 % of densification, 23.56 GPa of Vickers hardness and
a flexural strength of 800 MPa. The present cermet had highly superior
mechanical properties compared to the TiB2-AIN cermet fabricated by Li
et al. [144] or the TiBy-Ti cemented carbide fabricated by Zhang et al.
[145], attributed to the improvement in bulk densities, the excellent
physical compatibility between the metallic binder and the reinforce-
ment phase and to the presence of Ti and Al in the binder composition.

Finally, Zhao et al. [146] studied the effect of binder content on the
densification and mechanical properties of TiB,-CoCrFeNiTigsMng s
cermet, determining that every cermet was constituted by TiBy, TiO,
TigO17 and a FCC solid solution. Increasing the binder content from 0 to
10 wt% increases the densification and flexural strength from 85.5 %
and 90.44 MPa to 99.1 % and 427.7 MPa, respectively. The cermet
hardness increases only up to the incorporation of 7.5 wt% on metallic
content and a further increase results detrimental for this mechanical
property, reducing the Vickers hardness from 22.26 to 21.33 GPa. When
the binder content is 10 wt% the cermet reaches the optimal combina-
tion between mechanical properties, reporting a 99.1 % of densification,
427.7 MPa of flexural strength and a Vickers hardness of 21.33 GPa, this
results are somewhat similar to that reported by Fu el al. [142,143] and
slightly higher hardness was achieved compared to that obtained by
Yang et al. [134] with the TiBy-5wt.%FeNiTiAl cermet sintered at
1300°C. However, these mechanical properties are completely lower
than the obtained by Ji et al. [141], whose reported a 99.12 % of
densification, 23.5 GPa of Vickers hardness and 800 MPa of bending
strength for the cermet with better performance (TiBy-5wt.%CoCrFe-
NiAlTi sintered at 1600 °C).

As could be seen, TiB,-HEA cermets possessed superior mechanical
properties in comparison with several conventional TiBy-based com-
posites [144,147], which makes the multicomponent alloy a suitable
binder option to achieve the most advantageous combination between
microstructure and mechanical performance. However, the performance
of the TiB,-HEA cermets is poorer in comparison to the WC-HEA and Ti
(C,N)-HEA cermets, so further investigations are required to improve the
performance of this composites in order to be a suitable candidate to
replace the conventional WC-Co cemented carbides.

2.4. Other hard phases

Other ceramic phases have been studied as the hard phase of cermets
bonded by HEAs. NbC has a comparable hardness (19.6 GPa) with WC,
VC and TaC, high melting point (3600 °C) [148], and lower density
(7.81 g/em®) than WC [149]. Alternatively, Fe-based borides have
attracted a lot of attention owing their technological applicability as
hardening agent in steels [150], hard protective coating due to their
high chemical and wear resistance [151], and as important shielding
materials in nuclear reactors. Nevertheless, this compound also exhibits
a relatively low melting point (1923 K), low thermal conductivity (15
Wm'lK’l), fracture toughness (1.2 — 2.8 MPa-m'/ 2), Young’s modulus
(267 GPa) and slightly lower Vickers hardness (12 — 16 GPa), especially
in comparison to the ceramic phases discussed above [152]. Table S4
(Supplementary Material) presents a summary of mechanical properties
of HEAs-containing cermet employing these ceramic compounds as hard
phase.

In this context, Shao et al. [153] fabricated the NbC-30vol.%CoCr-
FeNiMn via uniaxial pressing and LPS at different temperatures. The
authors discovered that independently the sintering temperature, the
cermet was composed by NbC, and a FCC solid solution and a M3Cg
carbide reaching a relative density about 90 %, concluding that sintering
temperature had no effect on the densification during sintering and the
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low relative densities may be related to the poor wettability between the
ceramic and binder phase. As the temperature rises from 1400 to
1550 °C, the average ceramic particle size increases from 4.8 pm to 14
pm and the hardness as well as the TRS decreases from 5.796 GPa and
497.13 MPa to 5.335 GPa and 359.45 MPa, respectively. The average
particle size is lower than that of NbC-30vol.%Ni fabricated under the
same conditions because the activation energy for NbC grain growth in
HEA (696.6 kJ/mol) is significantly higher than that in Ni (352.4 kJ/
mol) and those of conventional cermets with Fe [154], Co [154] and Cu
[155] binder. The best performance was obtained by the NbC-30vol.%
HEA sintered at 1400 °C but its Vickers hardness is lower than the
cermet (WC-30vol.%HEA) obtained by Velo et al. [62] with the same
amount of binder phase and fabricated via cold isostatic pressing and
sintered at 1450 °C, that exhibited in all cases a hardness value over 9.87
GPa.

Recently, investigations on the field of high-entropy cermets have
been made to determine if composites including FeB as reinforcement
phase provide suitable performance to be used directly as a cermet or to
be deposited on the materials surface as a coating. Xie et al. [156]
synthetized the FeB-(12wt.%CoCrFeNiAlj o5+10wt.%Mo) cermet via
mechanical alloying and SPS at 1300 °C for 5 min. The results showed
that the composite was composed by undissolved Mo + (Fe, Al, Ni, Co,
Cr)B + (Fe, Al, Ni, Co, Cr),B with a relative density of 92.36 % and a
Vickers hardness value between 14.3 and 14.8 GPa, higher than that
obtained by previous works mainly because of the higher density and the
fabrication process. However, as the fracture toughness was not inves-
tigated it cannot be possible to conclude if this composite is suitable to
be used as cutting tool or drilling operations, and further studies have to
be made.

On the other hand, Xie et al. [156-158] has been studied FeB-based
HEA cermets as coatings deposited by AC-HVOF on the 316L stainless
steel surface to improve its corrosion resistance in molten zinc (dis-
cussed in the Oxidation behavior of), a worldwide problem in the
galvanizing industry [159]. This ceramic is less expensive than WC,
possess low wettability with the liquid phase [160], high hardness
(20.59 GPa) [161] and a thermal expansion coefficient (23 x 10° 1/K)
[162] close to that of 316L stainless steel (19.3x10° 1/K) [163]. The
results showed that using 12 wt% of CoCrFeNiAl o5 as binder aid, the
coating with a thickness of 375 pm presented a low Vickers hardness of
8.64 GPa due to the resultant porosity after the HVAF deposition and the
resulting microstructure was composed by (Fe, Al, Ni, Co, Cr)B + (Fe, Al,
Ni, Co, Cr),B due to the transformation of FeB into Fe;B and the disso-
lution of HEA elements into the carbides. The coating thermal expansion
coefficient was 12x107° 1 /K, smalled than that of low C WC-Co (6.8x10"
6 1/K), WG-Co (7.2x10°® 1/K) or Mo-CoCr (9.2x10° 1/K) [163], which
may lead to fewer cracks during the thermal shock experiments. The
abrasion experiments employing a rubber wheel test determined that
the wear resistance of the coated stainless steel was almost twice as that
of uncoated steel, resulting in a mass loss of 57.1 and 33.5 mg in contrast
to the 111.0 and 83.6 mg for the coated and uncoated 316L SS after 200
and 1200 revolutions, respectively. Adding 10 wt% of Mo to the binder
phase increased the hardness of the coating, varying between 10.04 and
10.55 GPa and improved the coating toughness because after the shock
thermal test the first microcrack on the surface coating appeared after 37
shock thermal cycles in contrast to the 32 cycles for the FeB-12wt.%
CoCrFeNiAly o5, indicating that Mo effectively reduced the brittleness of
the coating. Increasing the binder content to 30 wt% of CoCrFeNiAly 25
improved the coating wear resistance compared to the FeB-12wt.%HEA,
decreasing the mass loss in 46.16 and 49.33 % after 200 and 1200
revolutions, respectively. After 1200 revolutions, the coating presented
many obvious grinding pits and the river sand used in the rubber wheel
abrasion test was embedded in defective locations of the coating,
causing powder particles on the surface of the coating to peel off during
the abrasive wear process and form grind pits, together with the many
furrows observed in the surface of the 316L SS, corresponding to the
typical form of wear observed for plastic materials. The Vickers hardness
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of FeB-30 wt.%HEA varies between 8.11 and 8.42 GPa, like that ob-
tained by the FeB-12wt.%HEA with a fracture toughness value varying
between 5.27-5.89 MPa-m'/2,

2.5. Hardening and toughening mechanisms in HEA-cermets

Continuous efforts to enhance hardness and toughness, with the goal
of achieving an optimal balance between mechanical strength and
toughness, have led to the use of high-entropy alloys as binders. These
properties can be further improved by incorporating various elements
that influence the hard phase, not only enhancing strength and tough-
ness but also improving the wettability of the binder on the hard par-
ticles during liquid-phase sintering. This reduces coalescence and
promotes a more uniform distribution of the ceramic particles [99,102].

Compared to traditional cermets, the higher density achieved by
HEA-cermets, resulting from improved wettability and bonding between
the metallic binder and ceramic particles, leads to enhanced hardness
and toughness [120]. As mentioned by [142], despite the similar Vickers
hardness values between Ni (4-5 GPa) and TiNiFeCrCoAl HEA (4 GPa),
the increased contiguity contributes to the overall hardness due to the
greater rigidity from the TiB,-TiBy contacts. This is attributed to the
higher density of the TiBp-HEA cermet.

The reduction in ceramic grain size has also been identified as a key
strengthening and toughening mechanism. The low solubility of the
ceramic phase in the metallic binder results in smaller grain sizes,
leading to enhanced grain boundary strengthening in accordance with
the Hall-Petch relationship. Grain refinement further improves fracture
toughness, as fine ceramic-ceramic grain boundaries possess higher
interfacial energy, reducing the potential for crack propagation through
intergranular sites. Consequently, a fine grain structure with uniform
size distribution in the ceramic phase increases crack deflection and
extends the fracture path, allowing for greater energy dissipation during
crack propagation [164-167]. Therefore, inhibiting crack extension
improves the fracture toughness of HEA cermets [81].

Another strengthening mechanism identified is solid solution
strengthening. Liu et al. [110] reported that the high strength of TiC-
MoVWNDbTa cermets is primarily due to this mechanism. The partial
dissolution of the ceramic phase into the metallic binder further en-
hances the solid solution strengthening effect already present in the
high-entropy binder [128,129]. However, the crystalline structure of the
binder phase also plays a critical role in determining the composite’s
toughness. While BCC-structured HEAs generally exhibit high yield
strength and limited plasticity, FCC-structured HEAs are characterized
by greater plasticity and relatively lower yield strength. Identifying
additional toughening mechanisms, such as ductile phase toughening,
given by the high plasticity exhibited by FCC-structured HEAs [44,134].

The complex precipitation hardening mechanisms can be activated
in systems such as WC-NiCoCrTiAl [60,90]. The resulting microstructure
comprises a combination of the WC ceramic phase, the metallic binder,
the (TixW;_4)C complex carbide formed through the interaction between
the ceramic phase and the metallic binder, aluminum-rich oxides
(Al,03) generated by the reduction of less stable oxides present in the
powder mixtures, and y-type precipitates [90]. The authors reported
that the precipitation hardening cycle does not result in any measurable
embrittlement of the binder phase, despite a hardness increase of 15%.
However, crack initiation sites are linked to accumulations of alumina
particles and pores. Preventing the formation of secondary brittle phases
during the sintering process serves as a toughening mechanism, as their
presence can negatively impact the fracture toughness of the composite
[134]. Elements such as titanium can help prevent the formation of
secondary brittle borides in TiBy-based cermets. The synergistic effect of
using Fe-Ni-Ti-Al metallic elements as sintering aids to improve the
toughness of TiBy ceramics is superior to the addition of only Fe-Ni and
titanium [134].

Finally, the remaining mechanisms contributing to high fracture
toughness identified in HEA-based cermets are analogous to those found
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in WC-Co composites. These mechanisms include a combination of crack
branching, crack bridging, and grain pull-out [168,169]. In crack
bridging, the HEA binder undergoes necking to either a point or a line as
the crack propagates through the binder phase. This necking increases
the total surface area, thereby leading to greater energy absorption and
improved resistance to crack propagation [86]. As a result, the opening
of the crack behind the tip is restrained, which aids in the enhancement
of toughness [43]. Furthermore, the pull-out of certain ceramic grains at
the ceramic/HEA interface is another energy-consuming process that
enhances the toughness of the composite [89].

2.6. Constituent elements effect

Table 7 summarizes the individual effect of the constituent elements
of the HEA used as a binder for the fabrication of cermets. One of the
most important aspects is the stability of FCC or BCC solid solutions. As
can be seen in Table 7, the addition of BCC elements, such as Cr, Mo, W,
may induce the precipitation of secondary BCC solid solutions [69,93].
This same effect applies for other non-bcc elements, such as Al (despite
of its FCC lattice structure in the pure state) [84] or Co [74], whose
content may induce the transformation of the binder microstructure into
a fully BCC one. These changes will impact of course the mechanical
performance of the cermet, since BCC phases tend to exhibit poorer
fracture toughness than FCC phases, accompanied by an enhance on
their yield and ultimate strength. For example, the WC-20wt.%
AlCoCrFeNiTi cermet achieved the best combination of mechanical
properties (23.12 GPa of hardness, 12.1 MPa-m'/? of fracture toughness
and 5420 MPa of compression strength) among the cermets considered
in this section, whose microstructure was precisely constituted by WC
grains bonded by a BCC metallic matrix [56]. Other elements with a FCC
lattice structure in their pure form at room temperature, such as Ni or
Cu, would promote the formation of FCC phases.

Besides of the FCC-BCC stability effect of the binder constituent el-
ements, these may have additional effects on microstructure. Cu-
containing HEAs may present a secondary Cu-rich FCC solid solution
as was reported in [74,84,87]; this same phenomenon was reported by
Mueller-Gruntz et al. [76] studying WC-Al,CoCrCuFeNi cermets. In this
case, despite that Cu promotes FCC phases, its positive enthalpy of
mixing regarding the rest of constituents of the alloy, as well as its lower
melting point, promotes its segregation. In the case of Mn, it may
conduct to the formation of pores in the microstructure, because of its
high vapor pressure that causes its sublimation at elevated sintering
temperatures according to the authors [170,171]. On the other hand, the
addition of Al resulted in some cases in the formation of Al-rich oxides. It
is recommendable to analyze if the effect of this oxide is detrimental to
the alloy performance — not only in terms of mechanical properties, but
also considering oxidation and corrosion behavior. On the other hand, it
is also possible that the consumption of Al into oxide particles or
intermetallic phases (such as NigAl in [90]), causes a depletion of Al in
the main solid solution, lower than that required to destabilize the FCC
solid solution, that may explain the absence of BCC phases in [60,90].

A relevant aspect regarding microstructure and performance of cer-
mets concerns the formation of complex carbides. FeCoNi-based binders
may present the formation of 1 carbides, that despite having a detri-
mental effect over toughness, they have conducted to superior hardness
values. These carbides have been reported as isolated carbide particles
[68], as well as forming a core-rim structure with WC particles [62].
Other complex carbides, such as CogWgC4, Cr;Cs, and TipgWy oC have
been reported too, whose stability will depend on the content of these
carbide former elements, the C content of the cermet, and the C window
as well. Mo, on the other hand, has been reported as an inhibitor of the
Cr;Crs formation because it reduces the carbide stability and changes
the carbide formation sequence [172]. Other elements may affect the C
window too in different manners: for example, the C window became
wider with Ni additions but narrower with Fe additions [67,68]. When
combined Fe, Ni and Co even larger C windows are obtained [5,30],
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Table 7
Effect of constituent elements of the HEA binder on the cermet microstructure.

Element  Effect

Fe

Enhances the sinterability of TiBy-based cermets but promotes brittle

borides such as M,B and M,3Bg.

- Shifts the lower limit of carbon window upwards due to the formation

of n phase.

Inhibits grain growth but has a high tendency for carbide formation.

Enhance the toughness, corrosion resistance, and mechanical properties

of the composite.

Forms secondary brittle borides (M3B, M23B6).

Retain the carbon content during sintering due to its moderate

solubility and excellent wettability on WC.

Promotes Cr-rich carbide formation (M,Cs).

- Increases corrosion resistance, mechanical properties, and wettability
on TiB,-based cermets.

- Forms secondary brittle borides (M2B, M23Bg).

- Shift the lower limit of carbon window upwards due to the formation of

1 phase.

Enhance BCC phase formation.

Dissolves in the hard phase in Ti(C,N)-based cermets.

Enhance toughness of the composite.

Improve the oxidation resistance at high temperature.

Lowers the sintering temperature of TiB, but forms brittle borides such

as M,B and M»3Be.

- Shifts the lower limit of the carbon window to lower carbon contents

and the with of the two-phase region increases

Enhance FCC phase formation.

Promotes y’ precipitation and Al-rich oxides formation.

Improve hardness, red hardness and corrosion resistance at elevated

temperatures.

Promotes phase segregation and formation of intermetallic compounds.

Lattice straining effect and destabilize the FCC structure when dissolved

in FCC HEA.

Prevents formation of secondary brittle borides.

- Inhibits Cu-rich phase with poor corrosion performance and reduces the

Cr,03 phase.

Enhance FCC phase formation.

Tends to segregate in the interdendritic regions.

Increases the corrosion resistance, although there is a slight decrease in

density.

Slightly increases the toughness.

Promotes BCC phases.

Increases the hardness and yield strength of the composite.

- Enhances the sinterability and refines the microstructure of TiB,
cermets.

- Tendency to sublimate during the liquid sintering process promoting

pores formation

Enhances the sinterability of TiB,-based cermets but forms brittle

borides such as M,B and My3Bg.

High levels promote the formation of secondary phases as sigma, laves

among others.

Prevents formation of secondary brittle borides.

Dissolves in the hard phase in Ti(C,N)-based cermets.

Allows to maintain the original mechanical properties but reduces the

sinterability

- Promotes BCC phases.

- Dissolves in the hard phase in Ti(C,N)-based cermets.

Used as soft dispersoid in HEA matrix because it usually does not form

intermetallic phases with many elements

Co

Cr

z

Al

Cu

=
5

Mn

Ti

=3

displacing the inferior and superior limit towards even higher C contents
than that reported in Fe-Ni alloys. ThermoCalc® simulations can be used
to study the C window of WC-HEAs cermets, although experimental
values are usually displaced toward higher C contents than those pre-
dicted by the software; nonetheless, this tool still can be useful at least as
a first approach [70].

In the particular case of B-containing cermets, it has been observed
the formation of secondary brittle borides with the addition of Co, Cr, Ni,
Fe and Ti. On the other hand, for TiC-based cermets, it is not possible to
establish clear guidelines for the design of the binder based on the
current literature: since in most of the available studies the hard phase
corresponds to a mixture of carbides, the individual effect of the ele-
ments cannot be distinguished. Nevertheless, it is already possible to
identify that Cr, Ti, and V can dissolve into the hard phase and conduct
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to rim-core structures.
3. Oxidation behavior of HEAs-containing cermets

Research conducted on cermets employing alloys such as Ni/Co [66]
or intermetallics like Ni3Al [173] as binders has demonstrated their
potential for robust oxidation resistance. However, despite this prom-
ising behavior, there remains a scarcity of comprehensive information in
this domain as well as in the involved mechanisms. Considering the
investigation of HEAs as binders for cermets emerges as a fertile ground
for exploration, given the limited existing literature on the high-
temperature oxidation processes of cermets employing HEAs but also
the promising properties that these alloys exhibit under extreme envi-
ronments [174-176]. This section aims to review noteworthy studies
that offer insights into the oxidation processes in cermets employing
diverse systems, shedding light on the potential applications and opti-
mization of these materials.

Zhu et al. [129] studied the early high-temperature oxidation
behavior of Ti(C,N)- AlCoCrFeNi cermet (TiCg 7Ng.3-15%WC-10%M-C-
TaC-15%AlCoCrFeNi) and comparing it with the commercial Ni-Co
bonded one (TiCy7Ng.3-15%WC-10%M5C-TaC-15%Ni-Co). In both
cases the binder exhibited a FCC solid solution. To study their corrosion
kinetics, the samples were exposed to static air between 800 and
1100 °C. Hence, an increase in mass was observed as the temperature
and oxidation time increased. After oxidation at 800 °C, both cermets
presented negligible mass gain (less than 0.6 mg/cm?). However, at
1000 °C, the Ni-Co cermet presented a mass gain of 2.98 mg/cm?
meanwhile that of the HEA cermet was 0.55 mg/cm?. Both materials
presented a two-step rection kinetics: an initial step of a pronounced
oxidation up to 100 min, followed by a slower step. At 1100 °C, the
authors obtained a parabolic constant rate of 4.34x102 mg2.cm™*s7?,
in the HEA cermet, two orders of magnitude inferior to that of the Ni/Co
cermet. All this evidence the superior performance obtained by replac-
ing the conventional binder by the AlCoCrFeNi HEA.

Fang et al. [124] studied the oxidation behavior through thermog-
ravimetry methods of the Ti(C,N)-based cermet with 10 wt% of
Alp 3CoCrFeNi as binder, aiming for a higher hardness and softening
resistance respect the previous cermet by means of the reduction of the
Al content. For comparison purposes, the authors also prepared a cermet
under the same fabrication route but using the commercial Ni/Co binder
instead of the HEA. Just like before, only FCC binder microstructures
were obtained whether for the HEA and the commercial Ni/Co cermet. A
similar behavior was observed in them: a slow oxidation at the begin-
ning followed by a rapid increase in mass gain as well the temperature
raised. Nonetheless, the superior oxidation resistance provided by the
HEA was reflected in the thickness of the oxidation layers: in the case of
the Ni/Co cermet a thickness of 3.43 um was observed, meanwhile it
only reached 1.73 um in the case of the HEA cermet. The cross section
image presented in Fig. 13 showed that the oxide layer produced in the
HEA cermet is compact, stable, dense and adherent to the surface, in
opposition to that of the commercial one which shows several defects
such as pores or microcracks due to the residual stresses generated by
thermal expansion mismatch between the oxide scale constituents and
the base alloy. Then, the presence of defects acted as channels for
diffusion of O, accelerating the oxidation process [177].

In a further study, Fang et al. [178] incorporated ZrO; whiskers in
the initial mixture to improve the strength and toughness of the cermet
at both room and high temperature. Table 8 summarizes the binder
content and composition, and well as the content of ZrO, whiskers of the
studied cermets. Corrosion experiments were performed by means of
thermogravimetric studies as well. The same trend as in [124] was
observed, first as the temperature increases the weight gain remains
constant and then increases sharply to stabilize. The authors found that
the oxidation mass gain of Ni/TiCN and Ni/ZrO2/TiCN was higher than
those of HEA/TiCN and HEA/ZrO,/TiCN. This last presented the lowest
mass gain between the studied samples (16.89 wt% at 1500 °C). A
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Fig. 13. Cross-sectional morphologies of cermets Ni/Co cermet and HEAs cermet after isothermal oxidation at 1000 °C for 4 h in static air: (a) Back scattering
electron image from a polished section of cermets Ni/Co cermet;(b) Back scattering electron micrographs from a polished section of cermets HEAs cermet [124].

Reproduced with permission of Elsevier.

Table 8
Composition of Ti(C,N)-based cermets (wt. %) studied in [178].

Mark Content (wt. %)
symbol , . .
Ti(C, ZrO, WC TaC Mo,C Ni Co Al 3CoCrFeNi
N)
Ni/TiCN 70 0 10 5 5 8 2
HEA/ 70 0 10 5 5 0 0 10
TiCN
Ni/ZrOy/ 62.5 7.5 10 5 5 8 2 0
TiCN
HEA/ 62.5 7.5 10 5 5 0 0 10
ZrOy/
TiCN

multilayer structure was observed after the oxidation process, consisting
of an external oxide layer, an intermediate reaction layer, and the sub-
strate. Regarding the morphology of the cracks, the researchers
concluded that thanks to the dense and continuous oxide layer obtained
with the HEAs cermets, the corrosion process is inhibited because they

do not allow the diffusion of O. Along with the above, it was observed
that ZrO, whiskers effectively resulted in a better performance against
corrosion. To quantify this analysis, the oxidation mass gain curves for
holding at 1000 °C in air for 4h were studied. The analyzes indicated
that a mass gain of 2.45 mg/cm? was obtained in the case of the HEA/
ZrO,/TiCN, meanwhile those of the HEA/TiCN, Ni/ZrO,/TiCN, and Ni/
TiCN cernets were 2.59, 6.11, and 6.53 mg/cmz, respectively).

Fu et al. [179] studied the oxidation behavior of Ti(C,N)-TiB,-
AlCoCrFeNi cermets at three temperatures (800, 900, and 1000 °C) and
employing different binder contents (6, 10, and 14 wt%). In this study
was observed that the amount of binder has a great importance in the
microstructure, which favors the mechanical properties and response to
oxidation of the cermet. Indistinctly of the binder content, the mass
increased with the temperature due to the formation of oxides such as
TiO4, alongside small amounts of Al;03, FeTiO3 and Al;TiOs. Between
800 and 900 °C the cermet with 10 wt% of HEA-Cermet has greater
resistance to oxidation, but at 1000° the one with 14 wt% of HEA-
Cermet was superior. This was associated to the higher number of
metallic atoms able to diffuse to the surface, which will consume more O

Fig. 14. Schematic diagram of the possible formation process for the laminated structure in the oxide layer (a) 6 wt%, (b) 10 wt%, (c) 14 wt% [179].
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and form a dense oxide layer. A proposal for this mechanism is seen in
Fig. 14: whereas the % of binder increases, the cracks gradually disap-
pear and are replaced by an oxide layer — presumably, AloO3. On the
other hand, as the binder content increases, the pores decrease and the
density of the cermet increases; however, with 14 wt% of binder, it
begins to segregate, which generates a decrease in properties such as
hardness and tenacity fracture.

As can be appreciated from the previous results, the superior
oxidation resistance of HEAs can be transferred to cermets containing
HEAs as binders. Particularly, the addition of protective elements such
as Al Si, or Cr, can result in promising properties as have been observed
in fully metallic HEAs. Nonetheless, it is absolutely evident the scarce
literature already available regarding the oxidation performance of
HEAs-containing cermet. Since the interaction between the cermet and
the oxidation environments is highly dependent on the binder compo-
sition, and because of the complex effect of the composition and
microstructure over oxidation behavior, further research is required in
this field. This will be particularly needed for tailoring the HEA
composition to improve the performance of the cermet.

4. Concluding remarks and future work

Due to the high cost of Co and its carcinogenic potential, there is a
significant drive to develop alternative binders for WC-based cermets to
replace them altogether. Due to the immense compositional space of
HEA, the potential for finding new cost-effective HEA-ceramic combi-
nations with high mechanical, wear and oxidation resistance is prom-
ising, but it requires intensive exploration. Apart from the vast amount
of chemical compositions possible, another great challenge is to unify
the tests performed and the results obtained as there is no single stan-
dard to evaluate and report mechanical properties and wear resistance.
Especially in the case of wear resistance, the behavior of the sintered
cermets will be highly dependent on the test conditions and wear
mechanism, not being comparable two wear rates obtained under
different testing conditions, so the purpose of this review is to provide an
overview of the current state of the matter while carefully providing the
details of how the results were obtained.

For most of the articles analyzed, the sintering temperature and
process has a crucial role as there is a balance between the consolidation
of the sintered cermet and the precipitation of deleterious phases and
also the dissolution of the ceramic phase. So for each combination of
HEA and ceramic, the analysis indicates that there is an optimal sin-
tering procedure that optimizes the Vickers hardness, and transverse
rupture strength (TRS) which translates to their wear behaviour.

Additionally, the review delves into alternative ceramic phases, such
as niobium carbide (NbC) and iron borides (FeB), as reinforcing agents
in cermets with HEA binders. The careful selection of these ceramic
phases is driven by considerations of solubility and hardness, offering
alternatives to conventional choices like WC. The incorporation of NbC
and FeB introduces new dimensions to cermet design, expanding the
range of materials available for tailoring properties to specific
applications.

Based on the studies published so far, the following topics might help
to further advance this field:

@ Optimization of HEA Compositions: Tailoring the composition of
HEAs in cermets to further enhance their performance remains a key
area for investigation. Exploring variations in the types and ratios of
alloying elements within the HEA matrix could yield materials with
improved mechanical and thermal properties.

In-Depth Oxidation Studies: The oxidation behavior of cemented
carbides with HEA binders is an underexplored area. Future research
should delve deeper into understanding the intricate mechanisms
governing oxidation processes. This involves studying the impact of
HEA composition, microstructure, and environmental factors on the
formation and stability of oxide layers.
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@ Advanced Processing Techniques: Investigating novel processing
techniques for fabricating HEA-containing cermets could open new
possibilities. Techniques such as spark plasma sintering, additive
manufacturing, or hybrid methods may offer advantages in terms of
improved densification, tailored microstructures, and cost-effective
production.
Mechanical Property Optimization: While the mechanical prop-
erties of TiBy-HEA cermets show promise, further efforts can be
directed toward optimizing parameters such as hardness, fracture
toughness, and wear resistance. Systematic studies on the effects of
sintering conditions, binder content, and secondary reinforcements
can guide the development of cermets with superior mechanical
performance.

Exploration of Additional Reinforcement Phases: The incorpo-

ration of alternative ceramic phases beyond TiBy, such as carbides

like NbC or borides like FeB, presents an intriguing avenue for
investigation. Assessing the mechanical and thermal properties of

HEA-containing cermets with diverse reinforcement phases could

broaden their applicability in various industrial contexts.

@ Corrosion Resistance Studies: The interaction between HEA-
containing cermets and corrosive environments is an area warrant-
ing attention. Systematic studies on corrosion resistance, especially
in aggressive conditions relevant to industrial applications, can
inform the development of cermets for specific end-use scenarios.

@ Multiscale Modeling and Simulation: Employing advanced
computational tools for multiscale modeling and simulation can
provide a deeper understanding of the complex relationships be-
tween microstructure, composition, and performance. Computa-
tional studies can guide experimental efforts and accelerate the
discovery of optimal HEA compositions and processing conditions.

@ Application-Specific Investigations: Tailoring HEA-containing
cermets for specific applications, such as cutting tools, drilling op-
erations, or wear-resistant coatings, requires targeted investigations.
Future research should address the performance requirements of
these applications and fine-tune cermet properties accordingly.

In conclusion, the synthesis of existing knowledge and identification
of research gaps present exciting opportunities for future exploration in
the realm of HEA-containing cermets. Addressing these avenues will not
only advance fundamental understanding but also pave the way for the
practical implementation of these innovative materials in diverse in-
dustrial applications.
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