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Abstract

Cemented carbides are essential in applications requiring exceptional hardness and wear
resistance. However, the reliance on cobalt as a binder raises concerns related to cost, supply
security, and health. High-entropy alloys (HEAs) are promising cobalt-free binders offering
favorable mechanical properties and potential grain-growth control. This work presents a
new approach for the development of Co-free WC-based cemented carbide employing an
HEA binder designed through CALPHAD-guided simulations. An optimized composition
corresponding to Al5Cr5Cul0Fe35Mn10Ni35 (at%) alloy is predicted to be FCC-dominant
with minimal o-phase formation and good compatibility with WC. A preliminary batch
of powder of the proposed binder was produced by blending elemental powders, arc
remelting, and ultrasonic atomization, yielding predominantly spherical particles with a
dendritic microstructure. WC-HEA composites (WC-12 wt% HEA) were then prepared
by ball milling, pressing, vacuum sintering, and sinter-HIP for a first evaluation of the
microstructure and achievable hardness. The microstructure exhibited residual porosity
without significant WC grain coarsening. XRD analyses showed the dominant presence
of WC, along with FCC and M3W3C phases (M mainly Fe and Mn), indicating thermal
interaction between the binder and WC. Despite these effects, the composite achieved a
hardness of 1913 HV and retained a fine WC grain size (0.86 pm). The proposed design
approach allowed the definition of a promising Co-free binder composition based on HEA
with the expected microstructure, which will need further evaluation, especially aimed at
investigating toughness properties as a function of the WC content.

Keywords: high-entropy alloys; cemented carbides; WC; CALPHAD; microstructure;
ultrasonic atomization

1. Introduction

Cemented carbides (hardmetals) consist of a hard carbide phase dispersed in a tougher
metallic binder. These materials are characterized by exceptional hardness and wear
resistance, making them ideal in demanding operational environments. Tungsten carbide—
cobalt (WC—Co) is one of the most widely used cemented carbide systems for applications
such as wear-resistant components, cutting tools, molds, and mining equipment. The
ternary W-Co—C system and the pseudo-binary WC—Co system, where WC and Co are
the primary phases, have been extensively studied [1]. WC-Co composites are widely
used in industry for their excellent mechanical properties and cutting performance. These
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properties include high hardness, compressive strength, fracture toughness, and transverse
rupture strength, as well as excellent wear and corrosion resistance [2-5]. The main factors
influencing mechanical properties are the binder phase fraction, carbide grain size and
distribution, and carbon content [6].

Cobalt remains the predominant binder in cemented carbides because of its superior
wetting behavior with WC and its favorable mechanical properties, including strength and
toughness. However, cobalt presents critical challenges. Its scarcity makes it expensive,
and several programs classify it as highly toxic and carcinogenic [7-10]. These health
and environmental concerns make cobalt less desirable for future use. Ni has attracted
significant attention as an alternative binder due to its structural and property similarities
to cobalt, along with its excellent corrosion resistance. Its FCC structure also improves
fracture toughness [11,12]. However, the higher stacking fault energy of Ni results in
lower work hardening rates, reducing hardness in WC-Ni cemented carbides. As an
alternative to Co and Ni, Fe offers increased hardness in the WC-Fe system and inhibits
grain growth, but has poor corrosion resistance and high carbon affinity, which may lead
to the formation of the n phase (MgC), thus limiting efficient applications as a matrix for
cemented carbides [13].

Further development resulted in more complex systems, incorporating multiple al-
loying elements for the binder such as Fe-Ni, Fe-Ni-Co, and Fe-Ni-Co—Cr. Such multi-
component binders eventually lead to the formation of secondary complex carbides and
intermetallic phases. In addition, a new approach has been developed, involving the substi-
tution of cobalt-bearing binders with multicomponent alloys known as high-entropy alloys
(HEAs). These alloys contain at least five components, with 5-35 at% of each element [14].
HEAs usually have a single-phase microstructure with a densely packed crystal structure
(FCC, BCC, or HCP) featuring high hardness [15], high-temperature strength [16], ductility,
and even shape-memory effects [17,18]. The crystal lattice distortions in HEAs largely
prevent diffusional mass transfer, thus improving phase stability. Moreover, certain HEA
systems can have a fairly low melting point, enabling a reduction in the sintering tempera-
ture of cemented carbides compared to Co [19] and preventing WC grain growth [20-23].
Among various HEAs, extensive research has been dedicated to the AICoCrCuFeNi, CoCr-
CuFeNiMo and AlFeCoNiCrTi systems [24-30]. HEAs belonging to the AlICoCrCuFeNi
system generally consist of a combination of FCC and BCC phases, the BCC phase featuring
a higher melting point than the FCC phase. It has been demonstrated that modifications
of the above HEA composition can lead to different fractions of the two phases. Cu is
an FCC-phase stabilizer whereas Al and Cr are BCC formers. The BCC phase undergoes
decomposition and ordering, especially enhancing the aluminum content, resulting in a
BCC-based B2 ordered phase. Due to the difference in the atomic size, the lattice parameter
of the FCC phase decreases with decreasing Al. On the contrary, the lattice parameter of the
BCC phase remains substantially the same with limited variation of the components [31].
Substitution of Co in HEAs has been also investigated [32-34]. In an equiatomic system
(except for Al), Mn stabilizes the BCC structure, reduces Cu segregation, and enhances
the interface bonding with WC [34]. Based on these findings, it was understood that
Co could potentially be replaced primarily with Mn in HEAs, resulting in equiatomic or
non-equiatomic Co-free compositions based on the AICrCuFeMnNi system.

Several works [20-23,32,35,36] reported a grain-growth inhibition effect of HEAs
during sintering with WC, resulting in finer WC grains in comparison with WC-Co com-
positions prepared and sintered under the same conditions. This is mainly associated
with the sluggish diffusion in HEAs, due to their high activation energy for diffusional
phenomena. Finally, a side effect related to the peculiar crystal structure of HEAs consists
in the decreased wettability with the hard phases, especially reported for some Al-bearing

https://doi.org/10.3390 /met16030318


https://doi.org/10.3390/met16030318

Metals 2026, 16, 318

30f18

HEA binders [28]. This effect is mainly due to the sluggish diffusion effect and the ex-
tensive lattice distortion (further amplified by ball milling processing), that make some
HEA binders underperform in the sintering stage. To overcome this concern for the most
demanding applications, several additives have been proposed to improve the wettability
of HEAs toward WC hard phases, as reviewed by Fan et al. [24].

2. Materials and Methods

Phase stability simulations were conducted using Thermo-Calc (version 2023a) using
the TCHEA?2 database. The widely studied AlICrCoCuFeNi system was chosen as the
starting point, initially replacing Co with Mn. The equilibrium state and amount of phases
were calculated at the reference temperatures of 900 °C, 600 °C, and 400 °C for the candidate
alloys, targeting the highest amount of FCC and the lowest amount of s-phase, under the
hypothesis of solidification conditions according to equilibrium or to the Scheil-Gulliver
model [37,38]. It should be specified that 400 °C was considered as the lowest temperature
for the evaluation of equilibrium phase stability that could be reached under realistic
industrial situations, especially considering the sluggish diffusion rate of HEAs. Therefore,
data referring to this lowest temperature have to be considered as a trend achievable only
upon long holding times, hardly indicative of a condition reached after the investigated
processing routes.

Elemental powders consisting of Al, Cr, Cu, Fe, Mn, Ni with 99.9% purity and particle
size lower than 45 um, supplied by Sigma-Aldrich, were blended to the target compositions,
cold pressed, and arc-remelted in water-cooled copper molds to obtain rods for the atomiza-
tion process. Ultrasonic atomization was performed with a metal atomization Amazemet
rePowder prototyping platform allowing the synthesis of custom alloy powder in small
batches using a molybdenum sonotrode, as depicted in Figure 1. Powder morphology and
microstructure were examined by a field emission-scanning electron microscope FE-SEM
(ZEISS SIGMA 500, Carl Zeiss AG, Oberkochen, Germany). Sections for microstructural
analysis were prepared by mounting and polishing.

Atomized powder

4

Moltemspool
D

Figure 1. Experimental steps adopted for powder atomization: (A) The mold containing grooves
for bar remelting; (B) setup of the atomizing chamber; (C) surface of sonotrode; (D) ultrasound
atomization process.

HEA powder was then mixed with WC (average grain size 800 nm, supplied by FILMS
S.p.A, Anzola d’Ossola, Italy) by ball milling, to form a WC-12 wt% HEA blend. Amongst
the possible standard fractions of hard ceramic particles, a WC-lean fraction was selected
to better highlight the properties and contribution of the binder.

The densification route was performed according to a traditional powder metallurgy
route consisting in a first step of cold pressing of the powder mixture into bars of size
10 x 10 x 55 mm, followed by a pre-sintering stage at 720 °C under gas flow at 1 m3/h of
a mixture of Ny + 30 vol% H for 4 h, and vacuum sintering at 1400 °C for 3 h. Subsequent
sinter-HIP at 1400 °C and 35 bar of pressure for 20 min was the final stage of consolidation
using a Quintus Technologies AB apparatus (Vasteras, Sweden). Due to the limited amount
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of powder available for this investigation, a systematic optimization of the processing
conditions could not be carried out. Therefore, parameters were selected on the basis of
previous experience with similar alloys.

The density of the sintered samples was measured by the Archimedes method in
accordance with the ASTM B311 standard [39]. Microstructural analysis of the sintered
samples was performed after polishing and etching with Murakami’s reagent using FE-
SEM equipped with an Oxford Instruments Ultim Max 65 detector (Abingdon, UK) for
elemental mapping.

Phase composition was studied using a Smartlab II Rigaku X-ray diffractometer
(Tokyo, Japan) with Cu-K« radiation (A = 1.5406 A)ata scanning rate of 1° min~!, from
10° to 100°, with a step size of 0.02°. Specimens were tested for a preliminary mechanical
characterization by Vickers hardness (HV) measurements with an applied load of 100 kg
for 15 s on polished surfaces (ASTM C1327-15) [40].

3. Results and Discussion
3.1. Simulation and Optimization of Target High-Entropy Alloy Compositions

Phase-stability simulations were first performed for AlysCoCrCuFeNi and
Al 5CrCuFeMnNi alloys [33]. The phases expected at equilibrium against temperature
for these alloys are shown in Figure 2. The plots reveal that the main phases appearing
upon solidification for the Aly5CoCrCuFeNi HEA are the two types of L12 FCC crystal
structures, labelled as FCC_L12 and FCC_L12#2, that later decompose forming a B2-type
BCC (hereafter BCC_B2#2) and o phase (labelled as SIGMA in ThermoCalc plots). With
further decrease of temperature, a significant fraction of secondary phases is formed. In
the case of the Al 5CrCuFeMnNi alloy, the FCC_L12 and BCC_B2 are the expected phases
right after solidification. While the o phase appears at a higher temperature than the
previous alloy.
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Figure 2. Phase stability under equilibrium according to Thermocalc simulation: (A) Aly 5CoCrCuFeNi

HEA; (B) Aly5CrCuFeMnNi HEA.
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For further iterations, the Co-free AlysCrCuFeMnNi was considered as the starting
point for the fine tuning of the composition, targeting the formation of a higher fraction of
the FCC phase and the reduction of the s phase.

3.1.1. Effects of Elements on Phase Stability

To understand the influence of each element on phase distribution of HEA, several
simulations were performed starting from the above-described AlysCrCuFeMnNi alloy.
Alloy variants were modeled, in which one element at a time was doubled or halved,
with corresponding adjustments of the other elements. However, since Al is a very strong
BCC stabilizer in the investigated system [33,41], its content was always kept below the
equiatomic fraction to achieve an FCC-dominant phase composition.

Figure 3 presents a collection of histograms summarizing the effects of the element
fraction on the stability of the phases at the three selected temperature levels. The four main
phases that were found in the investigated alloys are FCC L_12, Cu-rich FCC_L12#2, BCC,
and SIGMA. Figure 3 shows that an increase of Cr leads to a decrease of FCC, promotes
BCC stability, and increases the SIGMA fraction. An increase in Cu content leads to a drop
in BCC and SIGMA and promotes even further development of Cu-rich FCC. An increase
of Fe raises the FCC fraction while decreasing BCC and SIGMA. Finally, an increase of Mn
increases BCC and SIGMA, while Ni promotes a higher fraction of FCC and suppresses
BCC and SIGMA.
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Figure 3. Cont.
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Figure 3. Modifications of phase distribution of Aly5CrCuFeMnNi HEA resulting from a reduc-
tion to 50% (x = 0.5) or an increase by 100% (x = 2) of different elements: (A) Cr, (B) Cu, (C) Fe,
(D) Mn, (E) Ni.

3.1.2. Composition Optimization of HEA

Since the objective of the investigation was to replace Co-bearing binders with HEAs
in cemented carbides, one of the main requirements was to target significant toughness
properties. Although fracture toughness could not be directly measured in this prelimi-
nary investigation, it is well established that FCC or FCC-dominant phase compositions
should be preferred to achieve higher toughness properties [19-22,24]. In addition, the
concentration of elements was locked within the range of 5-35 at%, which complies with
the definition of HEA. Further requirements for the target composition were the absence
(or presence in very limited amount) of s phase and the stability of the binder when it is
combined with WC.

Following the evaluation presented in Section 3.1.1 on the impact of composition on
phase fractions, it was determined that Ni and Fe are the most influential elements for the
predominance of the FCC phase. Therefore, for the first iteration, Ni was doubled, resulting
in Alp5CrCuFeMnNi,; (HEA 2-1) composition. Figure 4A shows that the amount of FCC
increased, as expected. However, the selected composition still shows some residual BCC.
In addition, a substantial amount of s phase is still predicted, corresponding to 32.2 and
38.5 mol% at 600 °C and 400 °C, respectively. For sake of clarity, it must be recalled that the
data referring to the 400 °C isotherm were taken to collect additional information about
the trend of the phase decomposition. However, considering the limited diffusivity of
elements at that temperature, it is unlikely that under real processing conditions such a
phase equilibrium can be reached.

As mentioned above, Cr is one of the elements that stabilizes BCC, in turn suppressing
FCC. Therefore, a second iteration consisted of setting Ni to 35 at%, and halving Cr, resulting
in the Alg3Crg3Cuyg1Fe161Mnig1Nizs composition (hereafter called HEA 2-2). As shown
in Figure 4B, FCC increased even further, resulting in an amount of 90.5 and 49.8 mol% at
900 °C and 600 °C, respectively. In addition, there was a substantial decrease in s phase,
from 32.2% to 15.5% at 600 °C. The composition of the residual BCC showed a high Al
concentration, and the s phase mainly contained Fe and Mn, with a small amount of Ni.
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Figure 4. Phase stability under equilibrium according to Thermocalc simulation for the investigated
HEAs. (A) HEA 2-1; (B) HEA 2-2; (C) HEA 2-3; (D) HEA 2-4.

In a further optimization step, a reduction in Al and Cr and an increase of Fe was
evaluated. Al and Cr were minimized to 5%, and Fe was raised at the cost of the share of Cu,
resulting in a new composition: AlCrsCujyFeysMnyoNiss (hereafter called HEA 2-3). The
corresponding phase evolution against temperature is given in Figure 4C. The phase balance
now resulted in a higher amount of FCC phase, that decomposed at lower temperatures
into FCC_L12#3. The remaining phases were the Mn-rich BCC and an even lower fraction
of the s phase.
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Finally, by fixing the amount of Fe to 35% at the cost of Mn and Cu, which were
equalized at 10%, a fourth iteration was considered, leading to the chemical composition
AlsCrsCujgFe3sMnygNiss (hereafter called HEA 2-4). According to Figure 4D, HEA 2-4 is
expected to keep a single-phase structure down to 700 °C, and remain FCC dominant, with
a negligible amount of s phase at 600 °C.

For the sake of precision, in both HEA 2-3 and HEA 2-4, distinct FCC_L12 phases are
depicted in the plot. Their composition differs in Cu content. For instance, for HEA 2-3 at
600 °C the main phase is FCC_L12 that consists of Nizg 9Fey4Mnjg sCuy45Crs 7Al3 3, while
at 400 °C it decomposes, segregating FCC_L12#1, which consists of Cugy 7Mnj3 gNi3 4Alg 1.
Cu segregation has already been observed in HEAs; it was attributed to the positive mixing
enthalpy with Cr and Fe and the negative mixing enthalpy with Ni. It was reported that
Cu segregation could be mitigated by increasing the solidification rate [42,43].

A comparative evaluation of the resulting phases for the above-described alloys was
collated as in Figure 5A. The best expected condition, corresponding to the highest amount
of FCC and the lowest amount of s phase is met for the HEA2-4 alloy defined by the fourth
iteration, that corresponds to the composition AlsCrsCujgFessMnioNizs at%.
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Figure 5. Evaluation of the stability of expected main phases of the proposed HEAs (A) and stability
of the WC phase when combined with 12 wt% of the proposed HEAs (B).

Figure 5B shows a comparative chart of the stability of WC phase in equilibrium within
the WC-AICrCuFeMnNi system, with the hypothesis of producing composites containing
WC and 12 wt% of HEA binder using one of the proposed HEAs. For comparison purposes,
a standard WC-12Co cemented carbide was also included in the evaluation. The stability of
the WC phase was evaluated by calculating the residual amount of unreacted WC achieved
at the indicated temperatures under equilibrium, recalling the assumption that an initial
88 wt% of WC (12 wt% of binder) corresponds to a value of 80.7 mol% of WC and 19.3 mol%
of binder. From the simulations, it was demonstrated that the stability of WC is higher
with HEA 2-3 and HEA 2-4, in comparison to HEA 2, HEA 2-1, and HEA 2-2. However,
the simulation shows that under equilibrium, the stability of WC is slightly lower for the
HEAs than for the traditional Co binder.

In conclusion, based on Thermo-Calc simulations, HEA 2-4 is expected to have the
most stable phase composition, characterized by an FCC-dominant crystal structure which
is a prerequisite for achieving toughness properties required for the final application. The
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s phase, a detrimental component promoting alloy brittleness, is expected to form only at
equilibrium, below 400 °C, which is unlikely to occur in practical situations. Based on these
factors, the HEA 2-4 alloy with composition of Al5CrsCujoFe3sMnjoNiss at% was selected
for the experimental campaign described below.

3.2. Atomization of theHEA Powder
3.2.1. Pressing of the Raw Powders and Bar Remelting

The first step of the preparation of the HEA 2-4 alloy consisted in blending of the Al,
Cr, Cu, Fe, Mn, and Ni pure elemental powders by mechanical mixing, followed by uniaxial
cold pressing into cylindrical samples. To improve the integrity and homogeneity of the
rods, they were remelted using an electric-arc source in water-cooled copper grooves. Their
microstructure exhibited a dendritic structure with a bright phase enriched in Cu, and Mn
segregated at the dendrite boundaries (Figure 6C). The average chemical composition of
the remelted bars, measured by EDS (Table 1), corresponded to nominal composition with
slight losses in Al and Cu. Specifically, it was detected that the dendrite cores featured lower
Cu and Mn concentration, whereas the interdendritic areas were depleted in Cr and Fe.

Figure 6. SEM images of general view and section of the pressed HEA 2-4 powder mixture (A,B);
microstructure and elemental maps of the remelted bar (C).

Table 1. EDS chemical analysis of the remelted rods of the HEA 2-4 alloy (at%).

Sample Al Cr Cu Fe Mn Ni

Theoretical 5 5 10 35 10 35
Rod (average) 45402 53+0.1 9.6+03 349+02 108=+05 348=+02
Dendrite cores 46+£02 6£03 71+08 405+22 81+08 33.8=£07

Interdendritic
regions

53£04 19+02 340+£40 11.8+20 19105 28.0+£20

3.2.2. Ultrasonic Atomization of HEA Powder

The HEA rods were ultrasonically atomized with the parameters shown in Table 2. The
remelted rods were placed in holders and positioned above the sonotrode (Figure 1B). Once
the arc torch was ignited, the end of the rod was melted on the top of the sonotrode to let
molten droplets fall on its surface. The 40 Hz ultrasound waves induced by the sonotrode
on the melt promoted the outward ejection of smaller droplets, allowing their cooling and
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solidification during flight, eventually leading to their collection as solid powder particles in
the atomizer chamber. The oxygen contents reported in Table 2 represent the concentration
within the atomizer chamber, suggesting a good control of the working environment
during the atomization process. SEM images of the atomized powder (Figure 7) revealed
the spherical shape of the particles with very small amounts of irregular features and
submicron-size satellites. Most of the as-atomized particles (about 90% in mass) passed
through a 100 pm sieve.

Table 2. Process parameters for the ultrasonic atomization of the HEA 2-4 powder alloy.

Frequency of sonotrode 40 kHz
Ar flow 5L/min
Plasma current 250 A

O, content (start) 23 ppm
O, content (working) 50 ppm

Figure 7. SEM images of the atomized powder: (A) general view; (B) section of the particle after
polishing and etching; (C) defect on the particle surface; (D) coarser and irregular powder particles.

Sections of the powder particles after polishing and etching revealed a dendritic
microstructure with substantial absence of internal porosity or other defects. Elemental
mapping of the powder (Figure 8A) collected on sectioned particles showed the segregation
of Mn, Al, Cu, and O on the surfaces. In contrast, Cr, Fe, and Ni were distributed within
the bulk of the particles. On some powder particles, the occasional presence of Mo was
detected (Figure 8B), located mainly within the interdendritic regions. The presence of Mo
can be attributed to contamination from the sonotrode during ultrasound atomization.

In addition to submicron satellites and Mo contamination, the predominantly spherical
powders produced by ultrasonic atomization exhibited a slight oxidation effect, highlighted
by the dark spots in the SEM images in Figure 7C representing Al, Cu, and Mn oxides.
The side products of the atomization process included fine powder (<10 pm) with high
Cu/Mn/O content and coarse powder (63-150 pm) with a non-spherical shape (Figure 7D).
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Figure 8. Elemental EDS maps of atomized HEA 2-4 powder: (A) standard quality; (B) Mo-
contaminated particles.

The analysis of the atomized powder revealed elemental losses and compositional
shifts, primarily consisting of a decrease in Mn from 10 to 8.9% and Cu from 10 to 8.8%,
while the introduction of Mo, due to contamination from the eroded sonotrode, resulted
in an average Mo content of 2.6%. Thermo-Calc simulations incorporating the actual
composition revealed a higher fraction of s phase at 600 °C (albeit limited to 4%) and
suppressed BCC formation until 400 °C, confirming the predominance of the FCC phase
also for the modified HEA 2-4 alloy, as depicted in Figure 9. Despite the shift in composition,
the WC phase in WC-12HEA composites remained stable, suggesting limited impact on
the synthesis of WC-HEA cemented carbides.

w400 m600 w900

HEA nominal WCTHEA HEA corrected WC-HEA

nominal corrected

20 41

N I .
FCC FCCCu BCC SIGMA WC FCC FCCCu BCC SIGMA WC
rich

Amount of phase, mol.%

rich

Figure 9. Main phases expected for the HEA 2-4 and WC-12HEA 2-4 composite when comparing the
nominal and the measured compositions.

The XRD analysis confirmed the presence of the main FCC phase in the atomized
powder (Figure 10). However, a low-intensity peak of secondary phase was also detected,
that could be presumably identified as a BCC phase. This peak can be attributed to a non-
equilibrium phase generated due to the high cooling rate experienced during atomization
of the powder. Indeed, the results of a simulation according to the Scheil-Gulliver model
for the HEA2_4 alloy depicted in Figure 11 shows that, in addition to the equilibrium FCC
phase, a BCC phase is also expected to form in the last stages of solidification, also leading
to a widening of the solidification temperature range (compare to the dashed line referring
to equilibrium in Figure 11). For sake of completeness, the same simulation according to
the Scheil-Gulliver model was also applied to the corrected composition.
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Figure 10. XRD patterns of HEA 2-4 powder.
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Figure 11. Solidification curve of the nominal and corrected (experimental) HEA 2-4 alloy calculated
using ThermoCalc according to the Scheil-Gulliver model.

3.3. Microstructure and Phase Composition of the WC-HEA Cemented Carbides

A powder mixture with nominal composition of WC-12HEA 2-4 (wt%) was prepared
by ball milling. The SEM image shown in Figure 12A shows that the WC powder particles
are much finer in comparison to the original 10-63 um HEA powder due to coarsening and
flattening, often forming flakes. XRD analysis depicted in Figure 13 revealed the peaks of
WC and FCC, which correspond to main FCC phase of the HEA matrix, with no secondary
phases observed.

The densification route was performed according to a traditional powder metallurgy
route, consisting in a first step of cold pressing of the powder mixture, followed by a
pre-sintering stage and a subsequent sinter-HIP at 1400 °C. Rectangular-section bar sam-
ples were produced with relative density of 95.8%. It must be specified that a dedicated
stage of process optimization would have led to higher density values, exceeding 99%
to target practical applications. However, due to the small amount of powder avail-
able for this preliminary activity, the selected densification procedure was considered
as appropriate.
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Figure 12. SEM Images of the WC-12HEA alloy: (A) powder mixture of the composite powder before
sintering; (B—D) microstructure of sintered samples at increased magnification (from B-D).
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Figure 13. XRD patterns of the as-atomized HEA powder, of the WC-HEA powder blend, and of the
sinter-HIPed sample.

Figure 12B illustrates the microstructure of the sinter-HIPed sample, revealing a
bimodal pore distribution—sporadic large pores (>20 pm) and more uniformly dispersed
micropores (~1 um). Figure 12C,D demonstrate that no coarse-grained WC areas could be
observed, and Table 3 further confirms that the average grain size is close to that of the
initial WC powder, which supports the assumption about grain-growth inhibition effect
due to HEA sluggish diffusion [20-23,32,35,36].

Concerning the distribution of the metallic binder in the WC-HEA hardmetal, careful
observations of the micrographs showed that WC-free areas made only of segregated HEA
could be detected. These matrix-bearing regions featured the enrichment in Cr and Fe, as
confirmed by EDS elemental maps given in Figure 14. The size of these segregated HEA
regions is comparable to the average size of HEA powder particles, which would suggest
that during the powder milling, the WC nanoparticles could not evenly be distributed on
all the deformed HEA powder particles.
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Table 3. Average grain size, density, and hardness of the sinter-HIPed WC-12HEA2_4 sample in
comparison with selected hardmetal data (Adapted from Refs. [34,44,45]).

Material Average WC Relative Vickers” Hardness

Grain Size, um Density, % HVn Load, kgf
WC-HEA2-4 0.86 + 0.47 95.8 1913 + 52 100
WC-Aly5CoCrCuFeNi (HEA 1) 0.96 + 0.59 96.1 £0.2 1231 + 18 100
WC-Aly 5CrCuFeMnNi (HEA 2) 1.07 £+ 0.66 98.9+0.3 1527 + 34 100
WC-12Co BJAM [45] 1.60 £ 0.92 99.3 +0.1 1222 + 16 100
WC-10CoCrFeNi [34] 1.16 97.97 1513 30
WC-10AICoCFeNi [34] 1.62 94.54 1353 30
WC-10CoCrFeNiMo [34] 1.35 97.22 1450 30
WC-10CoCrFeNiMn [34] 1.01 97.56 1562 30
WC-12Co Industrial [44] n.a. n.a. 1050-1380 n.a.

Figure 14. SEM image of the sinter-HIPed sample of WC-HEA hardmetal (a) and EDS elemental
maps (b).

The XRD analysis of the sinter-HIPed sample showed in Figure 13 demonstrates the
predominance of the peaks corresponding to WC and the lower-intensity peaks of the
FCC binder alloy, in agreement with the XRD spectra of the HEA binder. However, no
evidence of the BCC peak is observed in the WC-HEA sinter-HIPed sample, probably due
to the very low amount of this phase and the insulfficient sensitivity of the XRD analysis. In
addition, other peaks appeared that were not present either in the atomized powder or in
the WC-HEA powder mixture, which suggests an effect given by the thermally-induced
interaction between WC and HEA during the stages of vacuum sintering and sinter-HIPing
performed at 1400 °C. These peaks correspond to type-M3;W3C secondary carbides, often
labelled as n-phase [1,23,46], where in the present case M mainly refers to Fe and Mn. It
has been reported that, despite their brittleness which may affect fracture toughness when
present in relevant amount, M3W3C carbides can be beneficial in preventing WC grain
growth. During high-temperature consolidation processes, WC particles decompose into
W and C atoms that diffuse into the binder and react with elements to create the M3W;3C
phase. The subsequent low atomic mobility within the HEA matrix restricts back diffusion
and reprecipitation toward undissolved larger WC particles, thus inhibiting any substantial
grain growth of the WC phase [23]. Careful analysis of the microstructure supported by
the XRD results enabled confirmation that the s phase was absent from the samples, in
agreement with the hypothesis of low elemental diffusivity in the HEA binder, despite the
fairly slow cooling rate from the sinter-HIP temperature.

Hardness tests performed on the WC-HEA2-4 bar samples are plotted in Figure 15
together with comparative data collected from the literature for WC-12Co hardmetal
conventionally sintered [44] or consolidated by binder jetting additive manufacturing [45].
Unpublished data for WC-based hardmetals manufactured with Co-bearing and Co-free
HEAs (Al 5CoCrCuFeNi and Aly sCrCuFeMnNi) are also provided.
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Figure 15. Comparison chart of hardness for the investigated HEA2_4 samples, with data related to
other hardmetals (Adapted from Refs. [44,45]).

Further information about grain size and relative density for the same group of mate-
rials, as well as results for the WC-HEA compositions studied in [34] are summarized in
Table 3. Despite the possible discrepancies arising from the comparison of different batches
of alloys, which were also processed according to different routes, the data highlight the
high hardness achieved by the proposed HEA 2_4 alloy in comparison with both WC-12Co
and other WC-HEA hardmetals presented in the literature. Finally, it must be mentioned
that no evidence of crack development was found at the edges of Vickers’ indentations,
which could suggest a brittle behavior of the investigated WC-HEA hardmetals.

4. Conclusions

In this study a design approach based on CALPHAD modeling is proposed to
define a Co-free binder based on a high-entropy alloy (HEA) composition with an
FCC-dominant structure, The proposed Co-free HEA, resulting in the formulation
AlsCr5CuygFessMnygNiss (at%), was subsequently atomized into an experimental small
batch of powder, blended with WC by mechanical milling, and consolidated via sinter-HIP
to preliminarily evaluate its microstructure, phase stability, and hardness, in view of future
and more extensive validation as a binder for WC-based hardmetals.

The atomized particles exhibited a predominantly spherical morphology with a den-
dritic internal structure. XRD confirmed the main presence of an FCC phase, with a minor
fraction of a BCC phase rich in Al at the interdendritic regions. Elemental analysis showed a
slight deviation from the nominal composition, attributed to partial evaporation of Mn and
Cu during remelting, and slight surface oxidation presumably induced during atomization.
The shift in the overall powder composition was such that no substantial difference in
phase stability was expected.

The proposed WC-12HEA composite featured a microstructure containing two types of
porosity: occasional large pores with size exceeding few tens of micrometers and micropores
within the micrometer and sub-micrometer range. No coarse-grained zones were observed
in the WC phase, suggesting the HEA’s grain-growth inhibition effect. Non-uniform
distribution of the metallic phase was detected, with localized segregation of Cr and Fe
supposedly due to uneven distribution of the WC particles during powder milling.

XRD analysis of the sintered composite confirmed the dominant presence of WC,
along with FCC and M3W3C phases (with M mainly representing Fe and Mn), indi-
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cating the effects of a thermally induced interaction between WC and the binder alloy
during processing.

Hardness measurements demonstrated a substantial improvement over conventional
WC-12Co and previously reported WC-HEA composites, highlighting the potential of the
proposed alloy for advanced applications. This increase may be attributed to enhanced
binder hardness and the suppression of WC grain growth during sintering.
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