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Abstract: This paper focuses on the study of the structure and mechanical properties of CoCrCuyFeNi
high-entropy alloys and their adhesion to single diamond crystals. CoCrCuxFeNi alloys were
manufactured by the powder metallurgy route, specifically via mechanical alloying of elemental
powders, followed by hot pressing. The addition of copper led to the formation of a dual-phase
FCC + FCC2 structure. The CoCrCugsFeNi alloy exhibited the highest ultimate tensile strength
(1080 MPa). Reductions in the ductility of the CoCrCuyFeNi HEAs and the tendency for brittle
fracture behavior were observed at high copper concentrations. The equiatomic alloys CoCrFeNi
and CoCrCuFeNi demonstrated high adhesion strength to single diamond crystals. The diamond
surface at the fracture of the composites having the CoCrFeNi matrix had chromium-rich metal
matrix regions, thus indicating that chromium carbide, responsible for adhesion, was formed at the
composite-diamond interface. Copper-rich areas were detected on the diamond surface within the
composites having the CoCrCuFeNi matrix due to the predominant precipitation of the FCC2 phase
at the interfaces or the crack propagation along the FCC/FCC2 interface, resulting in the exposure of
the Cu-rich FCC2 phase on the surface.

Keywords: high-entropy alloy; powder metallurgy; tensile strength; mechanical properties; dia-
mond; composite

1. Introduction

Developing novel alloys simultaneously characterized by high strength and ductility
is one of the topical problems of modern materials science. A great step forward in that
direction was taken 20 years ago as there emerged the concept of high-entropy alloys
(HEAs), materials consisting of at least five components with concentrations ranging from
5 to 35 at.% [1,2]. The manufacturing of HEAs combines several approaches to the improve-
ment of mechanical properties: solid solution strengthening [3], matrix strengthening by
intermetallic nanoparticles during consolidation or heat treatment [4,5], strengthening due
to the TWIP and TRIP effects, etc. [6,7]. The range of the potential applications of HEAs
is rather wide due to their excellent mechanical properties, as well as resistance to corro-
sion [8], heat [9] and radiation [10], biocompatibility [11,12], hydrogen storage capacity [13],
etc. These features make HEAs stand out among the conventional alloys and also make
them highly in demand in the production of metal-diamond composites for abrasive or
thermoconductive needs. In recent years, a number of works have been published that
reveal the potential of HEAs as a binder for diamond tools, which is associated with a com-
bination of their high strength, ductility and, as a result, high diamond retention strength
and better tool performance [14-18]. Among other positive features, these works show
the possibility of intermediate carbide layer formation, performing a protective function.
As a potential binder material, HEAs compete with the well-known Co-, Fe-Ni-Co-, and
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Fe-Ni-Cu-Sn-based binders [19,20]. Besides the metal-diamond composites, CoCrFeNi
based HEAs are widely used as a matrix for composites, reinforced with SiC particles or
fibers [21-26], Al,O3 particles [27-30], and many others.

Alloys in the Co-Cr-Fe-Ni system are among the best-studied HEAs. In particular,
many researchers have demonstrated that it is possible to manufacture materials with high
strength and ductility in the CoCrFeMnNi (the Cantor alloy) [31-34], AICoCrFeNi [35,36],
and CoCrFeNiV systems [37]. Copper is an ideal candidate for being used as one of the
components of Fe-Co-Ni-Cr-based HEAs because its physical and chemical characteristics
(its atomic radius, melting point, and Young’s modulus) are close to those of Fe, Co, Ni, and
Cr. The high thermal conductivity of copper (~400 W /(m K), being four- to fivefold higher
than that of chromium or the iron triad metals (80-100 W/(m K)), is its other advantage,
which is especially important for metal-diamond composites. Nevertheless, although it is
quite promising to use copper as one of the HEA components, there are many fewer studies
focusing on CoCrCuyFeNi alloys than on their analogs.

A detailed description of the manufacturing technology and the relationship between
the microstructure and mechanical properties of CoCrCu,FeNi HEAs was provided in
refs [38-43]. Unlike other HEAs belonging to the CoCrFeNi family, the mechanical proper-
ties of copper-containing alloys are studied only upon compression, thus precluding one
from drawing an unambiguous conclusion about whether copper is beneficial. The lack
of data on the tensile strength of CoCrCuyFeNi HEAs in the scientific literature suggests
that these alloys are brittle under such testing conditions. The plausible reasons for the
poor mechanical properties of CoCrCuyFeNi HEAs include the formation of a two-phase
dendritic structure in the cast alloys and phase heterogeneity with respect to the chemical
composition due to the low solubility of copper in iron, cobalt, and chromium.

A possible way to solve the problem of manufacturing Co-Cr-Cu-Fe-Ni HEAs that
would exhibit a combination of excellent mechanical properties is to form the non-cast types
of microstructure using alternative technologies for their production (e.g., the methods
based on powder metallurgy). It has been demonstrated in refs. [44—46] that single-phase
CoCrCuyFeNi alloys having a nanocrystalline microstructure can be manufactured employ-
ing mechanically alloyed (MA) powder mixtures as starting materials and consolidation
methods such as hot pressing (HP) or spark plasma sintering (SPS). The advantages of this
technology over casting are as follows. Mechanical alloying can be used to produce solid
solutions from metal powders due to high-energy mechanical impacts (multiple collisions
with grinding bodies in the milling jars) despite the limitations or even the complete ab-
sence of mutual solubility [47]. The HP and SPS methods are used to consolidate powder
materials at temperatures below the melting point of the main components. Therefore, the
nanocrystalline microstructure inherited from the MA powders is preserved.

A number of studies have demonstrated that it is not always possible to obtain a
single-phase material in CoCrCuyFeNi alloys produced using the MA + HP/SPS technol-
ogy. At high copper concentrations and consolidation temperatures, the supersaturated
FCC solid solution is decomposed, and a secondary phase is precipitated; this phase is
also a solid solution with an FCC structure [48], with copper being the predominant com-
ponent. Shkodich et al. [45] experimentally determined the solubility limit of copper in
the CoCrFeNi FCC solid solution with an equiatomic component ratio; it was 9 at. %.
There currently are different opinions as to whether the secondary FCC phase is desirable
or not [49,50]. Therefore, it would be interesting to study the properties of HEAs in the
Co-Cr-Cu-Fe-Ni system with different copper contents, which allows one to produce both
single- and dual-phase HEAs. Another important part of this work is the study of the
interaction of CoCrCuxFeNi HEAs with a single diamond crystal, in particular, the effect of
copper on adhesion.

An objective of this study was to investigate the mechanical properties of CoCrCuyFeNi
HEAs manufactured by MA and HP, as well as the features of deformation and fracturing
of metal-diamond composites containing binders based on these alloys.
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The effect of the grain size of MA powders on the mechanical properties of HEAs was
analyzed. The novelty of the work lies in determining the optimal copper concentration
and creating a specific two-phase microstructure, which allows achieving high strength at
tensile loads.

2. Materials and Methods

Carbonyl iron powder of VK-3 grade (Sintez-CIP LLC, Dzerzhinsk, Russia) with an
average particle size of 9 um and impurity content < 0.3 wt.%, carbonyl nickel powder
of PNK-UT3 grade (Kola Mining and Metallurgical Company, Moscow, Russia) with an
average particle size of 10 um and impurity content < 0.06 wt.%, reduced cobalt powder
of PK-1U grade (Hanrui Cobalt Ltd., Nanjing, China) with an average particle size of
1.2 pm and impurity content < 0.03%, electrolytic chromium powder of PM-ERKh grade
(JSC Polema, Tula, Russia) with an average particle size of 80 pm and impurity content of
0.05 wt.%, and electrolytic copper powder of PMS-1 grade (JSC Uralelectromed, Verkhnyaya
Pyshma, Russia) with an average particle size of 24 pm and impurity content of 0.12 wt.%
were used as starting materials. Single-crystal diamond powder with a particle size of
40/45 mesh was employed for producing diamond-based composites. Co, Cr, Fe, and Ni
powders were mixed in the equiatomic ratio. Copper was added at an amount of 50 and
100% of the equiatomic content.

The powders were mixed in an Activator-2SL planetary ball mill (PBM) with steel
grinding media (rotation frequency, 694 min !, centrifugal factor, 90 g; ball-to-powder ratio,
15:1; treatment duration, 5-30 min). In order to prevent oxidation of the green mixture
during mixing, the jars were filled with argon (99.998% purity). This treatment of elemental
powders yielded composite powders in the form of coarse agglomerated particles. For
grinding them, the mixture supplemented with 10 wt.% isopropanol was subjected to
additional treatment in the same mode for 3 min. Diamonds were added to the resulting
powder mixture using a Turbula laboratory mixer (mixing time, 3 h).

The grain size distribution of the powder mixtures was measured on an Analysette 22
MicroTec plus laser diffraction particle size analyzer (Fritsch, Idar-Oberstein, Germany).

Compact samples (diameter, 50 mm; height, 5 mm) were prepared from the Co-Cr-
Cu-Fe-Ni powder mixtures by hot pressing in a graphite mold on a DSP-515 SA setup (Dr.
Fritsch, Fellbach, Germany) in a regime typical for metal-diamond composites manufactur-
ing [51,52]: compaction pressure, 35 MPa; time of exposure to the maximum temperature,
3 min. A higher maximum temperature, 1100 °C, was chosen to intensify the shrinkage
processes at hot pressing.

Samples for tensile testing (flat samples with a total length of 50 mm and dimensions
of the working part being 20 x 5 x 2 mm) were cut out of the hot-pressed preforms by
electrical discharge sawing.

The density of the sintered samples was measured by hydrostatic weighing on a
GR-202 analytical balance (AND, Tokyo, Japan) with a 10~* g accuracy. The porosity P of
the samples was calculated using Formula (1):

P=1— (0nyd/0) D

where gpyq is the hydrostatic density, g/ cm?; and ¢ is the density of alloys, g/cm?.

The Vickers hardness of the hot-pressed samples was measured on an HVS-50 hardness
testing machine at a load of 100 N. The tensile tests were carried out using an Instron 5966
universal testing machine (Instron, Norwood, MA, USA) with a constant displacement rate
of 1 mm/min. The Young’s modulus and ultimate tensile strength (UTS) were calculated
from the stress-strain curves using the Bluehill software.

X-ray diffraction (XRD) analysis was carried out on an automated DRON 4-07 X-ray
diffractometer (LNPO Burevestnik, St. Petersburg, Russia) using monochromatic Co-Ko
radiation in the Bragg—Brentano geometry with a step of 0.1°, exposition time of 3 s and
range of the test angle of 30-120°. A graphite monochromator was employed for the
monochromatization of radiation. The obtained patterns were processed using the software
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package developed in NUST MISIS [53]; in this case, the phase composition of the samples
and the lattice periods were determined with a relative accuracy of 0.0015. Semiquantitative
analysis of phase composition, based on the Rietveld refinement method, was carried out
using the software package.

The structure of powdered and compacted materials was studied by scanning electron
microscopy on an S-3400N microscope (Hitachi, Tokyo, Japan) equipped with a NORAN
energy-dispersive X-ray spectrometer (EDX).

3. Results
3.1. Manufacturing of MA Powder Mixtures

Coarse agglomerated particles were formed from elemental metal powders during the
mechanical alloying of Co-Cr-Fe-Ni and Co-Cr-Cu-Fe-Ni powder mixtures. All the used
components were ductile, so the structure formation upon MA of powder mixtures took
place via the mechanism typical of the “ductile-ductile” systems: upon impact interactions
of grinding media, particles were deformed to give rise to new oxide-free surfaces, which
formed strong van der Waals bonds with each other [54]. The features of structure forma-
tion are discussed in detail for the Co-Cr-Cu-Fe-Ni system (Figure 1). Deformation and
agglomeration of initial particles took place during the initial stage of MA. The structure
of agglomerates contained easily discernible layers of initial elements. Their thickness,
measured by the intercept method, depended on the size of the starting powders and
reached 3-5 um for Fe, Co, and Ni and 20-30 um for Cr and Cu (Figure 1a). No extensive
dissolution of the components was observed, as indicated by the XRD peaks belonging to
the corresponding elements (Figure 2, Table 1).

C‘b/C/Ququ/

(0 (d)

Figure 1. The microstructure of particles of the Co-Cr-Cu-Fe-Ni powder mixtures after MA for 5 (a),
10 (b), 15 (c), and 30 min (d).
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Figure 2. The XRD patterns of the Co-Cr-Cu-Fe-Ni powder mixtures after MA for 5, 10, 15, and
30 min.

T T

Table 1. Phase composition (wt.%) of Co-Cr-Cu-Fe-Ni powder mixtures after MA for 5, 10, 15, and

30 min.
. Cr/«-Fe Co Ni Cu FCC
MA Duration 21 hP2/1 CF4/1 CF4/1 cF4/1
5 min 15 7 30 2 2
10 min 12 3 27 20 38
15 min 10 i 21 14 55
30 min 5 ; ) ; 95

Gradual structure homogenization of composite granules (declining thickness and
more chaotic arrangement of the component layers) took place with increasing duration
of MA (Figure 1b,c). This stage was characterized by the complete dissolution of the
components that had been added as highly dispersed powders (cobalt), as well as by the
formation of solid solutions, as indicated by the merging of the XRD peaks belonging to
copper and nickel (Figure 2).

Mechanical alloying for 30 min yielded powders with a homogeneous structure
(Figure 1). The XRD examination of this powder revealed that it contained only the FCC
solid solution having an FCC lattice (lattice parameter a = 0.3609 nm) and a small amount
of bec phase, which is more likely chromium since the chromium powder used is larger
than other powders. Therefore, for its complete dissolution, a longer processing time is
required.

3.2. Grinding of Powders and Determining Their Granulometric Composition

In order to intensify the compaction processes occurring during hot pressing, the MA
powder mixtures of each composition were subjected to refinement. For this purpose, they
were further treated in the PBM in the presence of 10% isopropyl alcohol. Figure 3a,b
shows that this treatment allowed one to significantly reduce the average grain size and
obtain a narrow-fraction powder, as exemplified by differential particle size distribution
curves of the Co-Cr-Cu-Fe-Ni powder mixtures. The De Brouckere mean diameter D[4,3] of
MA Co-Cr-Cu-Fe-Ni powders was 96-194 um, and the agglomeration tendency increased
with higher copper concentrations (Table 2). Treatment of powder mixtures in the presence
of alcohol made it possible to reduce the average particle size five- to tenfold due to the
adsorption-induced reduction in strength when cracks on the particle surface and other
microroughness regions contained liquid.



Materials 2023, 16, 1285

6 of 16

dQ, %

50
40
30
4|4' d, ym 20 |f
Presssssssnasss

Q,\:,Q‘)(Q@Q%B/\Q%QQQQQ,\Q Q%Q'\@beQ/\Q QQQQQ

[%] 100 -
90 /

80

—CoCrFeNi Series 1
------- CoCrCu0.5FeNi Series 1
----CoCrCuFeNi Series 1

——CoCrFeNi Series 2
CoCrCu0.5FeNi Series 2
----CoCrCuFeNi Series 2

0 200 400 600 800 1000 d, pm
(a) (b)

Figure 3. The differential particle size distribution curves of the CoCrCuFeNi powder mixtures before
(orange) and after (blue) grinding (a) and integral particle size distribution curves of CoCrCuxFeNi
powder mixtures (b).

Table 2. The particle size distribution of the CoCrCuyFeNi powder mixtures.

Composition D50, pum D90, um D(4,3), um
Series 1 (coarse-grained mixture)
CoCrFeNi 61.0 231.8 96.64
CoCrCugsFeNi 133.0 4483 189.01
CoCrCuFeNi 151.7 437.2 194.53
Series 2 (fine-grained mixture)

CoCrFeNi 18.9 415 22.04
CoCrCugsFeNi 13.7 22.8 13.91
CoCrCuFeNi 16.5 39.1 23.28

Below, the compact CoCrCuyFeNi samples produced from coarse-grained and fine-
grained powders will be denoted “Series 1” and “Series 2”, respectively.

3.3. Studying the Mechanical Properties and Structure of HEAs

Compact samples were produced from Series 1 and 2 powder mixtures, and their
mechanical properties were studied (Table 3). The two sample series differed significantly
in terms of hardness, ultimate tensile strength, and ductility. Porosity was one of the key
factors affecting the mechanical properties. According to Equation (1), the porosity of the
Series 1 samples was 8.5-9.8%, while the Series 2 samples had a nearly twice lower porosity
(3.8-4.9%). This difference can be attributed to the fact that fine-grained powders allow
one to intensify shrinkage during sintering. Another advantage related to the use of fine-
grained powders is that interparticle pores of smaller diameter and near-spherical shape
are formed upon their consolidation, which has a beneficial effect on tensile strength [55].

Both series of samples were characterized by the extremal dependence of hardness on
copper content; the maximum hardness was observed at a concentration equal to 0.5 of the
equiatomic content. Further increases in copper content reduced hardness because of the
structural features of the CoCrCuyFeNi alloys.

Unlike in the single-phase CoCrFeNi alloy (Figure 4a,b), the FCC2 secondary phase
was formed in CoCrCug5FeNi and CoCrCuFeNi alloys; identically to FCC, this phase was
a solid solution with an FCC crystal lattice. The presence of the FCC2 phase in the XRD
patterns of these alloys was confirmed by low-intensity peaks located at smaller 26 angles
with respect to the peaks of the initial FCC phase (Figure 5).
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Table 3. The mechanical properties of hot-pressed CoCrCuxFeNi HEA samples produced from
powder mixtures of different grain sizes.

Composition Porosity, % Hardness, HV UTS, MPa g, %
Series 1
CoCrFeNi 94 +0.5 188 +4 830 £+ 10 27+£02
CoCrCuq 5FeNi 9.8 £0.4 290+ 5 400 + 10 0.35 £ 0.08
CoCrCuFeNi 85+04 262 + 4 580 + 10 0.35 + 0.06
Series 2
CoCrFeNi 39+05 282 +4 930 + 20 15.0 £ 0.8
CoCrCugsFeNi 49+0.5 372+5 1080 £ 10 1.3+0.1
CoCrCuFeNi 3.8+0.3 327 £5 940 £+ 10 22+01

()

Figure 4. The microstructures of the hot-pressed CoCrFeNi (a,b), CoCrCugsFeNi (c,d), and CoCr-
CuFeNi (e, f) samples. Series 1 samples: (a,c,e). Series 2 samples: (b,d,f).
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Figure 5. The XRD patterns of the hot-pressed CoCrCuyFeNi HEA samples.

As copper concentration rose to become equiatomic, the content of the FCC2 phase in
the alloy increased, which can be seen from the increasing intensity of the peaks of this phase
in XRD patterns. The XRD data correlate well with the microstructure of CoCrCug sFeNi
and CoCrCuFeNi alloys. The FCC2 phase is represented as light-grey grains of irregular
shape. The amount of FCC2 grains increases at higher Cu concentrations (Figure 4c—f), as it
appears from a larger fraction of white-contrast FCC2 phase in the microstructure image
(Figure 4e,f).

The chemical composition of the FCC2 phase (86% Cu, 7% Ni, 3% Fe, 3% Co, 1% Cr)
was identified by EDX. The fact that copper was the predominant element allows one to
put forward a hypothesis that this phase was soft and ductile, so alloy hardness decreased
as its content rose.

Figure 6 shows the stress—strain curves of the CoCrCu,FeNi alloys manufactured from
Series 1 and 2 powders.

o, MPa 200 ) )
CoCrCug sFeNi Series 2
1000 = CoCrCuFeNi Series 2 CoCrFeNi Series 2
i,"-(fE)CrFeNi Series
800 E .......................................................
r—‘ T CoCrFeNi Series 1
600 1 ;/~ CoCrCu,sFeNi Series 1
600 500 1 AN A
: CoCrCuFeNi Series 1
H H : 400 :
00 i[f 300 1
I £ 200 -
200 i £ 100 4
: : : 0
: 0 02 04 06 08 1
| I I WA

0 5 10 15 20 €& %

Figure 6. The stress—strain curves for the CoCrCuyFeNi alloys manufactured from coarse- and fine-
grained powders and the zoomed-in view of the curves for Series 1 samples in the elastic strain range
(inset).

The compact Series 1 samples were characterized by extremely low ultimate strength
and tensile elongation. The four-component CoCrFeNi alloy had the best combination
of properties among these samples: UTS = 830 MPa and ¢ = 2.7%. Doping with copper
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significantly reduced the alloy ductility. The CoCrCugsFeNi and CoCrCuFeNi alloys were
fractured at low loads without reaching the plastic deformation stage.

All the Series 2 samples exhibited high tensile strength (930-1080 MPa). The four-
component CoCrFeNi alloy was also characterized by high ductility (15%). The CoCrCugsFeNi
alloy had the maximum ultimate tensile strength. As copper concentration was increased
to the equiatomic ratio with other components, the strength of the alloy decreased while its
ductility slightly increased.

The key factors regulating the behavior of CoCrCuyFeNi alloys under tensile loads
obviously include residual porosity, solid-solution strengthening of the FCC phase by
copper, and the single-phase/two-phase type of the structure.

The elimination of residual porosity by intensifying the shrinkage processes upon hot
pressing due to the use of fine-grained MA powders undoubtedly has a significant effect
on the mechanical properties of the alloys. Figure 4 demonstrates that the Series 1 and 2
samples differed in terms of pore size and shape. In Series 1 samples, the pore size reached
20 um; their surface was wedge-shaped, which negatively affected mechanical properties
since, in this case, pores acted as stress concentration points and crack propagation channels.
Exclusively submicron-sized pores having a predominantly spherical shape (Figure 4a)
were observed in Series 2 samples; their volumetric content was <5%.

In the CoCrCugsFeNi and CoCrCuFeNi alloys, the beneficial effect of solid-solution
strengthening by copper was cancelled by embrittlement due to the precipitation of the
secondary phase in the form of elongated FCC2 phase grains. The copper content in the
CoCrCuysFeNi alloy was close to its solubility limit in the FCC phase, due to which the
maximum strength was attained. A small excess amount of copper was spent to form
the FCC2 secondary phase. The content of this phase rose with an increasing copper
concentration in the CoCrCuFeNi alloy, being a potential reason for the loss of strength.

A fractographic examination was carried out to study the effect of the FCC2 phase on
the mechanical properties and behavior of the CoCrCu,FeNi alloys under tensile loading.

The fracture surfaces typical of the CoCrFeNi alloy had a homogeneous faceted
structure, indicative of the ductile fracture behavior of the alloy, including the FCC phase.
The average facet size was 400 nm (Figure 7a).

The fractographic examination of the CoCrCug sFeNi alloy demonstrated that fracture
behavior can be described as the combined mode, where the brittle mode is dominating
(Figure 7b). The largest portion of the fracture surface also contained sharp-edged facets,
demonstrating that substantial plastic deformation took place in the FCC phase before
fracturing. There were also larger areas (sized 5-10 um) with flat faces along which brittle
spalling occurred. The chemical composition of these areas cannot be accurately identified
because of the rugged fracture topography. However, the size of spalled spots roughly
corresponded to that of the FCC secondary phase precipitates, which allows one to make
inferences about their effect on the tendency of Cu-containing alloys for brittle fracture
behavior. The absence of roughness, slip bands or slip steps within the spalled spots is
indicative of the intercrystallite mechanism of main crack propagation; i.e., it was most
likely that the alloy fracturing occurred along the FCC/FCC2 interface.

As copper concentration, the FCC2 phase content, and the specific surface area of the
interface increased, the fracture behavior became predominantly brittle. The fracture had a
smoother surface; the spalled spots were more than 10 um in size (Figure 7c). The content
of facets in the fracture structure was low, suggesting that the crack propagated along the
FCC/FCC2 interface.
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Figure 7. The microstructures of fractures in the CoCrFeNi (a), CoCrCug sFeNi (b), and CoCrCuFeNi
alloys (c). (The areas highlighted by the yellow rectangles show enlarged images of fractures).

3.4. Manufacturing of Metal-Diamond Composites and Assessing Adhesion between the Binder
and Diamond Single Crystal

Metal-diamond composites were manufactured from powders of equiatomicCoCr-
FeNi and CoCrCuFeNi HEAs. Only the Series 2 fine-grained powders were used for this
purpose as they allow obtaining a metal matrix with the highest mechanical properties.
The adhesion between the matrix and diamond single crystal, as well as the effect of copper,
were assessed according to the fracture behavior and chemical composition of the areas of
the metal matrix adhered to the diamond surface after sample degradation.

In accordance with the conventional views of composite material degradation upon de-
formation, the main crack is expected to propagate in the least strong structural component
or along the weakest interface.

The metal-diamond composites were characterized by high adhesion between the
matrix and the single diamond crystal for both HEAs. Figures 8a and 9a indicate that the
main crack was propagating not only along the metal-diamond interface (which seems to
be the most vulnerable area in the composite) but also in the grain body of some single
crystals. Furthermore, the matrix tightly adjoined the diamond single crystal without any
gaps (Figure 8b). This fact demonstrates that adhesion strength at the metal-diamond
interface formed by van der Waals forces and chemical interactions between the structural
components was comparable to the strength of a single diamond crystal.
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Figure 8. An image of the fracture in the metal-diamond composite with the CoCrFeNi matrix (a); an
image of the surface of single-crystal diamond (b); and the spectrum recorded for the area enclosed
by a yellow rectangle (c). The chemical composition is shown after subtracting the signal belonging
to carbon.

An EDX study of the fractured diamond surface revealed that chromium was the
predominant element in the areas of the adhered matrix (Figure 8b,c). It is known that
chromium, among all metals contained in the alloy, has the highest affinity for carbon and
a tendency to form carbides. It was shown in [51] that chromium, uniformly distributed in
an Fe-Co-Ni-Cr powder mixture, forms an intermediate carbide layer at the metal-diamond
interface at sintering. Probably, a similar carbide formation also takes place during the hot
pressing of diamond with a high-entropy CoCrCuFeNi matrix.

The fracturing of the composites based on the five-component CoCrCuFeNi HEA
occurred via a similar mechanism. The predominantly transcrystallite fracturing of the dia-
mond is indicative of high adhesion strength at the metal-diamond interface (Figure 9a). A
more thorough examination of the interface revealed matrix detachment from the diamond
(gaps). Their emergence was associated with the low ductility of the CoCrCuFeNi HEA
and low residual strain before fracturing (Figure 9b).

Numerous regions with an adhered matrix sized ~10 um were detected on the surface
of non-fractured diamonds. An analysis of the EDX spectra recorded for these regions
revealed that they were rich in both chromium and copper (Figure 9c). The presence of
copper in the areas adjacent to the diamond was quite unexpected since copper does not
possess mutual solubility with carbon, chromium, or chromium carbide [56].
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Figure 9. An image of the fracture in the metal-diamond composite with the CoCrCuFeNi matrix
(a); an image of the surface of a single diamond crystal (b), and the spectrum recorded for the area
enclosed by a yellow rectangle (c). The chemical composition is shown after subtracting the signal
belonging to carbon.

The feature of the trajectory of the main crack upon fracturing of the CoCrCuFeNi
dual-phase HEAs is the most plausible reason why copper content was increased in the
matrix regions on the diamond surface. Previously, a study focusing on the fracturing
of the CoCrCuFeNi alloy has shown that the crack was intercrystallite and propagated
along the FCC/FCC2 interface. This fracture mechanism also remained predominant when
the alloy contained single diamond crystals. The increased copper content in the areas of
the adhered matrix on the diamond was observed when the crack propagated along the
FCC/FCC2 interface, thus exposing the FCC2 grains to the fracture surface (Figure 10).
Another explanation for the increased copper content on the surface of diamond grains
can be related to the features of structural component distribution in the metal-diamond
composite. The FCC2 phase was formed due to the fracturing of the supersaturated solid
solution FCC during hot pressing, which predominantly occurred at the grain boundaries
of the initial composite particles of the CoCrCuFeNi alloy manufactured by MA, as shown
in Figure 5. Therefore, the binder—diamond interface was also an area of predominant
precipitation of the copper-based phase FCC2, explaining why the copper content on the
surface of diamond grains at fractures in the metal-diamond composite was increased.
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Figure 10. A schematic diagram of the crack trajectory in the metal-diamond composite with
CoCrCuFeNi binder.

4. Conclusions

1.

CoCrCuyFeNi alloy powders with a homogeneous structure and near-100% content of
the FCC solid solution of all the components have been manufactured by mechanical
alloying.

Compact samples of CoCrCuxFeNi HEAs have been produced using two series of
powders: coarse-grained (D[4,3] = 96-194 um) and fine-grained (D[4,3] = 13-23 um).
The use of fine-grained powders allows one to reduce the residual porosity of the
compact samples manufactured by hot pressing twofold, thus improving the strength
and ductility of HEAs.

The CoCrCugsFeNi alloy manufactured from fine-grained powders exhibited the
highest strength (1080 MPa). The maximum solid-solution strengthening of the
matrix based on the FCC phase was attained at this atomic ratio between components,
while the concentration of the undesirable FCC2 secondary copper-based phase
(composition: 86% Cu, 7% Ni, 3% Fe, 3% Co, and 1% Cr) was no higher than 5%.

A reduction in the ductility of the CoCrCuyFeNi HEA was observed as the copper
concentration in the alloy increased. A possible reason was the low strength of the
boundary between the initial FCC phase and the FCC2 secondary phase.

The equiatomic alloys CoCrFeNi and CoCrCuFeNi were characterized by high adhe-
sion strength to single diamond crystals. The diamond surface at the fracture of the
composites having the CoCrFeNi matrix had chromium-rich metal matrix regions,
thus indicating that chromium carbide was formed at the composite-diamond inter-
face. Copper-rich binder areas were detected on diamonds within the composites
having the CoCrCuFeNi matrix. The reasons behind that were as follows: the predom-
inant precipitation of the FCC2 phase at the interfaces, the crack propagating along
the FCC/FCC2 interface, and exposure of the Cu-rich FCC2 phase on the surface.

Author Contributions: Conceptualization, P.A.L. and E.A.L.; methodology, PA.L., AD.F.and A A.Z;
formal analysis, PA.L. and A.A.Z; investigation, PA.L., AD.E,SKM., OSM., A AZ,AS.A., SIR.
and E.A.L.; writing—original draft preparation, P.A.L.; writing—review and editing, P.A.L. and
E.A.L,; visualization, P.A.L. and S.K.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Russian Science Foundation, grant number “22-79-10144".

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Materials 2023, 16, 1285 14 of 16

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Cantor, B. Multicomponent and high entropy alloys. Entropy 2014, 16, 4749-4768. [CrossRef]

2. Yeh,].-W,; Chen, S.-K; Lin, S.-].; Gan, J.-Y.; Chin, T.-S.; Shun, T.-T.; Tsau, C.-H.; Chang, S.-Y. Nanostructured high-entropy alloys
with multiple principal elements: Novel alloy design concepts and outcomes. Adv. Eng. Mater. 2004, 6, 299-303. [CrossRef]

3.  Gao, Y. High Entropy Alloys: Solid Solution Strengthening. In Encyclopedia of Materials: Metals and Alloys; Francisca, G.C., Ed.;
Elsevier: Amsterdam, The Netherlands, 2022; Volume 2, pp. 435-440.

4. Lim, KR.;Kwon, HJ.; Kang, ].-H.; Won, ].W.; Na, Y.S. A novel ultra-high-strength duplex Al-Co—Cr-Fe-Ni high-entropy alloy
reinforced with body-centered-cubic ordered-phase particles. Mater. Sci. Eng. A 2022, 771, 138638. [CrossRef]

5. Yen, S.; Liu, Y.; Chu, S.; Chang, C.; Lin, S.; Tsai, M.-H. B2-strengthened Al-Co-Cr-Fe-Ni high entropy alloy with high ductility.
Mater. Lett. 2022, 325, 132828. [CrossRef]

6.  Povolyaeva, E.; Mironov, S.; Shaysultanov, D.; Stepanov, N.; Zherebtsov, S. Outstanding cryogenic strength-ductility properties of
a cold-rolled medium-entropy TRIP Fegs(CoNi)y5Cr9 5C 5 alloy. Mater. Sci. Eng. A 2022, 836, 142720. [CrossRef]

7. Wu, X,; Mayweg, D.; Ponge, D.; Li, Z. Microstructure and deformation behavior of two TWIP/TRIP high entropy alloys upon
grain refinement. Mater. Sci. Eng. A 2021, 802, 140661. [CrossRef]

8. Zhu, Q; Liu, Y,; Zhang, C. Laser cladding of CoCrFeNi high-entropy alloy coatings: Compositional homogeneity towards
improved corrosion resistance. Mater. Lett. 2022, 318, 132133. [CrossRef]

9.  Yurchenko, N.; Panina, E.; Zherebtsov, S.; Stepanov, N. Oxidation behaviour of eutectic refractory high-entropy alloys at 800-1000
°C. Corros. Sci. 2022, 205, 110464. [CrossRef]

10. Zhao, S.; Chen, L.; Xiao, H.; Huang, J.; Li, Y;; Qian, Y.; Zheng, T.; Li, Y,; Cao, L.; Zhang, H.; et al. Phase transformation and
amorphization resistance in high-entropy MAX phase M2SnC (M = Ti, V, Nb, Zr, Hf) under in-situ ion irradiation. Acta Mater.
2022, 238, 118222. [CrossRef]

11.  Chen, X,; Lu, Q.; Gao, Y,; Tian, W.; Wang, H.; Zhou, H.; Fu, S.; Liu, P,; Wang, X,; Jiang, T.; et al. Bidirectional improvement of
strength and ductility of CoCrFeNiTi (CogoCrygFessNigTi;) high-entropy alloys suitable for coronary stents. J. Mater. Res. Technol.
2022, 18, 1934-1946. [CrossRef]

12. Edalati, P; Floriano, R.; Tang, Y.; Mohammadi, A.; Pereira, K.D.; Luchessi, A.D.; Edalati, K. Ultrahigh hardness and biocompati-
bility of high-entropy alloy TiAlFeCoNi processed by high-pressure torsion. Mater. Sci. Eng. C 2020, 112, 110908. [CrossRef]
[PubMed]

13. Liu,J.; Xu, J.; Sleiman, S.; Ravalison, F.; Zhu, W.; Liu, H.; Cheng, H.; Huot, ]. Hydrogen storage properties of V¢ 3Tig 3Crg 25Mng 1 Nbg o5
high entropy alloy. Int. J. Hydrogen Energy 2022, 47, 25724-25732. [CrossRef]

14. Peng, Y.; Wang, H.; Li, Q.; Wang, L.; Zhang, W.; Zhang, L.; Guo, S.; Liu, Y,; Liu, S.; Ma, Q. Effect of Mo on interdifussion behaviors
and interfacial characteristics in multicomponent diffusion couple of FeCoCrNi high entropy alloys and diamond. Mater. Des.
2022, 215, 110522. [CrossRef]

15. Mueller-Grunz, A.; Alveen, P; Rassbach, S.; Useldinger, R.; Moseley, S. The manufacture and characterization of WC-
(Al)CoCrCuFeNi cemented carbides with nominally high entropy alloy binders. Int. J. Refract. Met. Hard Mater. 2019, 84, 105032.
[CrossRef]

16. Peng, Y.; Kong, Y.; Zhang, W.; Zhang, M.; Wang, H. Effect of diffusion barrier and interfacial strengthening on the interface
behavior between high entropy alloy and diamond. J. Alloys Compd. 2021, 852, 157023. [CrossRef]

17.  Zhang, W.; Zhang, M.Y,; Peng, Y.B.; Wang, L.; Liu, Y.; Hu, S.H.; Hu, Y. Interfacial structures and mechanical properties of a high
entropy alloy-diamond composite. Int. J. Refract. Met. Hard Mater. 2020, 86, 105109. [CrossRef]

18. Zhang, Z.; Zhang, ].; Zhang, M.; Peng, P. First-principles calculations on brazed diamond with FeCoCrNi high entropy alloys
doped with strong carbide-forming elements. Solid State Commun. 2022, 357, 114980. [CrossRef]

19. Konstanty, . Diamond Tool Design and Composition. In Powder Metallurgy Diamond Tools; Elsevier: Oxford, UK, 2005; pp. 39-68.

20. Mechnik, V.A,; Bondarenko, M.O.; Kolodnitskyi, V.M.; Zakiev, V.I.; Zakiev, LM.; Kuzin, M.O.; Gevorkyan, E.S. Influence of
diamond-matrix transition zone structure on mechanical properties and wear of sintered diamond-containing composites based
on Fe-Cu-Ni-Sn matrix with varying CrB, content. Int. ]. Refract. Met. Hard Mater. 2021, 100, 105655. [CrossRef]

21. Gu, Y.-L;Yi,M.-L,; Chen, Y,; Tu, ].; Zhou, Z.-M.; Luo, J.-R. Effect of the amount of SiC particles on the microstructure, mechanical
and wear properties of FeMnCoCr high entropy alloy composites. Mater. Charact. 2022, 193, 112300. [CrossRef]

22. Wu,J,; Qiu, H.; Zhu, H.; Xie, Z.; Chen, J. Microstructure and mechanical behaviors of in-situ SiC particle reinforced Fe, 5CoNiCu
high-entropy alloy composites. Mater. Lett. 2022, 311, 131495. [CrossRef]

23.  Shen, L.; Zhao, Y.; Li, Y.; Wu, H.; Zhu, H.; Xie, Z. Synergistic strengthening of FeCrNiCo high entropy alloys via micro-TiC and
nano-SiC particles. Mater. Today Commun. 2021, 26, 101729. [CrossRef]

24. Wang, G; Yang, Y.; He, R.; Tan, C.; Huttula, M.; Cao, W. A novel high entropy CoFeCrNiCu alloy filler to braze SiC ceramics. J.
Eur. Ceram. Soc. 2020, 40, 3391-3398. [CrossRef]

25. Wang, J.; Yang, H.; Huang, H.; Ruan, J.; Ji, S. Microstructure and mechanical properties of SiC whisker reinforced CoCrNi medium
entropy alloys. Mater. Lett. 2019, 254, 77-80. [CrossRef]

26. Rogal, L; Kalita, D.; Tarasek, A.; Bobrowski, P.; Czerwinski, F. Effect of SiC nano-particles on microstructure and mechanical

properties of the CoCrFeMnNi high entropy alloy. J. Alloys Compd. 2017, 708, 344-352. [CrossRef]


http://doi.org/10.3390/e16094749
http://doi.org/10.1002/adem.200300567
http://doi.org/10.1016/j.msea.2019.138638
http://doi.org/10.1016/j.matlet.2022.132828
http://doi.org/10.1016/j.msea.2022.142720
http://doi.org/10.1016/j.msea.2020.140661
http://doi.org/10.1016/j.matlet.2022.132133
http://doi.org/10.1016/j.corsci.2022.110464
http://doi.org/10.1016/j.actamat.2022.118222
http://doi.org/10.1016/j.jmrt.2022.03.084
http://doi.org/10.1016/j.msec.2020.110908
http://www.ncbi.nlm.nih.gov/pubmed/32409062
http://doi.org/10.1016/j.ijhydene.2022.06.013
http://doi.org/10.1016/j.matdes.2022.110522
http://doi.org/10.1016/j.ijrmhm.2019.105032
http://doi.org/10.1016/j.jallcom.2020.157023
http://doi.org/10.1016/j.ijrmhm.2019.105109
http://doi.org/10.1016/j.ssc.2022.114980
http://doi.org/10.1016/j.ijrmhm.2021.105655
http://doi.org/10.1016/j.matchar.2022.112300
http://doi.org/10.1016/j.matlet.2021.131495
http://doi.org/10.1016/j.mtcomm.2020.101729
http://doi.org/10.1016/j.jeurceramsoc.2020.03.044
http://doi.org/10.1016/j.matlet.2019.07.033
http://doi.org/10.1016/j.jallcom.2017.02.274

Materials 2023, 16, 1285 15 of 16

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Yang, S.; Zhang, Y.; Yan, X.; Zhou, H.; Pi, J.; Zhu, D. Deformation twins and interface characteristics of nano-Al,O3 reinforced
Alg 4FeCrCoq 5NiTig 3 high entropy alloy composites. Mater. Chem. Phys. 2018, 210, 240-244. [CrossRef]

Luo, X.; Yang, L.; Zhao, AW.; Lu, WJ,; Gan, B,; Yang, Y.Q. Al,O3; nanoparticle reinforced heterogeneous CrCoNi-matrix
composites with improved strength-ductility synergy. Mater. Sci. Eng. A 2022, 832, 142398. [CrossRef]

Zhang, Z.; Xie, YH.; Huo, X.Y,; Chan, S.L.I; Liang, ] M.; Luo, Y.F; Mu, D.K.Q.; Ju, J.; Sun, J.; Wang, J. Microstructure and
mechanical properties of ultrafine grained CoCrFeNi and CoCrFeNiAlj 3 high entropy alloys reinforced with Cr,O3/Al,03
nanoparticles. Mater. Sci. Eng. A 2021, 816, 141313. [CrossRef]

Rogal, L.; Kalita, D.; Litynska-Dobrzynska, L. CoCrFeMnNi high entropy alloy matrix nanocomposite with addition of Al,Os.
Intermetallics 2017, 86, 104-109. [CrossRef]

Zherebtsov, S.; Stepanov, N.; Ivanisenko, Y.; Shaysultanov, D.; Yurchenko, N.; Klimova, M.; Salishchev, G. Evolution of mi-
crostructure and mechanical properties of a CoCrFeMnNi high-entropy alloy during high-pressure torsion at room and cryogenic
temperatures. Metals 2018, 8, 123. [CrossRef]

Klimova, M.V.; Shaysultanov, D.G.; Zherebtsov, S.V.; Stepanov, N.D. Effect of second phase particles on mechanical properties
and grain growth in a CoCrFeMnNi high entropy alloy. Mater. Sci. Eng. A 2019, 748, 228-235. [CrossRef]

Gromov, V.E.; Konovalov, S.V.; Ivanov, Y.F; Shliarova, Y.A.; Vorobyov, S.V.; Semin, A.P. Structure and properties of the CrMnFe-
CoNi high-entropy alloy irradiated with a pulsed electron beam. J. Mater. Res. Technol. 2022, 19, 4258-4269. [CrossRef]

Schuh, B.; Mendez-Martin, E; Volker, B.; George, E.P.; Clemens, H.; Pippan, R.; Hohenwarter, A. Mechanical properties,
microstructure and thermal stability of a nanocrystalline CoCrFeMnNi high-entropy alloy after severe plastic deformation. Acta
Mater. 2015, 96, 258-268. [CrossRef]

Tang, Z.; Senkov, O.N.; Parish, C.M.; Zhang, C.; Zhang, F.; Santodonato, L.J.; Wang, G.; Zhao, G.; Yang, F.; Liaw, PK. Tensile
ductility of an AlCoCrFeNi multi-phase high-entropy alloy through hot isostatic pressing (HIP) and homogenization. Mater. Sci.
Eng. A 2015, 647, 229-240. [CrossRef]

Uporov, S.; Bykov, V.; Pryanichnikov, S.; Shubin, A.; Uporova, N. Effect of synthesis route on structure and properties of
AlCoCrFeNi high-entropy alloy. Intermetallics 2017, 83, 1-8. [CrossRef]

Salishchev, G.A.; Tikhonovsky, M.A.; Shaysultanov, D.G.; Stepanov, N.D.; Kuznetsov, A.V.; Kolodiy, 1.V.; Tortika, A.S.; Senkov,
O.N. Effect of Mn and V on structure and mechanical properties of high-entropy alloys based on CoCrFeNi system. J. Alloys
Compd. 2014, 591, 11-21. [CrossRef]

Qin, G.; Wang, S.; Chen, R.; Gong, X.; Wang, L.; Su, Y.; Guo, ]J.; Fu, H. Microstructures and mechanical properties of Nb-alloyed
CoCrCuFeNi high-entropy alloys. ]. Mater. Sci. Technol. 2018, 34, 365-369. [CrossRef]

Oh, S.M.; Hong, S.I. Microstructural stability and mechanical properties of equiatomic CoCrCuFeNi, CrCuFeMnNi, CoCrCuFeMn
alloys. Mater. Chem. Phys. 2018, 210, 120-125. [CrossRef]

Rao, K.R;; Sinha, S.K. Effect of sintering temperature on microstructural and mechanical properties of SPS processed CoCrCuFeNi
based ODS high entropy alloy. Mater. Chem. Phys. 2020, 256, 123709. [CrossRef]

Qin, G.; Wang, S.; Chen, R.; Zheng, H.; Wang, L.; Su, Y.; Guo, J.; Fu, H. Improvement of microstructure and mechanical properties
of CoCrCuFeNi high-entropy alloys by V addition. J. Mater. Eng. Perform. 2019, 28, 1049-1056. [CrossRef]

Nam, S.; Hwang, J.Y.; Jeon, J.; Park, J.; Bae, D.; Kim, M.].; Kim, J.-H.; Choi, H. Deformation behavior of nanocrystalline and
ultrafine grained CoCrCuFeNi high-entropy alloys. J. Mater. Res. 2019, 34, 720-731. [CrossRef]

Churyumov, A.Y.; Pozdniakov, A.V.,; Bazlov, AL; Mao, H.; Polkin, V.I.; Louzguine-Luzgin, D.V. Effect of Nb addition on
microstructure and thermal and mechanical properties of Fe-Co-Ni-Cu-Cr multiprincipal-element (high-entropy) alloys in as-cast
and heat-treated state. JOM 2019, 71, 3481-3489. [CrossRef]

Rao, K.R;; Sinha, S.K. Synthesis of nanocrystalline CoCrCuFeNi alloys dispersed with Y,0O3-Ti powders by mechanical alloying
method. Manuf. Lett. 2019, 20, 5-9. [CrossRef]

Shkodich, N.E; Kovalev, I.D.; Kuskov, K.V.; Kovalev, D.Y.; Vergunova, Y.S.; Scheck, Y.B.; Vadchenko, S.G.; Politano, O.; Baras, F,;
Rogachev, A.S. Fast mechanical synthesis, structure evolution, and thermal stability of nanostructured CoCrFeNiCu high entropy
alloy. J. Alloys Compd. 2022, 893, 161839. [CrossRef]

Shkodich, N.F,; Spasova, M.; Farle, M.; Kovalev, D.Y.; Nepapushev, A.A.; Kuskov, K.V.; Vergunova, Y.S.; Scheck, Y.B.; Rogacheyv,
A.S. Structural evolution and magnetic properties of high-entropy CuCrFeTiNi alloys prepared by high-energy ball milling and
spark plasma sintering. J. Alloys Compd. 2020, 816, 152611. [CrossRef]

Dudina, D.V.; Bokhonov, B.B. Materials development using high-energy ball milling: A review dedicated to the memory of M.A.
Korchagin. J. Compos. Sci. 2022, 6, 188. [CrossRef]

Loginov, P.A.; Levashov, E.A_; Kurbatkina, V.V.; Zaitsev, A.A.; Sidorenko, D.A. Evolution of the microstructure of Cu-Fe-Co-Ni
powder mixtures upon mechanical alloying. Powder Technol. 2015, 276, 166-174. [CrossRef]

Liu, H.; Peng, C.; Li, X.; Wang, S.; Wang, L. The effect of phase separation on the mechanical behavior of the Co-Cr-Cu—Fe-Ni
high-entropy alloy. Materials 2021, 14, 6523. [CrossRef] [PubMed]

Zhao, Y.F; Zhang, ].Y.; Wang, Y.Q.; Wu, K; Liu, G.; Sun, J. Unusual plastic deformation behavior of nanotwinned Cu/high
entropy alloy FeCoCrNi nanolaminates. Nanoscale 2019, 11, 11340. [CrossRef]

Loginov, P.A.; Zhassay, U.A.; Bychkova, M.Y,; Petrzhik, M.I.; Mukanov, S.K.; Sidorenko, D.A.; Orekhov, A.S.; Rupasov, S.I;
Levashov, E.A. Chromium-doped Fe-Co-Ni binders for diamond cutting tools: The features of the structure, mechanical properties,
and adhesion to diamond. Int. ]. Refract. Met. Hard Mater. 2020, 92, 105289. [CrossRef]


http://doi.org/10.1016/j.matchemphys.2017.11.037
http://doi.org/10.1016/j.msea.2021.142398
http://doi.org/10.1016/j.msea.2021.141313
http://doi.org/10.1016/j.intermet.2017.03.019
http://doi.org/10.3390/met8020123
http://doi.org/10.1016/j.msea.2019.01.112
http://doi.org/10.1016/j.jmrt.2022.06.108
http://doi.org/10.1016/j.actamat.2015.06.025
http://doi.org/10.1016/j.msea.2015.08.078
http://doi.org/10.1016/j.intermet.2016.12.003
http://doi.org/10.1016/j.jallcom.2013.12.210
http://doi.org/10.1016/j.jmst.2017.11.007
http://doi.org/10.1016/j.matchemphys.2017.09.010
http://doi.org/10.1016/j.matchemphys.2020.123709
http://doi.org/10.1007/s11665-018-3837-1
http://doi.org/10.1557/jmr.2018.477
http://doi.org/10.1007/s11837-019-03644-z
http://doi.org/10.1016/j.mfglet.2019.02.004
http://doi.org/10.1016/j.jallcom.2021.161839
http://doi.org/10.1016/j.jallcom.2019.152611
http://doi.org/10.3390/jcs6070188
http://doi.org/10.1016/j.powtec.2015.02.020
http://doi.org/10.3390/ma14216523
http://www.ncbi.nlm.nih.gov/pubmed/34772051
http://doi.org/10.1039/C9NR00836E
http://doi.org/10.1016/j.ijrmhm.2020.105289

Materials 2023, 16, 1285 16 of 16

52.
53.
54.
55.

56.

Loginov, PA,; Sidorenko, D.A.; Levashov, E.A.; Petrzhik, M.L; Bychkova, M.Y.; Mishnaevsky, L. Hybrid metallic nanocomposites
for extra wear-resistant diamond machining tools. Int. |. Refract. Met. Hard Mater. 2018, 71, 36—44. [CrossRef]

Shelekhov, E.V,; Sviridova, T.A. Programs for x-ray analysis of polycrystals. Met. Sci. Heat Treat. 2000, 42, 309-313. [CrossRef]
Suryanarayana, C. Mechanical alloying and milling. Prog. Mater. Sci. 2001, 46, 1-184.

Ternero, F.; Rosa, L.G.; Urban, P; Montes, ].M.; Cuevas, EG. Influence of the Total Porosity on the Properties of Sintered
Materials—A Review. Metals 2021, 11, 730. [CrossRef]

Bodrova, L.E.; Goida, E.Y.; Melchakov, S.Y.; Shubin, A.B.; Fedorova, O.M. Interaction of WC and Cr3C, carbides at heat treatment
of WC-Cr3Cy—Cu Alloys. Inorg. Mater. Appl. Res. 2022, 13, 560-568. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.ijrmhm.2017.10.017
http://doi.org/10.1007/BF02471306
http://doi.org/10.3390/met11050730
http://doi.org/10.1134/S2075113322020083

	Introduction 
	Materials and Methods 
	Results 
	Manufacturing of MA Powder Mixtures 
	Grinding of Powders and Determining Their Granulometric Composition 
	Studying the Mechanical Properties and Structure of HEAs 
	Manufacturing of Metal–Diamond Composites and Assessing Adhesion between the Binder and Diamond Single Crystal 

	Conclusions 
	References

