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MICROSTRUCTURES AND MECHANICAL PROPERTIES OF DIFFERENT MASS FRACTIONS OF Ti-COATED DIAMOND/

FeNiCrCuAl HIGH ENTROPY ALLOY COMPOSITES PREPARED BY SPARK PLASMA SINTERING

FeNiCrCuAl high-entropy alloy (HEA)/Ti-coated diamond composites were prepared by spark plasma sintering (SPS). The TiC
coating was formed in situ on the surface of the diamonds through a vacuum micro-evaporation process. This study investigated the
effects of varying mass fractions of diamonds (3 wt.%, 5 wt.%, 7 wt.%, and 12 wt.%) on the microstructure, microhardness, flexural
strength, and wear properties of the high-entropy alloy. The results indicate that the TiC coating on the diamond surface effectively
preserves the morphological integrity of the diamond within the FeNiCrCuAl HEA at an ambient temperature of 1000°C. Following
sintering, the microstructure of the FeNiCrCuAl high-entropy alloy powder occurs transitions from a body-centered cubic (BCC)
phase to a face-centered cubic (FCC) phase. As the mass fraction of diamonds increases, the hardness of the composites gradually
increases. The composite containing 12 wt.% diamonds exhibits the highest hardness of 500.2 HV, 5 within the FeNiCrCuAl HEA
matrix, which is approximately 15.7% greater than that of the composite without diamond addition. Conversely, the flexural strength
decreases with the increase of the heterogeneous interfaces created by the diamonds in the composites. The flexural strength of the
composite containing 12 wt.% diamonds is only 277.0 MPa, representing a 51.6% reduction compared to the FeNiCrCuAl HEA.
The composite compared with 7 wt.% diamonds demonstrates the best wear resistance, with an average friction coefficient of 0.16.
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Solid — solution strengthening

1. Introduction

Different from other traditional alloys which are composed
of only one or two main elements, high-entropy alloys (HEAs)
are made up of five or more elements within equimolar or near-
equimolar ratios. The multiple major components make HEAs
have a large mixing entropy (more than 1.5R, R is the universal
gas constant) [1], which is more conducive to the formation
of solid solutions with simple structures. By changing or in-
creasing the alloying elements of HEAs, the microstructures
and properties of HEAs can be adjusted to possess excellent
high-temperature resistance, corrosion resistance, and other
mechanical properties to match the service environment [2-4].
For example, for the high-entropy alloy composed of elements
such as Fe, Co, Ni, Cr, etc. the addition of Ti element can increase
the degree of subcooling during the solidification of HEAs and
increase the nucleation rate of the liquid phase [5]. The addition
of Al element can promote the formation of BCC phase, which

can induce the transformation of alloy organization from FCC
phase to BCC phase [6]. The addition of Cu element can lead to
elemental segregation, and form Cu-rich and Ni-rich FCC solid
solution phases in the region of inter-dendrite, which can result
in the formation of FCC solid solution phase [7]. The addition of
Mo element promotes the formation of intermetallic compounds
in HEAs organization [8]. In addition, there are severe lattice
distortions and slow diffusion effects exist in HEAs, resulting
in grain boundary strengthening, dislocation strengthening,
and solid solution strengthening [1,9,10], which gives HEAs
better hardness and wear resistance [11,12]. The properties of
excellent wear resistance, high toughness, and better hardness
make HEAs a broad application prospect in the wear-resistant
materials domain.

A series of studies have reported that HEAs can be used as
matrix material in rigid grinding tools such as WC, SiC, and TiC,
but the current research reports on HEA/diamond composites
are still insufficient. For metal matrix diamond composites, the
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retention capacity of the metal matrix for diamond particles needs
to be improved to enhance grinding performance [ 13]. Traditional
metal matrix diamond composites are prepared by mixing single
metal or pre-alloyed powders with diamond particles through
hot-press sintering. During this process, thermal is generated
through the electric resistance wire heats up, and the heating rate
is relatively slow. The low sintering temperature induces a mass
of voids inside the sintered samples. It is easy to form defects
such as intermetallic compounds, interstitial phases, or other
deleterious phases, affecting the diamond particles’ structural
stability [14]. The phase composition of HEAs mainly consists
of simple solid solutions, which exhibit excellent hardness and
wear resistance. Replacing traditional metal binders to prepare
HEA/diamond composites presents a vast space to explore. The
interfacial bonding and strengthening behavior between diamond
particles and HEA skeleton are still unclear.

In previous studies, the research direction for diamond-re-
inforced HEA composites primarily focuses on preparing HEAs
coatings on the surface of target materials (such as #45 steel)
through laser cladding [15-18], which exhibits high hardness
and wear resistance. However, the diffusion of the metal matrix
into the surface coating may change the alloy composition of the
coating. Additionally, the relatively thin thickness of the coating
on the matrix surface limits the potential application of HEA /
diamond composites. Relatively, spark plasma sintering (SPS)
completes the preparation of samples at a lower temperature
utilizing solid-phase sintering, reduces the diffusion of carbon
atoms into the HEA matrix, and makes the diamond particles
distribute more uniformly. In the previous studies, Zhang [19]
et al. prepared FeCoCrNi HEA by laser cladding and added
diamond particles with a particle size of less than 75 pm as the
reinforcement phase at different mass fractions (3, 6, 12 wt.%).
With the increase of the diamond mass fraction, the hardness of
the HEA coating increased at first and then decreased, and the
wear depth and wear rate decreased first and then increased. The
HEA coating containing 6 wt.% diamond has a good combina-
tion of wear resistance and hardness performance. Zhang [20]
prepared FeCoCrNiMo HEAs/diamond composites through
SPS with a diamond particle size of 200 um. The composites
prepared at 950°C and 30 MPa exhibited an excellent combina-
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tion of mechanical properties, with a hardness of 630 HV and a
transverse fracture strength of 1310 MPa, as well as an optimal
wear resistance. The interfacial bonding strength between HEAs
and diamond is a key factor affecting the retention ability and
further affects the wear resistance and fracture toughness of
the composite materials. There have been some studies on the
interfacial bonding between diamonds and HEAs. However, the
interfacial reaction and strengthening behavior between coated
diamonds and HEAs are still unclear.

FeNiCrCuAl HEA exhibits excellent high-temperature
stability and corrosion resistance, and the FCC and BCC dual-
phase structure in microstructure endows HEAs with superior
mechanical properties FeNiCrCuAl HEA can form a variety of
metal oxides in a high-temperature environment due to its unique
alloy composition, which renders it good high-temperature stabil-
ity and corrosion resistance. In this work, diamond as a reinforc-
ing phase was added into FeNiCrCuAl HEA to further enhance
the hardness and wear resistance. Add a titanium coating to the
diamond surface by vacuum evaporation coating process, the in-
terfacial reaction between FeNiCrCuAl HEA and coated diamond
was investigated. The aim is to make a preliminary exploration
for the application of FeNiCrCuAl HEA in diamond composites,
and exploit the application of HEAs in diamond tools.

2. Materials and methods

2.1. Materials Characterization Materials preparation
and characterization

HEA powder with a nominal composition of Fe,oNi,(Cr-
20CuypAly (in atomic percentage, the pure metal powders of Fe,
Ni, Cr, Cu, and Al with purity higher than 99.99 wt.% by gas
atomization, and the alloy powder particle size is 35-70 pm) was
used as the metal matrix. The microstructures of HEAs powders
can be seen in Fig. 1(a); the average size of most FeNiCrCuAl
HEA powders is about 60 um. Fig. 1(b) illustrates the XRD pat-
tern of FeNiCrCuAl HEA powder prepared by gas atomization,
which has good crystallization properties, and the phase structure
is mainly a single BCC solid-solution phase.
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Fig. 1. SEM image of FeNiCrCuAl HEA powder (a); XRD pattern of FeNiCrCuAl HEA powder (b)



Ti coatings were applied to the surface of standard HWD5
synthetic diamond (average particle size is 70-80 mesh, pro-
vided by the Yellow River Cyclone), prepared using a vacuum
micro-evaporation coating process, as illustrated in Fig. 3.
The metal powder of Ti with a purity exceeding 99.99%, was
initially mixed with a hydrochloric acid-ethanol solution to
activate the metal powders for the preparation of the coating
powder. Subsequently, the diamond particles were thoroughly
combined with the coating powder (the mass ratio is 5:1) in a
corundum mortar. The resulting mixed powder was then loaded
into a graphite crucible for the coating process. A layer of the
coated powder, approximately 2-3 mm in thickness, was applied
to both the upper and lower surfaces of the diamond particle
mixture to establish a coating atmosphere for the diamond
particles under high-temperature conditions. The coating was
conducted in a vacuum environment at a temperature of 850°C,
with a holding time of 2 hours. As shown in Fig. 3(a), most of
the diamonds exhibited smooth surfaces and particle shapes.
The coating on the surface of diamond was damaged by short-
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Fig. 3. SEM image of Ti-coated diamond (a); XRD pattern of Ti-coated diamond (b); magnified SEM image of Ti-coated diamond after ball
milling 1 hour (¢); Spot Scanning Element Distribution pattern of spectrum1 (d)
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term ball milling. It was measured that a titanium coating with
a thickness of approximately 0.61 micrometers was formed on
the surface of the diamond after the coating process, as shown
in Fig. 3(c). TABLE 1 and Fig. 3(d) illustrate the spot canning
element distribution results of spectruml, the presence of tita-
nium element was indeed detected in the coating on the diamond
surface. The atomic percentage of titanium element to carbon
element is approximately 1:5.

TABLE 1
Results of Spot Scanning Element Distribution
Element Weight percentage Atomic percentage
C 34.17 51.49
(0] 31.38 35.49
Ti 34.45 13.02

The X-ray diffraction (XRD) scanning pattern of Ti-coated
diamond is illustrated in Fig. 3(b). In addition to the high-
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intensity peaks of the diamond phase, which were detected at
the positions of 43.9° and 75.3°, the subdominant peaks of TiC
were detected at the positions of 35.9° and 41.8°. This result
demonstrated that the vacuum micro-evaporation coating process
at 850°C formed a thicker TiC coating adhered to the diamond
surface, which was generated by the close contact between Ti
powder and the diamond surface under low pressure and a tita-
nium vapour atmosphere during the coating process.

2.2. Preparation of FeNiCrCuAl HEA/diamond
composite

Diamond particles are characterized by high hardness and
high wear resistance. The free carbon atoms generated by de-
composition at high temperatures can play a role in dispersion
strengthening the HEA alloy matrix. However, the addition of
diamond particles also introduces heterogeneous interfaces into
HEA, reducing the toughness and ductility of HEA. Referring
to the amount of diamond added in previous studies [13,19,20],
it is determined to add 3 wt.%, 5 wt.%, 7 wt.%, and 12 wt.%
diamond particles to FeNiCrCuAl HEA to prepare composites,
which were designated D3, D5, D7, and D12, respectively. The
powders of HEAs and diamonds were further mixed by wet ball
milling using a planetary ball mill to achieve a uniform distribu-
tion of diamonds inside FeNiCrCuAl HEA powder. Anhydrous
ethanol was employed as the solvent for wet ball milling, with
a ball-to-powder mass ratio of 10:1, a milling speed of 300 rpm,
and a mixing time of 3 h. The completed mixed (FeNiCrCuAl)
Cx (x =3 wt.%, 5 wt.%, 7 wt.%, 12 wt.%) powder was sub-
sequently dried in a vacuum drying oven at 80°C for 5 h. The
dried powder was put into a graphite mold with a diameter of
25 mm and heated to 1000°C using an SPS furnace (SPS-30,
Chenxin Weike Industrial Technology Co. Ltd., Ningbo). When
using SPS for the solid-phase sintering of alloy powders, if the
temperature is too high, excessive liquid metal will form in
the graphite mold. This can cause the metal to seep out of the
graphite mold, affecting the composition and dimensions of the
metal sample. The seepage of metal elements that can react with
carbon elements will also damage the graphite mold [21]. When
the temperature is too low, it will affect the metallurgical bond-
ing between the metal powders. In our previous experiments,
FeNiCrCuAl HEA powders were sintered at 900°C, 1000°C,
and 1100°C respectively. Comparing the specific situations
and mechanical properties of the samples prepared at the above
temperatures, the temperature of 1000°C is more suitable for
the sample preparation in this work. The parameters of the
sintering process were optimized to be pressure 30 MPa. Dur-
ing the initial heating phase, when the heating temperature was
below 600°C, the heating rate was 100°C/min. From 600°C to
900°C, the heating rate was reduced to 50°C/min. From 900°C
to 1000°C, the heating rate was 25°C/min, holding the sinter-
ing temperature of 1000°C for 8 minutes. Preserve a negative
pressure inside the furnace and allow it to cool naturally to room
temperature.

2.3. Microstructure and property characterization

The graphite layer absorbed on the surface of FeNiCrCuAl
HEA/diamond composites caused by the appliance of graphite
molds during the sintering process was removed using 400#,
600#, 800#, and 1000# SiC sandpaper. Subsequently, the surfaces
of the samples were further polished with 2000 mesh diamond
polishing discs. Sample strips for flexural testing were cut from
25 mm diameter samples using a DK7735 CNC wire cutter. The
longitudinal sections of the sample strips were smoothed to pre-
vent fractures caused by stress concentration resulting from the
irregular surface morphology of the samples. The composition
of the samples was analyzed using the Ultima I'V multifunctional
X-ray diffractometer from Japan through Cu Ko diffraction lines.
The scanning speed was set at 10°/min, with a step speed of
0.2°/min, the scanning range was from 10° to 90°, the operating
voltage was 40 kV, and the working current was 20 mA. A ZEISS
Gemini SEM 360 field emission scanning electron microscope
equipped with an energy dispersive spectrometer (EDS) was
utilized to investigate the microstructure and elemental distribu-
tion of the samples. The hardness of the metal matrix within the
composite materials was assessed using the HVS-1000 Vickers
microhardness tester, with an applied load of 500 g and a testing
duration of 15 seconds. To minimize errors attributable to human
factors during the measurement process, hardness measurements
were conducted within a 500 pm range around the diamond
particles, and the average value was calculated from multiple
measurements taken in each test area. The flexural performance
of the samples was evaluated through the three-point bending
method, utilizing an Instron 3369 universal testing equipment
to measure samples with a height-to-width ratio of 1.5:1 and
a pivot span of 9 mm. Friction and wear tests were conducted
using reciprocating friction and wear tester (MFT-R4000), with
atest load of 30 N, a sliding speed of 3 m/min, and a test time of
30 min. Take measurements multiple times in different regions
on the surface of the same sample and then calculate the average
value. SisN, ceramic balls (¢ = 6 mm) were employed as friction
partners. The wear areas of the friction surfaces of the SisNy
ceramic balls were quantified after the friction and wear tests.

3. Results and discussions
3.1. Microstructure and phase analysis

Fig. 4 shows the XRD patterns of FeNiCrCuAl HEA/
diamond composites with different mass fractions of Ti-coated
diamond. FeNiCrCuAl HEA as the metal matrix constituent of
the composites, prepared by SPS has both FCC and BCC dual-
phase structures [22]. Notably, the XRD pattern of the sintered
samples reveals the emergence of the FCC phase peak, which
differs from that of the raw material. With the increase of dia-
mond mass fraction inside the composites, the dominated and
subdominant diffraction peaks of diamond appear at diffraction
angles 0f43.9° and 75.3°, respectively. Moreover, the half-height
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Fig. 4. XRD pattern of FeNiCrCuAl /Ti-coated diamond composites

width of the diamond diffraction peaks in each sample doesn’t ap-
pear broadening phenomenon, which indicates that the diamond
in each sample has not undergone significant structural changes,
and no graphite peaks were observed in the XRD patterns. Cr is
a strong carbide-forming element that can react with the C ele-
ments present in the FeNiCrCuAl HEA matrix to form carbides
such as Cr,C;. However, with the increase of the mass fraction
of diamond in the composites, there are no obvious carbide peaks
observed in the XRD patterns. This demonstrates that there is
either no or only a negligible quantity of carbon incorporated into
the FeNiCrCuAl HEA matrix. In addition, it also substantiates the
diffusion-blocking effect caused by the TiC coating effectively
regulates the diffusion of carbon elements from the diamond
surface into the FeNiCrCuAl HEA matrix. The XRD patterns
of all samples exhibit the presence of FCC phases enriched in
Al and Ni elements, which were identified as an intermetallic
compound with the L1, structure, based on the synthesis and
conclusions of previous studies on HEAs containing Al and
Ni elements [23,24]. When the addition of diamond exceeded
5 wt.% in the composites, the L1, phase exhibited a diffraction
peak with a gentle shape at a diffraction angle of 30.9°. The
XRD patterns revealed different degrees of shifts toward the
lower angle, with the overall maximum shift reaching approxi-
mately 0.2°. The solid solution of Ti atoms, which have a larger
atomic radius, adhered to the surface of Ti-coated diamond and
diffused into the FeNiCrCuAl HEA matrix, resulting in lattice
distortion. This distortion led to an increase in the lattice constant
of the FeNiCrCuAl HEA solid solution. The substituted atoms
facilitated the formation of intermetallic compounds with small
particle sizes that diffused into the FeNiCrCuAl HEA matrix.
All of these factors contributed to the lower angle excursion of
the diffraction peaks.

Fig. 5(a) illustrates the scanning electron microscopy (SEM)
micrographs and energy-dispersive X-ray spectroscopy (EDS)
mappings of the bonding interface between diamond particles
and the FeNiCrCuAl HEA. A Cr-rich transition layer with
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a thickness of approximately 6 pm was observed at the inter-
face between the diamond and HEA matrix in the FeNiCrCuAl
HEA/diamond composites prepared by SPS. Additionally, the
TiC coating absorbed on the surface of the diamond allowed it
to maintain a complete grain structure following sintering. The
EDS results indicated that no obvious carbon diffusion phe-
nomenon existed in the vicinity of the diamond particles within
the FeNiCrCuAl HEA matrix. The vacuum micro-evaporation
coating process facilitated the in-situ uniform and continuous
growth of the TiC coating on the diamond surface. This coating
effectively hinders direct contact between Fe, Co, Ni, and other
metallic elements that promote graphitization with the diamond
particles [25], which is particularly effective when diamond par-
ticles are exposed to high temperatures. Otherwise, the coating
hinders the diffusion of free carbon atoms into the FeNiCrCuAl
HEA matrix. Fig. 5(a) illustrates the presence of an enriched
region of Cr surrounding diamond particles, which is formed as
C atoms penetrate the TiC coating and attract Cr atoms from the
FeNiCrCuAl HEA matrix. The thin TiC coating is insufficient
to entirely impede the diffusion of free carbon atoms generated
from the diamond surface at high temperatures.

Fig. 5(b) is a magnified image of the area within the yellow
dashed-line frame. In the bonding region between the Ti-coated
diamond and the FeNiCrCuAl HEA, there is a transition layer
rich in titanium elements filling the gaps existing between the
diamond and the HEA matrix. The presence of the titanium tran-
sition layer changes the bonding mode between the diamond and
the HEA matrix from mechanical interlocking to a more robust
metallurgical bonding. The result of the line scanning element
distribution shows the distribution intensity of titanium and
carbon elements with the change of distance from the Ti-coated
diamond particles to the FeNiCrCuAl HEA matrix. It can be seen
that the thickness of the titanium transition layer on the diamond
surface is close to lum. Moreover, the concentration of carbon
elements in the diamond/FeNiCrCuAl HEA composite material
drops rapidly after passing through the titanium transition layer,
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Fig. 5. SEM micrographs and EDS mappings of Ti-coated diamond/HEA composite (a); magnified image of the area within the yellow dashed-

line frame and Line — scan elemental distribution spectrum (b)

which proves that the titanium coating on the diamond surface
effectively hinders the diffusion of carbon atoms on the diamond
surface into the HEA matrix. Titanium elements mainly exist in
the coating on the diamond surface, and there is a small amount
of diffusion of titanium atoms into the FeNiCrCuAl HEA matrix.
In the HEA matrix adjacent to the diamond particles, the presence
of micro-cracks and voids is clearly observed. The formation of
these defects is most likely attributed to the following factors:
The brittle carbides and intermetallic compound contained in the
HEA matrix significantly reduce the tensile strength of the alloy
structure, making it extremely likely to be the starting point of
cracks [26,27]. As shown in Fig. 5(b), within the Cr-enriched
region, a crack can be clearly seen running through the entire
chromium transition layer. The significant differences in the dif-
fusion rates of different types of metal atoms lead to the aggrega-
tion of vacancies at the interface, thus forming voids. Taking the
Cu/Ni diffusion couple as an example, since the diffusion rate
of Cu atoms is significantly faster than that of Ni atoms, voids
appear in the regions where Cu elements are concentrated [28].
Inadequate or improperly set process parameters (including
temperature, pressure, and time) prevent the interface from
achieving complete metallurgical bonding, which also results
in the retention of micro-pores in the alloy structure [29]. The
oxides, grease, as well as adsorbed gases (such as Oz, N2, etc.)
adhering to the surface of diamond, impede the metallurgical
bonding process between metal atoms, ultimately resulting
in the formation of cracks or voids within the alloy structure.
Optimizing the sintering process parameters of the FeNiCrCuAl

HEA powder, promoting the flow of liquid metal between the
HEA powders, and enhancing the metallurgical bonding between
the HEA powders can reduce the presence of defects such as
micro-cracks and voids, enabling the FeNiCrCuAl HEA matrix
to achieve higher strength.

The SEM micrographs demonstrate the presence of Cr-rich
areas in the bonding region between the diamond and FeNi-
CrCuAl HEA matrix. In addition, there is almost no diffusion
of other alloying elements in HEAs matrix spread to diamond
interface in this region. The multi-layer structure of TiC and
Cr-rich layers in the transition region between diamond and
HEASs matrix is the primary factor ensuring diamond particles
maintain complete crystal morphology. The EDS patterns indi-
cate the presence of tiny amounts of Ti element on the surface
of diamond particles, which exhibits a decreasing gradient as
they diffuse into FeNiCrCuAl HEA matrix. The Ti atoms with
larger atomic radius diffused into FeNiCrCuAl HEA matrix to
form a substitution solid solution, thereby enhancing the strength
of metal skeleton composed of HEAs in the region adjacent to
diamond particles. Ti-coated layer on the surface of diamond
formed a TiC coating by diffusion to the surface of diamond and
substitution solid solutions by diffusion to FeNiCrCuAl HEA
matrix, respectively. Ti-coated layer filled the gap formed by
the semi-coherent boundary connection between diamond and
HEA matrix caused by the difference in lattice types [30,31].
This results in a closer metallurgical bonding between diamond
particles and FeNiCrCuAl HEA matrix, meanwhile enhancing
the retention force of HEAs matrix to diamond particles.



The diamond particles in HEAs composed of Fe, Co, Ni,
and other graphitization elements can retain a slight graphitized
state due to the characteristics of the SPS process. Powerful
covalent bonds exist between the carbon atoms on the surface
of the diamond, so intense activation energy is required to break
bondage from the diamond interface and form freely diffusing
carbon atoms [32]. The SPS process utilizes plasma generated by
high current and low voltage during the powder sintering process
to heat the sample powders, achieving the desired temperature
for sample preparation in a relatively short period. This process
induces rapid melting of the surface of the pre-alloyed spherical
powder, forming connections between particles to create bulk
samples. Besides, the sintering temperature of the samples can
be precisely regulated, enabling the preparation process to be
completed at a temperature inferior to the casting temperature.
This point mitigates the adverse effects of elevated temperatures
on the transformation of diamond into graphite or the amorphous
phase, thereby preserving the integrity of the diamond particles.
Furthermore, applying uniaxial pressure during the solid-phase
sintering process facilitates the fabrication of high-density
samples from alloy powder. This approach reduces the void
ratio in the samples while simultaneously lowering the sinter-
ing temperature, facilitating the preparation of HEA/diamond
composites with high-density and intact diamond particles.

3.2. Mechanical properties of HEA/diamond
composites

3.2.1. Hardness and bending strength

Due to the difference in density between diamond and
FeNiCrCuAl HEA (the density of diamond is 3.52 g/cm?, and
the theoretical density of FeNiCrCuAl HEA based on the mass
fractions of its constituent elements is 7.85 g/cm?®), diamond
with lower density added into HEAs matrix will lead to HEAs/
diamond composite with a lower density than that of the FeNi-
CrCuAl HEA. Fig. 6 illustrates the density of the FeNiCrCuAl
HEA prepared by SPS is 7.25 g/cm? determined by Archimedes’
drainage method [33]. The expressions for specific gravity and
density are as follows [33],

SG = W (1)
Wa - Ww
Density of specimen = 56 2)

Pr

where W, is mass of specimen in air, ¥,, is mass of specimen
in water, SG is specimen gravity of the immersing liquid in
a consistent unit, p; is density of the water (997.6 kg/m?). The
density of the composites gradually decreased with the increase
of diamonds added into HEAs. When the mass fraction of dia-
mond reached 12 wt.%, the measured density of the composites
was 6.44 g/cm®. In terms of the FeNiCrCuAl HEA/diamond
composites, the hardness of the composite is primarily influenced
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by the mass fractions of diamond, considering that diamond pos-
sesses significantly higher hardness than HEAs. In contrast, the
density of diamond is only half that of the FeNiCrCuAl HEA.
The surface of the diamond can act as a solid-liquid interface
during the solidification process, providing a nucleation and
growth site for the solidification of liquid FeNiCrCuAl HEA.
This facilitates the secondary growth of the FeNiCrCuAl HEA
microstructure and results in significant refinement of the alloy
structure around the diamond particles [34,35]. Moreover, the
free carbon atoms diffuse from the diamond interface at high
temperatures and dissolve into the HEAs, forming interstitial
solid solutions. The strengthening effect caused by lattice dis-
tortion enhances the hardness of the FeNiCrCuAl HEA matrix.
Part of the free carbon atoms diffuse into FeNiCrCuAl HEA
and react with Cr present in the alloy composition, as well as
Ti atoms diffuse from the diamond interface to form carbides.
These carbides are dispersed within the HEAs matrix, further
enhancing the hardness of the FeNiCrCuAl HEA matrix.
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Fig. 6. Hardness and density of FeNiCrCuAl HEA/diamond composites
prepared by SPS

TABLE 2

Comparison of the hardness of FeNiCrCuAl HEA with that of other
metal-matrices used as diamond composites

Metal-Matrix Temperature,°C| V.
ODS CuZny, 760 124
ODS iron powder 1000 234
Ultra-fine iron powder 700 164
Co powder 800 309
FeCoNiSnWC (2%TiH2+Ce02) [36] 780 309
FeCoCrNiMo [37] 1150 350-520
CoCrCuxFeNi [38] 1100 188-327
CrsCuygFe,5sMn,sNiys [39] 800 407-458
FeNiCrCuAl (this study) 1000 432

Note: ODS: oxide dispersion strengthened

TABLE 2 lists the hardness values of some metal matrices
used in diamond tool materials. When compared with the hard-
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ness of FeNiCrCuAl HEA used in this study, it can be seen that
the hardness value of FeNiCrCuAl HEA is more than about
1.5 times higher than that of the metals commonly used in dia-
mond tools. Moreover, compared with several HEAs listed in
the table, decreased the use of Co metal, which is harmful to hu-
man health. The FeNiCrCuAl HEA has good high-temperature
stability and corrosion resistance, expanding the application of
HEAs in diamond tool materials. The lattice distortion induced
by the substitution solid solution formed by Ti atom dissolved
in the FeNiCrCuAl HEA also contributes to the reinforcement of
the hardness of the HEAs matrix. As the diamond added to HEAs
increased from 0 wt.% to 12 wt.%, the hardness of the HEAs
matrix only increased from 432.4 HV 5 to 500.2 HV 5. This
limited increase in hardness can be attributed to the constraints
imposed by the diamond’s surface transition layer on the diffu-
sion of carbon atoms into the FeNiCrCuAl HEA matrix. Although
the increase in diamond mass fraction positively affected the
hardness of the FeNiCrCuAl HEA matrix, the trend of hardness
improvement was relatively gentle. When the diamond mass
fraction increased from 3 wt.% to 12 wt.%, the microhardness of
the FeNiCrCuAl HEA matrix only increased by 14%. In previous
experiments, Zhang [40] prepared FeNiCoCrTi, s HEA/diamond
composite coating materials by laser melting, using diamond
particles with a particle size of 45 um as the reinforcing phase.
The microhardness of the FeNiCoCrTi, s HEA coatings increased
by about 2.5 times when the addition of diamond was increased
from 3 wt.% to 12 wt.%. Significant differences were observed
between the two experiments regarding the enhancement of
microhardness in HEAs through the addition of diamonds. The
main reasons for these differences can be attributed to the fol-
lowing two aspects: On the one hand, the smaller grain size of
diamond provides more attachment surfaces for the solidifica-
tion of HEAs, promoting the organization refinement of HEAs
matrix [41]. Moreover, the distribution of diamond particles
with smaller grain sizes in HEAs matrix is more uniform,
which is more conducive to the sufficient diffusion of C atoms
detached from the diamond surface into HEAs matrix. On the
other hand, laser cladding provides a higher thermal input for
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the HEAs coating, which promotes the graphitization of diamond
and contributes additional C atoms, thereby enhancing solution
strengthening and carbide dispersion strengthening to improve
the hardness of the HEAs matrix. SPS can achieve the sinter-
ing of samples at lower temperatures, and when combined with
the TiC coating prepared in our study effectively mitigates the
graphitization of diamond, allowing for the retention of a more
complete morphology of the diamond particles.

Fig. 7(a) shows the three-point bending stress-strain curves
of FeNiCrCuAl HEA/diamond composites. FeNiCrCuAl HEA
exhibited excellent bending resistance with only a small amount
of deformation occurring under the maximum load of 2000 N
during the experiment, and the deformation reverted when the
axial pressure was unloaded. Among the composites with dif-
ferent mass fractions of Ti-coated diamond, the composite con-
taining 3 wt.% diamond exhibited the best flexural properties,
experiencing a brittle fracture at a strain of 0.14% under uniaxial
pressure of 470 MPa. Conversely, the composite with 12 wt.%
Ti-coated diamond showed the worst flexural properties, with
a brittle fracture occurring at a strain of 0.084% under uniaxial
pressure of 366 MPa. Fig. 7(b) shows the flexural strength of
FeNiCrCuAl HEA/diamond composites, which supplemented
with different mass fractions of diamond decreased gradually
with the increase of diamond mass fraction in the HEAs matrix.
The reason might be attributed to the introduction of diamonds
into the FeNiCrCuAl HEA, which creates additional heterogene-
ous interfaces to the internal organization of the composites. Due
to the difference in the coefficient of thermal expansion between
diamond and HEA, as illustrated in TABLE 3, deflection cracks
pointing towards the diamond particles will occur in the HEA
matrix around the Ti-coated diamond during solidification. When
the diamond content is high, the overlapping of particles leads
to a decrease in fracture toughness [42]. As the mass fraction of
diamond increases, the area of these heterogeneous interfaces
also increases, contributing to the reduction in bending resist-
ance. The composite with 12 wt.% Ti-coated diamond showed
the poorest bending resistance due to the internal multi-interface
structure.
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Fig. 7. Three-point bending stress-strain curves of the HEA/diamond composites (a); Flexural strength of the HEA/diamond composites prepared

by SPS (b)
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TABLE 3
The atomic radius and thermal expansion coefficient of each element
Element C Fe Ni Cr Cu Al Ti
Thermal expansivity (107%/°C) 0.8~1.1 11.8 134 4.9 16.5 23.1 8.6
Atomic radius (pm) 77 126 124 130 128 143 147

Fig. 8 shows the SEM micrographs and EDS mappings of
the fracture surfaces belonging to the composites with 5 wt.%
Ti-coated diamond. The scanning results of the elemental and
the percentage of atomic distribution of the fracture surfaces
are shown below. Fig. 8(a) shows the fracture surface of the
FeNiCrCuAl HEA matrix. The relative atomic mass fraction
of Al element reaches 53.52 at.%, indicating that the fracture
surface of the FeNiCrCuAl HEA matrix is the Al element en-
riched region. Fig. 8(b) shows the fracture surfaces adjacent to
the diamond particles. The relative atomic mass fraction of Al
element is 33.80 at.%. In contrast, Cr atom near the diamond
particles represents another enriched element, with a relative
atomic mass fraction of 20.82 at.%. It can be inferred that
the FeNiCrCuAl HEA/diamond composites are more likely
to rupture at the region where Al-containing solid solutions
or intermetallic compounds gathered in a relatively dense or-
ganizational surface. Corroborating the XRD results of Fig.
4, it can be confirmed that a significant amount of NiAl-rich
intermetallic compounds exists in the Al-enriched region.
The phase composition in the Cr-enriched region approached
diamond particles primarily consists of BCC Cr-rich phases.
The formation of numerous low-plasticity BCC solid solution
phases and intermetallic compounds has increased the possibil-
ity of brittle fracture under high-stress conditions in this area.
In addition, diamond particles retained in composites introduce
heterogeneous interfaces in the composites. The diamond-TiC-
HEA multilayer structure formed between the diamond and the
FeNiCrCuAl HEA through a Ti-coated pretreatment of the dia-
mond surface. This structure fills the gap between the diamond
and the HEA, further weakening the insufficient bonding strength
of the semi-coherent boundary between the diamond and the

25um

(@

HEAs matrix [43]. However, compared to the bonding strength
of the FeNiCrCuAl HEA matrix, the bonding strength between
the diamond and the HEAs is still lower, and it is more likely to
fracture at the diamond interface under high stress. The presence
of BCC solid solution phases and intermetallic compounds on
the surface of the diamond particles forms transition layers with
a hard and brittle structure, aggravating the accumulation of
stress around the diamond particles. Consequently, FeNiCrCuAl
HEA/diamond composites are more inclined to brittle fracture at
surfaces enriched with diamond particles. SEM observations of
the fracture morphology of Ti-coated diamond composites reveal
numerous fine, flaky tissue fragments on the fracture surface.
The fractures in the FeNiCrCuAl HEA matrix and the fractures
approaching the diamond particles confirm that the Ti-coated
diamond composites exhibit brittle fracture characteristics.

3.2.2. Friction and Wear Properties

The classic forms of material wear failure are abrasive
wear and adhesive wear [44]. In terms of the HEA/diamond
composites, the primary reasons for wear failure are diamond
particle spalling and matrix wear. Fig. 9(a) illustrates the experi-
mental results of the friction coefficient for Ti-coated diamond
composites and FeNiCrCuAl HEA. From the average friction
coefficient curve, it can be inferred that the friction coefficient
of FeNiCrCuAl HEA exhibits sluggish transitions and reaches
the highest friction coefficient among the samples of 0.42.
In contrast, the addition of diamond particles into FeNiCrCuAl
HEA results in a significant decrease in the friction coefficient
of the composites. The friction coefficient curve of Ti-coated

30um

(b)

Fig. 8. SEM and EDS patterns of the fracture surfaces of HEA matrix (a) and the region approached to the diamond particles (b)
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Fig. 9. The friction coefficient-time curves of Ti-coated diamonds composites and HEA (a); Schematic Diagram of the Wear Process of Ti-coated

Diamond/FeNiCrCuAl HEA Composites (b)

diamond composites tends to be stable after the initial stage of
intense friction, characterized by considerable fluctuations for
approximately 10 min. The final friction coefficient stabilizes
between 0.15-0.20, indicating that the wear-resistant property of
the composites has significantly improved compared with that
of FeNiCrCuAl HEA. Among the Ti-coated diamond composites
prepared during this experiment, the average friction coefficients
of the D5 and D7 samples are close to each other, which are
0.17 and 0.16, respectively, which demonstrates the excellent
wear resistance of these composites. In Zhang’s research [45],
a Ti/Ni coating was added to the surface of diamonds to prepare
FeCoCrNiMo HEA/diamond composite materials. A low fric-
tion coefficient of 0.04 was obtained under a load of 50 N. The
carbide layer on the surface of the diamonds ensures a stronger
interfacial bonding ability and protects the diamond abrasive
grains from excessive reaction with the base material. During
the wear process of the Ti-coated diamond/FeNiCrCuAl HEA
composite material, the HEA matrix on the surface of the sam-
ple is worn first. This continues until the diamond particles are
exposed on the surface of the sample and start to participate in
the wear process. The order of wear is HEA matrix- titanium
coating-diamond particles, as shown in Fig. 9(b). The titanium
coating maintains the complete particle morphology of the
diamond, preserving its excellent cutting ability. However,
at the same time, it also weakens the lubricating effect of the
graphitization on the diamond surface [46]. The titanium coat-
ing enables a good metallurgical bonding to form between the
diamond and the FeNiCrCuAl HEA matrix, as shown in Fig. 10,
no fracture or detachment of the diamond particles was found
on the surface of the worn sample. Therefore, the composite
material sample after wear only experiences a minimal mass
loss. In order to more intuitively represent the wear resistance of
the composites containing different mass fractions of Ti-coated
diamond, adopting the method to calculate the wear area of the
Si3N, ball friction pair used in the friction and wear experiments.
TABLE 4 shows the increasing trend of the wear area of Si;Ny

balls in relation to the average friction coefficient and mass loss
of each composite material. The addition of diamond particles
significantly improves the wear resistance of the HEA. The
largest wear area of 0.80 mm?, was observed for the SizNy ball
in friction with the D7 sample, indicating that the D7 sample
exhibits the best wear resistance.

TABLE 4

Abrasion area of Si3;N, balls, Average friction coefficient, and mass
loss of Ti-coated diamond/FeNiCrCuAl HEA composites

Mass ‘Wear area Average friction Mass loss
fraction (mm?) coefficient (mg)
0 wt.% 0.24 0.42 2.35
3wt.% 0.57 0.20 0.80
5 wt.% 0.63 0.17 0.30
7 wt.% 0.80 0.16 0.25
12 wt.% 0.67 0.19 0.12

Fig. 10 illustrates the abrasion morphology of SisN, balls
and composites with different mass fractions of diamond. The
wear morphology, reveals that the wear surfaces of Ti-coated dia-
mond composites present elongated scratches, indicating that the
primary abrasion pattern mechanism is abrasive wear. Addition-
ally, partial areas are accompanied by flaky spalling, indicating
that besides abrasive wear, there is adhesive wear in local regions
during the wear process of Ti-coated diamond composites. But
either obvious scratches or deformations aren’t observed on the
surface of the diamond particles in the wear morphology of the
composites, indicating that the SPS process at a temperature of
1000°C doesn’t form prominent graphite layers on the diamond
surface. The wear mass of the composite material decreases
with the increase of the mass fraction of diamond. There is no
shedding of diamond particles on the worn surface, and the main
form of wear is adhesive wear of the metal matrix. The TiC
coating on the surface of the diamond particle prevents direct
contact between the alloying elements of FeNiCrCuAl HEA and



Fig. 10. The abrasion morphology of Si3N, balls and composites with different mass fractions of diamond, 3 wt.% (a, b); 5 wt.% (c, d); 7 wt.%
(e, D); 12 wt.% (g, h)

diamond surface. Consequently, the contact between diamond
particles and the HEA, which contains elements such as Fe, Co,
and Ni that promote diamond graphitization, effectively inhibits
the transformation to graphite, even at a temperature of 1000°C.

In the initial stage of abrasion, corresponding to the stage
of significant fluctuations in the friction coefficient, the abra-
sion loss of SizNy balls constitutes the majority of the overall
wear test. Both the FeNiCrCuAl HEA matrix and the SizNy balls
presented a rapid loss of mass during this period. Following the
wear adaptation stage, the wear was predominantly attributed to
diamond particles that gradually protruded from the composite
material. The effect of the FeNiCrCuAl HEA matrix in this stage
was primarily to support and retain the diamond particles. The
TiC coating encircled the diamond particles helped maintain their
complete crystal structure during the sintering process, thereby
preserving optimal cutting conditions. Meanwhile, the TiC coat-
ing was the first to be abraded during the contact between the
diamond particles and the SizN, ball friction pair, ensuring that
the diamond particles sustained excellent cutting conditions for
an extended duration.

Diamond particles aren’t observed detaching from the
abrasion surface of the composites after wear experiments.
The TiC coating encircled the diamond surface, serving as the
transition from diamond interface to FeNiCrCuAl HEA matrix,
providing a strong interface bonding between the diamond and
the FeNiCrCuAl HEA, significantly enhancing FeNiCrCuAl
HEA matrix’s ability to retain diamond particles. The cutting
property of the composites improved with an increase in the
diamond mass fraction at lower diamond contents. However,
when the diamond mass fraction reached 12 wt.%, the cutting
property of the composites on SizNy balls presented a significant
decrease. This decline may be attributed to the increased density
of diamond particles in the composites, which affected the cut-
ting depth of individual diamond particles on the SizN, balls,
resulting in a reduced abrasion area on the Si;Ny balls. Significant
cutting depths were observed on the SizN, balls corresponding
to samples D3, D5, and D7, due to the relative sliding between
the Si;N, balls and the diamond particles during friction. Parallel

groove scratches of various depths were observed, exhibiting an
abrasive wear mechanism on the abrasion surface. Pits formed by
localized spalling could be observed in the friction morphology
of'the Si;N, balls corresponding to sample D12. The reason was
that the high density of diamond particles in sample D12 reduced
the cutting depth on the Si;N, balls. However, the frequency of
impacts caused by diamond particles on the abrasion surface of
the SizNy balls increased significantly over a limited time. The
surface of the SizN, balls sustained continuous impacts from
diamond particles during friction, ultimately leading to the
formation of pitting. These pits interconnected eventually and
resulted in localized spalling morphology.

4. Conclusion

FeNiCrCuAl HEA/Diamond composites with diamond
mass fractions of 3 wt.%, 5 wt.%, 7 wt.%, and 12 wt.% were
successfully prepared by the SPS process. All of the samples
achieved a densification test by Archimedes’ drainage method of
over 96 % and exhibited excellent wear resistance, and the 7 wt.%
diamond composite sample presented the best wear performance.

The mechanical properties of the composites primarily de-
pend on the mass fraction of diamond added to the FeNiCrCuAl
HEA. The density of the composites gradually decreases as the
mass fraction of diamond increases. Specifically, when the mass
fraction of diamond rises from 0 wt.% to 12 wt.%, the density of
the composites decreases from 7.25 g/cm? to 6.44 g/cm?. Con-
currently, the hardness of the FeNiCrCuAl HEA matrix within
the composites increases from 432.4 HV, 5 to 500.2 HV 5. The
primary reason for the increased hardness of the HEAs matrix
is the diffusion of TiC from the diamond surface into the HEAs
matrix, as well as the lattice distortion caused by the diffusion
of Ti and C atoms into the FeNiCrCuAl HEA matrix.

The results of the three-point bending experiment results
indicated that the flexural strength of the composites decreases
as the mass fraction of diamond added to the FeNiCrCuAl HEA
matrix increases. Specifically, when the mass fraction of diamond
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in the composites increased from 3 wt.% to 12 wt.%, the flexural
strength decreased from 499.4 MPa to 277.0 MPa. The addition of
diamond into the HEAs creates heterogeneous interfaces within
the FeNiCrCuAl HEA structure. Although the TiC coating on the
surface of the diamond fills the gaps between the diamond and the
HEAs to promote strong bonding, its bonding strength remains
lower than that of the intrinsic bonding within the HEA matrix.
The presence of numerous heterogeneous interfaces signifi-
cantly contributes to a significant reduction in bending strength.

All of the diamond composites exhibited abrasive wear
during the friction and wear experiments. The detachment of
hard phases, such as TiC absorbed on the diamond surface,
caused abrasion scratches to extend from the diamond particles
in the direction of friction. At the same time, lamellar peeling
occurred in the localized stress concentration areas of the friction
surface. The abrasion area of Si;Ny ball friction pair reflected
the wear resistance of the diamond composites. The SizN, ball
corresponding to 7 wt.% diamond composite sample exhibited
the largest abrasion area, indicating that the D7 sample has the
best wear resistance, which is consistent with the wear resist-
ance suggested by the average friction coefficient. FeNiCrCuAl
HEA/Diamond composites exhibit excellent hardness and wear
resistance. However, an increase in the mass fraction of diamond
will reduce the flexural strength of the composites. The com-
posites with 5 wt.% and 7 wt.% diamond addition have similar
hardness and wear resistance. The hardness of the composite
sample D5 is 449.9 HV, 5, and the average friction coefficient
is 0.17. While the hardness of the sample D7 is 458.2 HV 5,
and the average friction coefficient is 0.16. When comparing the
flexural strength of the composites, the flexural strength of D5
is 410.0 MPa, which is approximately 28.5% higher than that of
the D7 sample, and only 17.9% lower than that of the D3 sample.
Taking into comprehensive consideration the hardness, wear
resistance, and flexural strength of the diamond/FeNiCrCuAl
HEA composites, as well as their grinding ability on Si;N, balls,
the composite material with 5 wt.% diamond addition is more
suitable for application in diamond grinding tools.

In this work, techniques such as SEM and XRD were em-
ployed to characterize the microstructure and phase composition
of the composites. Additionally, the mechanical properties of the
composites, including hardness, density, wear resistance, and
flexural strength were tested. However, there are still certain
deficiencies in the exploration of the properties of FeNiCrCuAl
HEA/diamond composites. The research lacks investigations into
aspects such as thermal stability under cyclic loading, corrosion
resistance, and long-term performance. In future work, further
studies will be conducted on the above-mentioned properties to
provide a sufficient scientific basis for the application of FeNi-
CrCuAl HEA in diamond tool materials.
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