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Abstract

Medium-entropy alloys (MEAs) are promising candidates in the engineering field
due to their high strength. Their characteristics are strongly correlated with
strengthening mechanisms. A combination of both solid solution and dispersion of
ceramic particles influences strength improvement. These strengthening
mechanisms are widely used in different alloys. However, the effectiveness of
hybrid reinforcement particles in FeNiCuAl MEAs remains challenging. This study
aims to investigate the effects of Y,05 and TiC particles on the mechanical and
tribological properties of FeNiCuAl-Y,03/TiC synthesised by powder metallurgy.
The microstructure, fracture and wear morphologies of the matrix and composites
were analysed using a scanning electron microscope (SEM) and energy-dispersive
spectroscopy (EDS). The mechanical properties, such as Vickers hardness and
compressive strength, were measured. Furthermore, tribological properties were
determined via dry sliding testing. The results show that the presence of
reinforcement particles in the FeNiCuAl matrix increases hardness and reduces the
wear rate. The addition of 1.5 wt. % TiC significantly improves wear resistance. On
the other hand, the presence of Al indicates higher compressive and yield stresses
of more than 350 MPa, obtained by adding 1.0 at. % Al into the FeCuNi alloy. In
this study, the addition of reinforcement enhances hardness and wear resistance
while reducing the ductility of the FeNiCuAl MEA.

1. Introduction

materials containing large differences in melting

Medium-entropy alloys (MEAs) are widely used
in engineering, such as functional, structural
materials and mechanical components operated at
high temperatures. This is due to their good
mechanical and thermal properties. The
combination of these elements makes them a
promising candidate for mechanical components.
Various methods can be used to synthesise MEAs,
like casting and powder metallurgy. The powder
metallurgy method can be used to produce CuNiCr,
CuCrFeNi and Cu-B4C materials [1-3]. This method
can also be used to synthesise elements and
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temperatures, such as W, Cu, Ni, Fe, Al and
ceramics. A different melting temperature of
constituent elements of the AICrFeTiCu and
AICrFeTiNi alloys [4] and CrFeNi-Y,0; composites
[5] were successfully synthesised by powder
metallurgy. Furthermore, the characteristics of the
MEAs are strongly influenced by the constituent
elements with their origin characteristics.

The Fe promoted densification, plasticity and
microstructural refinement in FeCu [6] and
AlCoCrFexNi alloys [7]. The Cu has a good
conductivity. It was reported that CuNiCoSi alloys
show better electrical and wear resistance than
CuNi2Si [8]. The addition of Mo refractory element
also improves the hardness and wear resistance of
the AlCoCrFexMo0.5Ni alloy [9]. Furthermore, the
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CuCrFeNi MEA shows a better yield strength with
Cul0, and its strengthening mechanism is also
influenced by Cr carbide formation [2]. The
combination of transition elements has the
potential to be used as MEAs, in which a high
hardness is obtained in the CoCrNi alloy [10]. The
wear rate of the CuMnNi alloy decreases with the
addition of the Sn [11]. The addition of Al to TiZrHf
MEA led to phase evolution and solid-solution
strengthening [12]. This element improves vyield
strength through crystallite change of the CrCoNi
MEA [13]. Furthermore, the strengthening
mechanism can also be achieved by using
dispersed particles.

The TiC particles improve hardness and wear
resistance through dispersion strengthening [14].
The combination of AlFeCrCo MEA and TiC resulted
in an increase in wear resistance with the increase
in particle amount [15]. The TiC particles reduce
the wear of the Co37Cr28Ni31AI2Ti2 MEA with an
abrasive model [16] and improve the hardness of
the CoCrNi composites. However, they decrease
ductility and brittle fracture [17]. In addition to TiC
particles, dispersion strengthening was achieved
using oxide particles. The addition of Y,0; into Co-
Al-W causes the microstructure evolution, in which
finer grains and high hardness are obtained [18].
Wear resistance of AZ91 magnesium alloy
improved by the increase of Y,0; amount in the Al-
Si coating [19]. These particles also significantly
contributed to the strengthening of the FeCoNiCr
alloy [20]. In the FeMnNiCr MEA, the addition of
the Y,0; enhances the oxidation resistance of this
alloy [21]. The presence of a few TiC and Y,0;
particles has a positive effect on the characteristics
of the alloys, particularly hardness and wear
resistance, as reported in numerous studies.

The addition of 1 at. % Al with a low melting
point is expected to contribute to filling the voids
between particles during high-temperature
sintering (1050 °C), thereby facilitating bonding
between particles. Furthermore, the combination
of TiC and Y,0; has tremendous potential as a
reinforcing particle in FeNiCuAl MEA, but studies

on its strengthening mechanism are still limited.
This study aims to investigate the influence of
reinforcement particles on the microstructure,
density, hardness and tribological behaviour of
MEA, with special emphasis on the mechanisms of
dispersion strengthening. The MEAs with different
reinforcement compositions were synthesised via
powder metallurgy.

2. Materials and methods

2.1 Materials

High-purity elemental powders consist of Cu
(>99.9%), Ni (>99.96%), Fe (>98.5%) and Al
(>99.8 %) with particle sizes of 30 — 40 um. In this
study, Y,0; and TiC with particle sizes of 44 um and
1.4 pupm, respectively, have been used as
reinforcement materials. These materials were used
as starting materials to synthesise the FeNiCuAl
MEA-based composites, as shown in Table 1.

The first step involves weighing the matrix,
consisting of FeNiCuAl with the compositions
shown in Table 1 (in at. %). In the second step, the
prepared matrix is mixed with the reinforcement in
a ratio of 98 wt. % to 2 wt. % (totalling 100 wt. %)
using a V-mixer for 120 minutes at 120 rpm. This
mixing model is also equipped with a hard steel
ball 8.0 mm in diameter and a ball-to-powder
weight ratio of 10:1. A Mixing process under dry
conditions, without a process control agent, was
conducted to obtain a homogeneous distribution
of constituent elements.

The first densification stages were achieved by
cold compaction using a uniaxial hydraulic press
with a capacity of 30 tons, operated at a constant
pressure of 310 MPa for 15 minutes at room
temperature. The compaction process uses a
mould and a pin made from hard steel, with an
inside diameter of 9.53 mm and a height of 25.53
mm. Furthermore, the compacted materials were
sintered at 1050°C for 60 minutes using
conventional  sintering to  achieve final
densification of the bulk material.

Table 1. Designation and composition of the FeNiCuAl MEA reinforced by Y,03 and TiC particles

. . . Matrix, at. % Reinforcement, wt. %
Designation Material
Fe Ni Cu Al Y,03 TiC
MEA-AI FeNiCuAl 35 33 31 1 - -
MEA-2YO FeNiCuAl2Y,03 35 33 31 1 2 -
MEA-TIC FeNiCuAlY,05TiC 35 33 31 1 0.5 1
MEA-1.5TiC FeNiCuAlY,031.5TiC 35 33 31 1 0.5 1.5




2.2 Microstructural analysis

The microstructural analysis focuses on
characterising the porosity, oxide particles and
elemental distribution of the sintered MEA-AI alloy
and the MEA-1.5TiC composite. Furthermore,
fracture morphology was analysed by SEM to
investigate the fracture mechanisms of the MEA-AI
alloy and the MEA-1.5TiC composite. The details of
the wear track of the brittle sample (MEA-1.5TiC)
were investigated using SEM and EDS. In this study,
the SEM analysis was conducted by using a Thermo
Fisher Axia ChemiSEM SEM. Furthermore, the
amounts of each constituent element in the selected
area and the mapping area were obtained by EDS.

2.3 Physical, mechanical and tribological
characterisation

The sintered density is measured using
Archimedes' principle (ASTM B962). Relative
density is calculated relative to the theoretical
density of each sintered material. Further, the
theoretical densities were 8.63, 8.36, 8.37 and 8.36
g/cm® for MEA-Al, MEA-2YO, MEA-TIC and MEA-
1.5TiC, respectively. The dimensions of the
compression test specimen were according to the
ASTM B925. The testing was conducted by a
universal testing machine model TN20MD with a
30 kN capacity and a 5 mm/min loading rate at
room temperature. The Vickers hardness testing
was conducted using a Shimadzu hardness tester
with a load of 1 kgf and a dwell time of 10 seconds.
The tribological test was in accordance with the
ASTM G99, under dry sliding conditions, at a
controlled load of 10 N (0.127 MPa), a sliding
speed of 6.28 m/s and a sliding distance of 7536 m
with a sliding time of 20 minutes at room
temperature, using a cylindrical pin with a
diameter of 10 mm and a height of 10 mm. The
disc (counter-body), with a diameter of 170 mm
and a thickness of 9 mm, was made of AISI 52100
steel with a hardness above 800 HV. To ensure
data reproducibility and reliability, each test was
conducted on three specimens (triplicate
measurements) for each material.

3. Results and discussion

3.1 Microstructure

The microstructural analysis was conducted and
focused on two samples that showed contrasting
characterisation results. The MEA-AI is the sample

with the lowest performance, while MEA-1.5TiC is
the sample with the highest performance in terms
of hardness, compressive strength and wear
resistance. Figure 1 and Table 2 show SEM and EDS
analyses of selected areas of the MEA-AI alloy and
the MEA-1.5TiC composite. The microstructure
consists of a solid solution phase, associated with a
FeNiCu-rich area of light grey colour. Small pores
containing oxide particles are associated with a
dark area dispersed within the solid solution
matrix. Reactive Al elements are believed to form
an oxide during high-temperature sintering. On the
other hand, the MEA-1.5TiC composite (Fig. 1b)

Region 1
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Figure 1. SEM micrographs with positions of the EDS
analysis of: (a) MEA-AI alloy, and (b) MEA-1.5TiC
composite

Table 2. EDS analysis results of the MEA-Al alloy and
MEA-1.5TiC composite in selected areas of Figure 1

Element, at. %
Fe | Ni|Cu| O |Al| C |Ti|Y

Area

A 46.2112.5| 9.7 |269(4.7| - | — | —

B 389(35.2(23.0| 25|04 | - | - | -

Region1|36.935.6|24.9| 22 (04| - | — | —

C 19.9/33.3|18.9|12.4|0.5|14.2|0.8| -

D 9.5 |41.6|24.2| 5.0 |0.3|19.3|0.1| -




shows more pores near the Ti- and C-rich regions.
This result might be due to a thermal expansion
mismatch between the ceramic particles and the
metallic matrix. The formation of oxides and
porosities around hard particles also occurred in
the WCCo-based alloys [22].

Porosities of less than 2.53 and 4.73 pm in size
formed in the MEA-AI alloy and the MEA-1.5TiC
composite, respectively. The EDS analysis shows a

——sopm—— A5 _g

significant difference in the elemental composition
of selected areas within the MEA-AI alloy (Fig. 1a)
and the MEA-1.5TiC composite (Fig. 1b). The areas
A, B and Region 1 are dominated by Fe (36.9 to
46.2 at. %), followed by Ni and Cu elements, Al (0.4
to 4.7 at. %) and O (2.2 to 26.9 at.%). These
findings confirmed that the Fe-Cu-Ni solid solution
areas and the Al correspond to the alloy design
shown in Table 1.
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Figure 3. SEM micrograph and corresponding EDS elemental mapping of the MEA-1.5TiC composite




Meanwhile, the EDS analysis of the MEA-1.5TiC
composite (areas C and D) revealed the presence
of Ti (0.1 to 0.8 at. %) and C (14.2 to 19.3 at. %).
This result confirms that the TiC particles were
dispersed within the matrix. A similar phenomenon
was reported in FeCoNiCuAl reinforced with TiC
particles [23]. However, a nonhomogeneous
distribution of TiC particles is dispersed within the
solid solution matrix. These particles have difficulty
dissolving into the FeNiCuAl matrix, but the
ceramic particles can act as nucleation sites and
dispersion-strengthening agents. In areas C and D,
Ni and Cu are predominantly detected, confirming
that the small ceramic particle acted as a
nucleation site for other elements. The TiC acts as
a nucleation site, further reducing the grain size, as
noticed for the AlZnMgCu alloy [24]. Point C shows
a high O concentration (12.4 at. %), which might
correlate with the fact that the area is located
close to the interface between the particle and the
FeNiCu-rich phase, in which pores (dark area)
formed with a higher O concentration. The
formation of some pores within the interface of
Cu-alloy and TiC is due to the presence of air
trapped in the microstructure during powder
processing [25].

The EDS elemental mapping of the MEA-AI alloy
(Fig. 2) mainly revealed a uniform distribution of
Fe, Ni, Cu, O and Al elements throughout the
microstructure. However, Cu segregation in the
microstructure of MEA-AI alloy was noticed. The
Cu segregation is a complex mechanism, and
mixing, sintering conditions and particle sizes may
influence this phenomenon. The segregation of a
small amount of each Ti, Y, Al and O was noticed in
the microstructure of MEA-1.5TiC composite (Fig. 3).
It is clearly visible that partially clustered Ti and O
were dispersed in similar areas within the
microstructure. This fact may correlate with the
high-temperature (1000 — 1200 °C) sintering process,
which promotes typical Ti-oxide formation [26].

3.2 Physical properties

Figure 4 shows the density and relative density
of the MEA reinforced with different particles.
MEA-AI alloy demonstrated the highest density of
6.4 g/cm® and a relative density of 73.9 %. The low
melting point of Al is believed to act as a melt filler
within the FeNiCuAl microstructure, reducing
porosity (see Fig. 1a).

The addition of TiC reinforcing particles reduced
both density and relative density. The MEA-2YO
composite and MEA-TIC composite exhibit

densities of 5.7 and 5.8 g/cm3 with relative
densities of 68.2 and 68.8 %, respectively. The
lowest values (5.6 g/cm® and 66.0%) were
obtained for the MEA-1.5TiC composite. A small
amount of TiC in these alloys does not significantly
reduce the density. However, the presence of the
carbide particles might hinder atomic diffusion and
promote porosity formation [27].

Density, g/cm’

MEA-AI

MEA-2YO  MEA-TIC MEA-1.5TiC

Figure 4. Density and relative density of the MEA
alloy and composites

3.3 Mechanical properties

Figure 5 shows the hardness of four tested
materials. The 231.8 HV1 and 299.2 HV1 were
hardness values for the MEA-AI alloy and the MEA-
2YO composite, respectively. This suggests that
Y,0; particles significantly enhance the strength.
Furthermore, the addition of TiC continuously
increases the hardness of MEA, with 364.9 HV1 for
MEA-1.5TiC. The hardness increase is
approximately 57 % with the addition of 1.5 wt. %
TiC particles compared with the MEA-AI alloy. The
presence of the TiC enhances the hardness of the
MEA through the dispersion strengthening of hard
particles within the FeNiCuAl solid solution matrix.
The dispersion of TiC was also reported to improve
the hardness of the Cu matrix composite [28].

Figure 6 shows the compressive stress of the
MEA alloy and composites. The highest strain of
more than 10% and the compressive stress
exceeding 461 MPa were noticed for the MEA-AI
alloy. Because of its high plasticity, the MEA-AI
alloy can undergo substantial plastic deformation
before breaking, as demonstrated by this result.
On the other hand, MEA reinforced with 2 wt. %
Y,0; and 1 wt.% TiC achieved peak stresses of
approximately 214 MPa and 206 MPa, respectively,
while exhibiting strains limited to 4—-5%. The
MEA-1.5TiC composite exhibits the weakest




compressive stress, with a maximum stress of only
127 MPa and a strain capacity of 3 %.
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Figure 5. Hardness of the MEA alloy and composites

The combination of Y,0;3 and TiC particles
simultaneously compromises compressive stress and
ductility. Pore formation, weak interface bonding
and particle agglomeration are believed to influence
the alloy's strength [29]. Even though the particles
effectively hinder dislocation motion, stress
concentrations could accelerate crack initiation or
material failure [30], thereby diminishing plastic
deformation capacity and reducing compressive
strain. Not only TiC particles but also Y,0; particles
reduce the plastic strain of materials tested in this
study (Fig. 6). Similarly, a lower strain was obtained
for 15Cr-15Ni steel with the presence of Y,0;
particles in comparison with Y particles [31].

The analysis of fracture morphologies in Figures
7 and 8 focuses on comparing the characteristics of
the most ductile (MEA-Al alloy) and the brittle
(MEA-1.5TiC composite) sample, particularly
highlighting the behaviour of the MEA-AI alloy and
the influence of the dominant reinforcement
particles. Figure 7 shows the fracture
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ridges and uniformly distributed small pores were
noticed on the fracture surface. These shapes are
typical for the microvoid coalescence process,
which is prevalent in ductile materials that can
undergo plastic deformation before breaking [32].
This behaviour is consistent with the compressive
yield strength of MEA-AI alloy, which has a higher
strain (Fig. 6) and is the sample with the best
characterisation values.
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Figure 6. Compressive stress of the MEA alloy and
composites

On the contrary, the fracture surface of the
MEA-1.5TiC composite is dominated by granular
rupture, shallow shear dimples, cracks and uneven
dimple rupture, as shown in Figure 8. These
morphologies indicated that plastic deformation is
much more limited, and crack propagation occurs
more rapidly. Finally, more brittle fractures were
obtained. This result corresponds well with the
compressive yield strength of the MEA-1.5TiC
composite, as shown in Figure 6. It is believed that
the higher TiC particle amount promoted
agglomeration and porosity at the interface
between the TiC particles and the FeNiCuAl matrix.

HFW mode  det 5|
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Figure 7. SEM micrographs of the fracture surface of MEA-AIl alloy at different magnifications
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Figure 8. SEM micrographs of the fracture surface of MEA-1.5TiC composite at different magnifications

3.4 Tribological properties

Figure 9 shows the wear rate results of four
tested materials. The wear rate decreases with the
addition of ceramic particles into MEA. The MEA-AI
alloy exhibited the highest wear rate of 1.58 x 107
mm?>/m, reflecting its relatively low wear
resistance. Furthermore, the addition of 2 wt. %
Y,0; causes a slight decrease of the wear rate to
1.48 x 10 mm3/m. The highest wear resistance
showed the MEA-1.5TiC composite, with a wear
rate of 1.13 x 10> mm?>/m. This result corresponds
to the hardness values (Fig. 5). The TiC particles
reduce the wear rate of the MEA significantly more
than the addition of 2 wt. % Y,0;. This fact might be
correlated with the particle acting as an obstacle to
the plastic deformation and wear of the alloy [33].
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Figure 9. Wear rate of the MEA alloy and composites

Figure 10 illustrates the coefficient of friction of
four tested materials. A coefficient of friction above
0.37 was noticed for the MEA-Al alloy, with a
relatively constant value achieved after 3 minutes
of sliding. The highest coefficient of friction
corresponds to the high wear rate of the MEA-AI
(Fig. 9). It is believed that the high coefficient of
friction is correlated with the more particles pulled

out from the surface during sliding. The coefficient
of friction of the MEA-1.5TiC composite is also
influenced by TiC and the matrix, with higher TiC
content potentially increasing the coefficient of
friction through the detachment of more TiC from
the FeNiCuAl matrix. On the other hand, the MEA-
2YO composite shows a lower coefficient of
friction, with an average value of 0.24.
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Figure 10. Coefficient of friction curve of the MEA
alloy and composites

The worn surface morphology analysis was
focused on the MEA-1.5TiC composite, which
exhibits the lowest wear rate. The morphologies of
the worn surface of the MEA-1.5TiC composite were
analysed using SEM and EDS, as presented in Figure
11 and Table 3. The worn surface reveals localised
plastic deformation and particle detachment, which
promote abrasive and oxidative wear mechanisms.
The EDS analysis at Point 1 shows that the surface
contains Ni (30.1 at. %), Fe (22.7 at. %), O (14.2
at. %) and Ti (3.2 at. %). This composition indicates
the presence of metal-oxide layers, suggesting that
tribo-oxidation occurred during dry sliding and
contributed to the development of protective
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Figure 11. SEM image and EDS spectra of the selected
area of the worn surface of the MEA-1.5TiC composite

Table 3. EDS analysis results of the MEA-1.5TiC
composite in selected areas of Figure 11

Element, at. %
Area

Fe | Ni [Cu| Al | Y | O |Ti| C

Point1 [22.7(30.1/20.5|/ 0.7 |0.0|14.2|3.2 | 8.6

Point2 (34.8(23.4| 89 | 0.8|0.1|11.4|3.8|15.1
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surface films that enhance the wear resistance of
the MEA-1.5TiC composite.

Meanwhile, Point 2 (Fig. 11) shows part of the
peeled surface contact. The constituent element
consists of Fe (34.8 at. %), Ni (23.4 at. %), O (11.4
at. %) and Ti (3.8 at. %). This result is consistent
with the EDS spectra of the MEA-1.5TiC composite
in point 2, which show the highest intensities for Fe
and Ni. The higher Fe content in this area confirms
that material removal occurs in Fe-rich areas, which
subsequently leads to metal-oxide formation [34].
It is believed that the Fe in this area does not only
come from the MEA-1.5TiC composite but can also
be sourced from the counter-body material, which
is AISI 52100 steel. The presence of Ti and C
confirms the release of TiC particles within the
tribological layer. The superior wear resistance of
the MEA-1.5TiC composite is attributed to the
synergistic effect of TiC particles and oxide film
formation, as confirmed by SEM and EDS analysis.

Figure 12 shows a detail of the worn surface
morphology of MEA-1.5TiC composite. The
presence of grooves and spalled regions indicates
that localised plastic deformation and layer
detachment, resulting from cyclic sliding, occurred
on the surface. Furthermore, shear stress generated
surface delamination. At higher magnification,
cracks and dispersed wear debris were noticed on
the surface. This fine debris, which is formed
during sliding, is less than 2 um in size and
irregularly shaped. Repeated high-stress contact
and debris may be contributing to surface damage
in the MEA reinforced with ceramic particles. For
the magnesium alloy reinforced with SiC particles,
it was suggested that the presence of fine debris
within the contact area promoted surface cracks
[35]. Based on SEM and EDS analysis of the worn
surface, it is clear that the combination of abrasive
wear, oxidative wear and spalling occurred as a
wear mechanism in the MEA-1.5TiC composite.

Wear debrls '
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Figure 12. SEM micrographs of the worn surface of MEA-1.5TiC composite at different magnifications




4. Conclusion

Based on the results, several conclusions can be
drawn regarding the characteristics of the
FeNiCuAl MEA reinforced with Y,0; and TiC
particles. SEM images and EDS mapping show a
homogeneous distribution of Al in the MEA-AI
alloy. However, the addition of 1.5 wt. % TiC into
FeNiCuAl shows some segregation of the TiC/Y,03
particles, and a clustered Cu is also formed within
the microstructure of the MEA-1.5TiC composite.

The highest hardness (364.9 HV1) corresponds
to the lowest wear rate (1.13x10° mm3®/m),
noticed for the MEA-1.5TiC composite. The SEM
image of the worn surface of MEA-1.5TiC
composite showed brittle fracture features,
clustered (Ti, O)-rich elements in EDS point
analysis, a protective tribo-oxide layer and cracks
on the worn surface. This result confirms the role
of TiC in the dispersion strengthening of MEA-
1.5TiC composite. On the other hand, MEA-AI alloy
shows the highest plastic deformation and yield
stress of about 460 MPa, despite its low hardness.
Furthermore, the SEM analysis of the fracture
morphology revealed predominantly ductile
dimples, indicating higher ductility.

The addition of TiC plays an important role in
improving hardness and reducing the wear rate of
the FeNiCuAl MEA. However, the TiC potentially
decreases the ductility of the matrix MEA. These
facts suggest that the correct amount of
reinforcement particles and their distribution are
important for balancing ductility, hardness, strength
and wear resistance. Given its highest hardness
and wear resistance, the MEA-1.5TiC composite
can potentially be used in mechanical applications,
such as gears and transmission components.
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