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Abstract

High entropy alloy composites (HEACs) have recently been explored for use in industrial applications. This study investigates
the impact of particle size (micro or nano) and content (5 and 10 wt%) of YSZ on the microstructure and tribological prop-
erties of AICoCrFeNi. The samples were prepared using a combination of mechanical alloying and spark plasma sintering.
XRD results and Rietveld analysis reveal that HEACs with micro-sized YSZ have a higher BCC/FCC ratio. FESEM and EDS
results confirmed the evolution of Al-rich regions in the vicinity of the reinforcements. Especially, in HEA-10NanoYSZ-
sample, due to higher interfacial regions, a huge amount of Al-rich phase has been formed which yields the reduction of BCC
phase content in this sample. Microhardness and pin-on-disc wear tests show that the samples reinforced with microparticles
demonstrate better performance compared to nanocomposite samples. For example, HEA-10MicroYSZ-sample exhibits the
highest hardness (5.1 GPa) and the lowest wear characteristics (with a coefficient of friction of 0.8 and a wear rate of 4x 10™*
mm?/N.m). This can be correlated to the higher hardness and BCC phase content, and grain boundary strengthening in the
microcomposites.
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1 Introduction

Before the year 2004, industrial metallic parts were typi-
cally produced using binary or ternary alloys. However, a
new class of materials called high entropy alloys (HEAs)
emerged after this period [1-3]. HEAs are created by com-
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improvements in their physical and mechanical properties.
These advancements can be attributed to the unique micro-
structure of HEAs, which is a result of the high content of
different metals present. The presence of multiple elements
contributes to sluggish diffusion, severe lattice distortion,
and the cocktail effect. These distinctive features ultimately
lead to enhanced hardness, yield strength, ductility, oxida-
tion resistance, and thermal stability [14, 15].

While a wide range of metallic elements can be utilized
in the production of HEAs, transition metals are commonly
employed. Fe, Cr, Co, and Ni are easily dissolved due to
the atom substitution rules, which take into account fac-
tors like enthalpy of mixing, electronegativity, and atomic
size. Therefore, the typical composition of an HEA system
consists of FeCoCrNi+ M, where M represents elements
such as Al, Ti, Mn, or Cu [9, 16-20]. Al plays a vital role as
the major alloying element in most HEAs, primarily due to
its stabilizing effect on both FCC and BCC phases. Conse-
quently, the AICoCrFeNi system has been extensively stud-
ied in numerous research papers and the optimum content of
each element is nearly investigated to have higher mechani-
cal properties [21-26]. Each property of HEAs is highly
affected by the microstructure, which is influenced by sev-
eral key factors, including grain size, shape and distribution
of secondary phases, as well as the presence of dislocations
and twinning. It is worth noting that the microstructure in
this system typically consists of a solid solution with one
or two phases. Therefore, the ratio of FCC to BCC phases
is of utmost importance, as it can significantly impact the
physical and mechanical properties of the HEA. Generally,
BCC HEAs tend to exhibit high strength, while FCC struc-
tures often demonstrate enhanced fracture strain and tough-
ness [27, 28]. However, it should be noted that high entropy
alloys (which predominantly consist of metallic elements)
often exhibit limited load-bearing capacity and possess mod-
erate hardness and wear resistance. Therefore, there is a need
to introduce an enhanced system to address these limitations.

The incorporation of a reinforcement phase has been
proven to significantly enhance the hardness and tribological
properties of HEAs, particularly through the introduction of
ceramic particles. This novel system, known as metal matrix
composites (MMCs [29]), involves combining HEAs with
carbides (such as WC, TiC [30, 31]), nitrides (such as TiN
[32]), or oxides (such as ZrO,, Al,0; and Y,0; [33-35]).
The addition of ceramic particles has the potential to aug-
ment mechanical properties through two primary mecha-
nisms: reduction of the average grain size and hindrance
of dislocation movement, attributable to the strengthening
effect at the grain boundaries [31-36]. In the case of high
entropy alloy composites (HEACs), which consist of dis-
similar materials (metals and ceramics), it is crucial to have
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two materials with compatible physical properties. This
compatibility is essential in order to minimize the unde-
sired effects of mismatch and distortion. Hence, oxides are
typically the preferred choice among various ceramic par-
ticles. In general, this preference arises from their inherent
advantages, including better chemical stability and adhe-
sion to the parent phase (they have coefficient of thermal
expansion values near HEAs) [37]. Moreover, oxides usually
show lower friction coefficients and wear rates (which can be
attributed to their lower shear strength) [38]. Hence, the uti-
lization of oxide-dispersion strengthening (ODS) represents
a promising approach for augmenting the strength of metal-
lic alloys, particularly HEAs. The addition of micro-sized
Y,0;, Al,O3, and ZrO, particles to HEAs has been shown
to enhance hardness, compressive yield strength, and reduce
wear. In the recent articles [39, 40], the authors specifically
examined the impact of incorporating micro-sized ZrO,
particles into the AlCoCrFeNi alloy. Several studies [33,
34, 41] have examined the impact of incorporating nano-
sized ZrO,, Al,0; and Y,0; on the mechanical properties
of HEAs. However, due to the presence of multiple strength-
ening mechanisms in ODS-HEACsS (such as grain bound-
ary strengthening, the Hall-Petch mechanism, solid solution
strengthening, and Orowan strengthening [42, 43]) the size
and content of reinforcement particles present a complex
challenge. This is because the mechanical responses can be
significantly altered by the same oxide particle with different
sizes or content.

Among various oxides, Yttria Stabilized Zirconia (YSZ)
is the preferred choice due to its unique properties. The
primary advantage of utilizing YSZ lies in its stability and
robust thermal shock resistance. Because during the heat
treatment of zirconia, a transformation occurs from the
tetragonal to monoclinic phases. This transformation is
accompanied by a 3—4 vol% expansion, which can have a
detrimental impact on the performance of composites. To
address this issue, the addition of Y,0; dopant can stabi-
lize the tetragonal phase of zirconia, resulting in what is
known as Yttria Stabilized Zirconia [44]. In addition, YSZ
represents a high thermal expansion coefficient which plays
a crucial role in ensuring interface compatibility between
oxide particles and the metal matrix [45]. Moreover, first-
principles calculations [46] have demonstrated that the addi-
tion of yttria to zirconia can lead to increased hardness and
decreased elastic modulus. Therefore, based on the theory
that fracture toughness is directly proportional to the H/E
ratio [47, 48], it can be inferred that the addition of yttria
can improve fracture toughness. It was verified that YSZ
exhibits high compressive strength and under mechanical
loading, YSZ undergoes a stress-induced transformation that
serves to augment its fracture toughness [49]. Also, another
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piece of evidence from Raja et al. [50] confirms that YSZ
has higher fracture toughness compared to both zirconia
and zirconia-toughened alumina. However, investigations
into the effects of adding YSZ particles on microstructure
and mechanical properties are relatively scarce in the lit-
erature. The previous literature primarily focuses on exam-
ining the impact of incorporating ZrO,, Al,O5, and Y,0;
(rather than YSZ) into HEAs on their mechanical properties.
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Furthermore, comprehensive surface characteristics (encom-
passing hardness, wear properties such as friction coefficient
and wear rate, and phase structure through Raman analysis
simultaneously) of analogous ODS-HEACSs have not yet
been documented.

The primary aim of this paper is to investigate the influ-
ences of YSZ size (nano or micro) and content (5 wt% or 10
wt%) on the morphology and phase structure of AICoCrFeNi
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Fig.3 XRD analysis for a HEA powder [39], b HEA [39], ¢ HEA-5
wt% YSZmicro, d HEA-5 wt% YSZnano, e HEA-10 wt% YSZmicro,
and f HEA-10 wt% YSZnano samples

high-entropy alloys (with XRD, SEM/EDS, and Raman
spectroscopy techniques). To fabricate these ODS-HEAC
samples, a combination of mechanical alloying and spark
plasma sintering techniques is employed. Consequently, a
comprehensive analysis of the hardness and wear charac-
teristics of the HEA composites will be conducted through
indentation and sliding tests. Finally, a discussion will be
presented to elucidate the relationships between the micro-
structure and mechanical properties of the materials. As
YSZ levels were selected identically (5 and 10 wt%), the
comparison between composites with nano-sized particles
and those with micro-sized particles allows for a better
understanding of the effects of particle size on the micro-
structure and performance of the HEAs. This comparison
can provide valuable insights into the potential advantages
and limitations of using nano-sized particles in composite
materials.5
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2 Materials and Methods
2.1 Sample Production

Micro-sized metal particles (particle size was lower than
45 pm) with a purity degree exceeding 99% were utilized
as the initial materials. These metal particles included alu-
minum (manufactured by Xinji Guangyuan), Co-Cr-Fe
(produced by Merck), and nickel (obtained from Aldrich).
Additionally, micro-sized YSZ (ZrO,-8 wt%Y,03 ~15 pm)
and nano-sized YSZ (40—60 nm, Aldrich) were employed as
ceramic reinforcements. The powders exhibited a spherical
shape. The aforementioned powders underwent mechani-
cal alloying followed by sintering using the SPS technique.
A schematic of the combinational procedure is depicted in
Fig. 1. Additionally, for a detailed perspective, temperature-
displacement curves of the samples using the SPS method
are illustrated in Fig. 2. For this particular study, a total of
five samples were prepared, each differing in terms of the
YSZ size and content. Additional information and support-
ing data are available in references [40].

2.2 Characterization Methods

X-ray diffraction (XRD) analysis was conducted using a
Siemens-Germany D-500 instrument, operating with Cu Ko
radiation (A=1.54 A), to perform phase analysis. Further-
more, the phase contents of the samples were determined
through Rietveld refinement analysis, employing MAUD
software. The morphology and elemental analysis of the
samples were evaluated using scanning electron micros-
copy (SEM) equipped with energy-dispersive spectroscopy
(EDS). The SEM-EDS analysis was carried out using a
TESCAN MIRA3 instrument from Czech Republic. In addi-
tion, Raman spectroscopy (Uni-DRON, South Korea) was
employed to investigate the bond structure of each sample,
both before and after the sliding test. An Ar-ion laser with
midrange Rayleigh wavelength (532 nm) was utilized, and
the resolution was set at 1 cm™. It is important to note that
prior to the analysis of Raman spectra, it is advisable to
remove any noise and apply baseline correction.

To mitigate the roughness effect, the surface of the sam-
ples was polished using a diamond probe with a contact
load of 0.1 mN prior to conducting mechanical tests. Sub-
sequently, the surfaces were cleaned using cotton swabs.
Microhardness measurements were performed utilizing the
Vickers microhardness indenter (FM-600, Future-Tech Corp,
Japan). To ensure accuracy and reliability, multiple measure-
ments were taken for each sample from distinct regions, with
a minimum of five repetitions.
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Fig.4 Detailed scans for FCC and BCC phases; a HEA [39], b HEA + 5 wt% YSZnano, and ¢ HEA + 10 wt% YSZnano samples
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Fig. 6 Raman spectra of samples

The pin-on-disc wear machine (Abrasion Tester) available
at Iran University of Science and Technology was utilized
to evaluate the wear characteristics of the samples. The tests
were conducted under ambient conditions, specifically at
room temperature with a humidity level of 30%. The sliding
was performed without the application of any lubrication.
The counter pin used was a tungsten carbide ball with a
diameter of 5 mm. The test parameters were set as follows:
a fixed load of 30 N and a sliding speed of 0.07 m/s. The
sliding distance for all the samples was standardized
at 200 m. Each sample underwent three repetitions of
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the pin-on-disc test, and the average data for the friction
coefficient and wear rate were recorded. It is important to
note that the wear rate for each sample was calculated using
the formula k=V / (S§-F), where V shows the volume of
mass loss, S represents the sliding distance, and F denotes
the constant load.

3 Results and Discussion
3.1 Microstructure

The equiatomic HEA powder (after mechanical alloying)
exhibits a BCC phase (Fig. 3a) due to the prevalence of BCC
state in most of its constituent elements such as Fe, Cr, Co,
and Al, whether occurring naturally (as in the case of Fe
and Cr) or induced artificially (as high stresses during ball
milling can lead to the manifestation of BCC structure in
Co and Al elements). Following the heating process (SPS
process), the unreinforced HEA sample undergoes a signifi-
cant increase in the FCC phase (Fig. 3b), as the BCC to FCC
transformation of this alloy takes place at approximately
650 °C [51, 52]. The XRD patterns of the HEAC samples,
as shown in Fig. 3c-f, reveal some important features of
the microstructure. Firstly, three phases (FCC, BCC, and
oxide) are presented in the AICoCrFeNi-YSZ composites at
the same time. Secondly, the BCC peaks at 64.7° and 82.2°
are absent in the last sample (HEA-10YSZ nano). Thirdly,
the YSZ peak at 59° is absent in the nano-sized samples. In
addition, the intensity of BCC peak at 44° decreases as the
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Fig.7 SEM and FESEM images of a AICoCrFeNi, b HEA-5 wt% YSZmicro, ¢ HEA-5 wt% YSZnano, d HEA-10 wt% YSZmicro, and e HEA-

10 wt% YSZnano

YSZ content increases and the YSZ size decreases. Since
the BCC and FCC peaks overlap in the samples, the high-
resolution XRD patterns in the range of 42° to 52° have been
represented in Fig. 4. Furthermore, by performing Rietveld
refinement analysis, the phase percentages for each sample
are calculated and shown in Fig. 5. The results indicate that
the BCC to FCC phase fraction is high in micro-sized ODS-
HEACs (HEA-5YSZmicro and HEA-10YSZmicro), whereas
this ratio is low in nano-sized ODS-HEACS, particularly

in HEA-10YSZnano. Further, at the same oxide particle
size, this ratio diminishes with an increase in YSZ content.
Figure 6 demonstrates the clear presence of oxide bonds
in the HEAC samples. While metallic samples typically do
not exhibit Raman peaks [12, 25], the first sample (HEA)
displays a few minor peaks associated with the minor con-
tent of oxides (AlO,, FeO,, and CrO, phases) present in
the sample. Upon the addition of YSZ particles in HEACs,
there is an observed increase in the number of peaks and
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Fig.7 (continued)

Table 1 EDS analysis results

. Sample Phase Al Co Cr Fe Ni
deduced from HEA-YSZ in
different phases (in wt%) HEA FCC 571 24.88 22.24 28.04 19.13
BCC 29.45 18.97 14.44 17.42 19.71
HEA-5YSZmicro FCC 9.22 19.86 26.55 25.23 19.14
BCC 18.36 17.96 10.35 16.89 32.10
HEA-5YSZnano FCC 3.74 22.21 25.50 28.74 19.81
BCC 19.90 19.59 6.76 13.65 40.10
HEA-10YSZmicro FCC 4.32 26.21 23.45 29.40 16.63
BCC 17.03 23.81 9.85 17.29 32.02
HEA-10YSZnano FCC 6.34 24.92 21.64 23.43 23.67
BCC 11.16 23.30 20.29 21.86 23.39

the height/intensity of the peaks. The broad peaks detected
at 494 cm™', 510 cm™', 630 cm™', 671 cm™', 1010 cm™,
1398 cm™!, and 1590 cm™! are attributed to YSZ, Al,O,
YSZ, Cr,0;, Fe,0;, Fe,05 and Cr,0;, respectively. This
phenomenon is anticipated as it suggests an interaction of
oxide bonds at different frequencies. Our analysis of peak
locations closely aligns with that of other references [25,
53-57], exhibiting a high degree of concordance.

To understand the observed phase evolution in the pre-
pared samples, SEM micrographs at different magnifica-
tions are presented in Fig. 7(a-e). In this figure, FCC, BCC,
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Al-rich, and reinforcement/YSZ phases are illustrated with
arrows. It can be inferred that the grain size is larger in
micro-sized ODS-HEACs. However, it is evident that YSZ
particles are well dispersed in the micro-sized samples,
while the dispersion of YSZ is not as effective in the nano-
sized samples. Additionally, the elemental contribution of
BCC and FCC phases is presented in Table 1. Based on
the EDS elemental percentages, it is important to highlight
that the composition of the BCC phase is rich in Ni and Al,
while the FCC phase contrasts with a richness in Fe and Cr.
The distribution of cobalt element is almost similar in both
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of FCC and BCC phases. Furthermore, the FCC phase frac-
tion increases with the higher content of YSZ particles and
reinforcement particle size reduction, which aligns well with
the XRD-Rietveld analysis results. Among Al-Co-Cr-Fe—Ni
elements, aluminum has the highest diffusion coefficient at
the sintering temperature. Therefore, in the matrix-reinforce-
ment interfaces, this element diffused out from Ni—-Al-rich
BCC phase toward interfacial regions. This leads to the
evolution of the Al-rich zone in the microstructure and the
reduction of BCC phase fraction in the composite samples. It
should be noted that in the samples reinforced with nanomet-
ric YSZ particles which contain higher interfaces, the forma-
tion of the Al-rich phase is more pronounced. Therefore, the
black regions at the interfaces consist of an Al-rich phase.
However, due to the SPS process, other dispersed black areas
(with low content) can be attributed to the presence of pores.

3.2 Mechanical Properties

Figure 8 illustrates the hardness data of AlICoCrFeNi-YSZ
composites obtained from the Vickers hardness test. Several
observations can be drawn directly from these data. Firstly,
it is evident that oxide particles contribute to an increase
in hardness. This finding holds true when comparing the
hardness of HEA-10YSZmicro with the hardness of HEAs
examined in other studies [4, 24]. Secondly, for the same
YSZ size, a higher content of reinforcement leads to greater
hardness. This finding aligns with the Vegard law, which
posits that an increased presence of ceramic particles (due to
their higher hardness and elastic modulus compared to met-
als) raises the average hardness of MMCs. Importantly, this
result is consistent with prior studies [34, 41]. Thirdly, when

holding the YSZ content constant, samples with micro-sized
oxide particles exhibit higher hardness. This finding is com-
plex and warrants further explanation, as multiple mech-
anisms come into play that can influence the mechanical
properties. On one hand, the Hall-Petch mechanism and the
smaller grain size of the nano-sized samples suggest higher
hardness for HEA-5YSZnano/HEA-10YSZnano compared
to HEA-5YSZmicro/HEA-10YSZmicro. However, on the
other hand, factors such as solid solution, grain boundary,
and Orowan strengthening mechanisms contradict the for-
mer mechanism. One contributing factor is the higher BCC
phase fraction in micro-sized YSZ samples (as this phase
has higher strength than FCC phases [24, 40]), leading to
significant solid solution strengthening in these samples.
Additionally, in MMCs with high metallic percentages,
inter-type (micro-sized) strengthening prevails over intra-
type (nano-sized) strengthening [58], resulting in higher
fracture strength of micro-sized samples. This underscores
the dominance of grain boundary strengthening in this
scenario. Furthermore, due to the common occurrence of
agglomeration of nanoparticles, YSZ dispersion is not per-
fect in nano-sized samples, limiting the dominance of the
Orowan strengthening mechanism in these samples, while
it can occur effectively in micro-sized samples.

Figure 9 displays the SEM images depicting the worn sur-
faces of the AICoCrFeNi-YSZ composites. The wear width
and specific wear rate data derived from these images are
presented in Fig. 10. A comparison of the wear widths/rates
of the HEAC samples and the HEA sample [26] indicates
the advantageous influence of oxide dispersion strength-
ening on the wear characteristics. This result is consistent
with findings from previous studies [40, 50]. Furthermore,
it is noteworthy that the wear characteristics of the samples
with micro-sized YSZ are superior to those with nano-sized
YSZ. Additionally, a higher content of oxide particles can
result in increased wear resistance. This can be attributed
to the elevated hardness level, which can lead to increased
wear resistance [21, 47, 48]. For a detailed examination of
wear patterns, higher resolution SEM images of each ODS-
HEAC have presented in Fig. 11. These images reveal the
involvement of multiple wear mechanisms such as oxidation
(as indicated by the high oxygen content in Fig. 12 or high-
intensity oxide bonds in Fig. 13), abrasion (with plough-
ing grooves) and adhesion-delamination (with debris and
cracks underneath). To explain the latter more, according to
the high pin load-low sliding speed, it is possible for local-
ized and minor welding and adhesion to occur as a result
of friction welding. This adhesive mechanism is supported
by the EDS results depicted in Fig. 12, which show tung-
sten entering from the pin to the worn surface. The wear
mechanisms mentioned commonly occur in high entropy
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Fig.9 SEM images related to
wear tracks of the composite
samples; a HEA, b HEA-5
wt% YSZmicro, ¢ HEA-5 wt%
YSZnano, d HEA-10 wt%
YSZmicro, and e HEA-10 wt%
YSZnano
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alloys [25]. In Fig. 13, the Raman broad peaks observed
at 502 cm™, 530 cm™, 626 cm™', 668 cm™', 1391 cm™,
and 1590 cm™! correspond to Al,O;, Cr,0;, YSZ, Al,0,,
Fe,0;, and Cr,0;, respectively. These results are accordant
with findings from other studies [25, 53-57]. These oxide
peaks (excluding the one corresponding to YSZ) indicate a
higher level of oxidation reaction at the surface of the HEAC
samples during sliding. It is evident that samples with higher
wear rates (HEA, HEA-5YSZnano, and HEA-10YSZnano)
exhibit significant amounts of delamination and oxidation
mechanisms. In the case of HEA-5YSZnano, long ploughing
grooves demonstrate substantial abrasion wear phenomena.
These results demonstrate that, similar to findings in other
reference [30], the addition of ceramic particles to HEAs not
only enhances hardness, but also reduces wear rates, which
are highly desirable outcomes.

It should be noted that certain types of defects, such as
pores and impurities (e.g., oxide phases), can form dur-
ing the mechanical alloying and subsequent SPS process-
ing of metal matrix composites. However, demonstrating
the impact of these defects on the mechanical proper-
ties of HEACs poses a challenge and necessitates more
comprehensive investigations, including techniques like
atom probe tomography, 3D-EBSD, and TEM analyses.
Nevertheless, in the case of HEA + YSZ composites, the
influence of these defects on mechanical properties can be
considered negligible for two primary reasons. First, the
analysis of XRD, EDS, Raman, and SEM results suggests
that the proportion of pores and impurities is not signifi-
cant. Second, the similarity in pore fraction and impurity
percentages across all samples indicates that these defects
have not markedly influenced the mechanical properties.

Additionally, the variation in friction coefficient for each
sample is presented in Fig. 14. Due to considerable fluctua-
tions in the CoF results, and to make the curves comparable,
the trend line has been fitted for each graph. In Fig. 14b,
the initial wear stage (running-in period) of each sample has
been excluded. It is evident that HEA-10YSZmicro exhibits
the lowest coefficient of friction (CoF). Furthermore, unlike
the other samples which display significant CoF fluctua-
tions, HEA-10YSZmicro demonstrates a steady-state trend,
potentially leading to lower friction and dissipation energy.
According to the formula presented in the reference [59], a
lower CoF may result in a decrease in temperature rise and
dissipation energy. As a consequence, this can potentially
mitigate issues such as deformation, detachment, and crack-
ing caused by thermal variations. Consequently, as shown
in Fig. 10, HEA-10YSZmicro exhibits the minimum wear
width and rate. The desired wear characteristics of HEA-
10YSZmicro become particularly significant when consider-
ing the high normal load (30 N)/contact stresses (more than
2.4 GPa), especially in comparison to experiments conducted
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Fig. 10 a average wear width and b wear rate of samples

in other studies [4, 6] using lower loads/contact stresses (typi-
cally less than 20 N). The stresses are computed using the
Hertzian contact pressure equation (Egs. 1 and 2) [60], in
which F represents the normal load (N) and R denotes the
radius of the pin (mm). Additionally, v; and E; refer to the
Poisson's ratio and Young's modulus of the sample or coun-
terpart (the Poisson's ratio for the samples is regarded as 0.25,
while for tungsten carbide it is 0.3 and the Young's modu-
lus of tungsten carbide is 560 GPa). Therefore, this mate-
rial emerges as a promising candidate for use in mechanical
components subjected to erosion and wear.

1/3

Contact stress = (6F/z°R°E »?) (D)
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Fig. 11 SEM micrographs of
the worn surfaces of samples; a
HEA, b HEA-5 wt% YSZmi-
cro, ¢ HEA-5 wt% YSZnano, d
HEA-10 wt% YSZmicro, and e
HEA-10 wt% YSZnano
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12 EDS analysis of the worn surfaces of samples; a HEA-5 wt% YSZnano and b HEA-10 wt% YSZnano
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4 Conclusions

The microstructure and mechanical properties of AlCoCr-
FeNi high entropy alloys with varying YSZ size and content
have been investigated through a series of tests. The compos-
ite phase structure (FCC +BCC + YSZ), as well as hardness
and wear behaviors, exhibit significant variation when the
size and content of oxide particles are altered. Consequently,
it can be inferred that:
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Fig. 14 Fitted curves of CoF for each sample; a total variations b without running-in period

Based on the XRD and SEM-EDS results, the level of
BCC to FCC ratio is found to be strongly correlated
with the YSZ content in ODS-HEAC samples. The ratio
of BCC to FCC is higher in micro-sized YSZ samples
compared to nano-sized YSZ samples, with the lowest
ratio observed in the HEA-10YSZnano sample.
According to the Raman results, it is clear that oxidation
can happen during the sintering of powders. Moreover,
under sliding conditions, oxide content at the surface can
be increased especially in the case of metallic sample
(HEA).

At the same oxide particle size, when the YSZ content
increases hardness increases and wear rate decreases
which is desirable behavior.

At the same oxide particle content, micro-sized YSZ
samples show higher hardness and lower wear width.
This behavior can be attributed to multiple mechanisms.
Under high load and contact stresses, HEA-10YSZmicro
shows steady-state wear and a low friction coefficient
(the average is 0.8). Other samples show fluctuations
and higher friction coefficients (their average is more
than 0.92).
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