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In this study, the Al0.3Cr0.5Fe1.5Mn0.5Ni high-entropy alloys (HEAs) with addition of titanium
and carbon was prepared. The as-cast alloys were composed of FCC solid solution and
TiC particles, and were further aged and strengthened by precipitation of B2-NiAl phase at
700°C for 10 h to increase hardness from Hv 200 to Hv 400. Tribological properties of the
HEAs and commercial tool steel (AISI M2) against Al2O3 under dry sliding condition at
room-temperature and elevated temperatures are compared. After high-temperature wear
testing, the HEAs demonstrated exceptional oxidation resistance and a lower friction
coefficient than M2 steel since the dense glazed layer on the surface of the HEAs served as
a lubricant to decrease the friction coefficient, and protected the substrate from oxidation.
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INTRODUCTION

In recent years, the demand for industrial machinery in extreme environments has been increasing. High-
temperature tribological behavior is one of the major life-limiting factors for tool steels (Inman et al., 2003;
Jiang et al., 2005; Pauschitz et al., 2008). The significant role of high temperature sliding wear was first
identified by Fink, (1930). Oxidation resistance is particularly concerned with high-temperature wear since
an oxide layer might form on the surface and help to decrease the friction coefficient (Stott, 1998; Aoh and
Chen, 2001).Moreover, the dense oxide layer known as “glazed layer” is formed during wear and decreases
the wear rate and friction coefficient. The better oxidation resistance exhibited by alloys leads to the
formation of a denser oxide layer, the lubrication mechanism such as self-lubrication were also shown in
several alloys (Pei et al., 2005; Deng et al., 2007). Several studies have been conducted on the tribological
performance of traditional alloys at elevated temperatures (Birol, 2010; Inman and Datta, 2011; Cheng
et al., 2017; Khajuria andWani, 2017); the mechanism of glazed layer has also been well-researched (Stott
et al., 1973; Stott, 1998; Jiang et al., 2004). The main objective of the present work is to investigate the
tribological behavior of high-entropy alloys (HEAs) at elevated temperatures.

HEAs have been suggested to contain at least five principal metal elements, each of which constitutes
more than 5 at% but less than 35 at% (Yeh et al., 2004). HEAs exhibit exceptional mechanical properties,
such as increased hardness, elongation, and satisfactory thermal stability (Chen et al., 2010; Tsai et al., 2010;
Hsu et al., 2011; Juan et al., 2015). The distinctive features of HEAs are attributable to four core effects (Yeh,
2015;Miracle and Senkov, 2017): high-entropy effect, which enhances the formation of single solid solution
phase, such as face-centered cubic (FCC) or body-centered cubic (BCC) phase; severe lattice distortion,
which results from the atomic size difference among different elements in the solid solution phase and
affects the mechanical properties; sluggish diffusion, which is due to the inefficient cooperative diffusion of
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various species that slows down the phase transformation (however,
further research is required to confirm this); cocktail effect, which
results from the interactions among the components in solid solution.

Previous studies regarding the Al0.3CrFe1.5MnNi0.5 alloys (Chen
et al., 2010; Tsao et al., 2012; Chuang et al., 2013; Tsai et al., 2013)
demonstrated that they exhibit a significant age-hardening
phenomenon with hardness increasing from Hv 400 to Hv 900.
Tsai et al. confirmed that the hardening effect results from the
formation of the σ phase (Tsai et al., 2013). Chen et al.
demonstrated that other phases such as Cr-rich BCC, B2-NiAl
compound existed in the alloys (Chen et al., 2010). Additionally,
other strengthening methods of HEAs are also conducted. Studies
regarding (FeCrNiCo)AlxCuy alloys (Fan et al., 2014) demonstrated
that it was reinforced by the uniformly distributed TiC ceramic
particles and the hardness increased fromHv 400 to Hv 600 with the
addition of TiC. Themechanical properties of HEAs such as strength,
elongation, and hardness have been well-researched. However,
studies concerned with the high-temperature tribological
properties are limited (Alvi and Akhtar, 2019; Chen et al., 2019;
Du et al., 2019; Joseph et al., 2019; Liu et al., 2019; Prabhu et al., 2019).

Based on these research findings, the matrix of the as-prepared
alloy was designed according to the Al0.3CrFe1.5MnNi0.5 HEA. The
component of the matrix was modified into Al0.3Cr0.5Fe1.5Mn0.5Ni,
which changes the structure from BCC to FCC; besides, TiC particles
were formed by adding titanium and carbon during melting to
increase the strength and tribological performance. In this study,
the microstructure and mechanical properties of the HEAs after heat
treatment were investigated. Moreover, wear testing against
counterpart Al2O3 under the dry sliding condition at room-
temperature and elevated temperatures was conducted and the
results were compared with those of AISI M2 high-speed steel,
which is widely used in high-temperature applications.

MATERIALS AND METHODS

The bulk alloys with themolar ratio of Al0.3Cr0.5Fe1.5Mn0.5NiTi0.2C0.2

and Al0.3Cr0.5Fe1.5Mn0.5NiTi0.5C0.5 (designated TC02 and TC05)
were produced by arc-melting elemental Al, Cr, Fe, Mn, Ni, Ti,
and C with purity exceeding 99.95 wt% under an argon atmosphere
at least four times to ensure compositional homogeneity. The
dimension of the solidified ingots was about 50 × 10 × 10mm.
The nominal bulk compositions are shown in Table 1.

To elucidate the aging and precipitation behavior, the ingots were
aged at 700°C for 10 h. Microstructural analysis was conducted using
a combination of X-ray diffraction (XRD), scanning electron
microscopy (SEM), and energy-dispersive X-ray spectroscopy
(EDS). Scanning electron images and backscattered electron
images were obtained using a JEOL IT100 SEM, equipped with
an Oxford x-act energy-dispersive X-ray spectroscopy. XRD data

were collected on a Bruker D2 PHASER XRD instrument with Cu-
Kα radiation at 30 kV and 20mA. Scans were conducted at a rate of
0.14 deg/s. The hardness profile was determined using a Vickers
hardness tester (Matsuzawa Seiki MV-1) with a load of 5 kg and a
duration of 12 s.

High-temperature tribological properties of the as-prepared alloys
were evaluated using a pin-on-disc type tester under dry sliding
conditions, as shown in Figure 1. The wear specimen was locked on
the holder connected to the horizontal and vertical force load cell,
which detected the friction and normal force respectively, and the
normal force was driven by pneumatic cylinder to ensure the stable
normal force. The dimension of the specimen was φ8 × 3mm, and
each of the specimenwas grinded to #4000with SiC paper.Wear tests
were conducted at room temperature and 700°C with a sliding speed
of 0.5 m/s, under 3 kg load for 100min. During the test, the specimen
was held on the counterpart material at diameter of 50mm, and the
motor wouldwhirl the counterpartmaterial at 377 rpm, which equals
to relative linear speed of 0.5 m/s for the specimen. The tests were
repeated three times to ensure confidence in results. To ensure the
specimens can be worn under elevated temperature, the counterpart
material is composed of Al2O3 with the diameter of 75mm, the
thickness of 10mm, the hardness of Hv 1,600, the average roughness
(Ra) of 5 μm, and the relative density of 0.997. Tribological
quantification was conducted via measuring the worn area and
the cross-sectional microstructure was analyzed using SEM, XRD,
and EDS.

RESULTS AND DISCUSSION

Analysis of Microstructure and Hardness
The composition of the matrix was designed based on the
statistics of the related parameters such as valence electron

TABLE 1 | The nominal compositions of the HEAs in this study (at%).

Al Cr Fe Mn Ni Ti C

Al0.3Cr0.5Fe1.5Mn0.5NiTi0.2C0.2 (TC02) 7.1 11.9 35.7 11.9 23.8 4.8 4.8
Al0.3Cr0.5Fe1.5Mn0.5NiTi0.5C0.5 (TC05) 6.3 10.4 31.3 10.4 20.8 10.4 10.4

FIGURE 1 | Schematic diagram of high-temperature wear instrument.

Frontiers in Materials | www.frontiersin.org January 2022 | Volume 8 | Article 7877292

Peng et al. High-Temp. Wear of HEA/TiC

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


concentration (VEC), δ, and Ω (the ratio of mixing entropy and
mixing enthalpy) to predict the phase simulation since TiC would
not dissolve in the matrix. The matrix composition of both HEAs
was the same besides the difference in TiC addition. The VEC, δ,

andΩ values of the matrix were 7.74, 3.6%, and 2.83, respectively.
According to the statistical results of Guo’s research (Guo et al.,
2011), FCC phases were observed to be stable at higher VEC (≥8),
and that of the as-prepared matrix was 7.74. In addition, Ω ≥ 1.1

FIGURE 3 | SEM of (A) as-cast TC02, (B) as-cast TC05, (C) as-aged TC02, and (D) as-aged TC05 alloys.

FIGURE 2 | XRD of (A) as-cast TC02, (B) as-cast TC05, (C) as-aged TC02, and (D) as-aged TC05 alloys.
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and δ ≤ 6.6% were proposed as a criterion for forming a solid-
solution phase based on the prediction of Yang et al. (Yang and
Zhang, 2012). The as-prepared matrix could be expected to be a
solid-solution phase composed of a major FCC phase and aminor
BCC phase, depending on the VEC, δ, and Ω values.

Furthermore, aging treatment was conducted for the HEAs at
700°C for 10 h to enhance the mechanical strength. Figure 2
shows the XRD patterns of as-cast and as-aged alloys. Both as-
cast alloys were composed of a major FCC phase and a minor TiC
phase. The SEM images of the HEAs are shown in Figure 3. It can
be observed that both TC02 and TC05 possessed a light gray
matrix, a separated gray eutectic phase, and separated black
particles at the as-cast state. Their chemical compositions are
listed in Table 2. Further, the result is compared with the XRD
analysis, which shows that the matrix was FCC; the gray phase
was Cr-rich BCC, and the black particles tended to be TiC, while
the proportion of BCC phase was too small to be detected by
XRD. The Cr-rich BCC phase might form during the cooling
process of arc-melting, which was also observed in the
AlxCrFe1.5MnNi0.5 alloys (Chen et al., 2010). The size of TiC

particles in TC02 and TC05 was approximately 10 μm, while
certain TiC particles with smaller size were also formed in the
matrix. Moreover, the volume ratio of TiC in the TC05 alloy was
higher than that in TC02 due to the higher content of Ti and C
elements in the alloy. The volume fraction of TiC and hardness of
both as-cast and as-aged HEAs are summarized in Table 3.

The XRD patterns of the as-aged alloys are shown in
Figure 2. The BCC peaks, which correspond to the age-
hardening phase, appeared after the aging treatment. The
microstructure of both alloys after the aging treatment was
similar to their as-cast state (Figure 3), where the matrix was
FCC; the gray phase was Cr-rich BCC, and the black particles
tended to be TiC, while the black stripe-like precipitates were
formed in the matrix of the peak-aged alloys. These
precipitates were primarily of the B2-NiAl compound since
Ni-Al possesses the highest mixing enthalpy among all
elements in the matrix (Table 4); this indicates a tendency
to form a Ni-Al compound in the matrix. This could also
correspond to the BCC peaks in the XRD patterns and the
increase in hardness. This phenomenon was also reported in a

TABLE 2 | EDS analysis of as-cast alloys (at%).

Al Cr Fe Mn Ni Ti C

As-cast TC02 Matrix 8.0 13.6 41.5 10.9 25.5 0.4 -
Cr-rich 5.0 36.9 29.0 10.5 18.6 0.5 -
TiC 0.4 0.9 0.8 0.4 0.4 65.9 31.2

As-cast TC05 Matrix 8.2 12.6 41.6 7.0 28.9 2.1 -
Cr-rich 3.9 47.6 25.1 11 11.9 0.7 -
TiC 0.4 1.8 1.9 0.5 0.9 47.7 46.8

TABLE 3 | Hardness and vol% of TiC of both alloys.

Hardness (Hv5) (as-cast) Hardness (Hv5 (as-aged) Vol%
of TiC (theoretical)

Vol%
of TiC (experimental)

TC02 238.6 368.7 6.9 8.5
TC05 312.4 498.8 17.7 18.4

TABLE 4 | Mixing enthalpy of principle elements (kJ/mol) (Takeuchi and Inoue,
2005).

Al Cr Fe Mn Ni

Al – −10 −11 −19 −22
Cr – – −1 2 4
Fe – – – −2 −2
Mn – – – – −8
Ni – – – – –

FIGURE 4 | Friction coefficient curves of as-prepared alloys.
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FIGURE 5 | Wear rate of the alloys at 25°C and 700°C.

FIGURE 6 | SEI images of the worn surface of (A,C,E) alloys at room temperature and (B,D,F) at 700°C.
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previous study (Chen et al., 2010). The TC02 and TC05 alloys
exhibited the same precipitation phenomenon due to the same
composition of the matrix. The size and distribution of the TiC
particles would not change because the melting point of TiC is
higher than the aging temperature, and the C element has the
most negative mixing enthalpy with the Ti element than any
other component. The width of the B2 precipitates was
approximately 10 nm, and the length was approximately a
few micrometers. Such nanoscaled precipitates harden the
alloys and increase the hardness. Wear testing was further
conducted for both the as-aged alloys to measure the
tribological properties.

Tribological Properties at Ambient and
Elevated Temperature
Figure 4 shows the friction coefficient curves of the TC02,
TC05 as-aged alloys, and M2 steel against Al2O3 counterpart
during pin-on-disc wear testing at 25°C and 700°C. Since the

results of the repeated tests are similar, only one result is
displayed to facilitate comparison in Figure 4. Both TC02 and
TC05 alloys had a lower friction coefficient of approximately
0.60, while M2 steel had the higher friction coefficient of
approximately 0.90° at 25°C. At 700°C, TC02 alloy possessed
the lowest friction coefficient of approximately 0.29 among
the three alloys. TC05 alloy had a medium friction coefficient
of approximately 0.5, while M2 steel had a highest friction
coefficient of approximately 0.56. This shows that both the
HEAs exhibit a lower friction coefficient than commercial M2
steel. Figure 5 shows the wear rate of the alloys. The wear rate
of M2 steel was lower than that of both HEAs at room and
elevated temperature. It is noticeable that the wear rate of the
HEAs decreased dramatically at an elevated temperature. The
SEM analysis of the worn surface is shown in Figure 6. All the
HEAs and M2 steel at 700°C possessed a glazed layer on the
worn surface. The glazed layer formed on the surface served as
a lubricant resulting in a low friction coefficient (Figure 4).
There was no glaze layer on the worn surface of M2 after
room-temperature wear, which results in the highest friction
coefficient among all results. On the other hand, there were
shallow and fewer grooves on the worn surface of M2 steel
compared with both HEAs after room-temperature wear
testing, which a possessed lower wear rate at room-
temperature (Figure 5). After high-temperature testing,
there were fewer depletion regions on the worn surface of
the TC02 alloy and several depletion regions on that of the
TC05 alloy and M2 steel, which possessed the higher friction
coefficient (Figure 4). Figure 7 shows the XRD analysis of the
tested samples. Only the XRD results of the sample after high-
temperature wear testing are displayed since the glaze layer of
the alloys after room-temperature wear testing was too thin to
be detected by the XRD instrument. Both the HEAs after wear
testing showed the peaks of Fe3O4, while M2 steel showed the
peaks of Fe2O3. This indicates that the difference in the
friction coefficient is mainly due to the distribution of the
glazed layer.

Discussion of Tribological Behavior
According to the result of the surface analysis, the cross-
sectional microstructure was further observed using SEM and
EDS line scanning (Figures 8, 9) to clarify the difference in the
glaze layer properties of each alloy. There was only the mixing
layer which is a mixture of substrate and oxide formed on the
surface of both HEAs after room-temperature wear test in
Figures 8A,D. The dense glaze layer was formed after elevated
temperature wear test in Figures 8B,E. Since the mixing layer
was not composed of a dense oxide, it would be formed and
split frequently, resulting in the higher and unstable friction
coefficient and wear rate at room temperature. The dense
glaze layer served as a better lubricant to decrease the friction
coefficient and wear rate, which results in a lower friction
coefficient and wear rate at elevated temperatures
(Figures 4, 5).

Figures 8B,C show that there were three layers under the
surface of the TC02 alloy. Based on the EDS analysis, the first
layer was a thin (3 μm) and dense glazed layer composed of

FIGURE 7 | XRD patterns of (A) TC02 alloy, (B) TC05 alloy, and (C) M2
steel after wear testing at 700°C.
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iron oxide, which corresponds to Fe3O4 analyzed via XRD.
The second layer was a mixture of oxide and substrate, and the
oxygen content was observed to gradually decrease with the
increasing depth. The mixing layer was approximately 9 μm in
thickness. The final layer was the heat-affected zone, B2-NiAl
precipitates were coarsened since the substrate near the
surface was heated by friction. According to these layers as
mentioned above, the substrate and counterpart material were
in contact and wore directly and formed a mixing layer during
the initial wear process, which is also observed on the surface
of the HEAs after room-temperature wear testing and
corresponds to the higher amplitude of the friction
coefficient. As time increased, the oxidized debris was
deposited on the surface and transformed into a glazed
layer under high temperature and pressure, and then
protected the substrate from further wear; thus, the friction
coefficient was reduced (Figure 4).

Similar layers were observed near the surface of the TC05
alloy, as shown in Figure 8E and the formation mechanism
was the same: The mixing layer was formed during the initial
wear process, and the glazed layer was formed subsequently on
the surface to protect the substrate. However, the distribution
of the mixing layer was different. The glazed layer of the TC05
alloy was hemispherical and did not distribute satisfactorily

because of a significant amount of TiC. This shows that oxygen
invaded the substrate; according to Figure 8F oxygen
propagates in alignment with the interface of TiC and the
matrix, and the crack also propagates in alignment with the
arrow to TiC. The thickness of the mixing layer could be up to
20 μm. Finally, the mixing layer was oxidized and decreased
the interface strength of the substrate and mixing layer. Owing
to this phenomenon, the oxide layer was split easily and was
unable to partially protect the substrate and then increase the
friction (Figure 4).

Unlike the distribution of the oxide layer on the surface of
TC02 and TC05 alloys, neither the glazed layer nor mixing layer
was observed near the surface of M2 steel. Moreover, the related
signal was not observed during the EDS analysis (Figure 9).
Nevertheless, a thick oxide layer could be observed on the other
side of the sample (i.e., non-worn surface) of M2 steel
(Figure 10), while few oxide layers were observed on that of
both HEAs. This indicates that either the oxidation resistance of
M2 steel was too weak to form the dense glazed layer during high-
temperature wear testing, or the oxide layer had been split easily
during grinding or polishing. When the wear testing was
conducted on M2 steel, the oxide layer was formed on the
surface at first; then the oxide layer split owing to its excessive
thickness, and then the oxide layer split owing to its excessive

FIGURE 8 | Cross-sectional microstructure of the worn surface under 25 and 700°C: (A–C) are TC02 alloy; (D–F) are TC05 alloy; (G–I) are M2 steel.
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thickness, exposing a new substrate to oxidation; this process is
repeated several times. The repeated oxidation and surface
roughness increased the friction coefficient (Figure 4). In
addition, the wear rate of high-temperature wear is affected by
the weight gain of oxidation and the weight loss of wear. During
high-temperature wear testing, only one surface of the alloys was
worn while all the surfaces were oxidized simultaneously. It
reveals that better oxidation resistance of the HEAs led to less
weight gain by oxidation, and poor oxidation resistance of theM2
steel caused more weight gain, which might actually possess a
higher wear rate than experimental results.

Both HEAs exhibited fairly exceptional oxidation resistance
compared to the poor oxidation resistance of M2 steel. The HEAs
formed a dense glazed layer to protect the substrate and decreased
the friction coefficient at elevated temperatures. This shows that
the exceptional oxidation resistance of HEAs has the potential to
be utilized in high-temperature applications. Furthermore, the
TC02 alloy has the appropriate TiC content and continuous

dense glazed layer, which indicates a significant high-
temperature tribological performance.

CONCLUSION

The as-prepared HEAs were composed of an FCCmatrix, Cr-rich
BCC interdendrite, and scattered TiC particles. During the aging
treatment, the B2-NiAl intermetallic compound precipitated in
the matrix and strengthened the matrix at 700°C.

After the high-temperature wear testing, a glazed layer and a
heat-affected zone were formed, caused by the additional heat due
to friction on the surface for both the HEAs. The dense glazed
layer can decrease the friction coefficient and protect the substrate
from oxidation.

TC02 alloy exhibited the lowest friction coefficient due to the
dense glazed layer and an appropriate number of TiC particles in
the matrix. The HEAs demonstrated exceptional oxidation

FIGURE 9 | EDS line scan of (A) TC02 alloy, (B) TC05 alloy, and (C)M2 steel (Only partial elements which changed significantly were selected to simplify the figure).
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resistance and lower friction coefficient than M2 steel at elevated
temperatures, which proves that HEAs have the potential for
high-temperature applications.
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