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The dual-phase Fe50Mn30Co10Cr10 (atomic percent, at.%) high-entropy alloy
(HEA) was fabricated successfully through a laser metal deposition process.
Fe50Mn30Co10Cr10 HEA consisted of face-centered cubic (FCC) c and hexago-
nal close-packed (HCP) e phases, with an alternating distribution of equiaxed
and columnar grains. The microhardness, tensile strength and elongation of
the alloy were 270 ± 20 HV, 689 MPa and 38%, respectively. After tensile
deformation, many HCP e phases were generated inside and at the boundaries
of FCC c grains because of the transformation-induced plasticity effect. The
content of the HCP e phase increased because of tensile deformation, resulting
in a 75% decrease in the average grain size of the samples. Under the effect of
dispersion strengthening, the strength, microhardness and plasticity of the
material were greatly enhanced, with the product of strength and elongation
up to 26.2 GPa%. The average friction coefficient and wear rate of the alloy
were 0.43 and 1.88 9 10�5 mm3/N/m at 400�C, respectively, which were 38.6%
and 81.6% lower than those at room temperature, showing great high-tem-
perature wear resistance. The main wear mechanism of the alloy at 400�C was
oxidative wear, accompanied by abrasive wear and delamination.

INTRODUCTION

To obtain new materials with superior properties,
people are constantly developing new alloys. In
recent years, high-entropy alloy (HEA) consisting of
multiple principal elements has attracted interest
in research and application.1–6 HEA was originally
defined as a single-phase solid solution containing
at least five principal elements and the concentra-
tion of each principal element ranged between 5 and
35 atomic percent (at.%). However, with the devel-
opment of research, component design from the
perspective of configuration entropy becomes a more
prominent feature of HEA. Due to the characteris-
tics of multiple principal elements, HEA exhibits

unique structure and outstanding properties, such
as excellent hardness and strength,7–9 superior high
elongation,10,11 great wear resistance12,13 and
unique corrosion resistance,14 which gives it
broader application prospects in the fields of biology
and aviation compared with traditional alloys.

In the original HEA design concept, guided by the
principle of maximum configurational entropy,
phase separation was not expected because it indi-
cated the instability of the state of a single solid
solution. In this case, previous studies focused more
on single-phase equiatomic HEA. However, many
studies reflected the fact that single-phase equia-
tomic HEA does not necessarily exhibit excellent
properties. The current studies are no longer lim-
ited to entropy-stabilized single-phase equiatomic
HEA. The development of multi-phase and non-
equiatomic HEA has become an important research
direction.15–18 Recently, Li et al.19,20 developed a(Received January 24, 2023; accepted March 13, 2023;
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new class of transformation-induced plasticity-as-
sisted dual-phase high-entropy alloy (TRIP-DP-
HEA), which consisted of two high-entropy phases
[i.e., face-centered cubic (FCC) c and hexagonal
close-packed (HCP) e phases]. The TRIP-DP-HEA
exhibits high ultimate tensile strength and elonga-
tion through massive solid solution strengthening
and phase transformation-induced hardening and
overcomes the strength-ductility trade-off.

Arc melting17,21 and induction melting19,22 are
commonly used to fabricate HEA bulk samples at
present. However, coarse grains and component
segregation caused by the above processes set a
limit to the performance and application of HEA.
Fortunately, additive manufacturing (AM) provides
a powerful solution to solve the problems existing in
traditional manufacturing processes. AM technol-
ogy has the characteristics of flexibility and agility
and can realize the integration of material manu-
facturing and shaping. Laser metal deposition
(LMD) is a method that combines traditional rapid
prototyping and laser cladding technology. Besides,
the LMD process is characterized by a high solid-
ification rate of 104–106 K/s,23 which provides the
possibility to fabricate HEA samples with fine
grains and homogeneous compositions. According
to existing reports, there have been some studies
using the LMD process to prepare HEA, and good
results have been obtained.24–27 Niu et al.28 fabri-
cated Fe50Mn30Co10Cr10 (at.%) using the LMD
process, and the results indicated that Fe50Mn30-

Co10Cr10 with excellent mechanical properties was
successfully produced by the LMD technique, with
the anisotropic mechanical properties of the mate-
rial observed. However, there is less research on the
fabrication of Fe50Mn30Co10Cr10 by the LMD pro-
cess, and the understanding of its microstructures
and properties is still incomplete. Therefore, it is of
great significance to carry out relevant research.

In this study, the coaxial powder feeding LMD
technique was used to fabricate dual-phase
Fe50Mn30Co10Cr10 HEA thin-wall samples with the
study of microstructure characteristics, phase com-
ponent and structural evolution due to plastic
deformation. The mechanical and tribological prop-
erties of HEA samples were tested and the wear
mechanisms at high temperatures were also
analyzed.

EXPERIMENTAL

The Fe50Mn30Co10Cr10 powders with particle
sizes 45–105 lm were produced by gas atomization
of Fe, Mn, Co and Cr (99.99% purity) in Ar
atmosphere. The chemical composition of the pow-
ders (Fe: 49.86 at.%, Mn: 29.81 at.%, Co: 10.65 at.%,
Cr: 9.68 at.%) was near to the nominal composition.
AISI 316 stainless steel plates were used as sub-
strate materials. The laser system used for the
experiments was a YLS-2000-S2T fiber laser with a
wavelength of 1070 nm. The powder was delivered

by coaxial blown powder equipment at a rate of 3 g/
min with argon carrier gas at a flow rate of 20 l/min.
Argon shielding gas with a flow rate of 20 l/min is
used at the bottom of the nozzle to protect the laser
optics. During the deposition process, the environ-
ment in the working chamber was isolated from the
atmosphere and continuously filled with high-purity
argon gas to ensure a low oxygen atmosphere in the
working chamber (< 100 ppm). After many experi-
ments on parameter optimization, the LMD process
parameters are selected as follows: laser power was
500 W, laser beam diameter was 1.2 mm and
scanning speed was 200 mm/min. The samples were
deposited using the single-track and multi-layer
strategy. The height of the laser head rose by
0.5 mm after each single-track scan.

The phase analysis was examined by X-ray
diffraction (XRD) with Cu-Ka radiation
(k = 0.15406 nm) at 40 kV and 40 mA. The samples
were scanned over a scattering angle range of
30�< 2h< 110� with a scanning speed of 4�/min.
The microstructural characterization of the samples
was observed by optical microscope (OM) and
scanning electron microscope (SEM). X-ray energy
dispersive spectrometer (EDS) was used to analyze
the chemical composition and element segregation.
The phase distribution, grain size and crystal
orientation were characterized using electron
backscatter diffraction (EBSD). The tensile property
was performed at room temperature using a uni-
versal Instron-5967 testing system with a strain
rate of 10�3 s�1. The hardness of the samples was
measured 20 times at an interval of 0.5 mm by a
Vickers microhardness tester with a load of 1.96 N
(200 g) and a loading time of 15 s, and the average
and standard deviation values were calculated. The
wear-resistance test was carried out in HT-1000
high-temperature friction and wear tester in the
temperature range of 25–400�C with a friction
velocity of 700 r/min, friction radius of 5 mm and
loading of 19.6 N (2000 g) for 60 min. Si3N4 balls
were used as the friction pairs. The wear trace
morphology and chemical component were analyzed
by MicroXAM-800 type white-light interferometer,
SEM and EDS. X-ray photoelectron spectroscopy
(XPS) was conducted to examine the chemical states
of different elements on the worn surface. The
density of the alloy was calculated by Archimedes’
principle using the following formula:

q ¼ m1

m1 �m2
q0 ð1Þ

where q is the density of the alloy (g/cm3), m1 is the
weight of a dry alloy block measured in the air (g),
m2 is the weight of the same alloy block measured in
water (g), and q0 is the density of water (g/cm3). The
wear rate of the alloy was calculated using the
following formula:

d ¼ V

N � d
ð2Þ
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where d is the wear rate of the alloy (mm3/N/m), V
is the volume loss of the alloy after the wear test
(mm3), N is the load applied during the wear test
(N), and d is the sliding distance of the grinding ball
on the alloy surface during the wear test (m).

RESULTS

Mechanical Properties

Typical mechanical properties of Fe50Mn30-

Co10Cr10 HEA are shown in Fig. 1. Figure 1a pre-
sents the microhardness of LMD samples in
different states. The microhardness of the as-de-
posited samples is 270 ± 20 HV, similar to the
result for Fe50Mn30Co10Cr10 HEA fabricated using
arc melting.29 In addition, compared with the
results of the as-deposited samples, the microhard-
ness of deformed samples near the fracture signif-
icantly increases to 324 ± 16 HV. This is attributed
to the higher microhardness of the HCP phase
compared to the FCC phase. The HCP phase
obtained from martensitic transformation is the

key to improving the microhardness of deformed
specimens.

Figure 1b presents the engineering stress–strain
curves at room temperature (25�C, RT) of Fe50Mn30-

Co10Cr10 HEA specimens produced using different
processing. The ultimate tensile strength and elon-
gation of LMD HEA samples are 689 MPa and 38%,
respectively. LMD samples exhibit excellent com-
prehensive strength-ductility properties compared
with the samples fabricated by other processes.30–32

However, compared with the coarse-grained (about
45 lm grain size) samples produced in a vacuum
induction furnace,19 the ultimate tensile strength of
LMD samples is close, but the elongation is poor.
This can be attributed to the effect of post-treat-
ment. Previous studies have shown that the
mechanical properties of HEA can be improved by
post-treatment.33,34 The sample in this work is in
the as-deposited state. However, the as-cast sam-
ples were hot-rolled and homogenized at high
temperatures by Li et al.,19 which contributed to
the improvement of the mechanical properties.
Figure 1c reveals the true stress–strain curve and

Fig. 1. Typical mechanical properties of Fe50Mn30Co10Cr10 HEA: (a) Vickers microhardness of the alloy in different states; (b) engineering
stress–strain curves of Fe50Mn30Co10Cr10 HEA fabricated by different techniques; (c) true stress–strain and corresponding strain-hardening rate-
true strain curves of Fe50Mn30Co10Cr10 HEA; (d) relationship between the ultimate tensile strength and elongation of Al alloys (AlSi10Mg,35,36 Al-
5Si,37 Al-12Si38,39), Mg alloys (Mg-1.5Mn,40 Mg-1.5Al-0.2Zn-0.2Mn,40 Mg-6Zn-0.5Zr,40 Mg-0.3Al-0.21Ca-0.47Mn,41 Mg-2.97Al-0.8Zn-036Mn,41

AZ3140,42), Ti alloys (Ti-6Al-4 V,43–46 Ti-24Nb-4Zr-8Sn47), HEAs (AlCoCrFeNi2.1,48 Al0.7CoCrFeNi,28 AlCoCuFeNi3.0,49 CoCrFeMnNi24,50,51) and
present work at RT.
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the corresponding work-hardening rate curve of
LMD HEA specimens. LMD samples exhibit a
prominent work-hardening ability at high strain
levels because of the transformation-induced plas-
ticity (TRIP) effect.

Figure 1d shows the ultimate tensile strength
and elongation of various alloys at room tempera-
ture.35–51 Al, Mg and Ti alloys are widely used
because of their outstanding strength or plastic-
ity.52–54 However, conventional alloys are limited in
the trade-off between strength and ductility. In
contrast, HEA with multiple principal elements
shows excellent strength-plasticity properties due to
the complexity and uniqueness of chemical compo-
sitions, while Fe50Mn30Co10Cr10 HEA with the
TRIP effect exhibits more outstanding performance.
Compared with Al, Mg and Ti alloys, the remark-
able strength-ductility properties of HEA make it
perform better in the product of strength and
elongation, which is up to 26.2 GPa%. Based on
this, LMD Fe50Mn30Co10Cr10 HEA has promising
potential for use in engineering applications.

Figure 2a presents the macroscopic morphology of
tensile fracture. It can be seen that the fracture
surface is uneven, fibrous and dark in color, reflect-
ing the overall morphology of ductile fracture.
Figure 2b shows the microstructures of the central
area of the fracture surface. Holes and dimples are
observed on the fracture surface, and there are also
deep and large dimples, which indicate the good
plasticity of LMD HEA samples. Besides, many
second-phase particles are found at the bottom of
the dimples, and these particles can be used as the
core of the micropore nucleation, further confirming
that a ductile fracture with micropore aggregation
is the main fracture mode. Dimples are surrounded
by short, curved and fibrous tearing edges (bright
white) that help absorb more energy and increase
the elongation of the samples.

Phase Component and Microstructure

Figure 3a presents the XRD patterns of the as-
deposited and deformed Fe50Mn30Co10Cr10 HEA.
The as-deposited Fe50Mn30Co10Cr10 HEA consists of
two phases: FCC c and HCP e phases, consistent
with the results reported by Li et al.19 Noticeably,
after tensile deformation, the intensity of the
diffraction peak of the FCC c phase decreases, while
that of the HCP e phase increases. These results
indicate that the metastable FCC c phase undergoes
a martensite transformation from FCC c to the HCP
e phase during the tensile deformation.

Figure 3b shows the metallographic structure of
LMD HEA in the scanning direction-building direc-
tion (SD-BD) section. The single-track deposition
layer boundary along the scanning direction can be
observed. The height of the single-track deposition
layer is approximately 0.5 mm. The samples consist
of equiaxed and columnar grains. Besides, it is
observed that equiaxed grains are mainly dis-
tributed in the molten pool. The columnar grains
are arranged roughly parallel to the direction of
deposition and pass through multiple deposition
layers. Notably, a few pores are found in the SD-BD
section, which may be caused by gas retention in the
molten pool during LMD processing.

Figure 4 shows the microstructure and elemental
distribution of LMD HEA in the SD-BD section at a
smaller scale. In the undeformed state, a small
amount of granular HCP e phase can be observed in
the FCC c matrix. The HCP e phase was removed
from the FCC c matrix etched by FeCl3 solution so
that the morphology of the HCP e phase could be
observed. After tensile deformation, due to a strain-
induced martensite transformation, the
metastable FCC c phase undergoes the transition
from the FCC c phase to the HCP e phase as a
primary deformation mechanism, which is consis-
tent with previous research.19,55 Moreover, EDS
maps (Fig. 4c) indicate that all the elements, i.e.,

Fig. 2. SEM images of fracture morphology of the tensile specimens at: (a) low magnification; (b) high magnification.
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Fe, Mn, Co and Cr, are evenly distributed at the
grain scale in dual-phase HEA, and no component
segregation is detected.

Figure 5 presents the EBSD images of LMD HEA
specimens. The phase distributions in the middle
region of the as-deposited specimens and near the
fracture of the deformed specimens are shown in
Fig. 5a and b. According to the phase distribution
maps, the area fraction of the FCC c phase of the
as-deposited sample is about 88.7%, and the rest is
HCP e phase, about 11.3%. After tensile deforma-
tion, the area fraction of the FCC c phase decreases
to 71.3%, and the area fraction of the HCP e phase
increases to 28.7%, indicating the transition from
the FCC c phase to the HCP e phase, which is also
consistent with XRD results. Figure 5c and d shows
the statistical results of the grain size distribution
of LMD HEA in an as-deposited and deformed
state, respectively. The maximum and average

grain size of the HEA in the undeformed stage is
about 120 lm and 67 lm, respectively. Combined
with Fig. 5a, it is seen that all the large-size grains
are FCC c phase, while most of the small-size
grains are HCP e phase. The maximum and
average grain size of the deformed HEA is greatly
reduced to about 80 lm and 17 lm, respectively.
The decrease in the average grain size is attributed
to the fragmentation, twin and phase transition of
FCC c grains under stress and the increase of the
proportion of small-size HCP e phase, as shown in
Fig. 5b. Noticeably, initial HCP e grains (of about
3 lm grain size) in HEA mostly exist in FCC c
grains, while new HCP e grains appear both inside
and at the boundaries of FCC c grains. Figure 5e
and f shows the grain orientation of the alloy in the
normal direction (ND) and loading direction (LD).
FCC c large grains of the as-deposited samples
show mainly two orientation components

Fig. 3. Phase component and microstructure of Fe50Mn30Co10Cr10 HEA: (a) XRD patterns in different states; (b) OM image of the as-deposited
alloy.

Fig. 4. Microstructures and element distributions of LMD HEA on the SD-BD cross-section: (a) in the undeformed state; (b) after the deformation;
(c) EDS map corresponding to the region in (a).
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(Fig. 5e),<101>//ND (green) and close to<111>//
ND (blue and purple), consistent with the results of
cold-rolled Fe49.5Mn30Co10Cr10C0.5 HEA after tem-
pering.56 After tensile deformation, FCC c large
grains show obvious<101>//LD and close
to<111>//LD orientation (Fig. 5f).

Tribological Properties

Figure 6a shows the variation curves of the
friction coefficient for LMD HEA samples under
different wear test temperatures. The friction

coefficient of the samples is low in the initial stage
because of the breaking-in process between the
samples and the grinding ball. After a 5–10 min
wear test, the friction coefficient increases gradu-
ally, and then the samples reach a steady wear
stage. Notice that the friction coefficient curves
present a typical phenomenon of sawtooth fluctua-
tion. However, the difference lies in the fluctuation
degree of each sample curve. Besides, the value of
the friction coefficient for the samples under differ-
ent test temperatures in the steady state is given in
Table I. The average friction coefficient of the

Fig. 5. Phase maps, grain size distributions and inverse pole figure maps of Fe50Mn30Co10Cr10 HEA on the SD-BD cross-section: (a, c, e) as-
deposited; (b, d, f) deformed.
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samples decreases with the increase of wear test
temperature and decreases by 38.6% at 400�C
compared with at RT. Figure 6b shows the wear
rate of the samples at different test temperatures.
Like the changing trend of the friction coefficient,
the wear rate of all samples also decreases with the
increase of test temperature, indicating that LMD
HEA exhibits more excellent wear resistance at
high temperatures.

Figure 7a shows the wear track profiles at differ-
ent temperatures. The depth and width of the wear
track both decrease with the increase in the test
temperature. At the highest temperature of 400�C,
the depth and width of the wear track are 32.1 lm
and 1220.5 lm, respectively. The decrease in the
depth and width of the wear track indicates a
decrease in the volume loss, and the wear rate of the
alloy is the lowest when the volume loss is the
smallest. In addition, the hardness of the alloys
tested at different temperatures was measured, as
shown in Fig. 7b. Obviously, the hardness of the
alloy increases as the test temperature increases.
This is attributed to the local plastic deformation
and high-temperature oxidation mechanism of the
alloy during the wear tests, and the fine-grain HCP
e phase is induced by the FCC c phase under the
action of stress, which increases the content of the
HCP e phase with higher hardness. The increase in
the hardness of the alloy is conducive to obtaining
better wear resistance, thus leading to a decrease in
the wear rate.

DISCUSSION

Microstructure Characteristics of the LMD
HEA

The LMD samples have the microstructure char-
acteristics of equiaxed and columnar grains, which
can be attributed to the variation in the tempera-
ture gradient (G) and the solidification rate (R).57

The formation of grain morphology during the LMD
process is shown in Fig. 8. When the laser scans a
single track on the substrate, there is a higher
temperature gradient and faster solidification rate
at the bottom of the molten pool in contact with the
substrate due to the high energy of the laser beam,
which promotes the formation of columnar grains
with the growth direction parallel to the direction of
the maximum thermal gradient at the bottom of the
molten pool. Meanwhile, it is easier to form
equiaxed grains on the top of the molten pool
because of a smaller temperature gradient. When
a new layer is deposited on the previous layer,
equiaxed grains on the top of the previous layer are
partly remelted, providing nuclei for the formation
of columnar grains. As the deposition height
increases, the previously deposited layers gradually
cool to a relatively lower temperature, while the
newly deposited layer has a higher temperature due
to the high laser beam energy. Therefore, a large
temperature gradient is generated along the depo-
sition direction, and the existence of the tempera-
ture gradient promotes the growth of columnar
grains along the deposition direction. Because of
this, columnar grains typically pass through multi-
ple deposition layers. With the progress of the
solidification, the temperature gradient decreases
and the solidification rate increases, which is ben-
eficial to the occurrence of columnar to equiaxed
transitions.58

Previous studies have shown that process param-
eters such as scanning speed and laser power can
affect the value of G and R.59 Under the premise of
constant scanning speed, increasing the laser power

Fig. 6. Tribological properties of Fe50Mn30Co10Cr10 HEA at different temperatures: (a) friction coefficient versus time curves; (b) wear rate.

Table I. Friction coefficient of Fe50Mn30Co10Cr10
HEA in the steady state.

Temperature (�C) Friction coefficient

RT 0.70 ± 0.05
100 0.59 ± 0.03
250 0.51 ± 0.04
400 0.43 ± 0.03
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reduces both the temperature gradient and solidifi-
cation speed, but the value of G/R decreases.
Therefore, the grains tend to transform from colum-
nar to equiaxed transformation. When the laser
power is constant, decreasing the scanning speed is
equivalent to increasing the incident energy, which
causes the grains to transform from columnar to
equiaxed. The variation of the temperature gradient
and solidification rate caused by the LMD process
parameters is the key factor to change the grain
characteristics, and appropriate process parameters
can effectively control the microstructures.

The grains of LMD samples are relatively fine
(the average grain size is about 67 lm), and the fine
grains provide more interfaces to hinder dislocation
motion, which is beneficial to the high strength of
the material. In addition, in the process of tensile
deformation, many small-size HCP e phases appear
and disperse on the FCC c matrix because of the
TRIP effect, realizing the effect of dispersion

strengthening, which is one of the main reasons
for the high strength of Fe50Mn30Co10Cr10 HEA
fabricated by LMD process.

Formation Characteristics of Phase

Early research on TRIP steel found that the TRIP
effect is mainly related to stacking fault energy.60

The previous research confirmed that in the Fe80-

xMnxCo10Cr10 HEA system, only when the Mn
content reached 30 at.% could the stacking fault
energy in the FCC c phase meet the requirements
for realizing the TRIP effect, thereby forming the
TRIP-DP-HEA.19 This also confirms the rationality
of the above conclusion in the TRIP-DP-HEA. Many
stacking faults in the FCC c phase act as the core of
the HCP e phase nucleation, which can realize the
transformation from the metastable FCC c phase to
the HCP e phase when subjected to externally
applied loads. This is also the main deformation
mechanism of the HEA.

The grain boundaries are usually the main nucle-
ation sites for phase transition, and the HCP e
phase is believed to be more likely to nucleate and
grow at the FCC grain boundaries.61 The EBSD
results show that the HCP e phase mostly exists in
the FCC c grains in the undeformed stage. After
tensile deformation, the nucleation of the transition
from the FCC c phase to the HCP e phase is easier
because of the increase in grain boundary area
caused by the decrease in FCC grain size. Therefore,
a large amount of newly added HCP e phase can be
found at the FCC c grain boundaries. As the
deformation progresses, multiple deformation
mechanisms (i.e., dislocation slip, twinning and
stacking fault formation) are also activated in the
HCP e phase, which plays an important regulating
role in the uniform plastic deformation and strain-
hardening of the specimens. In addition, the growth
of the transformed HCP e phase is limited by grain
boundaries. Notably, the HCP e phase in LMD HEA

Fig. 7. Wear track morphology and hardness of HEA at different temperatures: (a) 2D cross-section profiles of the wear track; (b) Vickers
hardness of the alloy.

Fig. 8. Schematic illustration of the evolution of grains during the
LMD process: (a) single-track; (b) multi-layer.
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is granular, as shown in Fig. 4a, which is different
from the previous lath shape and possibly due to the
unique single-track and multi-layer fabrication
strategy of the LMD process. As shown in Fig. 8,
granular HCP grains with high microhardness are
dispersed in the interior and boundary of FCC
grains, forming a pinning effect, which can greatly
improve the comprehensive strength of LMD
samples.

Wear Mechanisms of Fe50Mn30Co10Cr10 HEA

To better understand the wear mechanisms of
Fe50Mn30Co10Cr10 HEA at different temperatures,
SEM and EDS analyses of the worn surfaces of the
samples after wear tests at RT and 400�C were
performed, as shown in Fig. 9 and Table II. The
worn surface characteristics of the samples at RT
and 400�C are quite similar, and multiple wear
mechanisms can be observed simultaneously.
According to the EDS analysis of the worn surfaces
(Table II), the areas where point B and E were
located are oxide layers, which confirms the occur-
rence of oxidative wear during the wear tests and
also explains why the friction coefficient curve
exhibits typical sawtooth fluctuations in the steady
stage. This is because when a protective oxide layer
with higher hardness is formed on the worn

surfaces of the samples, the direct contact between
the samples and the Si3N4 balls is isolated, resulting
in a decrease in the friction coefficient. However,
within a short period, the oxide layer is broken, the
worn surfaces are in direct contact with the Si3N4

balls, and the friction coefficient increases. During
the steady wear phase, the above process is con-
stantly repeated. The degree of oxidation of the
worn surfaces that are not in contact with the Si3N4

balls is more severe at high temperatures than at
RT by comparing the compositions of point C and F.
Meanwhile, the oxide layer formed at RT was
discontinuous, and the area of the oxide layer on
the worn surfaces gradually increased with the

Fig. 9. SEM images of the worn surfaces of HEA specimens at: (a, b) RT; (c, d) 400�C. (a) and (c) Morphologies of the worn surfaces at low
magnification and (b) and (d) magnified morphologies corresponding to the identical regions marked in (a) and (c).

Table II. Chemical composition inside the wear
tracks of the HEA samples (at.%)

Element Fe Mn Co Cr Si O

A 26.55 16.66 5.60 5.92 0.78 44.49
B 17.43 10.47 3.75 3.80 1.32 63.23
C 46.09 26.69 9.31 9.59 0.00 8.32
D 17.48 10.63 3.73 3.69 0.76 63.71
E 20.69 12.37 4.38 4.48 0.77 57.31
F 36.65 21.68 7.69 7.40 0.00 26.58
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increase of the test temperature. In addition, there
is no significant difference between the proportion of
each element in white particles and the oxide layers
by comparing the composition of white particles
corresponding to point A and point D with that of
the oxide layer, which indicates that the particles
fell off the oxide layers. In contrast, there were more
white particles inside the wear tracks of the sam-
ples tested at RT, which indicates that the rupture
degree of the oxide layers is greater. The increase of
the area and integrity of the oxide layer at high
temperatures can explain the decrease in the depth
and width of the wear track as the test temperature
increases and is also the key reason for the lower
wear rate of the alloy at high temperatures.

To further investigate the chemical valence of
different elements of the oxide layers, XPS tests
were carried out on the worn surface of the samples
after the wear test at 400�C, as shown in Fig. 10. In
the Fe 2p spectrum (Fig. 10a), two pairs of peaks
located at 712.6 eV (Fe 2p3/2) and 726.0 eV (Fe 2p1/2)
are related with Fe3+, and the others peaks are

shakeup satellites (denoted as ‘‘Sat.’’).62,63 The Mn
2p spectrum (Fig. 10b) shows the peaks at 642.5 eV
(Mn 2p3/2) and 654.0 eV (Mn 2p1/2), indicating the
coexistence of Mn2+ and Mn3+.62,64 In Fig. 10c, the
peaks at 780.6 eV (Co 2p3/2) and 796.3 eV (Co 2p1/2)
match with Co3+, while the peaks at 782.2 eV (Co
2p3/2) and 797.6 eV (Co 2p1/2) are related to Co2+.65

Fig. 10d exhibits the peaks at a Cr 2p3/2 peak at
576.3 eV and a Cr 2p1/2 peak at 586.0 eV, suggest-
ing the coexistence of Cr3+.66 According to the XPS
analysis, the oxide layer consists of Fe2O3, MnO,
Mn2O3 CoO, Co2O3 and Cr2O3, and these substances
work together to prevent direct contact between the
alloy surface and the Si3N4 balls, thus improving
the wear resistance of the alloy.

The morphologies of the wear tracks obtained at
different temperatures all revealed the existence of
ploughing grooves, which illustrates that abrasive
wear is also one of the important wear mechanisms.
According to the previous microhardness test, the
difference in the microhardness between the Si3N4

balls and HEA samples is large, leading the harder

Fig. 10. XPS narrow spectra of the worn surface for HEA at 400�C: (a) Fe 2p; (b) Mn 2p; (c) Co 2p; (d) Cr 2p.

Microstructures, Mechanical and High-Temperature Tribological Properties of Dual-Phase
Fe50Mn30Co10Cr10 High-Entropy Alloy Fabricated by Laser Metal Deposition

4147



counter-abrasive material to slide easily on the
softer surface of the samples and cause wear.
Delamination and microcracks were also observed
on the worn surfaces of the samples. The occurrence
of delamination is attributed to the cold welding of
worn particles to the surfaces after leaving the
specimens. The appearance of cracks is due to the
presence of the HCP e phase as a primary phase of
Fe50Mn30Co10Cr10 HEA. Meanwhile, the content of
the HCP e phase increases because of the TRIP
effect during the wear tests, increasing the brittle-
ness of the surfaces of samples to a certain extent
and resulting in a decrease in the ability to inhibit
the formation of cracks.

CONCLUSION

In this work, we successfully fabricated dual-
phase Fe50Mn30Co10Cr10 HEA specimens with
excellent performance using the LMD process based
on coaxial powder feeding. The microstructure,
phase composition, mechanical and tribological
properties of the as-deposited samples were system-
atically investigated. The main conclusions are as
follows:

(1) The HEA samples fabricated using LMD con-
sist of equiaxed and columnar grains because
of the high temperature gradient and solidifi-
cation rate of the laser processing. Besides,
FCC c and HCP e phases were observed in the
samples. During the plastic deformation, the
metastable FCC c phase transformed to the
HCP e phase because of the many stacking
faults in the system, and both shared the
strain.

(2) The microhardness, ultimate tensile strength
and elongation of the as-deposited samples are
270 ± 20 HV, 689 MPa and 38%, respectively.
After tensile deformation, the TRIP effect
occurred in the samples, with the HCP e phase
increased by 17.4%. The microhardness of the
deformed samples increased by 20% due to the
dispersion strengthening. The LMD Fe50Mn30-

Co10Cr10 HEA has excellent comprehensive
strength-ductility properties compared with
traditional alloys, showing the product of
strength and elongation up to 26.2 GPa%.

(3) The average friction coefficient and wear rate
of LMD samples at RT are 0.70 and 1.02 9
10–4 mm3/N/m and decreased to 0.43 and
1.88 9 10–5 mm3/N/m when the test tempera-
ture increased to 400�C, respectively. With the
increase of wear test temperature, the depth
and width of the wear track both decrease, and
the hardness of the alloy increases. The main
wear mechanism of HEA samples in the
temperature range from RT to 400�C was
oxidative wear, accompanied by abrasive wear
and delamination.
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