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CoCrFeNiMn high-entropy alloy (HEA) has great potential for engineering application due
to its good ductility and high fracture toughness at low temperature. It can be deposited on
components as coatings to take advantage of its excellent properties and reduce the cost.
In this study, CoCrFeNiMn HEA coatings were deposited on 316L stainless steel
substrates by atmospheric plasma spraying (APS) technique, and a series of transient
thermal shock tests were performed. It was found that the coatings contained two main
phases: a face-centered cubic (FCC) solid solution phase and a flocculent oxides phase.
The elemental contents of Co, Cr, Fe, and Ni were close to equal atomic percentage in the
coating, while Mn was reduced significantly. The oxygen was mainly distributed in the dark
flocculent oxides phase. After transient thermal shock tests, these two phases remained
stable, but some tiny cracks appeared on the surface. Meanwhile, the microhardness of
the coating after transient thermal shock tests also showed stable, ∼ 420 HV. Weibull
statistics were used to analyze the reliability of themicrohardness, and theWeibull modulus
m was distributed from 9 to 15. The CoCrFeNiMn HEA coating exhibited high phase
stability and excellent properties under transient thermal shock, making it have service
advantages in extreme environments, especially in the fields of the development of future
nuclear and aerospace structural materials.
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INTRODUCTION

In 2004, J.W. Yeh et al. calculated the mixed configurational entropy of equiatomic ratio multi-
principal element alloys. Based on the ideal solution hypothesis and Boltzmann theory, they
proposed the concept of high-entropy alloys (HEA) for the first time (Yeh et al., 2004). It
jumped out of the traditional alloy design concept, which was mainly based on one or a few
principal elements and someminor elements (Yeh et al., 2004; Cantor et al., 2004). The coming out of
the HEA innovated people’s traditional cognition of alloy materials, and broke the development
dilemma in traditional alloys’ design, providing new ideas and directions for scientific research and
industrial development. HEAs are defined as alloys contain five to thirteen major elements at near-
equal atomic ratios (Zhang et al., 2014). The multi-principal elements design with high mixing
entropy, contributes to formation of simple cubic or face-centered cubic (FCC) solid solutions in the
HEA, instead of forming the complex and large numbers of intermetallic compounds (Hsu et al.,
2004; Senkov et al., 2011; Otto et al., 2013). HEAs possess excellent properties, such as high hardness,
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high corrosion resistance and high resistivity (Chen et al., 2005; Li
et al., 2016; Park et al., 2016; Hsu et al., 2017; Huo et al., 2018; Lei
et al., 2018; Lu et al., 2019). These excellent properties caught the
researchers’ great attention and made HEA a research hotspot in
recent years (Yang et al., 2018; Fan et al., 2020; Ding et al., 2021).

The CoCrFeNiMn HEA, also named as Cantor alloy, with a
single FCC solid solution phase is one of the representative HEAs,
which was first proposed by Cantor et al., in 2004 (Cantor et al.,
2004). However, further studies on CoCrFeNiMn HEAs did not
appear until around 2013 (Otto et al., 2013; Liu et al., 2013; Zhang
et al., 2015). It’s reported that the CoCrFeNiMn HEAs have a
good ductility of ∼ 60–70%, a high yield strength of ∼ 1 GPa, and a
fracture toughness of more than 200 MPa M1/2, which have great
potential for engineering application (Gludovatz et al., 2014;
Zhang et al., 2015). Thus it is of great scientific significance to
conduct an in-depth study on this promising material. Nowadays,
HEAs can be processed and prepared by various processes
(Zhang et al., 2011; Liao et al., 2017; Aliyu and Srivastava,
2019; Mu et al., 2019; Wang et al., 2021), and they were made
into blocks, coatings, films and other geometric forms. Among
them, the atmospheric plasma spraying (APS) is widely used for
deposition of high-quality coatings due to its high deposition
efficiency and cost-effective. In 2014, Ang et al prepared
CoCrFeNiMn HEA coating via APS, and the phase
composition, microstructures of the as-sprayed HEA coating
were discussed (Ang et al., 2014).

Transient thermal shock tests were widely conducted on
engineering materials by electron beams (EBs) in recent years,
as the EBs had a flexible control of energy density and extremely
fast heating speed (Chen et al., 2015; Chen et al., 2017; Fan et al.,
2017). During EBs treatments, the surface of the coating went
through a process of re-solidification, a significant grain
refinement. And it’s found that nanocrystals and amorphous
structures could occur in the re-melted regions (Li, 2011; Li, 2019;
Fu et al., 2020). In addition, previous studies showed that,
compared with the traditional alloys, some HEAs had better
properties and higher stability under irradiation. Xia et al. found
that after 3 MeV Au-ion irradiation, the AlxCoCrFeNi still had
high phase structure stability, and the irradiation-induced
volume swellings were significantly lower than that of 316
stainless steel under similar irradiation dosages (Xia et al.,
2015). Egami et al. studied on the irradiation-induced
structural changes and phase stability of CoCrCuFeNi HEA
under MeV fast electron irradiation. It’s found that the FCC
solid solution showed high phase stability against irradiation over
a wide temperature ranged from 298 to 773 K. And grain
coarsening which could occur in thermal annealing process,
however, was not observed under the irradiation (Nagase
et al., 2014).

In this study, the CoCrFeNiMn HEA coatings were deposited
on 316L stainless steel by APS technique. Afterward, transient
thermal shock tests were conducted on the coating with a power
density of 1.67 W/mm2 to 5.83W/mm2. It’s found that the HEA
coatings had excellent phase structure stability and transient
thermal shock resistance.

EXPERIMENTAL METHODS

Preparation of the HEA Coatings
The CoCrFeNiMn HEA coatings were synthesized by APS
technique, and the whole procedure is shown in Figure 1A.
The particle sizes of the HEA powders in the experiment were
ranged from 0 to 25 μm, as shown in Figure 1B. The powder
feeding rate was 0.59 g/min, and the spraying cycle was 30 times.
Round 316L stainless steel with a diameter of 25.4 mm was
selected as the substrate, as shown in Figure 1C. The working
current and voltage was 400 A and 50 V, respectively. The
working distance was set to be 90 mm. Argon was used as
the primary gas and the carrier gas with the pressure of 400 and
350 kPa, respectively. While the secondary gas was hydrogen
with a pressure of 120 kPa. The CoCrFeNiMn coating
specimens via APS are shown in Figure 1D.

Transient Thermal Shock Tests
The SEB (M) -100A vacuum electron beam bombardment
furnace (Guilin Strong Numerical Control Vacuum Equipment
Co., Ltd, China) was used in the transient thermal shock tests. In
the operating mode, the vacuum level of electron beam
bombardment furnace should be kept less than 1 × 10−2 Pa, as
shown in Figure 2A. In the bombardment furnace, the electrons
were emitted from the electron gun and accelerated by the electric
field, then the electrons bombard the cathode, which heated the
cathode and generated the cathode rays.

Before the transient thermal shock tests, the as-sprayed HEA
coatings were polished, named S0. During tests, the working
voltage was 30 kV, and the action time was 200 ms. The beam
spot diameter was set to be 5 mm, and the field frequency was 64
lines. The waveform frequency was set in rectangular 5 K. The
power density was controlled by changing the beam current, and
6 batches of parallel transient thermal shock tests were carried
out. The beam currents of 200 mA, 300 mA, 400 mA, 500 mA,
600 mA and 700 mA were selected, and the corresponding
shocked coatings were named S1, S2, S3, S4, S5 and S6,
respectively (Table 1). Then the EB power density and the
power shocked on the coating sample during each test can be
calculated with Equation 1:

PD � P

S
� UI

(aη)2 (1)

where PD is the EB power density, P is the power of the electron
gun, I is the EB current of the electron gun, U is the working
voltage. a is the side length of the square area covered by the initial
default of the EB device to complete the field frequency 64-line
scan, and its value is 20 cm η is the scaling ratio for adjusting the
range of the EB, which is set to be 30% in this experiment. S is the
area of the square area covered by the EB to complete the field
frequency scan of 64 lines, as shown in Figure 2B. The
corresponding power density PD of the EB, and the power P0
shocked on the coatings during the experiment are shown in
Table 1.
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Characterizations of the Coating
Microstructures
The surface morphologies of the coatings were observed by the
Apreo S Hi Vac high-resolution scanning electron microscope
(SEM), which was produced by FEI, Czech. And the chemical
composition was analyzed by the energy dispersive
spectrometer (EDS). In addition, the phase structures of the
HEA coatings were examined by the X’pertpro high-resolution
X-ray diffractometer (XRD) produced by Philips in the
Netherlands. Transmission electron microscopy (TEM) and
selected area electron diffraction (SAED) were performed by
using a ETEM (Thermo Fisher Scientific) microscope operated
at an accelerating voltage of 300 kV. The TEM sample
preparation has been performed by a duel beam FIB
microscope, Strata 400S (FEI). After selection of the target

area, a protection layer of Pt was deposited on the exposed
target surface inside the FIB microscope. Then the target area
was FIB ablated (30 kV) into a prism-shaped (10 μm length ×
3 μm width × 5 μm depth). The sample was further mounted
onto a Cu TEM grid and milled down-to a 80 nm thin lamella.

Microhardness Test
The microhardness of the coatings ware tested using the
HVS1000A-XYT automatic microhardness tester produced by
Laizhou Huayin Co., Ltd, China. During the tests, the square
pyramid diamond indenter was pressed into the surface of the
coating at room temperature. After holding for a period of time,
the indenter was removed from the sample, leaving a nearly
diamond-shaped indentation on the surface of the coating. By
measuring the diagonal of the indentation length, substituting the
diagonal length into Eq. 2, it can calculate the Vickers
microhardness value of the coating:

HV � 0.102
2F sin α

2

d2
� 0.1891

F

d2
(2)

where HV represents to the Vickers microhardness, α is the 136
included angle of the diamond pyramid edge, F is the loading
force applied to the CoCrFeNiMn HEA coatings. And d is the
length of the indentation diagonal.

The loading force in the experiment was 50 g, and the dwell
time was 10 s. In order to accurately obtain the microhardness of
the coating, 9 random points were selected in the form of a 3 × 3
matrix, and the spacing of the points was 1 mm. Couple
experiments were performed on the HEA coatings, and
18–32 Vickers hardness data were obtained for each coating.
In this study, we adopted two different analysis methods for the
Vickers hardness data: the average calculating and Weibull
statistics.

The Weibull statistical distribution is widely used in reliability
analysis and life testing in scientific research and engineering. In
1933, Rosin et al. firstly used the distribution for studying the
distribution of scraps (Rosin and Rammler, 1933). The Weibull
statistical distribution can be derived in different forms in
different application scenarios. And in this study, two-
parameter Weibull statistics were used to analyze the reliability
of the microhardness data.

FIGURE 1 | The whole procedure of preparation of CoCrFeNiMn HEA coatings by APS. (A) Schematic diagram of APS technique; (B) SEM morphology of the
CoCrFeNiMn powders; (C) 316L steel substrate after sandblasting; (D) the macro morphology of CoCrFeNiMn HEA coatings prepared by APS.

FIGURE 2 | Transient thermal shock tests of CoCrFeNiMn HEA
coatings. (A) Schematic diagram of transient thermal shock experiment by
EB; (B) Scanning mode of the EB during the transient thermal shock tests.

TABLE 1 | Power density and power shocked on the coatings during the transient
thermal shock tests. I: EB current, PD: EB power density, Po: power shocked
on the coatings.

Samples I/mA PD/(W/mm2) P0/W

S0 0 0 0
S1 200 1.67 844.52
S2 300 2.50 1266.78
S3 400 3.33 1689.03
S4 500 4.17 2111.29
S5 600 5.00 2533.55
S6 700 5.83 1955.81
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RESULTS AND DISCUSSION

Microstructures and Composition Analysis
Figure 3 shows the SEMmorphologies of the CoCrFeNiMn HEA
coatings, including the as-sprayed sample S0, and the samples
after transient thermal shock tests. It can be observed that the
thickness of the as-sprayed HEA coatings by APS is between
300∼400 μm (Figure 3A). Though an obvious interface is
appeared between the HEA coating and the 316L steel
substrate, the HEA coating is closely bonded to the substrate
(Figure 3B). Figure 3C shows the cross section of the as-sprayed
coating, and it can be seen that there are two completely different
phases in the HEA coating: a bright phase and a flocculent dark
phase. This dark phase distribution can also be observed in the
surface (Figure 3D), and its content is high, which was also found
by previous studies (Xiao et al., 2020; Liao et al., 2021). Two
different phases can be clearly observed on both the cross section
and the surface of the coatings, indicating that the composition
segregation happened in the HEA coatings. After transient
thermal shock tests with different EB power density, the bright
phase and flocculent dark phase remain in the HEA coating, and
no obvious changes in the distribution of these two phases can be

observed, as shown in Figures 3E–P, which indicates that the
phase structures of the HEA coating are stable under transient
thermal shock by EB. To identify the elemental content in the two
phases, an EDS analysis was conducted on the coatings. And the
corresponding chemical composition of the HEA coatings are
shown in Table 2. The content of Co., Cr, Fe, and Ni in the
coating was close to equal atomic percentage, while the content of
Mn decreased significantly. This is mainly because manganese is
easily volatile at high temperatures during the process of APS (Li
et al., 2018; Xiao et al., 2020; Liao et al., 2021). In the bright phase,
the Co., Fe, Cr and Ni are approximately close to the atomic ratio,
and Mn is only ∼ 1 at. %. The oxygen content in the bright phase
is relatively low compared with the dark phase. In the dark phase,
however, the oxygen content is very high, ∼ 50 at. %. Thus, it can
be inferred that the dark phase is the metal oxides, while the
bright phase could be CoCrFeNi with a small amount of Mn.
During the transient thermal shock tests, the flocculent dark
phase of the metal oxides restricted the bright phase, resulting in
the stability of the microstructures. Comparing the as-sprayed
HEA coating surface (Figure 3D) with the HEA coating surfaces
after transient thermal shock tests (Figures 3F, H, J, N, P), it can
be found that there are some tiny micro cracks on the HEA

FIGURE 3 | SEM morphologies of the CoCrFeNiMn HEA coatings(A–D) the as-sprayed coatings S0; (E, F) S1; (G, H) S2; (I, J) S3; (K, L) S4; (M, N) S5; and (O,
P) S5.
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coatings surface after tests. This could be ascribed to the induced
high thermal stress. During transient thermal shock tests, the
coating surface could reach a high temperature at a short time,
and cooled down quickly. The difference in shrinkage between
the bright phase and the dark phase caused a large stress
concentration on the surface. When the stress in the surface
layer exceeded the bond strength of the two phases, cracks would
occur (Vandehaar et al., 1988).

Figure 4 shows the XRD patterns of the CoCrFeNiMn HEA
coatings. It can be observed that there are two phases in the
coatings: an FCC phase and a metal oxides phase. Combining
with the above EDS analysis results, it can be inferred that the

bright phase of the coating is FCC solid solution structure, and
the dark phase is the metal oxides phase. Both the FCC phase and
the metal oxides remain stable under different transient thermal
shock tests. However, the prominent diffraction peaks of the
shocked coatings were slightly shifted to a higher angle, indicating
the thermal stress was generated on the coating surface during the
transient thermal shock tests, resulting in a smaller interplanar
spacing (Vandehaar et al., 1988).

To further identify the detailed microstructure of the HEA
coating, TEM was used to characterize and analyze the bright
phase and the dark phase. The image in Figure 5A reveals that the
bright phase is an FCC solid solution structure, and the grain size
is ∼ 10–100 nm. And in Figure 5B, the flocculent regions (multi-
component metal oxides) embedded in the bright matrix. It can
be observed that these metal oxides are in nanometers. The
flocculent regions appear darker as compared with the
surrounding phase, indicating that these areas exhibit a lower
average atomic number. The inset SAED shows the complex
polycrystalline rings, which is mainly ascribed to the random
orientation of the nano-multi-component metal oxides particles.

Microhardness Stability
The microhardness average values of the CoCrFeNiMn HEA
coatings are shown in Figure 6, ∼ 420 HV. It shows that the
microhardness of the HEA coatings keeps stable as the power
density of the transient thermal shock tests increases. Thus, it can
infer that the transient thermal shocks by EB with a power density
from 1.67 to 5.83W/mm2 have little influence on the
microhardness of the CoCrFeNiMn HEA coating. In fact, as
above discussed, the two phase structure and contents of the HEA
coatings remain stable during transient thermal shock, which
could directly reflect on their mechanical properties. During the
transient thermal shock tests, the bright phase (FCC structure)

TABLE 2 | Chemical compositions of different regions in the CoCrFeNiMn HEA coatings by EDS (at.%).

Samples Regions Chemical composition (at. %) Phases

Co Cr Fe Ni Mn O

S0 Total 17.64 15.21 16.83 17.13 3.18 30.01 /
Bright 25.66 17.79 23.17 24.65 3.35 5.39 FCC
Dark 12.93 9.73 12.33 12.01 1.08 51.91 Oxides

S1 Total 19.45 16.42 18.35 18.97 1.96 24.86 /
Bright 25.9 17.22 23.57 24.64 1.97 7.11 FCC
Dark 13.71 13.07 13.49 12.98 1.68 45.08 Oxides

S2 Total 19.67 17.32 18.72 19.12 2.52 22.65 /
Bright 25.49 17.22 23.57 24.64 1.97 7.11 FCC
Dark 13.71 13.07 13.49 12.98 1.68 45.08 Oxides

S3 Total 18.61 17.02 17.69 17.87 3.05 25.76 /
Bright 26.67 14.14 23.19 27.56 1.27 7.18 FCC
Dark 12.74 16.20 13.97 10.96 1.88 44.25 Oxides

S4 Total 18.27 15.35 17.20 17.60 2.04 29.53 /
Bright 26.64 14.35 21.75 26.57 1.79 8.87 FCC
Dark 10.43 16.86 13.49 9.00 1.76 48.46 Oxides

S5 Total 18.00 16.76 17.23 17.32 3.02 27.68 /
Bright 24.80 17.82 22.52 24.36 2.85 7.66 FCC
Dark 11.35 12.81 12.15 10.28 2.91 50.50 Oxides

S6 Total 18.07 14.99 16.68 17.40 2.51 30.35 /
Bright 24.78 16.77 22.87 24.09 2.97 8.52 FCC
Dark 12.08 12.30 12.25 11.05 0.95 51.37 Oxides

FIGURE 4 | XRD patterns of the CoCrFeNiMn HEA coatings before and
after transient thermal shock tests.
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and the dark phase (metal oxides) in the HEA coatings kept
almost unchanged, resulting in their microhardness stable.

The nanoindentaion points with a 3 × 3 matrix were selected
to ensure the randomness and the reliability of the experimental
results, but the defects of the coating surfaces could affect the
testing results. Since the microhardness data is discrete and it
conforms to Weibull distribution, the two-parameter Weibull
statistics is introduced to analyze its reliability. The two-
parameter Weibull equation is as follows:

ln{ln[ 1
1 − p

]} � m[ln(x) − ln(x0)] (3)

p � i − 0.5
n

(4)

where n is the total number of samples for statistics, that is the
total number of microhardness data in this study; i is the ordinal
number obtained by arranging data from small to large; m is the
shape parameter, also known as Weibull modulus, which reflects
the dispersion of hardness data distribution; p represents the
cumulative density function of probability; x is the measured

value, which is Vickers hardness here. x0 is the eigenvalue, also
known as the scale parameter. Although p can be written in a
variety of expression, it is more accurate to use Eq. 4 to calculate p
when the microhardness data of each coating sample is less than
50 (Bergman, 1984). The regression equation was used to perform
linear fitting on the processed data to obtain the Weibull
statistical distribution diagram, as shown in Figure 6B. The
ordinate value of each data in Weibull statistical distribution is
only related to the relative magnitude of the microhardness in all
the measured hardness of the same sample, while the abscissa is
determined by the hardness value. The Weibull modulus of the
fitting line is shown in Figure 6C. According to Eq. 3, theWeibull
modulus m is the slope of the fitting line. A greater value of m
indicates the denser distribution of the data on the horizontal
axis, and the higher reliability of the data. The m value of the
thermal spraying coatings, due to the defects such as the pores or
cracks generated by the spraying process, should be lower than
that of the compact engineering ceramics which was ranging from
5 to 10 (Askeland et al., 2009; Ang and Berndt, 2014). However, in
this study, the Weibull modulus m of the HEA coatings is
between 9 ∼ 15. It can be concluded that the surface defects of

FIGURE 5 |Microstructure analysis of the CoCrFeNiMn HEA coating by TEM. (A)Bright region showing an FCC structure, (B)Dark region showing a high density of
nano-particles (metal oxides). The inset SAED indicating the diffraction rings of oxides.

FIGURE 6 | Microhardness of the coatings before and after transient thermal shock tests. (A) The average microhardness of the coatings; (B) Weibull plots of
surface microhardness; (C) Weibull modulus of the different samples.
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CoCrFeNiMn HEA coatings, before or after transient thermal
shock tests, have little influence on the microhardness of the
coating surface.

To further study the difference of the FCC phase and the metal
oxides phase, we tested the microhardness of the bright phase and
the dark phase, respectively. After transient thermal shock tests
with a power density of 3.33 W/mm2, the average microhardness
of the FCC phase was ∼ 299.44 HV, which was significantly lower
than the overall surface microhardness of ∼ 425.35 HV. This
result demonstrated that the metal oxides phase had higher
microhardness than the FCC phase, which improved the
overall microhardness of the coating surface.

CONCLUSION

In summary, the CoCrFeNiMn HEA coatings with a thickness of
300–400 μm were successfully synthesized via APS technique,
and a series of transient thermal shock tests with different power
density were performed on the HEA coatings to explore its effects
on the microstructures and mechanical properties. It was found
that CoCrFeNiMn HEA coatings contained two main phases: an
FCC solid solution phase and a metal oxides phase. These two
phases remain stable in the HEA coatings after transient thermal
shock tests by EB. A few tiny cracks appeared on the surface of the
coating after transient thermal shock. In the HEA coatings, there
was a lot of oxygen, but theMn content became less. However, the
other four elements of Co., Cr, Fe and Ni were approximately
equal atomic ratio. The microhardness of the coating surface
remained stable before and after transient thermal shock. Weibull
statistics were used to analyze the reliability of the coating
microhardness, and the Weibull modulus m was between 9 ∼
15. The excellent transient thermal shock resistance makes it have

service advantages in extreme environments, especially in the
fields of the development of future nuclear or aerospace structural
materials.
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