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Abstract: FeCrMnAICu high-entropy alloy (HEA) coatings were prepared on the surface of 45# steel by cold spraying-assisted
induction remelting and cold spraying-assisted laser remelting. The phase composition, microstructure, microhardness, and wear
resistance of the HEA coatings were characterized, and the effects of the two processes on the wear resistance of HEA coatings were
studied. Results show that the FeCrMnAICu HEA coatings synthesized by these two methods are composed of body-centered cubic
(bee) and face-centered cubic (fcc) phases. The coating microstructure is dense and the elements are evenly distributed. The
microstructures of coatings consist of dendrite+interdendrite structures, and the dendrite region is mainly enriched with Mn, Cr, and
Fe elements, while the interdendrite region is rich in Cu. In addition, the Al element is evenly distributed between the dendrite and
interdendrite. The lattice strain of bec phase in FeCrMnAlICu HEA coating synthesized by cold spraying-assisted induction remelting
is greater than that by cold spraying-assisted laser remelting. The microhardness of the FeCrMnAICu HEA coating synthesized by
cold spraying-assisted induction remelting is 1.2 times higher than that by cold spraying-assisted laser remelting and 3.5 times higher
than that of the 45# steel matrix. The friction process of FeCrMnAlCu HEA coating is mainly the abrasive wear. The FeCrMnAICu
HEA coating synthesized by cold spraying-assisted induction remelting has good wear resistance, and its wear rate is 29% lower than

that by cold spraying-assisted laser remelting.
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Since Yeh™ and Cantor™ et al proposed the multi-principal
component high-entropy alloy (HEA), which typically
contains five or more elements with approximately equal
atomic ratios (5at%—35at% for the main elements and <5at%
for the secondary elements), it has been widely researched and
used””". Various main elements can lead to the high entropy
effect of HEAs in thermodynamics, such as the lattice
distortion effect in structure, the hysteretic diffusion effect in
dynamics, the cocktail effect in properties, and structural
stability. These effects are beneficial to improve the
mechanical properties of HEAs, such as high strength, good
corrosion resistance, and excellent wear resistance™'”. HEAs
are commonly composed of Ni, Co, Fe, Cr, Ti, Al, Cu, W, and
Zr elements, such as NiCoCrFeAlCu, AIlCrFeCuCo,
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AITiCrFeCoNi, CuZrAITiNi, and CrMoNbTiW HEAs" "
Among them, the treatment cost of Ni, Co, Ti, and W accounts
for a large part.

Mn is an inexpensive metallic element with abundant
sources, thereby attracting much attention as an alloying
element”?. Ye et al"” prepared CrMnFeCoNi HEA coatings by
laser cladding, which have the single face-centered cubic (fcc)
phase structure. The microstructure of HEA coating consists
of columnar dendrite, and the CrMnFeCoNi HEA coating
shows good corrosion resistance in H,SO, solution. Wong et
al™ prepared Al,,CoCrFeNiMn, HEA coatings by induction
melting and air casting and found that the microstructures of
these HEA coatings are all simple fcc structures. With
increasing the Mn content, the lattice parameter of the
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Al,;CoCrFeNiMn, HEA coating is increased from 0.3591 nm
to 0.3611 nm, and the coating hardness is increased from 1382
MPa to 1529 MPa. Liao et al™ prepared the CoCrFeNiMn
HEA coating on 316L stainless steel substrate by explosive
spraying. The coating microstructure is dense of simple fcc
phases and the coating contains a small amount of flocculated
metal oxide at nanoscale. It is found that the microhardness of
the explosive-sprayed CoCrFeNiMn coating is significantly
higher than that of the HEA coating prepared by direct casting
and spark plasma sintering due to the effect of grain
refinement  strengthening. Yin et al®™ prepared the
FeCoNiCrMn HEA coating on 45# steel substrate by cold
spraying. The coating does not undergo phase transformation,
resulting in excellent mechanical properties.

In this research, the Mn element was used to replace Ni,
Co, and other elements to reduce the production cost and to
improve the friction properties of the coating. The
FeCrMnAICu HEA coatings with a thickness of 400 um were
prepared by cold spraying-assisted induction remelting and
cold spraying-assisted laser remelting” . The effects of
different preparation methods of FeCrMnAlCu HEA coating
on the wear resistance of coating were investigated.

1 Experiment

The raw materials used in this research were commercial
Fe, Cr, Mn, Al, and Cu (purity=99.5%) powders. The metal
powders were mechanically mixed for 4 h and used as cold
spraying prefabrication material. The morphology of the
prefabricated cold-sprayed mixture powders is shown in
Fig.1a, where Cu and Fe are dendritic electrolytic powders, Al
and Mn are spherically-atomized powders, and Cr is broken
powder with an irregular morphology. Different metal
powders have different deposition ratios under the same cold
spraying process. In this experiment, the deposition ratio of
different metal elements is as following: Fe: Cr: Mn: Al: Cu=
3:6:2:1:1.4 (at%). The base material was 45# steel matrix. Be-
fore spraying, the acetone was used to ultrasonically remove
the oil and other impurities on the steel surface, and the sand
blasting was conducted to roughen the substrate surface.
Table 1 shows the composition of cold-sprayed HEA coating.

Low pressure cold spraying equipment (GDU-3-15,
Belarus) was used to prepare the coatings on 45# steel matrix.
Table 2 shows the process parameters of cold spraying
treatment. The heating power of induction remelting was 1.5—
2.2 kW, and the heating duration was 15-20 s. HEA coatings
were synthesized by induction remelting of mixed coatings
prepared by cold spraying. Table 3 shows the composition of
HEA coating after induction remelting.

Yls-400 fiber laser (IPG Company, Germany) was adopted
for laser remelting. The process parameters of the laser
remelting treatment are shown in Table 4. Table 5 shows the
composition of HEA coating after laser remelting.

Quanta FEG450 field emission scanning electron micro-
scope (SEM) and energy dispersive spectrometer (EDS) were
used to analyze the surface morphology and composition of
prefabricated mixed coating and HEA coating. Transmission
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Fig.1 Morphology (a) and particle size distribution (b) of

prefabricated cold-sprayed mixture powder

Table1 Composition of cold-sprayed FeCrMnAlCu coating
(wWt%)

Fe Cr Mn Al Cu
22.38 44.78 14.00 7.46 10.44

Table 2 Process parameters of cold spraying treatment

Parameter Value
Working gas Compressed air
Temperature/°C 500
Pressure/MPa 0.7-0.8
Spraying distance/mm 10-20
Spraying speed/m-s™' 0.4-0.6

Table 3 Composition of cold-sprayed FeCrMnAlCu coating

after induction remelting (wt%)

Fe Cr Mn Al Cu
29.3 17.7 15.5 18.3 15.5

Table 4 Process parameters of laser remelting treatment

Parameter Value
Power/W 2200
Scanning speed/mm-s™’ 500
Shielding gas/L-min”' 0.7-0.8
Light spot diameter/mm 10-20
Overlapping ratio/% 0.4-0.6

electron microscope (TEM) was used to analyze the

microstructure of HEA coating. An HV-1000 type
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Table 5 Composition of cold-sprayed FeCrMnAICu coating

after laser remelting (Wt%)

Fe Cr Mn Al Cu
30.3 17.1 14.6 17.4 20.6

microhardness tester was used to measure the Vickers
hardness of the specimen at 15 points under the load of 0.5 N.
CSM friction and wear tester was used to test the friction
performance of the coating under dry friction conditions. The
size of the friction specimen was 20 mmx20 mmx5 mm, the
grinding ball was composed of alumina (©6 mm), the test
load was 7.5 N, and the test duration was 20 min. Each
experiment was repeated three times, and the average value
was used for analysis. In addition, the friction length was 3
mm and the sliding frequency f'was 3 Hz. The wear rate of the

coating can be calculated by Eq.(1)™, as follows:
v AL

T Sw o 2FIL

where ¢ is the wear rate (mm’N"-m™), V represents the

)

g

volume of friction slid mark, W is the accumulated frictional
work (N'm), A is the cross-sectional area of wear, L is the
abrasion mark length (mm), F is the applied load force (N),
and f'is the sliding frequency (Hz).

2 Results and Discussion

2.1 Microstructure and phase composition of prefabri-

cated cold-sprayed mixture coating
Fig. 2 shows SEM cross-section morphology and XRD
pattern of the cold-sprayed FeCrMnAICu mixture coating. It
can be seen from Fig.2a that the cold-sprayed coating has
dense structure and small dispersed pores. According to
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Fig.2 SEM cross-section morphology (a) and XRD pattern (b) of
cold-sprayed FeCrMnAICu mixture coating

Fig.2b, the powder particles in the coating exist in the metallic

form.
2.2 Phase composition of FeCrMnAICu HEA coating by

induction remelting and laser remelting

Fig. 3 shows XRD patterns of the FeCrMnAlCu HEA
coatings prepared by cold spraying-assisted induction
remelting and cold spraying-assisted laser remelting. It can be
seen that the FeCrMnAlCu HEA coating is composed of
simple body-centered cubic (bcc) and fee phases.

The entropy of HEAs can be determined by mixing entropy
AS ... £ is a parameter of mixing entropy and J is the atomic
size difference. The relationship among these parameters are
as follows™* >
AS, =-R>"c,Inc, )

where ¢, is the content of i/ component (at% ); R is the gas
constant (8.314 J-mol"-K™); n is the total number of

components. Therefore, Eq.(3) can be obtained, as follows:
.Q — T mASmix (3)
|AH,

mix

where 7, is the phase transition temperature and A is the
enthalpy of mixture. In addition, § can be calculated by
Eq.(4), as follows:

5= z‘_":lxi(l - %) )

where 7, is the atomic radius of i component; 7 is the average

n

atomic radius with 7 = 2,-= Cil
When the conditions of AS,, >1.61R, 2>6.6, and 6<6.6 are
satisfied in the HEA system, HEA can easily form a stable

solid solution structure. Table 6 shows the parameters of the
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Fig.3 XRD patterns of 26=20°-90° (a) and 26=40°-50° (b) for
FeCrMnAICu HEA coatings prepared by cold spraying-

assisted induction remelting and laser remelting
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Table 6 Parameters of FeCrMnAlCu HEA coating with stable

solid solution structure

Parameter Value
Enthalpy of mixture, /, /kJ-mol™' -1.76
Entropy of mixture, S, . 1.61R
Parameter, Q 9.6
Atomic size difference, /% 4.89

FeCrMnAICu HEA coating with a stable solid solution
structure. Based on the calculation results and XRD analysis
results from Fig.3a, it can be concluded that the FeCrMnAICu
HEA coating is composed of simple bcc and fcc phases.
According to Bragg equation, the lattice constants of the
bec phase in HEA coating after cold spraying-assisted
induction remelting and laser remelting are 0.284 67 and
0.285 16 nm, respectively. The peak shift of the fcc phase can
barely be noticed. According to Table 3 and Table 5, this
phenomenon is mainly due to the high content of Fe in
FeCrMnAICu HEA synthesized by cold spraying-assisted
laser remelting.
2.3 Microstructure of FeCrMnAlICu HEA coating by cold

spraying-assisted induction remelting and laser

remelting

Fig.4 shows SEM cross-section and surface morphologies
of FeCrMnAICu HEA coating prepared by cold spraying-
assisted induction remelting and EDS analysis results of
dendrite and interdendrite regions. As shown in Fig. 4a, the
coating is well combined with the matrix. According to Fig.4b
—4d, the coating microstructure is mainly composed of den-

Coating

Substrate _ 100pm

drite and a small amount of interdendrite. The dendrite size is
0.86 um, and the proportion of dendrite structure is 87%. The
dendrite region is mainly rich in Mn, Cr, and Fe, while the
interdendrite region is rich in Cu element. In addition, Al
element is evenly distributed between the dendrite and
interdendrite regions.

Fig.5 shows SEM cross-section and surface morphologies
of FeCrMnAICu HEA coating prepared by cold spraying-
assisted laser remelting and EDS analysis results of dendrite
and interdendrite regions. According to Fig.5a, the coating is
well combined with the substrate. The coating microstructure
is also composed of dendrite and interdendrite. The dendrite
size is 0.72 um, and the proportion of dendrite structure is
74%. The laser remelting process exhibits concentrated energy
and high temperature, resulting in thick heat-affected zone and
Fe diffusion into the coating. Therefore, more Fe exists
between the dendrite and interdendrite regions. The dendrite is
mainly rich in Mn, Cr, and Fe, while the interdendrite region
is rich in Cu element. In addition, Al element is evenly
distributed between the dendrite and interdendrite regions.

Fig. 6 shows TEM bright field images of FeCrMnAlICu
HEA coatings prepared by cold spraying-assisted induction
remelting and laser remelting and selected area electron
diffraction (SAED) patterns of bce and fcc phases in
FeCrMnAlICu HEA coating prepared by cold spraying-
assisted induction remelting. It can be seen that the HEA
coating is composed of dendritic bce phase and interdendritic
fcc phase. According to Fig. 6, the microstructure of HEA
coating synthesized by induction remelting and laser
remelting is both composed of dendrite and interdendrite.

The excellent performance of HEA coating is primarily
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Fig4 SEM cross-section (a) and surface (b—d) morphologies of FeCrMnAlCu HEA coating prepared by cold spraying-assisted induction

remelting; EDS analysis results of dendrite-point A (e) and interdendrite-point B (f) in Fig.4d
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Fig.5 SEM cross-section (a) and surface (b—d) morphologies of FeCrMnAlICu HEA coating prepared by cold spraying-assisted laser remelting;

EDS analysis results of dendrite-point A (e) and interdendrite-point B (f) in Fig.5d

derived from the lattice distortion effect of HEA, which can
be expressed by lattice strain £, as follows:

&= Aala, &)
(6)

where a and q, are the lattice constants of the actual and ideal

Aa=’a—a0|

lattices, respectively. The lattice strain ¢ of fcc and bee phases
in FeCrMnAICu HEAs synthesized by cold spraying-assisted
induction remelting and laser remelting is decreased with
the atomic Therefore, based on the
abovementioned results, in FeCrMnAlCu HEAs synthesized
by cold spraying-assisted induction remelting, the lattice
strain of bce phase is 0.84%, the lattice strain of fcc phase is
3.85%, and the atomic size difference is 9.36%. In
FeCrMnAlICu HEAs synthesized by cold spraying-assisted
laser remelting, the lattice strain of bce phase is 0.75%, the

increasing size.

lattice strain of fcc phase is 3.73%, and the atomic size
difference is 9.14%. In conclusion, the more obvious the
deformation, the more intense the lattice distortion of the alloy.
2.4 Microhardness and friction properties of FeCrMn-

AlCu HEA coatings prepared by cold spraying-
assisted induction remelting and laser remelting

Fig. 7a shows the microhardness of FeCrMnAICu HEA
coatings synthesized by cold spraying-assisted induction
remelting and laser remelting. The microhardness HV of
FeCrMnAlICu HEA coatings synthesized by cold spraying-
assisted induction remelting and laser remelting is 5742.8 and
4739.3 MPa, respectively. The microhardness of 45# steel
1668.0 MPa. The microhardness of the
FeCrMnAlCu HEA coating synthesized by cold spraying-
assisted induction remelting is 5742.8 MPa, which is 1.2 times

matrix  is

higher than that synthesized by cold spraying-assisted laser
remelting, and 3.5 times higher than that of 45# steel matrix.
Fig. 7b shows the friction coefficient of the 45# steel matrix
and FeCrMnAICu HEA coatings. The friction coefficient of
45# steel matrix is 0.69, and that of the FeCrMnAICu HEA
coatings synthesized by cold spraying-assisted induction
remelting and laser-remelting is 0.35 and 0.48, respectively.
Under the friction conditions, the higher the
microhardness/strength,  the the deformation
resistance, but the worse the wear resistance™. The high
microhardness of the FeCrMnAlCu HEA coating synthesized
by cold spraying-assisted induction remelting is primarily due
to the following aspects. (1) The lattice strain of the bec phase
and fcc phase in the FeCrMnAlCu HEA coating synthesized
by cold spraying-assisted induction remelting is larger than
that prepared by cold spraying-assisted laser remelting.

same
stronger

Therefore, the solid solution strengthening is sufficient and
the microhardness of is high. The laser remelting leads to the
high diffusion of Fe element into the HEA coating, thereby
decreasing the lattice strain. (2) The proportion of dendritic
bece structure of high microhardness in the FeCrMnAICu HEA
coating synthesized by cold spraying-assisted induction
remelting is larger than that synthesized by cold spraying-
assisted laser remelting. Therefore, the HEA coating prepared
by cold spraying-assisted induction remelting exhibits higher
microhardness due to the large amount of bee phase.

Fig. 8 shows the friction and wear morphologies of the
FeCrMnAlCu HEA coatings prepared by cold spraying-
assisted induction remelting and laser remelting. The wear
rates of the FeCrMnAlICu HEA coatings prepared by cold
spraying-assisted induction remelting and laser remelting are
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Fig.6 TEM bright field images of FeCrMnAICu HEA coatings prepared by cold spraying-assisted induction remelting (a) and laser remelting (b);

SAED patterns of bee (¢) and fec (d) phases in FeCrMnAICu HEA coating prepared by cold spraying-assisted induction remelting
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Fig.7 Microhardness of different FeCrMnAlCu HEA coatings (a); friction coefficient of 45" steel and different FeCrMnAlCu HEA coatings (b)

2.95%x107 and 4.14x10”° mm’-N""-m™", respectively. Compared
with that prepared by cold spraying-assisted laser remelting,
the wear rate of HEA coating prepared by cold spraying-
assisted induction remelting reduces by 29%. According to
Ref.[29], it is known that the wear resistance of the coating is
positively correlated with the coating hardness. The greater
the coating hardness, the better the wear resistance and the
The FeCrMnAlCu HEA coating
synthesized by cold spraying-assisted induction remelting has

lower the wear rate.

relatively higher microhardness, which leads to the lower
wear rate and better wear resistance.

Fig. 9 shows the morphologies of wear surface and wear
debris of FeCrMnAICu HEA coatings. It can be seen that the
FeCrMnAICu HEA coating synthesized by cold spraying-
assisted induction remelting has a smooth surface with a few
shallow furrows. In addition, there is a little delamination in
the coating, which significantly reduces the adhesive wear,
thereby resulting in the low friction coefficient. According to

Fig. 9d, the FeCrMnAICu HEA coating synthesized by cold
spraying-assisted laser remelting has a rough surface. A large
number of deep furrows and flaky layers appear on the coating
surface. The morphology of the worn surface shows that the
FeCrMnAICu HEA coating
synthesized by cold spraying-assisted induction remelting and

wear mechanism of the

laser remelting is adhesive wear, abrasive wear, and
delamination wear. The wear characteristics of the worn
surface are consistent with the analysis results obtained from
Fig.7 and Fig.8. Fig.9b and 9e show the morphologies of wear
debris from the FeCrMnAlCu HEA coating synthesized by
cold

remelting, respectively. Not only the two wear debris, but also

spraying-assisted induction remelting and laser
their particles are similar. Fig.9c and 9f show XRD patterns of
wear debris in FeCrMnAICu HEA coating synthesized by cold
spraying-assisted induction remelting and laser remelting,
respectively. The main components of the wear debris of these

two coatings are the bce phase and fcc phase. A small amount
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Fig.8 Friction and wear morphologies (a, ¢) and corresponding 3D wear morphologies (b, d) of FeCrMnAICu HEA coatings prepared by cold

spraying-assisted induction remelting (a, b) and laser remelting (c, d)
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Fig.9 Morphologies of wear surfaces (a, d) and wear debris (b, e) and XRD patterns of wear debris (c, f) of FeCrMnAICu HEA coatings

prepared by cold spraying-assisted induction remelting (a—c) and laser remelting (d—f)

of AL,O; is detected in both wear debris, and no other oxides
are detected in the wear debris. This result indicates that the
AL O, originates from the friction pair and no oxidation
reaction occurs in the friction process.

3 Conclusions

1) The FeCrMnAICu high-entropy alloy (HEA) coating syn-
thesized by cold spraying-assisted induction remelting and
laser remelting are mainly composed of dendrite with rich
Mn, Cr, and Fe and the interdendrite with rich Cu element. In
addition, Al element is evenly distributed between the dendrite
and interdendrite regions. The laser remelting process has con-
centrated energy and high temperature, resulting in the thick
heat-affected zone and Fe diffusion into the coating. Thus,
more Fe appears between dendrite and interdendrite regions.

2) The microstructure of FeCrMnAICu HEA coating
synthesized by cold spraying-assisted induction remelting and
laser remelting is composed of body-centered cubic (bcc)
dendrite and face-centered cubic (fcc) interdendrite. The Fe
content in FeCrMnAICu HEA coating synthesized by cold
spraying-assisted laser remelting is relatively high, which
leads to the lattice distortion of bce and fec structures. The
change in lattice constant of FeCrMnAlCu HEA coating
synthesized by cold spraying-assisted laser remelting is less
than that synthesized by cold spraying-assisted induction
remelting.

3) The microhardness of the FeCrMnAlCu HEA coating
synthesized by cold spraying-assisted induction remelting is
5742.8 MPa, which is 1.2 times higher than that synthesized
by cold spraying-assisted laser remelting, and 3.5 times higher
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R AR FHA EISE K FeCrMnAICu SIEE iR EHEA S M4

oy om A
(1. ZMNEET RS MEERSS TRESEE, BN =4 730050)
(2. M TR AEdtdg s mitn TS HR HEREARRE, HilF 20 730050)

T OE: RS WA B T A RA R A B IO EEE 2 B 7 VL BITE ASH#AN AR H ] %% FeCrMnAICu Sl & &R )2 . Wil & SR 2
MOARAL R . AL, BERE . MBS ME RS AT RAE S, A2 fh LSS REm B m . SRR W: 20 L4 mm
FeCrMnAICu i & &3 Z WA LT 7 (bee) FAEILALTT (fee) ALK, RIZHAFCE, TR IRIZWOA LU N+
Fedmlal 42, BOfIX F 8l Mn. Cr Al Fe JGERM R, ol EE Cu, Al JCZ I ST HL A1 70 b RV f 1) o 745 343 3l B JEROB. T84 45 ke
(1] FeCrMnAICu 15 & 42 1 2 11 bee St N AR KT OGBS & A Sl & 400 2 10 S A% N AR o Vil B 8% . 45 & i FeCrMnAICu =
T 6 SR I AT R A IR B O S B S & R B R 1 1.2 7%, S ASHRIE AT 19 3.5 . FeCrMnAICu 5 i & & ik E 75 PR
P 3 DA B BRSO T2, SR FH VA W34 4 B N7 E 4 2 BRI FeCrMInALCu i & 4293 2 BT RUBF IR BE PR RS, BRI SR LLyA Wi i Bh ik
FEFIE A R 2 I S 13 2% A1 29% -
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