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Abstract AlCoCrFeNi,; eutectic high-entropy alloys
(HEAs) are a new kind of alloy with high entropy and
eutectic properties. Their advantages in terms of strength
and shape matching can be fully exploited using extreme
high-speed laser cladding (EHLA). In this paper,
AlCoCrFeNi, ; eutectic HEA coatings were prepared by
conventional laser cladding (CLA) and EHLA. The
microstructures and phase compositions of the two coatings
were analyzed by scanning electron microscopy, X-ray
diffraction, and electron backscatter diffraction. The
microhardness and wear resistance values of the coatings
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were tested using a microhardness tester and a friction and
wear tester, respectively. The results showed that the sur-
face qualities of both the CLA and EHLA coatings were
good and had no cracks or defects. Compared with those of
the CLA coating, the EHLA coating had finer grains and a
more uniform distribution. Both coatings contained face-
centered cubic (FCC) and body-centered cubic (BCC)
phases, but the BCC phase of the EHLA coating was less
precipitated than the CLA coating. The higher microhard-
ness and better wear resistance of the EHLA coatings
occurred in the presence of Hall-Petch strengthening.
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Introduction

High-entropy alloys (HEAs) are prepared by mixing five or
more elements in equal or near equal atomic ratios (Ref 1).
Given the high entropy effect, hysteretic diffusion effect,
lattice distortion effect, and cocktail effect on the alloy
(Ref 2), HEAs show excellent mechanical properties, such
as higher strength, hardness, friction, and wear resistance
(Ref 3-5) than conventional alloys. In addition, the mate-
rials exhibit better tensile strength, fracture resistance,
oxidation resistance, and corrosion resistance than con-
ventional alloys and can meet the requirements of most
harsh working environments and special equipment (Ref 6-
9).

However, single-phase HEAs have an imbalance
between their high rupture strength and ductility. Single
face-centered cubic (FCC) solid-solution HEAs have high
plasticity and low strength (Ref 10), and single body-cen-
tered cubic (BCC) solid-solution HEAs possess high
strength and brittleness (Ref 11, 12), which hinder their
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application. To further optimize the performance of alloys
and solve the existing problems of HEAs, Professor Lu
et al. proposed the concept of eutectic HEAs for the first
time in 2014 and successfully prepared an AlCoCrFeNi, ;
eutectic HEA (Ref 13). The eutectic structure of the alloy is
composed of an ordered FCC phase (L1,) and an ordered
BCC phase (B2) stacked on top of each other (Ref 14).
Based on the advantages of FCC and BCC HEAs, strength
and plasticity can be matched well (Ref 15, 16). However,
research on eutectic high-entropy alloys is relatively lim-
ited, and most of the related research has focused on
improving the mechanical properties of AlCoCrFeNi,
EHEA materials (Ref 17, 18). To date, research on this
alloy is still in the exploratory stage, and research on the
phase formation mechanism and microstructure evolution
mechanism is insufficient.

Eutectic HEA bulk materials are generally prepared by
vacuum arc melting or induction melting (Ref 19, 20).
However, this preparation method has a low solidification
rate and easily causes casting defects, such as shrinkage
and porosity. In addition, eutectic HEAs contain precious
metals, such as Co, and the direct use of bulk materials is
often extremely costly. If surface engineering technology
can be used to prepare eutectic HEA coatings on the sur-
face of raw materials, the cost is greatly reduced. If
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excellent surface properties can be guaranteed, a new
method for industrial production can be developed. As a
typical surface engineering technology, laser cladding
involves the use of a wide range of optional materials, such
as self-fusible alloy powder, high-entropy alloy powder,
ceramic powder and composite material powder. Through
the selection of different materials, coatings with excellent
service performance can be obtained (Ref 21-23). The
principle is to use a high-energy laser beam as a heat source
to melt the alloy powder on the matrix surface and to form
a metallurgically bonded coating after solidification (Ref
24, 25). Therefore, the aim of this research is to prepare
AlCoCrFeNi, ; EHEA coatings with excellent properties
on 304 stainless steel substrates by laser cladding
technology.

Given that the dilution rate of conventional laser clad-
ding (CLA) is often more than 10%, the resulting cladding
layer is thick, and the surface roughness is high; thus, the
cladding must be turned and ground before application,
which results in material waste. In addition, in the CLA
process, laser energy mainly acts on the molten pool on the
substrate surface, which increases the heat input of laser
energy to the substrate with a high stress (Ref 26) and leads
to the generation of cracks. To solve the above problems,
the Fraunhofer Institute for Laser Technology and the
Research Center for Advanced Manufacturing Technology
of the General Institute of Mechanical Sciences in Ger-
many have jointly developed extreme high-speed laser
cladding (EHLA) (Ref 27, 28). In contrast to CLA tech-
nology, EHLA technology uses synchronous powder
delivery to control powder convergence in the laser beam
above the molten pool, which allows most of the laser
energy to directly act on the cladding powder. The cladding
powder is in a molten or semi-molten state before it reaches
the molten pool, which can shorten the duration of the
powder in the molten pool (Ref 29-31). Thus, the heat
input to the substrate, cladding efficiency, powder position
distribution, desirable corrosion resistance, small dilution
rate, and heat-affected zone are reduced (Ref 32-36). In
summary, the coating prepared by EHLA technology not
only achieves better metallurgical bonding with the sub-
strate but also ensures the excellent properties of the alloy
(Ref 37-40).

In this paper, with 304 stainless steel as the substrate, an
AlCoCrFeNi, ; eutectic HEA coating was prepared using
CLA and EHLA technologies. The macroscopic mor-
phologies, microstructures, phase distributions, and coating
properties (microhardness and wear resistance) of the
coatings under different preparation processes were com-
pared to provide a basis for obtaining a high-quality clad-
ding layer.
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Experimental Materials and Methods
Material and Coating Preparation

The substrate material was 304 stainless steel (Tianjin
Century Chuangyuan stainless steel Co., Ltd.) with a size
of 100 x 100 x 10 mm, and the surface of the substrate
was polished and cleaned before the experiments. For the
substrate, p400, p800 and pl000 sandpapers (Supplier:
Beijing Century Fenghua Technology Co., Specifications:
Water Resistant Sandpaper p60-p2500) were used to
remove rust from the steel surface layer until the surface
was smooth and clean. The whole process lasted approxi-
mately 10 minutes. The substrate surface was subsequently
cleaned with anhydrous ethanol and blown dry.

The cladding material was AICoCrFeNi, ; HEA powder
with 99% purity (Supplier: Beijing Yanbang New Material
Technology Co., Ltd.; Specification: 45-105 pm), and the
composition is shown in Table 1. The coating was prepared
using a YLS-4000-KC laser cladding system with a max-
imum power of 4 KW and a spot diameter of 2 mm (laser
provider used in this test: Interpublic Group of Companies;
laser type: fiber laser; laser wavelength: 1070 nm). The
powder feeding method involved synchronous powder
feeding, and high-purity argon was used as both the pro-
tective gas and powder feeding gas. Figure 1(a) and
(b) shows the working principle. The EHLA powder was
first gathered at the top of the molten pool and then melted
by laser irradiation into the molten pool. The thermally
affected area generated by the EHLA powder was con-
siderably smaller than that produced by the CLA. Thus, the
effect on the substrate was reduced, and the cladding
efficiency was improved. Table 2 shows the process
parameters of the two coatings.

Test Methods

After the preparation of the coating, to facilitate the fol-
lowing observation and testing, we first cut the bulk coating
into 10 x 10 x 10 mm samples using a wire cutting
machine and then ground and polished them. The detailed
steps were as follows. First, the cross sections of the
specimens were ground with p240-p2000 sandpaper to
ensure that the scratch direction was consistent, and each
specimen was ground for at least 30 minutes. Second, the
coatings were polished with a diamond polishing agent

Table 1 Composition of the AlICoCrFeNi,; HEA, at.%

Ele. Al Co Cr Fe Ni

at.% 16.39 16.39 16.39 16.40 34.43
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Fig. 1 Working principles of (a)
the CLA and EHLA coatings:
(a) CLA and (b) EHLA.

Table 2 CLA and EHLA process parameters

Process parameter CLA EHLA
Laser powder, W 1200 2500
Laser scanning speed, mm/s 20 400
Overlapping, % 50 85
Powder delivery rate, g/min 17 17
Shielding gas flow, L/min 15 15
Powder delivery flow, L/min 10 10
Spot diameter, mm 2 2
Passes 40 10

(2.5 pm), and the polishing cloth was used until the
scratches disappeared (polishing cloth, supplier: MEGA
Instruments (Suzhou) Co., Ltd.; specifications: red syn-
thetic fiber polishing cloth (1.0-3.5 um); diamond spray
polishing (2.5 um): Zhejiang Yiwu Lixie Instrument
Equipment Co.; silica polishing suspension (0.06 pm):
Buehler). Finally, the coating was etched with aqua regia
(etching time: 10-12's). As shown in Fig. 1, the
microstructures of the different regions (top, middle, and
bottom) of the two samples were observed by scanning
electron microscopy (SEM; Zeiss Sigma300). The phase
compositions of the two coatings were characterized by an
X'Pert PRO x-ray diffractometer. Field-emission SEM
(Zeiss, Gemini-300) equipment was used for electron
backscatter diffraction (EBSD) to characterize the grain
orientation and phase distribution of the coating. The
samples were first cut into flat shapes of suitable sizes,
subsequently mounted with conductive resin, polished with
a diamond polishing agent, and polished with a silica
polishing suspension to meet the requirements of the EBSD
test sample. An HVS-1000 Vickers hardness tester was
used to measure the hardnesses of the two coatings. The
load was 500 g, the loading time was 10 s, and the test area
was from the top of the coating to the substrate.

The dry sliding friction and wear tests were carried out
in a friction and wear testing machine (BRUKER UMT-5)
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at room temperature. A grinding ball made of Si;N4 (6 mm
diameter) was selected. The test time was 60 min under a
15-N load, and the frequency was 1 Hz. After the experi-
ment, a BRUKER Contour GT-K and Zeiss Sigma300
scanning electron microscope were used to detect and
analyze the morphologies of the wear tracks, respectively.
The average friction coefficient and average wear volume
were measured to compare the wear resistance of the two
coatings.

Results and Discussion
Macromorphological Analysis

As shown in Fig. 2, the coatings exhibited desirable surface
quality and no cracks. The surface roughness of the coating
prepared by EHLA was more compact and uniform than
that of the coating prepared using CLA. This difference
was observed because the EHLA technology adjusted the
convergence position of the laser, powder, and molten
pool, which resulted in greater convergence of the powder
than that of the upper surface of the molten pool. The
converged powder was melted by laser irradiation and
entered the molten pool. The surface of the prepared
coating had less sticky powder and was flatter than that of
CLA. Moreover, a high overlap rate could reduce the
surface roughness of the coating.

Microstructural and Elemental Distributions

Energy-dispersive spectroscopy (EDS) line scanning was
used to determine the transition regions and nearby ele-
mental distributions of the two coatings. According to the
EDS line scanning test results for the two coatings (Fig. 3b
and d), the transition regions of the CLA and EHLA
coatings were approximately 55 and 16 pm in length,
respectively. Combined with the elemental Fe content
shown in Table 3 and Fig. 3(e), these findings indicated
that the heat input of the substrate material was low during
the EHLA process, which further reduced the influence of
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Fig. 3 EDS line scan test positions and CLA and EHLA coating test results. (a) SEM images of the CLA coatings, (b) CLA coating scan results,
(c) SEM images of the EHLA coating, (d) EHLA coating scan results, and (e) Fe content at different locations on the coating.

Fe on the coating; thus, the dilution rates (CLA: 66%,
EHLA: 39%) of the coatings decreased (Ref 29).

The cross-sectional morphologies of the coatings were
observed via SEM. The coatings prepared by CLA and
EHLA were free of cracks after the optimization of the
preparation parameters, as shown in Fig. 5. The coating
prepared by EHLA was notably thinner (average thickness
of 226 pm, standard deviation of 14 um, as shown in
Fig. 4) than the coating prepared by CLA (average thick-
ness of 862 um, standard deviation of 28 pum). Moreover,
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the porosity of the EHLA coating was lower (EHLA: 0.2%,
CLA: 1%). This finding could be explained as follows.
During the laser cladding process, the volatilization of low
melting point metals or defects inside the powder itself
(hollow powder) could generate gas in the melt pool. In
addition, due to the large and deep melt pool of the CLA,
the cooling rate was slower than that of the EHLA.
Therefore, some of the gases could not be discharged
quickly during the cooling process, thus increasing the
porosity after solidification.
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Table 3 Elemental distributions at different positions in the CLA and
EHLA coatings, at.%

A comparison of the microstructures of the two cladding
coatings (Fig. 5) revealed that the changes in dendrite com-
position were the same, and the changes ranged from cellular
or columnar crystals to equiaxial crystals along the heat
dissipation direction. This difference arose due to the large
differences between the temperature gradient and cooling
rate in the depth direction of the molten pool during laser
cladding (Ref 32). The cladding structure clearly resulted in
stratification. Figure 5(d) and (h) shows that the bottom
regions of the two cladding coatings were dominated by
columnar crystals due to the large difference between the
temperature gradient and cooling rate in the depth direction
of the molten pool during laser cladding. When the molten

Area  Process method Fe Co Cr Al Ni
A CLA 2727 1332 1754 1327 28.61
EHLA 17.67 16.09 16.74 16.63 32.87
B CLA 3124 1222 17.61 1219 26.74
EHLA 1821 1577 16.81 1633 32.88
C CLA 44.63 8.53 18.65 794 2025
EHLA 26.07 13.66 17.38 13.80 29.09
D CLA 71.66 0.53 2030 0.00 7.51
EHLA 71.50 0.51 2036 0.00 7.63
Fig. 4 CLA and EHLA coating
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Fig. 5 Comparison of the CLA and EHLA coatings. (a) cross-
sectional morphology of the CLA coating, (b) top structure of the
CLA coating, (c) middle structure of the CLA coating, (d) bottom

area of the CLA coating, () EHLA coating cross-sectional morphol-
ogy, (f) top structure of the EHLA coating, (g) central structure of the
EHLA coating, and (h) bottom area of the EHLA coating.
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Fig. 6 Schematic of CLA and .===
EHLA dendrites: (a) CLA () !
dendrites and (b) EHLA
dendrites. :
I
CLA ==

(b)

pool solidified, as a result of contact with the cold metal in the
matrix, a large temperature gradient was observed. The
instantaneous crystallization rate at the interface was low,
and the G/R ratio increased (G: temperature gradient, R:
grain growth rate; the ratio between the temperature gradient
and grain growth rate (G/R) determines the morphologies of
solidified grains), which promoted the formation of colum-
nar crystals. As the crystallization process progressed, the
solid-liquid mixture gradually advanced to the middle of the
molten pool (Fig. 5c and g). At this point, the microstructure
of the EHLA coating was dominated by cellular crystals.
This finding could be explained as follows. As the solidifi-
cation rate gradually increased, the temperature gradient
decreased, which initiated the phenomenon of component
supercooling that led to the formation of cellular crystals.
Figure 5(b) and (f) reveals that equiaxial crystals appeared in
both cladding coatings because the temperature gradient
decreased further as the crystallization process progressed
again. In addition, as the solidification rate further increased,
a more evident subcooling phenomenon occurred, which
promoted the formation of equiaxial crystals (Ref 33, 34).

As determined from the schematic diagram of the CLA
and EHLA dendrite changes in Fig. 6, primary and sec-
ondary dendrites appeared in the microstructures of both
coatings, but the arms of the primary and secondary den-
drites in the CLA were thicker and farther apart. The dis-
tance between secondary dendrite arms (4,) was calculated
as follows:

Ja=A(GxR)™"

where A and n are material constants and G x R is the
cooling rate. For the same material, A and n are fixed
values; thus, the distance between secondary dendrite arms
is inversely proportional to the temperature gradient,
growth rate, and cooling rate. Given that EHLA had a

@ Springer
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higher cooling rate than CLA, the coarsening time of the
secondary dendrite arms was shorter, and the secondary
dendrite spacing was smaller. According to solidification
theory (Ref 30), the faster the cooling rate was, the greater
the heat dissipation capacity at the solid—liquid interface.
The insufficient growth of crystal nuclei during solidifica-
tion often resulted in fine dendrite arrangements. There-
fore, the dendrites of the EHLA coating were smaller and
more evenly distributed than those of the CLA coating.

Phase Composition

As shown by the x-ray diffraction (XRD) patterns of the
CLA and EHLA coatings in Fig. 7, the BCC diffraction
peaks of both coatings were weaker than those of the
powders themselves, possibly because of the following
reasons. (1) During the laser cladding process, the solid
solubility of the eutectic AICoCrFeNi, ; powder alloy was
improved by rapid solidification (Al had a stabilizing effect
on the BCC phase), and more Al entered the FCC phase in
the form of a solid solution, leading to the rapid reduction
or disappearance of the BCC phase. (2) The rapid heating
and solidification of the AlCoCrFeNi,; powders not only
caused supersaturation but also increased lattice distortion.
The presence of lattice distortion further enhanced diffuse
scattering, and supersaturation inhibited the precipitation of
the BCC phase.

EHLA resulted in less BCC phase precipitation than
CLA because the EHLA pool was small and shallow, and
the melting to solidification time of the coating was short,
which resulted in a fast cooling rate leading to the diffusion
of eutectic alloying elements. Thus, only a small amount of
BCC formed during the coprecipitation of FCC. In con-
trast, in the CLA, the duration of the molten pool was
longer, and the solidification rate of the molten metal was
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Fig. 7 XRD patterns of the
coatings and powders.
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Fig. 8 EBSD characterization
of the AlCoCrFeNi,; coating:
(a) IPF diagram of the CLA
coating, (b) phase distribution of
the CLA coating, (c) IPF
diagram of the EHLA coating,
and (d) phase distribution of the
EHLA coating.

lower than that in the EHLA. Thus, more of the BCC phase
precipitated.

To better compare the differences between the CLA and
EHLA coatings, we characterized the grain orientations
and phase distributions of the AICoCrFeNi,; coatings
using EBSD. Figure 8(a) and (b) presents the inverse pole
figures of the CLA and EHLA coatings, respectively. The

20Em

202m

different colors represent the various grain orientations.
The grain orientations of the two coatings were overall
consistent rather than randomly distributed, and the aver-
age grain size of the EHLA coating was smaller. This result
mainly occurred due to the higher cooling rate of EHLA,
which promoted grain refinement. Figure 8(c) and
(d) shows the detection results for the traditional and
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Fig. 9 Pole figures of the CLA and EHLA coatings: (a) FCC phase diagram of the CLA and EHLA coatings and (b) CLA and EHLA coating

BCC phase pole diagram. BD: build direction, TD: transverse direction.

EHLA coating phases, respectively, with red and blue
colors representing the FCC and BCC phases, respectively.
As shown in the figures, both coatings were composed of
simple solid solutions, including FCC and BCC phases.
The FCC phase occupied most of the area, the BCC phase
was mainly distributed between adjacent FCC grains, and
the FCC phase of the EHLA coating accounted for a
greater proportion of the total FCC phase, which was
consistent with the XRD pattern. Thus, an increase in the

@ Springer

cladding speed could inhibit the generation of the BCC
phase to a certain extent.

Figure 9 shows the pole figures of the FCC and BCC
phases of the CLA and EHLA coatings. Both fig-
ures showed a strong preference for the {001} texture. In
the FCC phase, the {001} texture was aligned with the
build direction (BD) and transverse direction (TD). In
addition, the texture indices of the BD and TD were 44.75
and 51.40, respectively. In the BCC phase, the {001}
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Fig. 10 Hardness distributions of the CLA and EHLA coatings: (a) microhardness curve of the coating and (b) average microhardness value of

the coating.

texture was more aligned with the BD than the TD.
Moreover, the texture indices were 13.75 and 12.74 for the
BD and TD, respectively. The texture index represents the
texture strength of the crystal to a certain extent. The dif-
ferent texture indices of the two coatings in the FCC and
BCC phases could be related to the distributions of the two
phases in the coating.

Microhardness

According to Fig. 10, based on the hardness distributions of
the CLA and EHLA coatings, the hardness values of the
EHLA coatings were greater than those of the CLA coat-
ings (CLA: average hardness of 255 HV, standard devia-
tion of 10 HV; EHLA: average hardness of 301 HV,
standard deviation of 9 HV). First, these findings could be
attributed to the faster cooling rate of the EHLA coating,
resulting in a lower porosity and crack formation rate. This
trend could increase the hardness of the coatings to a cer-
tain extent. In addition, this increase arose due to the
suppression of secondary dendritic coarsening. Moreover,
the spacing of the dendrite arms decreased, which resulted
in a fine dendrite arrangement and subsequently increased
the hardness of the coating through fine-grain strengthening
(Ref 21, 22). In addition, the CLA coating had a high
dilution rate (CLA: 66%, EHLA: 39%), and additional Fe
diffused from the matrix into the coating, which resulted in
the hardness being lower than that of the EHLA coating.

Wear Resistance

As shown in Fig. 11(a), the changes in the friction coeffi-
cients of the CLA and EHLA coatings revealed that both

coatings experienced running-in and stable wear stages. In
the running-in stage, the friction mode was point contact
because of the large contact stress. In addition, the friction
coefficients of the two coatings increased rapidly to
approximately 0.7. In the stable wear stage, given that the
contact mode changed to surface contact, the contact stress
decreased; thus, the friction coefficient remained relatively
stable and exhibited fewer periodic fluctuations. Fig-
ure 11(b) shows that the average friction coefficients of the
two coatings were almost the same: 0.6996 (CLA) and
0.7001 (EHLA). This finding could be attributed to the
wear mechanisms of the two coatings, which changed
simultaneously during friction and wear. In addition, the
preferred grain orientation had a small influence. There-
fore, the friction coefficients were roughly the same.

As shown in Fig. 12(a), (b), and (c), compared with
those of the EHLA coating, the wear marks of the EHLA
coating were narrower and shallower, and the wear amount
was lower. The wear rates of both coatings were further
calculated. The wear rate of the CLA coating was 6.19
%107 mm® /(N m), while the wear rate of the EHLA coating
was 5.24 x10> mm*/(N m). The results showed that the
wear rate of the EHLA coating was reduced by 15%. The
reason for this phenomenon was that the higher hardness of
the EHLA coating (according to Archard’s theory, the wear
resistance of a material usually increased with increasing
hardness) led to a reduction in the wear rate and an increase
in the wear resistance. Figure 13 shows the surface mor-
phologies of the wear marks on the coating. Fig-
ure 13(a) and (b) reveals that deep furrows, cracks, and
coating peeling occurred on the wear marks of the CLA
coating, which indicated that the wear was abrasive and
adhesive (Ref 26, 27). These results were mainly due to the

@ Springer



1002

J Therm Spray Tech (2024) 33:992-1005

(a) 08
0.7 1
0.6
05|

0.4 |

——CLA
——EHLA

0.3

Friction Coefficient

0.2

0.1 |-

0.0 1 1 1 1 1 1

0 500 1000 1500 2000 2500 3000

Time/s

3500

(U 0.7001

Friction coefficient

CLA EHLA

Coating number
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Fig. 12 Morphologies and wear amounts of the CLA and EHLA coatings: (a) abrasion depth; (b) wear volume; (c) CLA coating; and (d) EHLA

coating.

slow cooling rate of the CLA coating, evident coarsening
of the primary dendrites and secondary dendrite arms
within the coating, and the long distance between them,
which resulted in a coarse and disorderly dendrite
arrangement. Moreover, the relatively coarse structures fell
off during the wear process due to their low strengths,
formed furrows, cracks, and plastic deformation on the

@ Springer

surface of the coating. As shown in Fig. 13(c) and (d), the
furrow of the EHLA coating was shallow, and a few cracks
and shedding were observed, which indicated that the wear
modes of the EHLA coating were mainly abrasive wear
and mild adhesive wear. Further SEM analysis was con-
ducted on the worn surface, and Table 4 shows that
oxidative wear occurred on both coatings. However, the
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Fig. 13 Wear surface
morphologies of the CLA and
EHLA coatings: (a) and

(b) CLA coatings and (c) and
(d) EHLA coating.

Table 4 Contents of each element in the oxide chips in Fig. 12(b) and
@

Ele. (0] Al Co Cr Fe Ni
CLA 57.91 547 5.65 7.15 11.38 12.45
EHLA 41.15 8.55 9.44 10.27 10.98 19.61

oxidation degree of the EHLA coating was lower; thus, its
oxidative wear was alleviated.

Figure 14 shows the wear mechanism of the two coat-
ings. During the initial stage of wear, metal oxide wear
fragments were constantly generated on the surface of the
AlCoCrFeNi, \EHEA coating. Most of these wear frag-
ments were discharged in the direction of reciprocating
friction, while some of the nondischarged wear fragments
accumulated on the coating surface to form a friction layer.
The regathering of abrasive debris and adhesion to the
coating surface had a certain protective effect on the
coating to improve the wear resistance. With the extension
of wear time and increase in the number of friction cycles,
the oxide layer was gradually destroyed. In addition, deep
furrows, cracks and coating peeling appeared on the sur-
face of the coating. Therefore, adhesive wear, abrasive
wear and oxidation wear occurred in both coatings.
Although the wear mechanisms of the two coatings were
the same, the EHLA coating showed better wear resistance
at all stages of the wear process when combined with the
morphology and oxygen content of the wear surface.

In summary, EHLA technology could improve the wear
resistance of coatings to a certain extent, mainly due to the
high cooling rate. This phenomenon led to the coating

Wear débrig

X

grain refinement of the internal structure and a larger grain
boundary area in the fine microstructure. Thus, the strength
and hardness were relatively high, and under the action of
fine grain strengthening, the wear resistance of the coating
improved.

Conclusions

In this study, CLA and EHLA were used to prepare an
AlCoCrFeNi, ; HEA coating. The influences of EHLA
technology on the microstructures and properties of the
coating and the corresponding strengthening mechanism
were studied. The following conclusions were obtained:

(1) The surface of the coating prepared by EHLA was
flat, and the roughness was low (Ra (EHLA):
4.350 pm; Ra (CLA): 7.833 um). The dilution rate
decreased by 41% (EHLA: 39%, CLA: 66%); and
the porosity decreased by 80% (EHLA: 0.2%, CLA:
1%).

(2) A high cooling rate and solidification rate led to
obvious microstructure refinement and a more uni-
form grain distribution in the EHLA coating. BCC
phase precipitation was reduced by 22% (EHLA:
6.75%, CLA: 8.67%).

(3) Under the action of fine-grain strengthening, the
average microhardness and wear resistance of the
EHLA coating improved to a certain extent. a) The
hardness was increased by 15% (the EHLA coating
reached 301 HV, and the CLA coating was 255 HV).
b) The wear rate was reduced by 15% (the wear rates
of the EHLA and CLA coatings were 6.19 x 107
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Fig. 14 Wear mechanisms of
the CLA and EHLA coatings:
(a) CLA and (b) EHLA.

Wear debris

Substrate

Substrate

and 5.24 x 10% mm>/(N m), respectively). The wear
mechanisms of the coating included adhesive wear,
abrasive wear and oxidation wear.
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