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Abstract

A coating on a CrNi3MoVA steel substrate was prepared by electrospark deposition tech-
nology with an equiatomic sintered electrode of a high-entropy CoCrFeNiW alloy. SEM, EDS,
and XRD were used to investigate the morphology, composition and phase structure of the
CoCrFeNiW high-entropy alloy coating. The tribological behavior of coating under different
loads was investigated using a reciprocal friction and wear tester. The results showed that the
as-deposited CoCrFeNiW coating with a hardness of 9.78 GPa is composed of face-centered
cubic (FCC) and Cr0s; compared with the CrNi3MoVA steel, the CoCrFeNiW coating has
an obvious antifriction effect at 6 and 9 N load; the CoCrFeNiW coating remarkably increases

the wear resistance of the CrNi3MoVA steel.
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1. Introduction

The key components of some equipment have been
used in conditions of high-speed friction for a long
time, and their service time directly affects the life
of the whole equipment. These key components have
high manufacturing costs and complex manufacturing
process characteristics. Extending their life under the
working conditions of high-speed friction and wear is
an urgent problem to be solved in materials science.

Since Yeh et al. [1] and Cantor et al. [2] proposed
the concept of high-entropy alloy (HEA) in their re-
spective research work in 2004, HEAs have attracted
extensive attention from researchers all over the world
for their excellent properties, such as hardness, wear
resistance and high-temperature oxidation resistance,
etc., and they have become a research focus for their
promising application prospect. The preparation tech-
niques of the bulk HEAs are complex, so they can-
not be widely used in industry. The manufacturing
process of some key components is especially compli-
cated, resulting in a long manufacturing replacement
cycle, which is extremely unfavorable for emergency
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service needs. HEA coatings can avoid the complex
manufacturing process and inherit the excellent prop-
erties of HEAs. Therefore, they can be widely used in
aerospace, military, machinery and other fields.

In the current research, the CoCrFeNi-based HEA
coatings are attractive, especially the properties of Al-
CoCrFeNi coatings. AlCoCrFeNi is one of the earli-
est manufactured HEAs, and extensive research has
been done on the performance of its coatings. How-
ever, compared with the AlCoCrFeNi coatings, there
is much less research on CoCrFeNiW coatings, and the
element W can improve the hardness and wear resis-
tance of HEA in contrast to the element Al. Liu H. et
al. [3] used laser cladding technology to prepare HEA
coatings of CoCrFeNiWz (z = 0, 0.25, 0.5, 0.75, 1.0),
and the results showed that the CoCrFeNiW coating
exhibits good wear resistance at an elevated tempera-
ture of 600°C due to the formation of the oxide layer
on the worn surface.

Among the preparation technologies of HEA coat-
ings, electrospark deposition (ESD) technology has
many advantages, such as low equipment cost, easy
operation, strong coating bonding strength, etc. [4-6].
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Table 1. Chemical composition of CrNi3MoVA steel (wt.%) [7]

Cr Ni Mo Vv Mn

C

Si P S Fe

1.28 3.14 0.37 0.20 0.41

0.40

0.25 0.012 0.001 Balance

Table 2. Specific process parameters of CoCrFeNiW coating

Voltage Power Capacity Duration Energy of pulse Electrode rotating rate Ar gas flow Deposition time unit area

V) (W) (uF) (s) ()

(rmin~") (L min™%) (min cm ™)

60 1200 420 107%-1075 0.756

12 2

Especially for the local repair of key components with
special shape features, the coating prepared by ESD
has a more uniform thickness and good accessibility.
To the authors’ knowledge, there is still little relevant
research on the tribological properties of CoCrFeNiW
coatings deposited on a steel substrate by ESD tech-
nology. In this work, a CoCrFeNiW coating was pre-
pared on a CrNi3MoVA steel by ESD technology, and
its microstructure, mechanical properties and tribo-
logical properties were investigated. This investigation
aims to fabricate a CoCrFeNiW coating with excellent
wear resistance on a steel substrate using ESD tech-
nology and elucidate the coating’s forming process and
wear resistance.

2. Materials and methods
2.1. Preparation of CoCrFeNiW coatings

CrNi3MoVA steel was selected as the substrate
material because it is commonly used as a key compo-
nent material of equipment under the service condition
of severe wear, and its chemical composition is shown
in Table 1 [7]. The CrNi3MoVA steel bar was cut into
cuboid samples with a 20mm x 10mm x 4 mm di-
mension by the SYJ-400 automatic precision cutting
machine. The samples were polished with SiC sandpa-
pers with a roughness (Arithmetical Mean Deviation
of the Profile, Ra) from 12.5 um to 0.05 um and then
polished with diamond paste with a size of 2.5 um to
obtain a roughness (Ra) of 0.02-0.04 um. After that,
the samples were placed into a container of anhydrous
alcohol and cleaned by ultrasonic wave for 300 sec-
onds. Then, they were immediately dried with a hair
dryer.

The electrode material is made of Co, Cr, Fe, Ni,
and W powders with a purity of more than 99.9 %,
and the average size of the powder diameter is ap-
proximately 400 nm. The CoCrFeNiW alloy was pre-
pared using the spark plasma sintering (SPS) tech-
nique by mixing the powders in a predetermined pro-
portion (equal atomic ratio). The CoCrFeNiW alloy

was wire cut into a cylindrical electrode with a size
of ¢ 5mm x 50 mm and polished to remove the oxide
layer from the surface by using SiC sandpaper to ob-
tain a roughness (Ra) of 4 um, and then also cleaned
by ultrasonic wave in anhydrous ethanol for 10 min,
and immediately blown dry.

A DJ-2000 metal surface repair machine was em-
ployed as ESD equipment, and the CoCrFeNiW alloy
electrode was clamped by a fixture in the deposition
gun and exposed a length of 20 mm, and the coat-
ing was prepared on the CrNi3MoVA steel under ar-
gon protection. The specific optimum process param-
eters after the preliminary experiment are shown in
Table 2.

2.2. Characterization and property testing of
CoCrFeNiW coatings

The surface morphologies and elemental compo-
sition of the CoCrFeNiW coatings were character-
ized by scanning electron microscope (SEM, TESCAN
VEGA3, Czech Republic) equipped with an energy
dispersive X-ray spectrometer (EDS, X-MAX, UK),
respectively. The phase structure of the coating was
obtained by X-ray diffraction (XRD, X’Pert PRO,
Holland). The hardness and elasticity modulus of the
CrNi3MoVA and CoCrFeNiW coatings were tested by
using nanoindentation G200 with a Berkovich inden-
ter and calculated by the Oliver-Pharr model through
loading curves, and the values are the mean values of
the tested eight points. The friction and wear tests of
the CrNi3MoVA and CoCrFeNiW coatings with dif-
ferent loads (3, 6, and 9N) were carried out at room
temperature by employing an HSR-2M reciprocating
friction and wear tester. The load value can be ob-
tained from the pressure sensor, which is the load to
apply vertically on the sample’s surface. A 304 stain-
less steel ball with a diameter of 6 mm was selected
as one of the friction pairs, and other parameters of
the friction and wear test are shown in Table 3. The
number of parallel friction tests is five times, and the
friction coefficient values were the average of all five
tests.
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Table 3. Parameters of friction and wear test

Reciprocation distance (mm) Temperature (°C)

Running time (min)

Reciprocation times (t min™")

5 23

20 500

Table 4. EDS results of three regions of CoCrFeNiW coating

Element (at.%) Co Cr Fe Ni W
C 17.40 14.44 32.60 19.46 16.10
D 6.10 48.69 32.77 8.40 4.05
E 17.26 13.12 34.04 19.58 15.96

Fig. 1. Surface morphologies of as-deposited CoCrFeNiW
coating at low (a) and high (b) magnifications.

3. Results
3.1. Microstructure and phase structure
Figure 1 shows the surface morphologies of the as-

deposited CoCrFeNiW coating at different magnifica-
tions. As shown in Fig. la, a typical splashing fea-

ture on ESD coatings [8-11] (marked with arrows) ap-
pears on the as-deposited CoCrFeNiW coating, result-
ing from the rapid solidification of the melting metal,
which causes the coating surface to be uneven. Abdi
et al. [9] proposed that splashing is the most effec-
tive factor in heat loss of coating efficiency at high
spark energy. The roughness (Ra) of the as-deposited
coating is 0.77 pm, measured by a confocal laser scan-
ning microscope (CLSM, LS4000, Japan). Region A
between two globes is magnified in Fig. 1b. It can be
observed that there are some micro-globes in Fig. 1b,
and the globular-shaped islands are also a typical fea-
ture of the ESD technique [10]. The globe’s surface is
compact, even though the surface in between has some
micro-holes of CoCrFeNiW coating. Table 4 shows the
EDS results of the three regions (C in Fig. 1a, D and
E in Fig. 1b) of the CoCrFeNiW coating. As shown
in Table 4, regions C and E have almost the same
content of Co, Cr, Fe, Ni, and W, which is far dif-
ferent from the content of the as-sintered electrode,
for the content of Fe is much higher than that of the
other four elements. It needs to be noted that the Cr
content is the lowest among the other four elements.
However, the content of Cr is the highest among the
five elements in region D.

Figure 2 shows the cross-sectional morphology of
the as-deposited CoCrFeNiW coating and its EDS line
scanning results. As shown in Fig. 2a, the thickness of
the coating is about 38.4 um, and it is free of cracks
and has a compact microstructure. The EDS line scan-
ning results from the top of the coating to the sub-
strate (Fig. 2b) show that the elements of Co, Cr,
Ni, W, and Fe have a gradient transition between the
coating and the substrate, indicating a strong met-
allurgical bond between the CoCrFeNiW coating and
the CrNi3MoVA steel substrate, which has a beneficial
effect to enhance the coating performance. Although
the strong metallurgical bond between substrate and
coating has been reported by many investigations due
to the interinfiltration of the electrode and the sub-
strate [12-14], the bond should be much stronger for
the Fe element is in both the electrode and the sub-
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Table 5. Nanoindentation results of CrNi3MoVA steel and CoCrFeNiW coating

Samples H (GPa) E (GPa) H/E H3/E?
CrNi3MoVA 4.68 262.8 0.0178 0.0015
CoCrFeNiW coating 9.78 232.3 0.042 0.017
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Fig. 2. Cross-sectional morphology of as-deposited CoCr-
FeNiW coating (a) and its EDS line scanning results (b).

strate, which has been verified by the EDS line scan-
ning results (Fig. 2b).

Figure 3 shows the XRD pattern of the as-
deposited CoCrFeNiW coating. As shown in Fig. 3,
the as-deposited CoCrFeNiW coating is composed of
face-centered cubic (FCC) and CrpO3, which suggests
that oxidation occurred during the ESD CoCrFeNiW
coating process. Combining with the EDS results of
region D (Fig. 1b and Table 4), it can be inferred
that the CryO3 morphology is between two globes
(Fig. 1b). Therefore, the EDS results agree with the
XRD pattern of the CoCrFeNiW coating. Different
from the FCC, unmelted W and Fe;Wg phases in

3.2. Nanoindentation results of CrNi3MoVA
steel and CoCrFeNiW HEA coating

Table 5 shows the nanoindentation results of the
CrNi3MoVA steel and the CoCrFeNiW coating. As
shown in Table 5, compared with the CrNi3MoVA
steel, the hardness (H) of the CoCrFeNiW coating
increases about 1.1 times and the elasticity modulus
(E) reduces by 11.6 %, which favors the increase of
H/E and H3/E? of the CoCrFeNiW coating, two of
the main parameters relative to friction and wear per-
formance of materials, and they will be discussed later.

3.3. Friction coefficients and worn mechanism
of CrNi3MoVA steel and CoCrFeNiW coating

Figure 4 shows the friction coefficients of the
CrNi3MoVA steel and the CoCrFeNiW coating at 3,
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Fig. 4. Friction coefficients of CrNi3MoVA steel (a) and
CoCrFeNiW coating at 3, 6, and 9 N load (b).

6, and 9N load. As shown in Fig. 4a, in the first
ten minutes, the change of the load almost has no in-
fluence on the coefficients of the CrNi3MoVA steel,
and after that, all three friction coefficients begin to
reduce, and the friction coefficient at 9 N load has the
biggest reduction. As shown in Fig. 4b, the friction co-
efficients at 6 and 9 N load are almost the same in the
steady state, much smaller than the friction coefficient
at 3 N load. Compared with the CrNi3MoVA steel, the
CoCrFeNiW coating has an obvious anti-friction effect
at 6 and 9 N load.

Figure 5 shows the worn image of the CrNi3MoVA
steel and CoCrFeNiW coating under a macroscopic
scale. As shown in Fig. 5, with the increase of loads,
the width of grinding marks becomes bigger on the
surface of the CrNi3MoVA steel. Comparatively, it is
hard to observe the grinding marks under a macro-
scopic scale on the surface of the CoCrFeNiW coating.
Therefore, the CoCrFeNiW coating notably increases

Fig. 5. Worn image of CrNi3MoVA steel and CoCrFeNiW
coating under macroscopic scale.

the wear resistance of the CrNi3MoVA steel.

Although the samples of the worn CoCrFeNiW
coating were placed into a container of alcohol and
acetone mixture and cleaned by ultrasonic wave for
30 minutes, no weight loss was measured by an elec-
tronic balance (Sartorius BP211D) with a sensitivity
of 1075g. Weight gain was measured for the worn
CoCrFeNiW coating, indicating that some wear de-
bris adhered firmly to the worn CoCrFeNiW coating
surface. The reasons for the weight gain in the CoCr-
FeNiW coating may be from two reasons: for one rea-
son, as shown in Fig. 1b, there are many micro-holes
on the surface of the CoCrFeNiW coating, the fine
wear debris can be sintered in the micro-holes un-
der the pressure of the rubbing load, and cannot be
cleaned off by ultrasonic wave; for the other reason,
the oxidation takes place on the surface of the CoCr-
FeNiW coating, for the CoCrFeNiW coating is easy to
oxidize under the heat effect produced by the rubbing
load.

Figure 6 shows the worn morphologies of the
CrNi3MoVA steel at different magnifications. As
shown in Fig. 6a, a severe plastic deformation occurs,
and there are furrows due to the material piling up
on the surface of the CrNi3MoVA steel. Region F in
Fig. 6a is magnified to obtain Fig. 6b, in which a shear
lip is observed on the worn surface of the CrNi3MoVA
steel. The worn feature suggests that the main wear
mechanism of the CrNi3MoVA steel belongs to severe
adhesive wear.

Figure 7 shows the worn morphologies of the CoCr-
FeNiW coating at different magnifications. As shown
in Fig. 7a, there is much wear debris (marked with ar-
rows) in the dents on the uneven surface of the worn
CoCrFeNiW coating. Figure 7b shows the magnified
region G in Fig. 7a. As shown in Fig. 7b, no obvi-
ous scratches are observed on the protruding parts
of the CoCrFeNiW coating surface. Furthermore, the
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Fig. 6. Worn morphologies of CrNi3MoVA steel at low (a)
and high (b) magnifications.

EDS results of region J show that the worn surface
of the CoCrFeNiW coating contains the extra O el-
ement in contrast to the as-deposited CoCrFeNiW
coating, which indicates that oxidation took place on
the CoCrFeNiW coating surface during rubbing. Fig-
ure 7c shows the magnified region H in Fig. 7a. As
shown in Fig. 7c, the size of the majority wear debris
in the dents is below 10 microns, and the EDS results
of the wear debris (region I) show that the wear debris
mainly contains the elements of Fe, Ni, and Cr, sug-
gesting that the wear debris is the worn product of the
304 stainless steel ball. Kato [16] and Hiratsuka and
Muramoto [17] proposed that small wear particles gen-
erated in the wear stage were easily oxidized under the
heat effect produced from rubbing, and they attached
to the worn surface and formed an oxide film, which
can induce mild wear. Their view is consistent with the
results of this study. Furthermore, the special charac-
teristic of an ESD coating surface with micro-holes
is that it can store small wear particles, further im-
proving the tribological properties of the CoCrFeNiW
coating. From the above analysis, it can be concluded
that the wear mechanism of the CoCrFeNiW coating is

Fig. 7. Worn morphologies of CoCrFeNiW coating at low
(a) and high (b), (c) magnifications.

slightly adhesive wear accompanying oxidation wear.

4. Discussion
4.1. Forming process of CoCrFeNiW coating

Figure 8 shows the preparation of the CoCrFeNiW
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Fig. 9. Gibbs free energy change of oxides of Co, Cr, Fe,
Ni, and W at various temperatures.

coating by ESD in argon. In this process, the CoCr-
FeNiW electrode and the CrNi3MoVA steel substrate
come into contact at a small region in the form of
a short circuit, and then the capacitor energy is in-
stantaneously released. A plasma arc with a maximum
temperature of 5000-25000 K is generated to produce
a droplet formation at the end of the electrode [14,
18], and then it accelerates the droplet towards the
substrate surface at high speed to form a splashing
feature. At the same time, as the plasma temperature
is high enough, the contacted substrate also melts with
the electrode, and a small melting pool with electrode
and substrate materials is formed. With the moving
back and forth of the electrode, many melting pools
connect to form the first deposition layer, and then
the electrode moves on the previously formed layer to
overlap, and the CoCrFeNiW coating is finally formed.

In this work, the composition of the CoCrFeNiW

coating is different from that of the electrode, for the
coating cannot be kept growing thick due to metal-
lurgy theory, so the content of Fe is more than that
of the other four elements in the CoCrFeNiW coating.
Due to the manual operation and uneven charge, the
CoCrFeNiW coating surface appears to have an un-
even morphology, which is a typical disadvantage for
ESD technology.

Despite the argon protection, oxidation occurred
on the CoCrFeNiW HEA coating surface, indicating
that some oxygen is mixed in the ESD process. Figure
9 shows the Gibbs free energy change of Co, Cr, Fe, Ni,
and W oxides at various temperatures [19]. As shown
in Fig. 9, Cro0O3 has the most negative Gibbs energy
among the five formed oxides of the CoCrFeNiW coat-
ing so that it will be formed in the CoCrFeNiW coat-
ing (Fig. 2). Guo C. A. et al. [7] prepared AlCoCrFeNi
coatings on CrNi3MoVA steel in argon by ESD tech-
nology and also found the Al;O3 in the AlCoCrFeNi
coating for Al;O3 has the most negative Gibbs en-
ergy among the five formed oxides of the AlICoCrFeNi
coating, which agrees with the result of this study.

4.2. Wear resistance of CoCrFeNiW coating

It is well known that the cooling velocity of the
ESD coating can reach 10°-10% Ks~! [14, 18]. With
such a rapid cooling speed, the crystal nuclei grow
up with difficulty; thereby, the ESD coating always
consists of micro-scale and even nano-scale structures
[7, 14, 18], which favors the hardness increase of the
coating. Besides the high hardness of the CoCrFeNiW
coating, the values of H/E and H3/E? closely relate
to the wear resistance of the materials. The value of
H/E determines the elasticity limit of the rubbing
contact surface, and a high H/E value reduces the
quantity of the elasticity limit on the rubbing con-
tact surface, which increases the wear resistance for
antifriction; the value of H3/E? shows the capabil-
ity to resist plastic deformation under the action of
contact load [20, 21]. By calculating from Table 5,
the H/E and H?3/E? values of the CoCrFeNiW coat-
ing increase by about 1.4 and 10.3 times that of the
CrNi3MoVA steel, respectively, which suggests that
the CoCrFeNiW coating has better wear resistance
than the CrNi3MoVA steel.

Apart from the excellent nanoindentation results,
there are also two other reasons for the improved tri-
bological properties of the CoCrFeNiW coating. On
one hand, the compact CroO3 oxide scale formed on
the coating benefits the wear resistance. Like other
ESD coatings [7, 14, 18], the microstructure of the
CoCrFeNiW coating belongs to microcrystalline with
columnar crystals, which favors the selective oxidiza-
tion of Cr. On the other hand, the wear debris with
a size of ten microns in the dents of the CoCrFeNiW
HEA coating reduces the rubbing contact area of the
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CoCrFeNiW coating, which can also increase the wear
resistance of the coating.

5. Conclusions

The as-deposited CoCrFeNiW coating with an un-
even surface has a chemical composition different from
that of the sintered CoCrFeNiW electrode, which is
composed of FCC and Cry03. Compared with the
CrNi3MoVA steel, the hardness of the CoCrFeNiW
coating increases about 1.1 times and the elasticity
modulus reduces by 11.6 %. The friction coefficients
of the CoCrFeNiW coating (0.5) are much smaller
than those of the CrNi3MoVA (0.7) steel at 6 and 9N
load. The CoCrFeNiW coating remarkably increases
the wear resistance of the CrNi3MoVA steel at 3, 6,
and 9 N load due to the excellent nanoindentation re-
sults, the compact CroO3 oxide scale formed on the
coating and the wear debris with a size of ten microns
in the dents of the CoCrFeNiW coating. The mech-
anism of the CoCrFeNiW coating can be character-
ized as slight adhesive wear accompanied by oxidation
wear, whilst that of the CrNi3MoVA steel belongs to
severe adhesive wear. Compared with the conventional
ESD coatings of hard alloys, such as WC-Co, or WC-
TiC-Co, etc., the ESD CoCrFeNiW coating can form a
compact CraO3 oxide scale during rubbing, and it also
has a strong bonding due to the better interinfiltration
of the CoCrFeNiW electrode and the steel substrate,
both of which can enhance the wear resistance of the
coating.
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