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Abstract: In this study, a laser remelting process was applied to the FeCrCoNiTiAl0.6 high entropy alloy
coating in order to improve the density and the surface quality of the coating. The coating was fabricated
by high-velocity-oxygen-fuel (HVOF) technology. The microstructure and phase composition of the
coating were investigated by scanning electron microscopy (SEM), energy dispersive X-ray spectrometer
(EDS), X-ray diffractometer (XRD) and confocal scanning laser microscope (CSLM). Moreover, the wear
behavior of the coating was evaluated by use of a ball-on-disc test. The coating was denser after
laser remelting treatment by eliminating the previous lamellar structure. The microstructure of the
laser-remelted coating exhibits two body-centered cubic (BCC) phases, which is different from the
HVOF coating. In addition, aluminum oxide formed during laser remelting. Different from the wear
mechanism of the HVOF coating, which comprised abrasion and fatigue, the major wear of the laser
remelted coating was abrasion.
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1. Introduction

High entropy alloys (HEAs) have received significant research focus in recent years since they were
proposed [1–6]. Due to their unique compositions, HEAs exhibit some interesting properties, such as
high strength, outstanding fracture toughness, good fatigue resistance and high hardness at elevated
temperatures [7–17]. Thermal spray technology is a process in which the spraying powder is heated or
melted by a focused thermal energy. During the process, the powder is accelerated and deposited
onto the substrate surface to form the coating. High-velocity-oxygen-fuel (HVOF) technology is a
commonly used thermal spray technology that has a lower particle temperature and higher flight
particle velocity. The low temperature can reduce the oxidation of particles during melting while the
high velocity can produce dense coating after high speed impact on the matrix. HEAs can be deposited
on substrates to form protective coatings by thermal spraying techniques and the coatings retain
the microstructure and excellent properties [18–22]. It is worth noting that wear behavior is a very
important property amongst the mechanical properties in applications. For example, the wear behavior
of molds, tools and structural components cannot be neglected in applications. However, there are few
studies on the wear behavior of HEA coatings for now. Huang et al. [4] investigated the wear behavior
of AlCrFeMo0.5NiSiTi and AlCoCrFeMo0.5NiSiTi coatings produced by atmospheric plasma spraying.
The wear resistance of the coatings was similar to SUJ2 steel, and the hardness of the coatings was
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525 HV and 485 HV, respectively. When the coatings were heat-treated for 1 h at 800 ◦C, the hardness
increased to 900 HV and the wear resistance was better than SUJ2 steel and SKD61 steel. Löbel et al. [23]
studied the hardness and the wear resistance of AlCoCrFeNiTi HEA coatings produced by HVOF.
The hardness of the coating amounted to 730 HV0.1, and the coating exhibited outstanding wear
resistance in oscillating wear, ball-on-disk and scratch tests. Hsu et al. [3] studied the wear behavior
of NiCo0.6Fe0.2Cr1.5SiAlTi0.2 HVOF coatings. They found that the wear resistance of the coating was
better than SUJ2 steel and SKD61 steel. As an important surface treatment process, laser remelting
process is often used to improve the density and bonding strength as wel as to reduce the porosity of
coatings. However, thus far, research involving laser remelted HEA coatings is sparse. Cai et al. [24]
investigated the effect of laser remelting processing on microstructure and wear behavior of laser
clad Ni-Cr-Co-Ti-V high entropy alloy coating. The results showed that the phase composition of
the coating remained unchanged and the micro-hardness increased to 900 HV after laser remelting
processing. In contrast to the as-clad high-entropy alloy coating, the laser remelted high-entropy alloy
coatings had a lower friction coefficient and lower wear mass, and the worn mechanism of as-clad and
as-remelted high-entropy alloy coatings showed adhesive wear.

To date, the wear behavior of laser remelted HVOF coatings have been reported rarely. It was
reported that the laser remelting process could improve the compactness [25]. Therefore, in the present
study, the laser remelting process was used to produce the laser remelted FeCrCoNiTiAl0.6 HVOF
coating. The microstructure, phase composition and hardness of the coating was analyzed. The wear
behavior and the wear mechanism were investigated at room temperature. In order to compared the
properties, the as-sprayed HVOF coating was also investigated in this study.

2. Materials and Methods

FeCrCoNiTiAl0.6(at.%) high entropy alloy coating which was prepared in the laboratory was used
to study the effect of laser remelting processing on microstructure and wear behavior. The coating
was prepared by HVOF on ASTM A572 steel substrates. The spraying process, parameter and
characterization of the powder and coating was introduced in our former study [26]. In this study,
the coating was grinded and cleaned by ethanol before laser remelting. A YLS-6000 fiber laser (IPG
Laser GmbH, Burbach, Germany) with a Gaussian energy distribution in the laser-beam was used
to remelt the coatings. A multi-pass laser surface remelting with linear scanning was conducted.
The parameters are as follows: laser power of 800 W, overlapping ratio of 50%, scanning speed of
12 mm/s, beam diameter of 2.5 mm. In order to prevent oxidation, high-purity argon gas (10 mL/min)
Guangzhou yuejia gases Co. Ltd, Guangzhou, China) was used during laser remelting processing.
Specimens with dimension of 15 × 15 mm2 were prepared and preheated to 200 ◦C before remelting to
avoid cracking.

The phase compositions of the HVOF coating and the laser remelted coating were characterized
using an Ultima IV X-ray diffractometer with a Cu target (Rigaku corporation, Shibuya Tokyo, Japan).
The microstructures of the coatings were studied by scanning electron microscopy (SEM) using
TM4000PLUS tabletop microscope from Hitachi Ltd. (Tokyo, Japan), equipped with a Model 550i
energy dispersive X-ray spectrometer (EDS, Hitachi Ltd., Tokyo, Japan).

The microhardness of the coatings was measured via a Vickers microhardness tester (Laizhou
Huayin Testing Instrument Co., Ltd., Shandong, China). The measurement was conducted in the
cross-section of the samples, which were grinded and polished before test with a load of 0.982 N and a
dwell time of 15 s.

The wear behavior of the coatings was studied using a MS-T3001 Friction & Wear tester by Lanzhou
Huahui Instrument Technology Co., Ltd. (Lanzhou, China) without lubricant in air environment at
room temperature. In order to get a condition mainly for abrasion wear, an Al2O3 ball with a diameter
of 4 mm was used as counter body. A normal load of 5 N, measurement radius of 2.5 mm at a sliding
speed of 382 rpm/min and measurement duration of 83 min were used in wear tests. The measurement
was conducted on the surface of the coatings, which were ground and polished before the tests.
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The friction coefficient of the samples during the tests was recorded automatically. The volume loss
of the coating was measured by using a confocal scanning laser microscope (CSLM, LEXT OLS4100,
Olympus corporation, Japan). The wear rates were calculated by dividing the volume loss by normal
load and sliding distance. The surface and cross-sections of the wear track were investigated by CSLM,
SEM and EDS.

3. Results and Discussion

3.1. Microstructure and Phase Composition

The XRD patterns of the FeCrCoNiTiAl0.6 HVOF coating and the laser remelted HVOF coating are
shown in Figure 1. The HVOF coating exhibits a BCC-type phase. After laser remelting, the coating
exhibits two kinds of BCC-type phases. Between the two BCC-type phases, BCC1 phase keeps the
same with the HVOF coating and BCC2 phase has a smaller lattice constant. The phase change is
mainly attributed to the characteristic of laser remelting process. During the laser remelting process,
the HVOF coating was heated to a very high temperature, then cooled down at a high speed (generally
105 K/s [27]). However, the solidification rate in this process was much slower than thermal spraying
(about 107 K/s [28]). In this case, the elements in the coating migrated drastically due to the thermal
effect. This resulted in that the single BCC phase changed to two BCC phases. Meanwhile, a small
amount of aluminum oxide phase was detected as a result of oxidation behavior.
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Figure 1. X-ray diffractometer patterns of high-velocity-oxygen-fuel (HVOF) sprayed coating and the
laser remelted HVOF coating.

Figure 2 shows the BSE SEM micrographs of the cross-section of the FeCrCoNiTiAl0.6 HVOF
coating and the laser remelted HVOF coating at low magnification. The HVOF coating consists of
plenty of micro-pores resulting from HVOF spray methods. In contrast, the laser remelted HVOF
coating is compact and the typical lamellar structure of thermal sprayed HVOF coating disappeared.
The pre-existing pores and micro-cracks were remarkably eliminated.
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Figure 2. Low-magnification backscattered electron (BSE SEM) images of the cross-section of
the coatings.

A high-magnification BSE SEM micrograph of the coatings (Figure 3) shows that some spherical
particles of the powder still exist in the HVOF coating and exhibits a dendritic crystal structure. This is
because the particles had a high in-flight velocity and the heating time was very short during the HVOF
spraying process, resulting in that the particles were not fully melted and retained the characteristics
of the HEA powder. Moreover, the spherical particles were reserved and some voids and lamellar
structure appeared in the HVOF coating. After laser remelting, the coating was fully crystallized due to
the fact that the HVOF coating received vast heat then was fully melted during laser remelting. In this
process, the buoyancy effect promoted the gas bubbles to escape from the coating, which favored the
elimination of pre-existing pores [29]. It is noted that the microstructure of the laser remelted HVOF
coating consists of dendrites of a BCC1 phase (Area 2) and an interdendritic BCC2 phase (Area 1),
as wel as oxide (Area 3). The dendritic structure is similar to the structure in HVOF coating. In our
former investigation, we found that the HVOF coating consisted of two BCC phases that showed
different compositions but exhibited just one set of peaks in XRD analysis due to the similar lattice
parameters [26]. During laser remelting, the HVOF coating was fully melted and then cooled down
rapidly. In this process, the elements in the coating were distributed differently in dendrite and
inter-dendrite regions. The migration of elements led to the phase change, which means that the
lattice parameters of the BCC solid solution in HVOF coating changed and the two BCC phases can be
differentiated in XRD analysis.
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Figure 3. High-magnification BSE SEM micrograph of the cross-section of the coating.

Figure 4 shows the EDS mapping result of the laser remelted HVOF coating. The result shows
that all elements can be detected in both dendrite and inter-dendrite regions. However, the elements
are distributed non-uniformly, and the dendrite is rich in Al and Ni, while the inter-dendrite is rich in
Fe and Cr. In contrast, Cr and Co are distributed more evenly in both regions. The compositions in
different areas are investigated by EDS, which are shown in Table 1. A similar microstructure was
reported in the literature [23,30].
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Table 1. EDS point result of the laser remelted HVOF coating.

Element O (at.%) Al (at.%) Ti (at.%) Cr (at.%) Fe (at.%) Co (at.%) Ni (at.%)

1 2.74 4.66 13.29 16.13 39.55 12.34 11.29
2 2.67 14.1 12.43 11.35 30.36 14.42 14.66
3 20.95 35.87 9.07 5.39 15.17 6.77 6.79

3.2. Wear Behavior

In this study, ball-on disc test was conducted in order to investigate the wear behavior of the
laser remelted FeCrCoNiTiAl0.6 HVOF coating. Furthermore, the HVOF coating was also tested
for comparison to investigate the effect of laser remelting on wear behavior. Figure 5 shows the
friction coefficients of the coatings during test. The values of the friction coefficient are significantly
different. The laser remelted HVOF coating has a much lower friction coefficient than HVOF coating.
The decrease of the friction coefficient is related to the microstructure of the coatings. The coating is
denser and the coefficient is lower. In wear test, the coatings were cut by an Al2O3 ball. The elimination
of the pores and cracks in laser remelted coating can provide a smooth contact interface, thus reducing
the friction coefficient.Appl. Sci. 2020, 10, x FOR PEER REVIEW 2 of 9 
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Figure 6 shows the confocal laser scanning microscopy (CSLM) micrographs in a same
magnification of the HVOF coating and the laser remelted HVOF coating. The wear track on
the HVOF coating is obviously wider and deeper than the laser remelted HVOF coating. The maximum
depth of the wear track is 47.7 µm for HVOF coating and 24.0 µm for laser remelted HVOF coating.
The wear rates of the coatings as a function of sliding duration are also shown in Figure 6. The wear
rate of the HVOF coating is W = 4.546 × 10−5 mm3N−1m−1, while the wear rate of the laser remelted
HVOF coating is W = 1.375 × 10−5 mm3N−1m−1. The wear rate decreased significantly due to the laser
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remelting process. As we know, the wear behavior is related to the hardness, the wear rate decreased
as the hardness increases. When the HVOF coating was remelted by laser beam, micro-pores and
cracks decreased dramatically. The compact microstructure and the precipitate of the Al2O3 phase in
the coating led to the increase of hardness. In this paper, the measured hardness of the HVOF coating
was 789 ± 54 HV0.1, while the hardness of the laser remelted HVOF coating was 914 ± 17 HV0.1.
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The surface morphologies of the wear tracks of the as-sprayed and laser remelted HVOF coatings
are shown in Figure 7. The grooves are observed obviously on the wear track in both of the coatings.
In addition, the debris caused by wear is also recognized. These indicate that the abrasion wear is
the main wear mechanism for the laser remelted HVOF coating. The large difference in the hardness
between the coatings and counter body caused the abrasion wear. The hardness of Al2O3 counter body
amounts to 2055 HV0.1 [31], which is much higher than the coatings. The harder Al2O3 ball could
easily cut the coatings. During the test, the coatings endured high contact pressure and then caused
local plastic deformation. Moreover, on the wear track surface of the HVOF coating, splat delamination
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Figure 8 shows the cross-sections of the wear tracks of the HVOF coating and the laser remelted
HVOF coating. In the polished cross-section of the HVOF coating, severe splat delamination can be
observed, indicating that fatigue wear is another failure mechanism in HVOF coating [26]. Different from
HVOF coating, neither splat delamination nor cracks are observed in laser remelted HVOF coating.
Abrasion wear is the only wear mechanism in laser remelted HVOF coating.
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The microstructure of the laser remelted FeCrCoNiTiAl0.6 high entropy alloy HVOF coating and
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(1) The as-sprayed FeCrCoNiTiAl0.6 HVOF coating exhibited two separate BCC phases and aluminum
oxide precipitated after laser remelting process. The laser remelted HVOF coating possessed a
compact microstructure and the pre-existing pores and micro-cracks were remarkably eliminated.

(2) The laser remelted FeCrCoNiTiAl0.6 HVOF coating had a higher microhardness of 914 ± 17 HV0.1

and better wear resistance than HVOF coating.
(3) The major wear mechanism of the FeCrCoNiTiAl0.6 HVOF coating and the laser remelted HVOF

coating is abrasion. Fatigue wear participated in the HVOF coating.
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