
����������
�������

Citation: Li, W.; Li, J.; Xu, Y.

Investigation into the Corrosion Wear

Resistance of CoCrFeNiAlx Laser-Clad

Coatings Mixed with the Substrate.

Metals 2022, 12, 460. https://doi.org/

10.3390/met12030460

Academic Editor: Antonio Riveiro

Received: 8 February 2022

Accepted: 8 March 2022

Published: 9 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Investigation into the Corrosion Wear Resistance of
CoCrFeNiAlx Laser-Clad Coatings Mixed with the Substrate
Wanggen Li, Jun Li * and Yinsi Xu

School of Materials Engineering, Shanghai University of Engineering Science, Shanghai 201620, China;
lwg2020y@163.com (W.L.); 18238237071@163.com (Y.X.)
* Correspondence: jacob_lijun@sues.edu.cn; Tel.: +86-21-67791198; Fax: +86-21-67791377

Abstract: CoCrFeNiAlx (x = 0 and 1.0) high-entropy alloy coatings were synthesized on Ti6Al4V
via laser cladding to improve their corrosion and wear resistance under corrosive conditions. Re-
sults indicated that the coating (CoCrFeNi) was largely composed of irregular primary α(Ti) and
honeycomb-like eutectics of α(Ti) + Ti2Ni as the matrix, with TiC dendrites as the reinforcement.
When Al was introduced into the cladding material, irregular α(Ti) grains were transformed into
equiaxed grains, besides which the area fraction in eutectics was considerably reduced, and TiC
dendrites were also transformed into spherical particles. Compared with the coating without Al, the
introduction of Al contributed to the improvement in corrosion resistance because corrosion potential
was enhanced from −0.524 V to −0.393 V, whereas corrosion current density and steady current
density were reduced from 2.249 × 10−7 A·cm−2 and 1.021 × 10−6 A·cm−2 to 1.260 × 10−7 A·cm−2

and 2.506 × 10−7 A·cm−2, respectively. The substrate was still at the break-in stage during a long-
term sliding of 10 h because its wear rate exhibited an approximately linear reduction tendency
(2.09 × 10−3 mm3·N−1·m−1 for 2 h and 7.44 × 10−4 mm3·N−1·m−1 for 10 h). With respect to the
coatings, they transitioned from the break-in stage into the stable wear stage when the sliding dura-
tion exceeded 4 h, during which a comparatively stable wear rate of 2.88 × 10−4 mm3·N−1·m−1 was
obtained. The wear mechanism of the substrate was identified as slight microcutting and serious
oxidation for the long-term sliding of 10 h. It changed into a combination of slight microcutting,
serious oxidation, and moderate brittle debonding for the coatings. Generally speaking, the introduc-
tion of Al can refine the microstructure and improve the microstructural uniformity. Moreover, the
passive film can be formed more rapidly on the coating surface and presents higher stability when
introducing Al. Finally, the introduction of Al also promotes the coating to enter into the stable wear
stage more rapidly and causes the decrease in friction coefficient and wear rate.

Keywords: laser cladding; Ti6Al4V; HEA coating; microstructure; corrosion wear resistance

1. Introduction

Ti6Al4V is a commonly used corrosion resistance alloy in the engineering field [1]
(e.g., bolts, gaskets, and spiral-riveted pipes made of Ti6Al4V in the chemical industry).
Service conditions mostly include an acidic medium [2], an alkaline medium [3], a NaCl
solution [4], and seawater [5]. The excellent corrosion resistance of Ti6Al4V primarily arises
from a dense and inert oxidation film with a thickness of approximately 1–10 nm that is
spontaneously formed and tightly adheres onto its surface [6]. However, the film may be
seriously damaged when the alloy comes in contact with other components, exhibits relative
motion, or undergoes high-speed collision with hard particles dispersed in the medium,
causing the alloy to be subjected to chemical/electrochemical dissolution. Moreover, the
exposed alloy will suffer from severe microcutting under the applied load because of its
low hardness, causing its drastic loss. Therefore, the wear resistance of Ti6Al4V in the
corrosion medium must be improved by modifying its surface properties due to wear and
corrosion failure that all originate from the surface [7–11].
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As a promising surface modification technology, laser cladding attracted widespread
interest and developed rapidly; in this technique, the thick coating with a strong metallurgi-
cal bonding with the substrate can be prepared to meet different performance requirements
by flexibly adjusting its microstructure and chemical composition [12–14]. A large num-
ber of studies were performed to improve wear and corrosion resistance by fabricating
ceramic particle-reinforced metal-based coatings using laser cladding on Ti6Al4V (Ti-based
coatings reinforced by TiB2/TiB [15], TiB [16], TiC [17], TiC/TiB2 [18], TiC/Ti2Ni [19], and
SiC [20]; Co-based coatings reinforced by CeO2 [21], WC [22], TiN [23], and Ti5Si3/TiC [24];
and Ni-based coatings reinforced by TiC/TiN [25], TiB2/TiC [26], WS2/hBN [27], and
TiN/Ni3Ti/Ti3AlN [28]). These composite coatings exhibit outstanding resistance to mi-
crocutting due to their high hardness of approximately 850–1300 HV [29]. However, the
accompanying low plasticity and toughness will enhance the coatings’ cracking suscepti-
bility [30,31]. Considering the rapid melting and cooling characteristic involved in laser
cladding, the huge residual stress in the coatings further aggravates their cracking suscepti-
bility. Cracks may easily initiate and propagate in coatings that sustain repeated load during
wear, causing a portion of the surface zones to debond brittlely from the coatings. When
wear loss from brittle debonding predominates over that from microcutting, the effect of
the combination may weaken the wear resistance of the coatings. By contrast, the substrate
zone covered with the coatings may be directly exposed to the corrosion medium when
cracks propagate into the substrate, causing serious chemical/electrochemical dissolution.
Therefore, to obtain the most outstanding wear resistance under corrosive conditions, a
laser-clad coating with low cracking susceptibility should be developed at the expense of
appropriately reducing hardness.

In 2004, Yeh et al. [32] and Cantor et al. [33] first proposed the concept of multicompo-
nent high-entropy alloys (HEAs) that differ from traditional alloys. HEAs mostly contain
single solid solutions and are nearly free of hard intermetallic particles due to the effects of
high entropy, lattice distortion, and slow diffusion [34–36], providing a new approach for
solving the aforementioned shortcomings in ceramic particle-reinforced metal-based coat-
ings. Recently, some investigations into the wear behavior of HEA-clad coatings on Ti6Al4V
were reported. Zhao et al. [37] successfully prepared AlNbTaZr0.8 HEA coating composed
of two simple solid solutions, i.e., body-centered cubic (BCC) + hexagonal close-packed
(HCP), via laser cladding on Ti6Al4V. The wear resistance of the coating was investigated
through dry-sliding tests with a sliding time of 2 h. The coating demonstrated better wear
resistance than the substrate because its wear rate (1.66×10−4 mm3·N−1·m−1) was reduced
by 31% compared with that of the substrate (2.41×10−4 mm3·N−1·m−1). Huang et al. [38]
fabricated TiCrAlSi HEA laser-clad coating on Ti6Al4V; this coating was composed of a
single BCC solid solution and uniformly dispersed (Ti,V)5Si3 precipitates. Dry-sliding
wear tests were performed for 1 h to investigate wear behavior. The coating demonstrated
excellent wear resistance because of its lower wear rate (2.4 × 10−5 mm3·N−1·m−1) com-
pared with that of the substrate (7.5 × 10−5 mm3·N−1·m−1). Wang et al. [39] synthesized
FeCoCrNi HEA coating that consisted of face-centered cubic (FCC) and BCC solid solu-
tions via laser cladding on Ti6Al4V. Dry-sliding wear tests for 10 min confirmed that the
wear resistance of the coating (8.33 × 10−5 mm3·s−1) was improved by 6.1 times relative
to the substrate (5.08 × 10−4 mm3·s−1). Juan et al. [40] obtained HEA coating by laser
cladding FeCrCoNiAlMo powder on Ti6Al4V. The coating, which was free of defects,
was mostly composed of a single solid solution (BCC) and exhibited good metallurgical
bonding with the substrate. When subjected to wear tests for 180 min in air, the friction
coefficient of the coating (0.61) was significantly lower than that of the substrate (1.04),
and its wear volume (0.823 ± 0.012 mm3) was reduced by 48% relative to that of the
substrate (2.329 ± 0.025 mm3). Zhang et al. [41] prepared TiAlCoCr2FeNi HEA coating
that contained an HCP solid solution by laser cladding on Ti6Al4V. Dry-sliding wear tests
performed for 2 h demonstrated that the wear resistance of Ti6Al4V was considerably
improved by laser cladding the HEA coating because the wear volume of the coating was
approximately 40% that of Ti6Al4V. However, most current investigations focus on the
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short-term wear behavior of HEA coatings in air (typically less than 2 h), while only a
few reports on the long-term wear resistance in a corrosive medium are reported. Wear is
typically divided into three stages: the break-in, stable wear, and severe wear stages. The
components mostly serve during the stable wear stage, which has a low/stable wear rate
and a long duration. Wear tests with a short duration may only reflect wear performance
during the break-in stage and cannot be applied to evaluate wear performance precisely
during the stable wear stage. Moreover, wear tests performed in air are unsuitable for
characterizing actual service performance under corrosive conditions.

In the current work, HEA coatings were prepared by laser cladding CoCrFeNiAlx
(x = 0 and 1.0) on Ti6Al4V to improve its wear performance under corrosive conditions.
The effects of Al introduction on microstructure, corrosion resistance, and wear resistance in
the 3.5 wt.% NaCl solution were investigated comprehensively. Wear tests were performed
for different durations (2 h, 4 h, 6 h, 8 h and 10 h), during which the change in wear rate
with sliding time was clearly investigated to identify the wear process. The corrosion and
wear mechanisms were also identified and described in detail.

2. Materials and Methods
2.1. Preparation of the Coatings

In this study, a commercial Ti6Al4V alloy rod with a diameter of 50 mm and a length
of 50 cm was used to prepare the substrate. A DK7730C electric discharge machine (Haishu
Guoding Numerical Control Machinery Co. Ltd., Ningbo, China) was utilized to cut the
rod into several plates to produce substrates with a diameter of 50 mm and a thickness of
10 mm. The plates were ground with #240 silicon carbide sandpaper and cleaned in acetone
with an ultrasonic cleaner for 30 min. The cladding powder (CoCrFeNiAlx, x = 0 and 1.0)
was prepared by weighting and mixing commercial Co, Cr, Fe, Ni, and Al (≥99.5 wt.% in
purity and 53–105 µm in size). The formulated powder was dried at 80 ◦C for 5 h, placed
into a Teflon grinding jar that contained agate balls of different diameters, and finally,
ground using a GQM-2-15 grinder (Changsha Tianchuang Powder Technology Co., Ltd.,
Changsha, China) at a speed of 300 rpm for 12 h. Before laser cladding, the substrate
was coated with an adhesive (4 wt.% polyvinyl alcohol) using a brush and then placed
in a circular mold (inner diameter of 50.3 mm and height of 11.0 mm). In the ring model,
the empty space above the surface of the substrate was filled with cladding powder. An
initial preplaced layer with a precise thickness of 1.0 mm was produced and then pressed
using a BJ-30 press under a load of 30 MPa for 120 s. Finally, a YSL-5000 fiber laser system
(IPG Photonics Corporation, Oxford, MS, USA) was used for laser cladding under the best
parameters (power: 3 kW, spot diameter: 6 mm, and scanning speed: 5 mm·s−1).

2.2. Microstructure Characterization

The phase compositions of the coatings were detected with a Panalytical X’ Pert
Pro X-ray diffractometer (Malvern Panalytical Co., Ltd., Shanghai, China) with Cu Kα

radiation (λ = 0.1540560 nm). A Hitachi S-3400 scanning electron microscope (Hitachi,
Tokyo, Japan) and a Genesis EDAX spectrometer (EDAX Inc., Philadelphia, PA, USA) were
used to observe the cross-sectional microstructure of the coatings under magnifications of
500× and 2000×. Before observation, the cross-sections of the coatings were ground using
240–2000# silicon carbide sandpapers and polished using 1.0 µm diamond paste. Then, the
samples were cleaned in ethanol for 15 min with an ultrasonic cleaner (Shanghai Kedao
Ultrasonic Instrument Co., Ltd., Shanghai, China) and etched for 45 s in the solution (4 mL
deionized water, 6 mL HNO3, and eight drops of HF).

2.3. Electrochemical Performance

The electrochemical performance of the samples was tested in the 3.5 wt.% NaCl
solution at room temperature on a CHI 760E electrochemical workstation. The traditional
three-electrode system (Figure 1) was adopted with the samples as the working electrode
(WE), a platinum plate as the counter electrode (CE), and a saturated calomel electrode
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as the reference electrode (RE). System stability is crucial for the accuracy of results. In
this study, five measures were taken to ensure system stability. First, the RE and CE were
the same. Second, the WEs were processed by the same steps prior to conducting the
electrochemical experiments. The surface area exposed to the electrolyte was precisely
controlled within 0.25 cm in diameter, ensuring that the surface finish degree and exposed
testing area were constant. Third, the relative position among the three electrodes was
precisely fixed using a commercial testing instrument. Fourth, the applied electrolyte was
not reused and instead was reprepared for every electrochemical test, ensuring stability
in solution concentration. Finally, the samples were soaked in the solution for 30 min
prior to the electrochemical tests, and the change in open circuit potential (OCP) with
time was tested to ensure that OCP tends toward stability (approximately 400 s). The
potentiodynamic polarization curves were tested under a potential window of −0.8 V to
1.0 V at a scanning speed of 1 mV·s−1. Electrochemical impedance spectroscopy (EIS) was
measured with an amplitude of 10 mV under OCP conditions and frequencies ranging
from 100 kHz to 0.01 Hz.
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To study the passive behavior of the coating (CoCrFeNiAl), an ESCALAB 250XI X-ray
photoelectron spectroscope, manufacturer (Thermo Fisher Scientific, Waltham, MA, USA)
was employed to analyze the chemical valence states in the oxidation film.

2.4. Mechanical Performance

The microhardness of the polished cross-sections of the coatings was measured with an
XHD-1000TMSC/LCD Vickers microhardness tester (Shanghai Taiming Optical Instrument
Co., Ltd., Shanghai, China) with a load of 200 gf and a residence time of 15 s. The tests were
performed on the basis of the Chinese standard (GB/T 4340.1-2009: Metallic Materials-
Vickers Hardness Test-Part 1: Test Method). Three indentations were first prepared at
the central zones with a distance of 0.1 mm from the coating surface. Among which, a
distance of 0.05 mm was maintained. Then, the same number of indentations was prepared
at the zones with the same distance (0.1 mm) from the former zones along the depth
direction. Finally, the tests were completed at the zone close to the interface. Approximately
90 indentations were prepared for each coating. The obtained data were processed to
obtain the average value for comparing the difference in microhardness of the two coatings.

Wear tests of the samples were performed in the 3.5 wt.% NaCl solution via the
reciprocating mode on a CFT-1 super functional wear tester (load: 20 N; speed: 600 rpm;
reciprocating distance: 3 mm; and sliding time: 2 h, 4 h, 6 h, 8 h, and 10 h). High-hardness



Metals 2022, 12, 460 5 of 20

YG6 W steel balls with a diameter of 5 mm were selected as counterparts. The friction
coefficient was recorded in real-time during the sliding wear. After the sliding wear tests,
the wear profiles were detected using a surface mapping profiler (MT-500) (Lanzhou
Zhongke Kaihua Technology Development Co., Ltd., Lanzhou, China). The wear volumes
were automatically calculated on the basis of the wear profiles. To reduce error, three wear
profiles for a given sample were measured to obtain the average value. The wear rate (K)
of the samples was further calculated using the following formula:

K =
V

Nd
(1)

where V represents the amount of wear (mm3), N signifies the applied load (N), and d
denotes the sliding distance (m).

Wear morphologies and chemical compositions at different zones were analyzed
to identify the wear mechanism via scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS).

3. Results and Discussion
3.1. X-ray Diffraction (XRD) Analyses

The XRD patterns of the CoCrFeNi and CoCrFeNiAl alloy coatings are presented
in Figure 2. By using Jade 6.5 software, the d values of α(Ti) (NO.00-001-1198), Ti2Ni
(NO.00-018-0898), and TiC (NO.00-001-1222) can be consistent with those of the diffraction
peaks. With regard to the intensities of the corresponding peaks, a conclusion can be drawn
that α(Ti) and Ti2Ni are synthesized as the matrix phase, and a small amount of TiC is also
precipitated during solidification. The synthesized phases are all rich in Ti, indicating that
a portion of the substrate suffers from melting, and the major element (Ti) in the substrate
enters into the molten pool and participates in chemical reactions. The elements in the
cladding material mostly exist in the form of solutes. By comparing the two diffraction
patterns, the two strong peaks located at 2θ = 40.545◦ and 2θ = 41.568◦ slightly shift to
the left with the introduction of Al, indicating that the lattice is expanded on the basis of
Bragg’s equation (2d sin θ = nλ). This phenomenon should be attributed to the atomic
radius of Al being larger than those of Co, Fe, and Ni (Al: 1.82 Å, Co: 1.67 Å, Fe: 1.72 Å,
and Ni: 1.62 Å). The produced solid solution strengthening promotes an improvement in
the hardness and wear resistance of the coatings.
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A new method was established to predict the formed possibility and preference
of a compound in a multicomponent system, which is described as liquid phase sep-
aration [42]. For a system, the possibility and preference of the binary alloys among
the different components are closely associated with the mixing enthalpy of between
two components of A and B (∆Hmix). When ∆Hmix is larger than zero, no compounds
are formed in the binary system due to the central miscibility gap in the liquid phase.
On the contrary, the compounds can exist stably in the system with the negative ∆Hmix.
Moreover, the more negative ∆Hmix results in a stronger binding force between the
two components, which promotes the compound to be easily separated or segregated
from the liquid during solidification [43]. The values of each pair of elements in this
system are provided in Table 1. It is clear that the binary alloys may be precipitated
in the Ti-Co-Cr-Fe-Ni-Al system during solidification owing to their negative values.
Comparatively, the Ti-Ni compound with the more negative −35 can be synthesized
more easily (Table 1). Considering that the content of Ti is much higher than that of Ni,
it can be concluded that the compound rich in Ti (Ti2Ni) is most likely to be formed.
This is well in accordance with the XRD result. For the compound between the metallic
component (Ti, Co, Cr, Fe, Ni, Al) and the nonmetallic component (C), the calculated
result also demonstrates that TiC is most likely to be formed owing to its most negative
value of −109 (Table 1), which also agrees with the XRD result.

Table 1. The mixing enthalpy (∆Hmix, KJ·mol−1) for each pair of elements adapted from [44].

∆Hmix Ti Co Cr Fe Ni Al C

Ti - - - - - - -
Co −28 - - - - - -
Cr −7 −4 - - - - -
Fe −17 −1 −1 - - - -
Ni −35 0 −7 −2 - - -
Al −30 −19 −10 −11 −22 - -
C −109 −42 −61 −50 −39 −39 -

3.2. Microstructural Characterization

Figure 3(a1,b1) show the cross-sectional macromorphologies of the coatings. The
profiles of the two coatings are highly similar. The maximum width and depth are
approximately 6.6 mm and 3.0 mm, respectively. The microstructure is extremely dense,
and no cracks, pores, and unmalting particles can be clearly identified. A concave
interface between the coating and the substrate can be observed, showing that a strong
metallurgical bond formed between the two. Linear scanning analyses were performed
to detect the change in chemical composition along the scanning trace (Figure 3(a1,b1)).
Based on the linear scanning results (Figure 3(a2,b2)), the coating and the substrate
can clearly be identified due to the significant change in chemical composition in the
joint interface. A close inspection reveals that a transition zone with a thickness of
approximately 100 µm can be clearly identified in the joint interface, in which the
elements of Ti and Al, rich in the substrate, present the gradual upward tendency and
the elements of Co, Cr, Fe, Ni, rich in the cladding material, demonstrate the opposite
change along the depth direction of the coatings. The morphology of the interface is
indicated in Figure 4, in which the microstructure in the transition zone is different from
that in the coating. The zone was also observed in the interface of explosively welded
bronze–carbon steel [45], in which the alloying elements of the flyer and base plates
were involved. The investigation indicated that a thin transition can also be formed in
the interface between the precipitates and the matrix during casting and cooling in the
CrFeNiMn0.5Cu0.5 high entropy alloy [46].
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Figure 5 clearly depict the morphologies of different phases in the coatings. As shown
in Figure 5(a1,a2), the CoCrFeNi alloy coating is largely composed of irregular protruded
blocky grains. Among which, a cellular-like structure can be clearly observed. In addition,
some dendrites are sporadically distributed in the coating. The whole area shown in
Figure 5(a1) is selected to obtain chemical composition via EDS. The results indicate that
the zone is composed of 64.58 at.% Ti, 5.93 at.% Co, 6.49 at.% Cr, 6.07 at.% Fe, 6.13 at.% Ni,
9.94 at.% Al, and 0.85 at.% C. EDS was performed to determine the chemical compositions
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of phases with different morphologies (Figure 5(a3)). As indicated in Table 2, a blocky grain
(marked as A) is rich in Ti (62.61 at.%). In addition, small amounts of Co (4.64 at.%), Cr
(9.03 at.%), Fe (5.46 at.%), Ni (3.69 at.%), and Al (11.95 at.%) were also detected. Combined
with the XRD analysis, the blocky phase can be confirmed as the α(Ti) solid solution. For
the cellular-like structure, two phases that correspond to the fine protruding phase (marked
as B) and concave phase (marked as C) are involved. The EDS results indicate that the
protruding phase has similar chemical compositions to those of the blocky phase, implying
that the phase should be α(Ti). The concave phase is composed of 49.93 at.% Ti, 10.51 at.%
Co, 3.92 at.% Cr, 6.87 at.% Fe, 18.46 at.% Ni, and 8.87 at.% Al. This phase can be determined
as the Ti2Ni secondary solid solution. The atomic radii of Ti, Ni, Cr, Co, Fe, and Al are 2.00,
1.62, 1.85, 1.67, 1.72, and 1.82 Å, respectively. Therefore, Ti in Ti2Ni may be replaced by Al
and Cr due to their similar atomic radii. Similarly, the atomic radius of Ni is closer to that of
Co and Fe, and thus, Ni in Ti2Ni is substituted for Co and Fe. Apart from the atomic radius,
the difference in electronegativity also further confirms the aforementioned speculation,
i.e., the similar electronegativity among Ti (1.54), Al (1.61), and Cr (1.66) and among Ni
(1.92), Co (1.88), and Fe (1.83). The molar ratio of (Ti + Al + Cr) and (Ni + Co + Fe) was
calculated as 1.75:1, which is close to 2:1, further confirming the existence of Ti2Ni. The
coarse blocky phase should be the primary α(Ti), and the cellular-like structure should be
the eutectics that contain α(Ti) and Ti2Ni. The dendrites (marked as D), which are rich in Ti
(72.43 at.%) and C (11.36 at.%), can be identified as TiC in view of the XRD results.
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Table 2. EDS analyses of chemical compositions (at.%) for the marked zones are shown in Figure 5.

Coatings Marked Zones
Elements

Ti C Co Cr Fe Ni Al

CoCrFeNi

A 62.61 2.61 4.64 9.03 5.46 3.69 11.95

B 60.95 1.68 5.26 6.85 5.13 13.53 6.60

C 49.93 1.44 10.51 3.92 6.87 18.46 8.87

D 72.43 11.36 3.45 2.25 3.03 3.41 4.07

CoCrFeNiAl

E 60.29 1.49 3.78 6.08 4.11 3.84 20.42

F 54.71 1.16 7.39 4.96 6.78 7.39 17.37

G 76.94 11.62 1.76 1.04 1.42 2.18 5.04

When Al is introduced into the cladding material, the microstructure of the coating
is illustrated in Figure 5(b1–b3). The EDS results indicate that the whole area is shown in
Figure 5(b1) is composed of 60.64 at.% Ti, 5.94 at.% Co, 6.58 at.% Cr, 6.22 at.% Fe, 5.99 at.%
Ni, 14.00 at.% Al, and 0.63 at.% C. The marked zones in Figure 5(b3) were also analyzed
via EDS (Table 2). The irregular blocky grains are transformed into the regular equiaxed
grains (marked as E) with a smooth margin and approximately the same size. The area
among the equiaxed grains is considerably reduced, indicating that the volume fraction of
the eutectics (marked as F) is significantly decreased. Moreover, TiC dendrites (marked as
G) are also changed into fine spherical particles. The aforementioned changes will produce
a non-negligible effect on the wear and corrosion resistance of the coatings.

3.3. Corrosion Resistance

Potentiodynamic polarization curves were recorded on the substrate and the two
coatings in the 3.5 wt.% NaCl solution (Figure 6). Some characteristic parameters in terms
of Ecorr, icorr, Ea-s, and is can be obtained from the curves (Table 3). Ecorr, which refers to
the corrosion potential, can be used to identify the corrosion tendency of the sample. When
the sample comes in contact with a given material in a corrosion system, the sample with a
more positive Ecorr is inclined to act as the anode, which will be effectively protected from
corrosion. By contrast, oxidation reactions may occur on the sample, causing the sample to
suffer from serious loss. As indicated in Table 3, the Ecorr of the substrate (−0.582 V) can
be improved to a certain extent by laser cladding the CoCrFeNi or CoCrFeNiAl coatings
onto it, showing that the corrosion tendency of the substrate is efficiently reduced. With
regard to the coatings, their corrosion tendency can be further reduced by introducing
Al into the cladding material because Ecorr is enhanced from −0.524 V to −0.393 V. With
regard to icorr (corrosion current density), the value presents a downward tendency as
follows: 6.620 × 10−6 A·cm−2 (substrate), 2.249 × 10−7 A·cm−2 (CoCrFeNi coating), and
1.260 × 10−7 A·cm−2 (CoCrFeNiAl coating). The coatings exhibit a lower corrosion rate
when compared with the substrate. In terms of the coatings, the introduction of Al can
further reduce their corrosion rate by approximately 44%. The current sharply rises along
with an increase in potential when the applied potential exceeds Ecorr, implying that the
electrode is in an active state (metallic elements are subject to oxidation and dissolve into
the electrolyte in the form of ions). When the potential reaches Ea-s, the current is increased
very slowly with enhanced potential, finally tending toward an approximately constant
value. This finding indicates that the electrode is transformed from an active state into
a comparatively stable state due to the thin and dense oxidation film that formed on its
surface. The difference between Ea-s and Ecorr can be applied to characterize the difficulty
from the active state to the stable state, namely, the formation difficulty of the oxidation film.
The calculated result shows that the oxidation film is formed most easily on the CoCrFeNiAl
coating (0.161 V), followed by the CoCrFeNi coating (0.225 V), and then the substrate
(0.512 V). is is defined as the current density in the stable state, and it can be used to evaluate
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the protective ability of the oxidation film. Evidently, the oxidation film that formed on
the coatings can shield them from corrosion more efficiently than the film that formed on
the substrate because the is value drops by approximately 2–3 orders of magnitude. The is
value of the coating can be further reduced by approximately 75% by adding Al into the
cladding material. On the basis of the preceding analyses, a conclusion can be easily drawn
that the corrosion resistance of the substrate (Ti6Al4V) can be significantly improved by
laser cladding the CoCrFeNiAl coating.
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Table 3. Electrochemical parameters obtained from Figure 6.

Samples Ecorr/V Ea-s/V Ea-s − Ecorr/V icorr/A·cm−2 is/A·cm−2

Substrate −0.582 −0.070 0.512 6.620 × 10−6 1.436 × 10−4

x = 0 −0.524 −0.299 0.225 2.249 × 10−7 1.021 × 10−6

x = 1.0 −0.393 −0.231 0.161 1.260 × 10−7 2.506 × 10−7

Camila et al. [47] prepared the CoCrFeNiAl high-entropy alloy by arc furnace melting
and evaluated its corrosion behavior by potentiodynamic polarization in 3.5 wt.% NaCl
solution at room temperature. The applied reference electrode and the counter electrode
are identical to those used in this study. Ecorr and is are −0.319 V and 6.3 × 10−6 A·cm−2.
Peng et al. [48] used an arc melting method to prepare CoCrFeNiAl high-entropy alloy and
also investigated its corrosion behaviors in the same system. Ecorr and icorr are −0.756 V and
7.462 × 10−6 A·cm−2. In this study, Ecorr, is, and icorr are −0.393 V, 2.506 × 10−7 A·cm−2,
and 1.260 × 10−7 A·cm−2. It is clear that the prepared alloy in this study presents more
excellent corrosion resistance when compared with those mentioned above.

In order to investigate the stability of the passive film formed on the surfaces of three
samples, Nyquist plots were recorded (Figure 7). The incomplete depressed semicircles
can clearly be observed. The diameter of the semicircles is related to the charge transfer
resistance, which is responsible for the stability of the passive film. The large diameter
means that the passive film with high stability is formed and demonstrates strong resistance
to charge transfer. Consequently, the sample shows excellent corrosion resistance. It can be
concluded that the CoCrFeNiAl coating possesses the best corrosion resistance, followed
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by the CoCrFeNiAl and the substrate. The result is also in agreement with that obtained in
the potentiodynamic polarization test.
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The difference in corrosion resistance among the three is closely associated with the
oxidation film, including its formation tendency, thickness, compactness, and inherent
nature. Therefore, X-ray photoelectron spectroscopy (XPS) was performed to detect the
chemical compositions and chemical valence states of the oxidation film formed on the
CoCrFeNiAl coating, and thus, determine the corrosion mechanism of the three samples
(Figure 8). Figure 8a show the survey spectrum of the surface of the CoCrFeNiAl coating,
indicating that a thin oxidation film is formed due to the detected Al, Co, Cr, Fe, Ni, Ti,
and O. The chemical valence states of these metallic elements can be further determined
from the high-resolution narrow spectra (Figure 8b–g). For the Al element, a strong Al2p
peak can clearly be detected at 74.19 eV (Figure 8b), confirming that Al exists in the form
of Al2O3. Two strong peaks are observed at 780.52 eV and 795.98 eV in Figure 8c, while
two weak satellite peaks appear at 785.96 eV and 803.71 eV, proving the presence of CoO.
Figure 8d illustrate the Cr2p peak, which is composed of the Cr2p3/2 peak at 576.55 eV and
the Cr2p1/2 peak at 586.14 eV. The two peaks confirm the synthesis of Cr2O3 during the
electrochemical tests. For the Fe2p narrow spectrum (Figure 8e), the two weak peaks at
717.13 eV and 728.23 eV are related to the formation of FeO, while the two strong peaks at
710.91 eV and 723.22 eV are attributed to the existence of Fe2O3. The spectrum of Ni2p can
be fitted into four peaks that contained a pair of Ni2p1/2 and Ni2p3/2 peaks at 856.05 eV and
873.31 eV and two corresponding satellite peaks at 861.77 eV and 879.72 eV (Figure 8f). They
are highly consistent with the standard values of Ni in NiO. The Ti2p spectrum presents
two strong peaks at 458.35 eV and 43.96 eV (Figure 8g), which originate from the synthesis
of TiO2. Therefore, the thin film composed of Al2O3, CoO, Cr2O3, FeO, Fe2O3, NiO, and
TiO2 is formed on the surface of the coating. These oxides are synthesized during the
electrochemical tests by the following reactions:

4Al + 3O2 = 2Al2O3 (2)

2Co + O2 = 2CoO (3)
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4Cr + 3O2 = 2Cr2O3 (4)

2Fe + O2 = 2FeO (5)

4Fe + 3O2 = 2Fe2O3 (6)

2Ni + O2 = 2NiO (7)

Ti + O2 = TiO2 (8)
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The change in the standard Gibbs free energy (∆Gθ) for the preceding reactions at
room temperature (298 K) can be calculated as follows: −3163.88 KJ·mol−1 for Reaction (2),
−430.37 KJ·mol−1 for Reaction (3), −2096.35 KJ·mol−1 for Reaction (4), −502.96 KJ·mol−1

for Reaction (5), −1487.28 KJ·mol−1 for Reaction (6), −424.90 KJ·mol−1 for Reaction (7),
and −889.53 KJ·mol−1 for Reaction (8). Evidently, these reactions can occur spontaneously
in thermodynamics because their ∆Gθ values are negative. The reaction tendency exhibits a
gradual declining trend as follows: Reaction (2) > Reaction (4) > Reaction (6) > Reaction (8) >
Reaction (5) > Reaction (3) > Reaction (7). That is, the introduction of Cr and Fe into the
cladding material promotes the formation of the oxidation film on the coatings more rapidly
than that on the substrate. Moreover, adding Al to CoCrFeNi can further accelerate the
formation of the oxidation film due to the most negative ∆Gθ value of Reaction (2).

For the oxidation film, the ability to protect the coating from corrosion primarily
depends on its compactness. The metallic elements in a thin layer of the sample’s surface
will be transformed into the corresponding oxides during the electrochemical tests. Si-
multaneously, the volume of the thin layer will suffer from expansion or shrinkage. The
volume change will be responsible for the compactness of the oxidation film. For a given
oxidation reaction, AX + BO2 = CXmOn, the Pilling–Bedworth ratio (PBR) can be used to
characterize the volume change of a given metal element (X) before and after oxidation.
The PBR value can be calculated as follows [49]:

PBR =
CρXZXmOn

AρXmOn
ZX

, (9)

where A and C, respectively, represent the mole number of the metallic element (X) and the
corresponding oxide (XmOn), ρX and ρXmOn denotes the density of X and XmOn, ZX and
ZXmOn signify the atomic weight of X and the molecular weight of XmOn, and X and XmOn
represent the reactant (X) and product (XmOn).

For Reactions (2)–(8), their PBR values are calculated as 1.46, 1.86, 2.02, 1.77, 2.14, 1.66,
and 1.77, indicating that the thin layer of the sample undergoes volume expansion and
efficiently inhibits the invasion of O into the sample below it. Compared with the substrate,
three metallic elements (Co, Cr, and Fe) introduced into the cladding material significantly
enhance the compactness of the oxidation film due to their higher PBR values than those
of Ti and Al in the substrate. Consequently, the is recorded on the CoCrFeNi coating is
smaller than that of the substrate. The high PBR value can increase the compactness of
the oxidation film. However, the internal stress generated inside the oxidation film will
be correspondingly enhanced. Some fine cracks may initiate and propagate, resulting in a
portion of the sample being re-exposed to the electrolyte and subject to corrosion. When
Al is introduced into the CoCrFeNi cladding material, the cracking susceptibility of the
oxidation film formed on the coating is reduced due to the low PBR value of Al. Therefore,
the coating with Al has lower is than that without Al.

3.4. Corrosion Wear Resistance

Figure 9 show the change in the friction coefficient of the samples with sliding time
in the 3.5 wt.% NaCl solution. Two stages can be clearly identified, namely, the initial
and stable wear stages. The friction coefficient exhibits an upward tendency in the former
but is maintained at a relatively stable level in the latter. The friction coefficient of the
substrate fluctuates drastically with sliding time and presents a higher average value of
approximately 0.82 when compared with that of the coatings (0.63 in average value). This
result indicates that the coatings exhibit a better anti-friction effect, contributing to the
improvement in wear resistance. The phenomenon is mostly associated with the difference
in microhardness between the substrate and the coatings. With respect to the substrate
with low hardness (340 HV0.2), protrusions on the counterpart can be easily impressed
onto its surface, considerably enhancing sliding resistance due to a significant increase in
the contact area between the two. In accordance with the formula f = µN, the friction
coefficient is correspondingly improved for a given applied load. The sharp protrusions
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will produce microcutting on the substrate surface, and the blunt protrusions may cause
different levels of plastic deformation of the microzones. The substrate surface is in a
considerably unstable state, causing a drastic change in friction coefficient with sliding time.
The hardness of the coatings is significantly improved by approximately 110% (713 HV0.2)
compared with that of the substrate (340 HV0.2), implying that their resistance to plastic
deformation and microcutting is also considerably increased. A clear examination shows
that the introduction of Al can reduce the average friction coefficient from 0.695 to 0.578.
Such reduction should be attributed to the improvement in microstructural uniformity.
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The wear profiles of the samples subject to wear at 2, 4, 6, 8, and 10 h are presented in
Figure 10. On the basis of the wear volume obtained from Figure 10, the wear rate (Table 4)
is further calculated using Formula (1). The relationship between wear rate and sliding
time is clearly illustrated in Figure 11. With regard to the substrate, the wear rate exhibits
an approximately linear reduction tendency with sliding time. The wear rate is reduced
from 2.09 × 10−3 mm3·N−1·m−1 for the initial 2 h to 7.44 × 10−4 mm3·N−1·m−1 for 10 h,
implying that the substrate is in a break-in state. For the two coatings, their average wear
rates (7.85 × 10−4 mm3·N−1·m−1 for the initial 2 h to 2.60 × 10−4 mm3·N−1·m−1 for 10 h)
are considerably reduced by approximately 62.4% and 65.1% compared with those of the
substrate at the same sliding time. Moreover, the reduction in wear rate is significantly
slowed down when sliding time exceeds 4 h, and the value is maintained at a comparatively
stable level of 2.88 × 10−4 mm3·N−1·m−1 along with prolonging sliding time, indicating
that the coatings have transitioned into the stable wear stage. The change in wear rate with
sliding time is extremely similar for the two coatings, and a slight reduction in wear rate
occurs when introducing Al (∆wear rate = 0.2 × 10−4 mm3·N−1·m−1). The results indicate
that hard coatings can shield the soft substrate from serious wear and facilitate its rapid
transition into the stable wear state. The introduction of Al can improve the wear resistance
of the coating to a certain extent.
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Table 4. Wear rates of the samples at different wear times (mm3·N−1·m−1).

Samples 2 h 4 h 6 h 8 h 10 h

Substrate 2.09 × 10−3 1.67 × 10−3 1.19 × 10−3 9.17 × 10−4 7.44 × 10−4

x = 0 7.88 × 10−4 4.77 × 10−4 3.34 × 10−4 3.24 × 10−4 2.65 × 10−4

x = 1.0 7.82 × 10−4 4.21 × 10−4 2.94 × 10−4 2.58 × 10−4 2.54 × 10−4
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The wear resistance of the CoCrFeNiAl high-entropy alloy reported in Ref. [48] was
also investigated. The alloy demonstrated excellent wear resistance because of its low
wear rate (0.99 × 10−4 mm3·N−1·m−1), which was approximately 39% that in this study
(2.54 × 10−4 mm3·N−1·m−1). The reason for this is as follows: the adapted counterpart in
Ref. [48] is the GCr15 ball, which possesses a lower hardness than the YG6 tungsten steel
ball applied in this study. The low hardness produces weak microcutting on the testing
sample, causing low wear loss. On the other hand, the wear test in Ref. [48] was performed
in air, but this was carried out in the corrosion circumstance. The studies showed that the
material loss under the mechanical–chemical interaction was much higher than that under
the purely mechanical action [50]. The above two factors result in the difference in wear
rate reported in Ref. [48] and this study.

Figure 12 show the wear morphologies of the samples. The wear surface of the substrate
subject to wear for 2 h is extremely rough (Figure 12(a1,a2)), and a large number of grooves
(Zone A) parallel to the sliding direction can be clearly observed. The occurrence of these
patterns is mostly attributed to the mechanical action from the counterpart. The sharp
protrusions on the counterpart’s surface at the given load may produce the microcutting
effect on the substrate, and the blunt protrusions may cause the plastic deformation of the
substrate during the subsequent relative motion, leaving long and irregular groove-like
patterns. Microcutting directly causes wear loss of the substrate. In addition, some irregular
blocky substances with white edges can be observed as tightly adhering to the wear surface.
These should be the debonding debris particles undergoing crushing. EDS was performed to
analyze the chemical compositions in the two zones, i.e., Zones A and B in Figure 12(a2). Their
chemical compositions are similar to those of the substrate (Table 5), demonstrating that the
debris particles (Zone B) primarily originate from the debonding substrate. A small amount of
O was detected in the two zones, indicating that they are partially oxidated during sliding. The
O content in Zone B is higher than that in Zone A, and such finding is associated with the larger
contact surface area of debris particles with O. When wear time was prolonged to 10 h, the
wear surface of the substrate becomes smoother, and the involved O content in Zones C and
D is increased by approximately 2–2.5 times compared with that in Zones A and B. Therefore,
the oxidation of the wear surface is aggravated by prolonging sliding time, resulting in the
higher volume fraction of formed metallic oxides with high hardness. Moreover, long-term
sliding will produce a strong strain hardening effect on the wear surface, further improving
surface hardness. The combination of the two effects improves the resistance of the substrate
to microcutting, obtaining a smoother wear morphology and a lower wear rate. The wear
mechanism can be identified as serious microcutting and slight oxidation for short-term wear
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(2 h), and it is changed into slight microcutting and serious oxidation for long-term wear
(10 h). For the coating subject to short-term wear (2 h), the wear surface is extremely smooth
(Figure 12(b1,b2)), on which a small number of fine grooves and some black fixtures are
observed. A thorough inspection reveals that a portion of the fixtures brittlely debonded from
an integral part, leaving the debonding pits with irregular edges. The elements involved in
Zones E and F are similar to those in the coating (Table 5); however, the O content in Zone F is
higher than that in Zone E. This condition indicates that the black fixtures (Zone F) should
be the debris particles falling from the coating. The debris particles suffering from serious
oxidation are crushed into the film, tightly adhering onto the wear surface. Some cracks
may initiate and propagate in the oxidation film with high hardness subject to repeated load
during the reciprocating sliding due to poor plastic deformation. Consequently, a portion of
the oxidation film may fall off, and bonding pits are formed. When sliding time is prolonged
to 10 h, the wear surface of the coating undergoes more serious oxidation because Zones G
and H have higher O content than Zones E and F. Moreover, the area fraction of debonding
pits exhibit a significant increase. Therefore, the wear mechanism can be determined as a
combination of slight microcutting, moderate oxidation, and slight brittle debonding for the
coating subject to short-term wear (2 h). It is changed into a combination of slight microcutting,
serious oxidation, and moderate brittle debonding with prolonged sliding time (10 h).Metals 2022, 12, x FOR PEER REVIEW 20 of 23 
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Table 5. Chemical compositions (at.%) marked in Figure 12.

Samples Times (h) Zones
Elements

Ti C Co Cr Fe Ni Al V O

Substrate
2

A 83.58 0.53 – – – – 10.52 3.56 1.81
B 79.50 0.91 – – – – 11.12 4.32 4.15

10
C 79.54 0.95 – – – – 11.12 2.94 5.45
D 73.03 0.91 – – – – 8.25 3.48 14.33

x = 1.0
2

F 57.82 1.26 4.20 3.44 3.17 4.38 3.94 2.19 19.59
E 65.16 0.70 4.87 4.63 5.85 5.75 8.05 3.00 1.99

10
G 51.11 1.40 1.52 5.38 1.26 1.97 3.88 1.37 32.12
H 58.32 0.70 5.18 8.58 6.17 4.47 10.79 3.57 2.22

4. Conclusions

The major conclusions that can be drawn from the conducted research are as follows.

(1) CoCrFeNiAlx HEA coatings (x = 0 and 1.0) were fabricated on Ti6Al4V via laser
cladding. Primary α(Ti), α(Ti) + Ti2Ni eutectics and TiC dendrites were synthesized.
The introduction of Al improved microstructural uniformity by reducing the area
fraction of the eutectics and refining TiC dendrites.

(2) The coatings exhibited more outstanding corrosion resistance than the substrate in
the 3.5 wt.% NaCl solution due to their lower corrosion potential, corrosion current
density, and current density in the stable stage. The introduction of Al accelerated
the formation of the oxidation film and reduced its cracking susceptibility, further
improving corrosion resistance.

(3) The coatings demonstrated a lower wear rate than the substrate at different wear
times in the 3.5 wt.% NaCl solution, transitioning more rapidly into the stable wear
stage. The introduction of Al reduced the wear rate in stable wear to a certain extent
(2.07 × 10−4 mm3·N−1·m−1 for the coating with Al and 2.68 × 10−4 mm3·N−1·m−1

for the coating without Al).
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