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Abstract: Cu coatings were prepared via the laser-assisted low-pressure cold spray (LPCS) method to study the effect
of laser irradiation on microstructure and corrosion behaviors of the coatings. The results reveal that the laser-assisted
LPCS-Cu coatings are denser and have better coating—substrate interfacial bonding as compared to LPCS-Cu coating.
Laser irradiation improves the overall plastic deformation of deposited particles, resulting in uniform grain refinement
of Cu particles. Therefore, the laser-assisted LPCS-Cu coatings show more uniform microstructure and smaller grain
size. The results of electrochemical tests demonstrated that laser-assisted LPCS-Cu coatings have higher corrosion
potential, lower corrosion current and corrosion rate than the LPCS-Cu coating in 3.5 wt.% NaCl solution. The main
reason is that laser irradiation improves the coating density and intimate bonding between particles, and a continuous
and dense corrosion product film composed of CuCl and Cu,O is formed on the surface of the laser-assisted LPCS-Cu

coating to block the erosion of the corrosive solution.
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1 Introduction

Copper (Cu) and copper alloys have been
widely used as protective coatings or components
of seawater systems due to their good resistance to
corrosion and biofouling as well as many other
excellent properties [1,2]. Meanwhile, Cu is also a
material with high thermal conductivity and is very
sensitive to oxidation. Thus, it is very difficult to
fabricate satisfied Cu coating through surface
modification techniques with high heat-input such
as laser cladding and thermal spraying [3—5].

Cold spraying (CS) is an emerging material
deposition technology and has attracted widespread

attention in the past 30 years because of its unique
deposition behavior [6—8]. In CS process, micro-
sized metallic particles are accelerated to supersonic
velocity through a da-Laval nozzle and then impact,
deform and adhere to a substrate or as-deposited
particles, forming a coating [9]. During this process,
the particles undergo extensive plastic deformation
to achieve a firm bonding with the underlying
material at a temperature well below the melting
point [10]. Oxidation, phase transformation,
residual tensile stress and other typical defects
related to high-temperature deposition processes
can thus be avoided in CS process. Therefore, these
features of CS make it very suitable for the
effective deposition of pure Cu and its alloys [11].

Corresponding author: Bo LI, Tel: +86-15088688625, E-mail: libo1011@zjut.edu.cn

DOI: 10.1016/51003-6326(23)66421-0

1003-6326/© 2024 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press



Li-juan WU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 604—617 605

The CS technique is usually classified into
low-pressure CS (LPCS) and high-pressure CS
(HPCS), which generally operate at pressures in the
range of 0.5—1 MPa and 1-6 MPa, respectively [6,9].
The LPCS is commonly used in the field of repair
because of its safe, portable, and low-cost features
as compared to HPCS [9,12,13]. However, due to
relatively low pressure and pre-heating temperature
of carrier gas used in LPCS, the particle velocity in
LPCS is much lower than that in HPCS, which
would easily lead to the formation of pores in the
coating because of insufficient plastic deformation
of deposited particles. To eliminate this problem,
ceramic shot-peening particles such as Al>Os, SiC,
and B4C, are employed to mix with the metal matrix
to increase the plastic deformation of the metal
matrix particles and thus decrease the coating
porosity [14—16]. However, there is a high chance
that ceramic particles would embed into the metal
matrix and remain in the coating, which would
change the composition and properties of the
original metal matrix. In addition, hard ceramic
particles would also erode the inner wall of the
nozzle, thereby shortening its service life and
affecting the operation of the equipment [17].

As a heat source with high energy density,
laser has been introduced into CS process recently,
which is named laser-assisted CS or supersonic
laser deposition [18—20]. In such a process, the
laser is used to synchronously heat both the
substrate and the particles. The heating by laser
simultaneously softens both the deposition site on
the substrate and the spraying particles, the strength
of which can be significantly reduced. Therefore,
the formation of a coating can be fulfilled at impact
velocities about half of that in CS [21]. In other
words, with the assistance of synchronous laser
heating, lower spraying parameters can be used to
achieve identical coating quality by conventional
CS with higher spraying parameters. It is expected
that a dense metal coating can be obtained by
laser-assisted LPCS without the addition of ceramic
particles into the metal matrix. Although considerable
research efforts have been devoted to investigating
the effects of laser irradiation on the microstructure
and properties of coatings deposited by HPCS
process [22—24], there is a lack of studies
concerning the influence of laser heating on LPCS
deposits. Therefore, in this work the effect of
synchronous laser heating on the characteristics and

properties of LPCS-Cu coatings was studied. The
microstructures and corrosion properties of
LPCS-Cu coatings assisted with different laser
irradiation  powers characterized and
compared.

WeEre

2 Experimental

2.1 Feedstock materials

Commercially available powders of electrolytic
Cu with a purity of 99.97% (supplied by Zhongke
Yannuo Technology Co., Ltd., China) were used as a
coating material in this study. The morphology and
particle size distribution of Cu powder are shown in
Fig. 1. The particle shape of Cu powders was
dendritic. Particle size distribution of the Cu powder
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Fig. 1 Morphology (a), internal microstructure (b) and
particle size distribution (¢) of Cu powders
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was measured by a laser diffraction particle size
analyzer (Horiba LA—950, Japan), as shown in
Fig. 1(c), indicating that the average particle sizes
(Dso) of the Cu powders were 27.68 um. Before
spraying, the powders were dried for 2 h at 100 °C
to improve their flowability. The substrate used
was a pure Cu plate with dimensions of
100 mm % 50 mm x 5 mm. The substrates were
cleaned with alcohol and then grit-blasted using
Al>,O3 particles (about 70 um) before being coated.
The measurement roughness of the substrate was
R:=(5.46+0.31) um.

2.2 Coating fabrication

The Cu coatings were manufactured using a
laser-assisted LPCS system mainly containing
LPCS unit, laser unit, movement unit and gas
supply unit. The schematic diagram of the system is
shown in Fig. 2. The portable DYMET 423 system
provided by DYCOMET Corporation was used as
the LPCS unit. The converging-diverging Laval
nozzle had a round cross-sectional shape with a
diverging length of 130 mm and an expansion
ratio of 1.275. The liquid nitrogen station with a
compressor for gas pressure regulation provided
compressed nitrogen as propellant gas. The
feedstock powder was mixed with the nitrogen at
the downstream of the nozzle and then accelerated
and finally impinged onto the surface of the
substrate which was synchronously heated by a

fiber coupled diode laser (Laserline LDF6000—100
VGP, Germany) with a wavelength of 960—980 nm.
The laser beam was round and the diameter of the
laser spot was about 5 mm. The LPCS nozzle and
laser head were assembled on a six-axis industrial
robot (STAUBLI TX 200L, Pfaeffikon, Switzerland)
and moved together during the spraying process so
that the area underneath the nozzle was always
irradiated. The nozzle was perpendicular to the
substrate surface while the laser beam was at an
angle of approximately 30° to the surface normal.
The spray parameters are listed in Table 1. The
LPCS process parameters were optimized prior to
the final spraying process. The laser power was
adjusted to prepare different coatings to investigate
the influence of laser irradiation on the
microstructure and properties of the coatings. The
coating was obtained by depositing one layer with a
coating thickness of 700—800 pm.

2.3 Characterization of powders and coatings
The microstructures of the powders, as well as
the coatings, were analyzed by optical microscopy
(OM, Axio Scope. Al, Zeiss) and scanning electron
microscopy (SEM, XZIGMA HV-01-043, Carl
Zeiss). The porosity of the coatings was calculated
using image analysis (Image J) and ten optical
micrographs with 500x magnification were used to
determine the porosity of each coating. The
deformation and size of grains in the coating were
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Table 1 Process parameters for depositing Cu powder by
laser-assisted LPCS

Parameter Value

Propellant gas Nitrogen

Gas pressure/MPa 0.8

Gas temperature/°C 400

Nozzle traverse speed/(mm-s™") 10

Standoff distance/mm 15

Powder feed rate/(g-min™") 12

Scan step/mm 2

Laser power/W 0, 500, 600, 700

characterized by a field emission scanning electron
microscopy (Zeiss Gemini 500) equipped with
electron  backscattered  diffraction  (EBSD,
OXFORD C-Nano). To prepare the EBSD analysis
sample, mechanical grinding and polishing were
conducted, then Ar ion beam bombardment
(Fischione 1061) for 4 h was also used. The area for
EBSD measurement was scanned with a step size
of 100 nm and the software of Channel 5 was used
for post-processing. After corrosion tests, the
microstructures and element distribution of the
corroded surfaces and cross-sections were analyzed
by SEM and energy dispersive spectroscopy (EDS,
Nano Xflash Detector 5010, Bruker) after corrosion
tests. X-ray diffraction (XRD, Rigaku Ultima IV)
analysis was used to determine the corrosion
products. Measurements were carried out within the
20 range from 10° to 100° with a step size of 0.02°
and a scan rate of 5 (°)/min under Cu K, radiation
(A=0.1541 A).

2.4 Electrochemical measurements

The electrochemical test was implemented to
evaluate the corrosion resistance of the coatings and
substrate using an electrochemical workstation
(CHI660D, Shanghai Chenhua Instrument Co., Ltd.,
China). A conventional three-electrode system was
used as the electrochemical cell. The samples with
an exposed area of 1.0 cm? to the solution were
used as the working electrode. A platinum foil and
the saturated calomel electrode (SCE) were served
as the auxiliary and reference electrodes,
respectively. Before the tests, the open circuit
potential (pocr) measurements for the samples were
carried out in the solution of 3.5 wt.% NaCl at
25 °C. The gocp was continuously monitored during

1000 s exposure. The electrochemical impedance
spectroscopy (EIS) test was performed in a
frequency range of 102-10°Hz and a voltage
amplitude of 5mV. Afterwards, potentiodynamic
polarization tests were conducted in the potential
range from —0.5 to 0.5 V (vs OCP) at a scan rate
of 1 mV/s. The corrosion potential (@cor) and
corrosion current density (Jeor) Were obtained by
fitting the polarization curve based on Tafel
extrapolation with CHI660E software [25]. The
electrical equivalent circuit (EEC) was obtained by
ZSimpwin software based on the EIS data.

3 Results and discussion

3.1 Microstructures of powder and coatings

Figure 1 shows the morphology and internal
microstructure of the Cu powders. Many
researchers have demonstrated that spraying
powders with fine, irregular morphology and
porous microstructure can be more easily
accelerated than spherical particles during the
LPCS process [26—28]. As shown in Fig. 1(b), there
are apparent pores in the interior of particles, which
probably increase the porosity of the deposited
coating.

The low magnification optical micrographs of
the laser-assisted LPCS-Cu coatings are shown in
Fig. 3. All Cu coatings have a minimum thickness
of 600 um. It can be clearly seen that there is a gap
between the coating and substrate, as shown in
Fig. 3(a). Due to the low pressure and without
reinforcement particles, the plastic deformation
of some deposited particles and the matrix is
insufficient to form a firm bond, resulting in the
generation of gaps that easily lead to delamination
between coating and substrate. However, it is found
that the bonding between coating and substrate is
very dense under laser irradiation as seen from
Figs. 3(b)—(d). This may be due to the softened
Cu particles and the surface of the substrate by
laser heating, which can increase their plastic
deformation ability and thus improve the interfacial
bonding between coating and substrate. It was
found by other researchers that preheating the
particles and substrate can improve the bonding of
the coating [29,30].

The cross-sectional microstructures of LPCS-
Cu coatings produced with different laser irradiation
powers are displayed in Fig. 4. Significant gaps can



608 Li-juan WU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 604—617

Coating

Substrate

Coating

Substrate

Coating

Substrate

Coating

Substrate

Bonding interface

Bonding interface

Bonding interface

Bonding interface

Fig. 3 Low magnification optical micrographs of LPCS-Cu coatings assisted with different laser powers of 0 W (a),
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Fig. 4 Cross-sectional microstructures of LPCS-Cu coatings assisted with different laser powers of 0 W (a;—as),

500 W (b1—b3), 600 W (01—03), and 700 W (d1—d3)

be detected at the top of the LPCS-Cu coating,
as shown in Fig. 4(a;), which are mainly attributed
to the insufficient plastic deformation of the
sprayed particles during deposition, suggesting
relatively poor inter-particle bonding. As reported
previously [31,32], the top surface layer of the CS
coating was relatively porous as compared to the
bottom layer, resulting from a tamping effect of the
bottom layer by the stream of Cu particles.
Compared to the LPCS-Cu coating, the top micro-
structures of Cu coatings become denser when laser

irradiation is applied. The particles more easily
deform during the deposition process because of the
heating and softening effect of laser irradiation.
There are a large number of interfaces in
the coatings, as shown in Fig. 4, which consist
of two types of particle—particle interface and
multibranched interface of the dendritic particle, as
indicated by the white arrows in Fig. 1(b). Due to
the existence of multibranched interface of the
dendritic particle, the deformation of particles
becomes complicated, and it is difficult to observe
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the plastic deformation of individual particle clearly.
It can also be observed that there are a small
number of pores at the triple particle junctions
inside all coatings, which is an unavoidable
problem in the LPCS process. Porosity is one of the
critical indicators to evaluate the quality of cold
sprayed layers, which is mainly reflected in the
bond between particles and is related to the
deformation degree of particles. In CS coatings, the
gaps between poorly bonded particles usually act as
the fast pathway for the corrosive media to
penetrate into the coating. The in-depth penetration
rate of the corrosive media is determined by
the number of connected inter-particle gaps or
pores [33]. The coating porosity of different
samples was measured to analyze and evaluate the
effect of the laser irradiation power on the
deposition quality of LPCS-Cu coatings. The
porosity of laser-assisted LPCS-Cu coatings with
laser power of 0, 500, 600, and 700 W is
(2.22+0.47)%, (1.86+0.42)%, (1.63+0.39)%, and
(1.00+0.26)%, respectively. This shows that the
introduction of laser into the LPCS process
improves the densities of the Cu coatings. With the
increase of laser irradiation power, the porosity of
the coating decreases. KOIVULUOTO et al [34]
also reported similar results in laser-assisted
cold-sprayed Al coatings. Laser irradiation can
enhance the plastic deformation ability of Cu
particles, and the softened particles are more fully
deformed and easier to combine during the
deposition process. However, the possibility of
high-temperature oxidation of copper will increase
when the laser irradiation power is too high.
Therefore, it is necessary to control the laser
irradiation power within a reasonable range, which
can effectively improve the deposition quality and
improve the compactness of the coating.

3.2 EBSD characterization of coatings

Figure 5 shows the EBSD image quality (IQ)
and inverse pole figure (IPF) maps of LPCS-Cu
coatings assisted with different laser irradiation
powers. The impact direction of the particles is
parallel to the Y axial coordinate. As shown in
Fig. 5(a1), there are more low or un-indexed regions
(highlighted by arrows) in the LPCS-Cu coating,
which indicates weak bonding, high defect density,
or lattice strain in the interfacial regions [35].

Besides, two very different grain sizes are

observed in the coating, presenting inhomogeneous
deformation. The average grain size of the
LPCS-Cu coating is 0.588 um. In contrast, the laser-
assisted LPCS-Cu coatings have lower fractions of
low or un-indexed regions, indicating a progressive
reduction of particle boundary defects and
improved interfacial bonding. Figures 5(b:) and (c)
clearly show the deformation of the particles with
high dislocation density at the boundaries. The
particle deformation upon impact is mainly limited
to the immediate vicinity of the particle boundaries,
resulting in grain refinement, while the central
regions of the particles undergo much less
deformation, thus preserving coarser grains [36].
The typical bimodal grain size distribution for CS
coating with larger grains in the interior of the spray
splats surrounded by fine-grained areas at the
inter-particle interfaces is observed in Figs. 5(by)
and (c2). Furthermore, as seen from Figs. 5(di) and
(d2), the IQ image of the LPCS-Cu coating with the
assistance of 700 W laser power shows a uniform
brightness pattern, overall deformation of particles,
and grain size. A more uniform structure with
a smaller average grain size (0.289 um) was
obtained at 700 W laser-assisted LPCS-Cu coating
as compared to the counterpart without laser
assistance. Therefore, it can be concluded that laser
irradiation leads to greater plastic deformation of
the particle and thus more uniform structure of the
coating. In addition, most of the grains in all
coatings show a rather wide spread of orientations
and the coatings show no texture.

3.3 Corrosion test
3.3.1 Electrochemical properties

The open circuit potential (pop) evolution of the
Cu coatings in 3.5 wt.% NaCl solution is depicted in
Fig. 6(a). All ¢@op curves could be analyzed by
dividing them into three stages. In the first stage,
the @ocp value increases, which could be attributed
to the formation of the passive film on the surface.
In the second stage, the gocp value decreases, which
represents the dissolution of the native oxide film.
After a long time of immersion, the @o, value is
gradually stabilized, indicating a dynamic balance
between the formation and dissolution of the
passive layers.

Potentiodynamic polarization curves of the
Cu coatings generated by the electrochemical tests
carried out in 3.5 wt.% NacCl solution are reported
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Fig. S EBSD image quality (IQ) (ai, b1, c1, di) and inverse pole figure (IPF) (a2, ba, c2, d2) maps of laser-assisted
LPCS-Cu coatings with different laser powers of 0 W (a1, a2), 500 W (b, bz), 600 W (ci, ¢2), and 700 W (d1, d2)
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Fig. 6 Open circuit potential versus time profile (a) and potentiodynamic polarization curve (b) of LPCS-Cu coatings
assisted with different laser powers
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in Fig. 6(b). As can be seen from the curves of the
samples, there are some differences in corrosion
potentials and corrosion current density of the
LPCS-Cu coating assisted with different laser
powers. The corrosion potential (¢corr) and corrosion
current density (Jeorr) obtained from polarization
curves are summarized in Table2. These
parameters are used to characterize the corrosion
resistance of Cu coatings [37]. As shown in Table 2,
the @corr values of the LPCS-Cu coatings with laser
powers of 500, 600, and 700 W are —0.263, —0.274,
and —0.267 mV, respectively, while that of LPCS
coating without laser irradiation is —0.343 mV. A
more positive @cor value means that the sample has
higher chemical stability under the corrosive
environment. The corrosion potential of the
laser-assisted LPCS-Cu coatings shifts towards
more noble values as compared to that of the
LPCS-Cu coating, which means that the laser-
assisted LPCS-Cu coatings have a lower anodic
reaction rate. Subsequently, the Jer is a critical
parameter commonly used to further evaluate the
reaction kinetics of corrosion. It is almost directly
used to characterize the corrosion rate at @corr. The
Jeorr value of the LPCS-Cu coating without laser
irradiation is 3.093x1073 A/cm?, which is higher
than that of the laser-assisted LPCS-Cu coatings.
The lower Jeor value and higher @cor value
indicate that laser-assisted LPCS-Cu coatings have
good corrosion resistance. The poor corrosion
performance of LPCS-Cu coating can be attributed
to the decrease in compactness of the coating
structure.

Table 2 Results of potentiodynamic polarization test of
LPCS-Cu
irradiation powers

coatings assisted with different laser

Laser powet/W  @eorr (vs SCE)/V  Jeon/(A-cm?)
0 —0.343 3.093x107°
500 —0.263 1.786x107°
600 —0.274 1.448x107°
700 —0.267 1.260x1073

To further understand the corrosion resistance
of the coatings, the EIS was measured. Figure 7
shows the evolution of Nyquist and Bode plots of
the laser-assisted Cu coatings in a 3.5 wt.% NaCl
solution. The solid fitting lines are plotted according
to the equivalent circuit shown in Fig. 7(a). The
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Fig. 7 Nyquist (a) and Bode (b) plots of laser-assisted
LPCS-Cu coatings with different laser powers in 3.5 wt.%
NaCl solution

Nyquist plots exhibit two capacitive loops,
presented in the high frequency area and low
frequency area, respectively. Capacitive semi-circle
at high frequency is related to the formation
of corrosion products, whereas low frequency is
related to the double-clectric layer. Larger
capacitive loop diameters mean higher impedance,
indicating the effect of the corrosion product film
on inhibiting corrosion. All the coatings present
similar Nyquist and Bode plots, suggesting the
same corrosion reaction occurred on the Cu coating
side. However, the laser-assisted LPCS-Cu coatings
exhibit larger sizes of semi-circle loops than the
LPCS-Cu coating, in which the capacitive arc
radius of the sample with 600 W laser power is the
largest. Besides, from the Bode plot shown in
Fig. 7(b), it can be seen that laser-assisted LPCS-Cu
coatings have the higher impedance modulus and
LPCS-Cu coating has the lowest impedance
modulus, which indicates that the corrosion product
films on the surface of Cu coatings are dense and
have good corrosion inhibition protection.
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Based on the impedance plot, the EEC of the
Cu coatings can be described in Fig. 8. In this way,
Ry is the solution resistance, R is the charge
transfer resistance, O, and Qa are the constant
phase element (CPE) for the porous and dense
layers, respectively, include two components of
O-T (the frequency-independent admittance) and
O—n (the dispersion index), R, is the local corrosion
resistance, and Z, is the diffusion impedance. From
the modeled ECC, the fitted impedance spectra are
represented in Table 3, where the chi-squared (x?)
is the fitting error. It can be noted that the laser-
assisted LPCS-Cu coating with 600 W exhibited the
highest R value, while the LPCS-Cu has the lowest
R value. It is widely known that the R. is an
important parameter that directly represents the
corrosion rate of the sample. In general, the greater
the R value is, the lower the corrosion rate [38].
The Rc values for the laser-assisted LPCS-Cu
coatings with laser powers of 500, 600, and 700 W
are 1371, 4326, and 2430 Q/cm?, respectively,
while that of LPCS-Cu coating is 422.7 Q/cm?. It
can be easily found that the synchrotron irradiation
of the laser can significantly increase the R of the
LPCS-Cu coating and improve the corrosion
resistance, mainly due to fewer defects in the
coating. The previous studies show that decreasing
the porosity and cracks will improve the corrosion
protection of cold-sprayed coating [39]. Therefore,
the lowest porosity of the Cu coatings prepared
by laser-assisted LPCS would be the reason
for excellent corrosion performance. However,
corrosion performance of laser-assisted LPCS-Cu
coatings declined when the laser power was from
600 to 700 W. The decline was attributed to a
higher degree of plastic deformation at higher laser
powers, changing the chemical potential of the
metal atoms in the deformed area and leading to
more active sites for corrosion [40,41].

9
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—\\—W—
R, Zy

Fig. 8 Equivalent circuit model for Cu coatings

3.3.2 Characterization of corrosion products

Figure 9 presents the surface morphologies of
the laser-assisted LPCS-Cu coatings after corrosion
test. It can be observed that uniform corrosion
appears on the surface of the sample corroded in
3.5 wt.% NaCl solution and corrosion products are
formed. It can be seen from Figs. 9(a)—(d) that the
corrosion products increase at first and then
decrease with the increase of laser power, and the
corrosion products of LPCS-Cu coating are the least.
As seen from Figs. 9(a) and (a;), the LPCS-Cu
coating presents a smoother surface and fewer pits,
which shows lower corrosion sensitivity. Compared
with LPCS-Cu, a large number of corrosion
products are observed on the surface of laser-
assisted LPCS-Cu coatings, as shown in
Figs. 9(b)—(d). In addition, the cubic particles
(marked by dashed line ellipses in Figs. 9(b:) and
(c1)) are observed distinctly on the corroded surface
of the 500 and 600 W laser-assisted LPCS-Cu
coatings. The Cu and Cl elements in cubic particles
were detected by the EDS analysis, and the molar
ratio of the two elements is approximately 1:1, as
shown in Figs. 10(a) and (b). The cubic particles are
identified as CuCl particles according to the
morphology and EDS analysis of the particles [42].

EDS analysis revealed that the corrosion
products on the coating surface mainly consisted of
Cu, CI and O, as reported in Fig. 10. In order to
identify the corrosion products characteristics after

Table 3 Various electrical parameters obtained after equivalent circuit fitting of EIS data for LPCS-Cu coatings assisted

with different laser powers

Laser R/ 0, T/ Ry/ Qua—T/ R/ Zyl 5

power/W (Q-cm?) (F-cm™?) P (Q-cm?) (F-cm™?) a“ (Q-cm?) (Q-cm?s%9) X
0 5.549  4.727x107° 0.8032 2062 4.707x10* 0.5882 4.227x10*> 6.433x1073  3.872x107*
500 1.164  2.013x107° 0.8718 765.6 1.454x10~* 0.6047 1.371x10° 2.093x1073  5.013x107*
600 7.066  1.487x107° 0.8787 619.7 4.969x107° 0.4796 4.326x10° 2.006x1073  3.409x107*
700 6.051  1.528x107° 0.9209 362.2 8.601x1075 0.6204 2.430x10° 2.054x1073  4.486x107*
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Fig. 9 Surface corrosion morphologies of LPCS-Cu coatings assisted with different laser powers after corrosion in
3.5 wt.% NaCl solution: (a, a;) 0 W; (b, by) 500 W; (c, ¢1) 600 W; (d, di) 700 W

Content/at.%

Element
Point 1 Point2 Point 3

(0] 0 0 0
Cl 43.847 52.793 54.897
Cu 56.153 47.207 45.103

Fig. 10 EDS results of corrosion products

anodic polarization measurements, XRD analysis
was used and the patterns of the samples are shown
in Fig. 11. By calibrating the characteristic peaks, it
is found that the corrosion product of the four
samples is mainly composed of Cu;O and CuCl. It
is generally accepted that corrosion of Cu in neutral
NaCl solutions takes place with the chlorination and
oxidation reaction of the Cu [15,32,43]. Surfaces
were ultimately covered by the oxide and chloride
forms of the Cu.

Figure 12 shows the cross-sectional micro-
structure and EDS results of laser-assisted LPCS-
Cu coatings after corrosion in 3.5 wt.% NaCl
solution. The corrosion product film produced on
the surface of LPCS-Cu coating is less and not
continuous, while that of laser-assisted LPCS-Cu
coatings has a certain thickness and is relatively

* Cu
% Cu,O
¢ CuCl

20 30 40 50 60 70 80
Fig. 11 XRD patterns of Cu coatings after corrosion test
continuous, which can be confirmed by the

distribution of Cl element in Fig. 12. The
continuous corrosion products form a protective
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film on the surface of the coating, reducing the
corrosion rate. Moreover, the pores or weekly
bound particle interfaces in the LPCS-Cu coating
will act as the source of pitting, which destroys the
integrity of the corrosion product film and further
aggravates the corrosion rate. The gap is also
observed in 500 W laser-assisted LPCS coating,
resulting in no significant improvement in corrosion
resistance. In contrast, the 600 W and 700 W
laser-assisted LPCS-Cu coatings are all dense and
present excellent inter-particle bonding, which
shows impermeable and excellent corrosion

protection.
3.3.3 Corrosion mechanism
The corrosion behavior of the laser-assisted

LPCS-Cu coatings in a neutral chloride solution
mainly includes redox dissolution of Cu and
material removal caused by corrosion of coating
structure. The schematic diagram of the corrosion
mechanism is shown in Fig. 13. After immersion of
the Cu coatings in 3.5 wt.% NaCl solution, chloride
ions (Cl") are adsorbed on the surface of coatings to
form CuCl film, and CuCl will dissolve and further
react to form Cu,O film. Eventually, copper oxides
and chlorides are formed on the surface. Moreover,
the minimum thickness of all copper coatings is
600 um and the porosity is less than 3%. Thus,
corrosion only occurs in the surface microstructures
of all Cu coatings, and the corrosion solution did
not penetrate into the interface and caused corrosion

Fig. 12 Cross-sectional microstructures and EDS results of LPCS-Cu coatings assisted with different laser powers after
corrosion in 3.5 wt.% NaCl solution: (a) 0 W; (b) 500 W; (c) 600 W; (d) 700 W
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Fig. 13 Schematic diagrams of corrosion process: (a) LPCS-Cu coating; (b) Laser-assisted LPCS-Cu coating
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at the interface in the electrochemical test. However,
due to different structures of LPCS-Cu and laser-
assisted LPCS-Cu coatings, their subsequent
corrosion processes are not the same. As shown in
Fig. 13(a), because of the existence of micro-pores
and gaps in LPCS-Cu coating, pitting corrosion is
prone to occur, and poorly bound particles are
easily detached from the coating. Furthermore, it is
impossible to form a continuous and dense
corrosion product film on the coating surface. As
shown in Fig. 13(b), because laser irradiation
improves the structure compactness and bonding
strength  of LPCS-Cu coating, pitting in
laser-assisted LPCS-Cu coating is reduced. A
continuous and dense corrosion product film is
formed on the surface of the laser-assisted
LPCS-Cu coating, which prevents the coating from
being corroded further. Therefore, high density and
continuous dense corrosion product film on the
surface are the key factors for good corrosion
resistance of laser-assisted LPCS-Cu coatings.

4 Conclusions

(1) The laser-assisted LPCS-Cu coatings had a
denser surface and a tighter interface between the
coating and substrate compared to the LPCS-Cu
coatings, benefiting from the simultaneous heating
and softening of the deposited particles and the
substrate by laser irradiation. Laser irradiation
greatly reduced the porosity of LPCS-Cu coatings.

(2) The plastic deformation of the Cu particles
in the laser-assisted LPCS-Cu coatings is severer
than that in the LPCS-Cu coating, which possesses
a more uniform microstructure and smaller grain size.

(3) The laser-assisted LPCS-Cu coatings have
higher @cor, lower Jeorr and corrosion rates than
LPCS-Cu coating. The more gaps and pores are the
main reasons for the poor corrosion-resistant
performance of the LPCS-Cu coating because they
are the fast pathways for the corrosive media to
penetrate into the coating. Laser irradiation
improves the coating density and intimate bonding
between particles, and a continuous and dense
corrosion product film composed of CuCl and Cu,O
is formed on the surface of the laser-assisted
LPCS-Cu coating to block the erosion of the
corrosive  solution.  Therefore, laser-assisted
LPCS-Cu coatings exhibit better corrosion
resistance than LPCS-Cu coating.
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