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A B S T R A C T

Besides electrochemical corrosion protection, laser shock peening provides extended fatigue life and mechanical 
properties for metals, as reported in the literature. However, most of the studies were performed under static 
conditions. The effectiveness of this method under flow conditions and prolonged immersion duration is 
addressed in this study. Copper discs were peened with Nd: YAG laser in the presence of ~2 mm thickness of 
water and polyvinyl chloride to absorb the intensity and provide residual stress without surface damage. Elec-
trochemical and hydrodynamic analyses indicate that the peened surface showed higher corrosion resistance in 
3.5 % NaCl compared to the unpeened.   

1. Introduction

The material surface plays a major role in the electrochemical
response and engineering applications. Therefore, surface modifications 
are conducted for a wide range of reasons including the improvement of 
physical, chemical, and mechanical properties. This follows the fact that 
the quality and performance of a metallic product can be directly 
correlated to its surface integrity achieved from different surface treat-
ment processes carried out during production [1,2]. Several methods of 
surface modification techniques are in practice such as mechanical 
attrition, hot and cold rolling, high-pressure torsion, ball milling, me-
chanical shot peening, and laser shock peening to improve the surface 
microstructure, mechanical strength, corrosion resistance and tribolog-
ical properties of the metallic material [3–6]. The surface treatment 
process focused on the present research is the laser shock peening (LSP) 
used for the improvement of corrosion protection and fatigue life of 
metals [7–9]. LSP is preferred to the rest of the processes because of its 
consistency in results and high-quality surface finish [10–12]. Applica-
tion of laser light on material surfaces is an age-long process; however, 
LSP is a recently developed advanced surface modification technology 

that has been very effective in improving wear resistance, hardness, and 
corrosion resistance of metallic materials. It is a cold working process 
where pulses hit the metal surface through a high power intensity laser; 
generating shock waves that propagate through the metal to a certain 
depth (~0 to 2 mm) depending on the power density applied [3]. The 
basic mechanism involved in this process is to create a compressive re-
sidual stress on the material which helps to delay premature failures. 
The compressive residual stress is seen to be responsible for the modi-
fication of the microstructure and improvement of the surface hardness 
and corrosion resistance. [13–15]. 

In addition to the improvement of electrochemical corrosion resis-
tance and fatigue life, laser shock peening was found to be very useful in 
the enhancement of the metal resistance to stress corrosion cracking 
(SCC) and grain boundary refinement. Consequent to the grain bound-
ary refinement, reduction in defects such as porosity and micro-cracks 
were also observed, these in turn reduce the oxygen diffusivity to the 
metal substrate when LSP treatment is applied on the surface [9,16,17]. 
Mahdavi et al. [8] investigated the effects of LSP on the electrochemical 
corrosion and microhardness properties of ANSI 316 L stainless steel 
alloy. Comparing the untreated and treated samples, it was found that 

* Corresponding author at: CSIR-Central Electrochemical Research Institute, Karaikudi, 630003, India.
E-mail address: rakesh@cecri.res.in (R.C. Barik).

1 Current address: Processes and Engineering in Mechanics and Materials (PIMM) Laboratory, ENSAM, CNRS, Paris 75013, France.

mailto:rakesh@cecri.res.in
http://crossmark.crossref.org/dialog/?doi=10.1016/j.corsci.2020.109156&domain=pdf


quantitative assessment of this method for its proper application on 
metal corrosion protection especially where other methods such as 
corrosion inhibitors [29–31], may not be applicable. The present study 
will be compared to the corrosion protection efficiencies of the other 
methods in the literature. The electrochemical parameters that define 
metal stability in the corrosive media will be compared to ascertain the 
level of progress made. It is worthy to mention that the proposed LSP 
process is cost-effective especially at industrial scale since the same laser 
source can be used for a large number of products. It is easily applicable 
by simply shinning the laser light on the metal surface and environ-
mentally friendly since the biological hazard can only occur at exposure 
such as a direct incident of laser on eye or skin and this can be managed 
through the laid down protocols [32]. 

2. Experimental procedure

2.1. Metallic sample preparation (laser shock peening)

Laser shock peening (LSP) experiment was performed by directing a 
low energy Nd: YAG laser (Litron lasers, UK) on a 1 cm2 polished Cu disc 
after covering with polyvinyl chloride (PVC) tape of ~ 1 mm thickness. 
The surface was submerged in a thin layer of flowing water (~ 2 mm) to 
further control the laser intensity [33,34]. Some authors preferred to use 
only flowing water without a covering or coating sub-layer thus they 
termed the peening process as laser shock peening without coating 
(LSPWC) [3,6]. The LSPWC allows a higher intensity of the laser light to 
hit the metal surface unlike the coated or covered one. This has a 
consequence of increasing the surface roughness and thermal effects, so 
we decided to use the covering method for the present work to minimize 
these problems. The Cu surface was thus covered with polyvinyl chloride 
tape in the present method as earlier stated. Therefore, the peening 
process was termed as laser shock peening with polyvinyl chloride 
(LSPVC). This term will be used throughout the discussion of this work. 

The LSPVC optimization was carried out using the design of exper-
iments (DoE) by tunning the laser energy and the overlap percentages as 
tabulated in Table 1. Also, the study investigated the sacrificial opaque 
layers of PVC tape at high, low, and medium power density and per-
centage overlap as used in the experiment. The energy consumption for 
the laser is varied with a pulse duration of 10 ns delivered with a spot 
diameter of 0.8 mm and with a wavelength of 1064 nm. The maximum 
available repetition rate of 10 Hz was used for the whole LSPVC process. 
The exhibited radiance density (laser beam brightness) was 345.04 mW. 
mm2.Sr− 1.μm. The laser comprised of an M2 value of 2 and a beam 
divergence of 0.5 mrad. The beam shape was of a top-hat profile [35, 
36]. The electrical dryer was used to protect the lens from the water 
spilling during the LSPVC process. A 2D (XY) translation motorized stage 
(SVP Lasers, India) was employed to perform the LSPVC experiments in 
transverse and longitudinal directions. 

2.2. Microstructural characterization 

The phase structure and crystal orientation were investigated by X- 
ray diffraction (XRD) using a Brucker diffractometer with Cu-K α radi-
ation (λ = 1.54056 Å) as a source. The scan was carried out at 2 θ range 
from 30◦ – 85◦ at the scan rate of 5◦ per minute. The surface roughness, 
topography, and morphology were examined by atomic force micro-
scopy (AFM, Nanosurfeasycan 2, Switzerland) and scanning electron 
microscope (Zeiss SEM instruments). The water droplet contact angle (θ) 

Table 1 
Design of the experiments (DoE) for LSPVC optimization.  

Sample No Power density (Gw/cm2) Description Overlapping (%)  Mask 

1 4 Low 40 PVC 
2 6 Medium 70 PVC 
3 8 High 50 PVC  

surface hardness improved by 35 % while the corrosion protection 
performance increased by 100 % for the treated samples in 3.5 % NaCl 
solution. In another development, the corrosion resistance of a biode-
gradable metallic implant (magnesium–calcium alloys) treated by LSP 
showed an increase in corrosion resistance by more than a 100-fold in 
simulated body fluid electrolyte as reported by Guo et al. [18]. Similarly, 
Zhang et al. [19] reported a wide positive shift in the corrosion potential 
of nickel-titanium alloy from −  440 mV to −  80 mV (a difference of −  360 
mV) and reduction in corrosion current density from 1.41 to 0.67 μA 
cm−  2 for the untreated and the LSP treated surfaces respectively, tested 
in a simulated body fluid. This result by Zhang group was accompanied 
by an increase in hardness value from 226 to 261 HV due to the LSP 
treatment. 

Further investigation was carried out by Vijayalakshmi et al. [7] on 
the effects of laser shock peening (LSP) on titanium alloy (Grade 
5—Ti6Al4V) to establish the best set of LSP parameters for the 
enhancement of surface characteristics of the alloy. The result shows an 
excellent mechanical property for the peened surface compared to the 
unpeened. The experiment optimized the parameters such as power 
density (3 GW/cm2), wavelength (532 nm), and pulse overlap (60 %) for 
titanium alloy. The rate of corrosion was found to be least at these sets of 
parameters due to low roughness and surface oxide layer which holds 
the fluctuation in current density with respect to potential. Liu et al. [16] 
demonstrated a repair method for fatigue damage using LSP in which 
they reported both improvement in fatigue life and healing effect on the 
copper film. Yujie et al. [20] showed that the distribution of grain size 
becomes more uniform and smaller near the top copper surface after LSP 
treatment. In addition, grain refinement was observed for copper along 
the normal (depth) direction [21,22]. Kim et al. [23] recently investi-
gated the effect of laser shock peening on the fretting resistance of 
copper used for electrical components in automobiles. In their experi-
ment surface hardness was improved from 55 to 120 HV for the 
unpeened and peened copper respectively. The wear loss of the base 
metal was decreased from 1.61 × 10−  3 mm3 to 0.94 × 10−  3 mm3. Thus, 
the laser shock-peened copper maintained a low electrical contact 
resistance throughout the fretting test. Electrical contacts in automobiles 
usually fail due to wear arising from the small amplitude of reciprocal 
motion and blockage by corrosion products in the presence of air and 
moisture. However, the electrochemical corrosion behaviour of the 
treated copper surface was not investigated in this experiment. More-
over, despite these improvements in the use of LSP on metal protection, 
all the previous LSP corrosion analyses were performed under static 
conditions. 

Therefore, the present research focused on the electrochemical and 
hydrodynamic flow characterization of the corrosion resistance and 
protection persistence of laser peened copper in 3.5 % NaCl medium. 
The present investigation will explore the effect of exposure time and 
hydrodynamic flow on the peened and unpeened surfaces. Following the 
fact that among a large number of adverse environments for corrosion 
such as salinity, dissolved oxygen, pH, temperature variation, etc. flow 
environment has one of the highest destructive impacts on material loss 
and degradation [24–28]. This is important as LSP is fast becoming 
adopted in the area of corrosion protection, though it does not stand as a 
replacement to other corrosion protection methods in the literature. This 
is because the application of each method is defined by the peculiarity of 
the environment and nature of the management process involved. Laser 
shock peening is mainly targeted at aerospace, automobile, and marine 
environment components. In such environments, the use of inhibitors, 
conducting polymers, and self-assembly monolayer (SAM) of corrosion 
inhibiting compounds can not be applied even when they are econom-
ically more affordable. Laser shock peening has an advantage, as it can 
be applied to almost all metallic material for different aggressive envi-
ronments. Therefore, validating the performance of LSP on copper 
corrosion protection in the flow environment becomes imperative not 
only to fill the knowledge gap but also for quality corrosion protection 
performance of copper and its alloys. This will provide a qualitative and 



structure in the course of LSPVC treatment. A clear observation of the 
(111) plane showed little diminished intensity at 40 and 50 % overlap
while 70 % overlap showed effect at the (220) plane which could be
signs of surface modification. Although XRD which normally gives in-
formation from the bulk sample may not provide enough information on
the surface changes. Thus further analysis was done with the help of
scanning electron microscopy (SEM) as presented in the following
discussion.

3.2. Scanning electron microscopy (SEM) analysis 

The images of the Cu samples were taken after laser treatment using 
the scanning electron microscope. Fig. 2 shows the micrographs of the 
unpeened Cu surface and the peened at 40, 50, and 70 % laser overlap. 
These show clearly that there were surface impacts which were minimal 
at 40 %, high at 50 %, and moderate at 70 %, see Fig. 2b, c, and 
d respectively. As observed, the 40 % overlap was minimally impacted 
by the laser light due to a reduced power density (4 Gw/cm2) with pulse 
overlap. 50 % overlap shows high impact as depicted by the more pro-
nounced surface dimples and compact shrinking attributed to the 
doubling of the laser power density to 8 Gw/cm2 at this overlap, whereas 
70 % overlap peened at 6 Gw/cm2 shows less formation of dimples 
compare to 50 % overlap but depicks more local impact leading to 
surface shrinking and initiation of valleys. The optimization of these 
parameters was shown in Table 1. The observed effects clearly show that 
power density has more impact on the surface changes than pulse 
overlap during the LSP process [8]. Remember that the Power density 
has to do with the laser energy while the pulse overlap is the number of 
packets of the laser light hitting the surface at a particular point in time. 
The combination of the effects of these two parameters gives the overall 
peening impact. In Fig. 2, all the peened surfaces showed impacts as a 
result of the compression of the top surface leading to the intertwining 
structures and inducement of compressive residual stress which in turn 
led to shrinking and dimples on the peened samples relative to the 
applied parameters. The viewed effects of the SEM analysis were clearly 
represented in Fig. 3, which shows the schematic representation of the 
residual stress and impact depth of the unpeened and LSPVC peened 
surface at 40, 50, and 70 % overlap. This is to further show that the 40 % 
overlap has low impact depth with shallow dimples, 50 % showed 
multiple effects and more dimples while 70 % shows fewer impacts but 
valleys of local and nonuniform laser effects [13,37]. 

3.3. Contact angle analysis 

The contact angle analysis of the unpeened and LSPVC peened Cu 
surface at 40, 50, and 70 % overlap measured at room temperature 
under atmospheric pressure is presented in Fig. 4. Contact angle mea-
surement describes the surface energy and the wettability characteristics 
of a material. A given surface at a particular temperature and pressure 
has a unique equilibrium contact angle. If the water contact angle is 
smaller than 90◦, the solid surface is considered hydrophilic and if the 
water contact angle is larger than 90◦, the solid surface is considered 
hydrophobic. Fig. 4 shows that the contact angle value obtained for 
unpeened is 36.1◦, whereas the peened surface shows 63.8◦ for the 40 %, 
90.3◦ for 50 %, and 86.7◦ for the 70 % overlap. This indicates that the 
contact angles of the Cu surface increased with the increase in the laser 
overlap up to 50 % and dropped at 70 %. Despite the increase, it was 
only the 50 % overlap that effectively transformed from a hydrophilic 
surface to a hydrophobic one. At 70 % overlap, there was a fall in the 
contact angle value due to reduced hydrophobicity may be a result of 
local valleys which increased the roughness. Since roughness enhances 
the wettability and surface chemistry, it, therefore, means that 90.3 % 
contact angle of the peened surface shows that the surface roughness 
was not excessively increased by the laser treatment. The relationship 
between surface roughness, measured contact angle and the Young 
contact angle was explained using Wenzel correlation for a 

Fig. 1. XRD patterns of the unpeened and LSPVC peened Cu surface at 40, 50 
and 70 % overlap. 

was measured on the peened and unpeened specimen using a goniom-
etry instrument (Model Pheonix 300, SEO, Korea) at room temperature 
(25 ℃). The droplet volume of 10 μL distilled water was used to examine 
the surface wettability characteristics. Further, the mechanical proper-
ties of the compressed Cu surface were investigated at the nanoscale 
with the Nanoindentation instrument (Nano Test Vantage T61) from 
Micro Materials UK. 

2.3. Electrochemical measurements 

An Autolab Potentiostat (PGSTAT302) with three-electrode ar-
rangements was used for electrochemical characterization. Platinum 
and saturated calomel electrodes (SCE) were used as counter and 
reference electrodes respectively, while the LSPVC peened Cu samples 
acted as the working electrodes. All the tests were carried out at room 
temperature using a 3.5 % NaCl electrolyte. Prior to all the electro-
chemical studies, the working electrode was introduced into the test 
solution and was allowed to attain a steady-state potential. Then a po-
tential range of -0.3 to + 0.6 V vs. SCE was applied with scan rate at 1 
mV/s. Ecorr and Icorr were obtained from the potential (E) vs. log j curves 
by the Tafel extrapolation method. EIS studies were carried out at static 
conditions for short and extended immersion time, thereafter; the hy-
drodynamic effect was investigated through electrochemical experi-
ments carried out under flow conditions using a rotating cage (RC) 
instrument [24]. The initial frequency of 100 kHz, final frequency 10 
mHz, and AC sine wave amplitude perturbation of 10 mV was applied at 
OCP. The impedance spectra were recorded with the unpeened and 
LSPVC peened Cu at different laser overlap percentages. All electro-
chemical experiments were replicated three times and all the potential 
values were measured with respect to SCE. 

3. Results and discussion

3.1. X-ray diffraction (XRD) analysis

Fig. 1 shows the XRD patterns of the LSPVC treated Cu surfaces at 40, 
50, and 70 % overlap in comparison with the unpeened surface. The 
results showed that the unpeened Cu exhibited three peaks observed at 2 
θ ~44, ~51, and ~75◦ indicating the characteristic peaks of Cu metal 
before LSPVC treatment. After the treatment, similar peaks were ob-
tained in all the treated samples with minor changes observed on the 
(111) and (220) planes. This fact showed that there was neither for-
mation of surface oxide or surface damage nor alteration of Cu crystal



homogeneous surface in the following Eqn; 

cos(θm) = rcos(θY) (1)  

Where θm is the measured contact angle, θY is the Young contact angle 
and r is the roughness ratio. The roughness ratio is defined as the ratio 
between the actual and projected solid surface area [38–40]. 

3.4. Analysis of mechanical properties 

Fig. 5 shows the nanoindentation data of the unpeened and LSPVC 
peened Cu surface at 40, 50, and 70 % overlap. Fig. 5a is the hysteresis of 

the loading and unloading curves. The area bounded by loading and 
unloading curves defines the degree of resistance to plastic deformation. 
An increase in the area correlates to an increase in plastic deformation 
and vice versa [41]. In the present research, a 50 % overlap showed the 
highest resistance to plastic deformation as indicated by the small area 
under the curve. Fig. 5b shows the varying hardness values with laser 
overlap. The hardness of the unpeened bare Cu was 1.188 GPa, sur-
prisingly higher than that of 40 % peened which was found to be 1.025 
GPa. This could be attributed to the generation of nanoparticles and 
contaminants at the metal surface at the beginning of the LSP process 
when the laser intensity is low [8]. This shows that at low laser overlap 

Fig. 2. SEM micrographs of the unpeened and LSPVC peened Cu surfaces (a) Unpeened bare Cu and the peened at (b) 40 %, (b) 50 %, and (c) 70 % overlap.  

Fig. 3. Schematic representation of the Unpeened Cu surface compared to the LSPVC peened showing dimples, compact top layer, and the residual stress impact of 
the peened at 40, 50, and 70 % overlap. 



and power density, the surface becomes poorly modified yielding sur-
face products or pollutants of less hardness. At 50 % overlap hardness 
increased to 2.597 GPa while at 70 % it was 1.522 GPa, indicating the 
presence of compressive residual stress on both samples. This shows that 
the optimum hardness was achieved at 50 % where the power density 
had a good match with the overlap, below or above which there could be 

fluctuations in hardness due to mismatch of laser energy with overlap. 
Moreover, residual stress was further studied in detail using the load- 

depth curves. It is well known that the residual stresses significantly 
affect load-depth curves. Residual stress can be evaluated using inden-
tation tests if the value of the hardness and the loading curve is higher 
than initial values after LSPVC processing; it indicates that compressive 
residual stress is present on the surface. If the hardness is lesser, then 
tensile residual stresses might be present [33,42,43]. The impact of re-
sidual stress on the load-depth curves was examined at different posi-
tions where the indentation depths were held constant (Fig. 5c). For 
example, at a constant depth of 700 nm, it was obvious that the curves 
rose according to their compressive residual stress with the 50 % overlap 
showing the highest residual stress. This is in line with the report in the 
literature that the compressive stress can constrain the indentation 
plasticity, thus leading to a higher indentation load than that for the 
stress-free state where less load was required for the same indentation 
depth [44]. On the other hand, holding the load constant shows similar 
trends for the effects of residual stress on the indentation depth Fig. 5d. 
Apart from the 40 % overlap, it is clear from Fig. 5d that the indentation 
depths shifted to the left in accordance with their residual stress. 50 % 
shows the least indentation depth penetration. The relatively lower 
depth of penetration in the laser peened sample could be attributed to 
the enhanced hardness and compressive residual stress inducement. 
Therefore, it can be concluded from this experiment that residual stress 
does not increase indefinitely with the increase in the overlap but there 
exists an optimal value where the overlap together with the applied 
power density makes a good match as stated earlier, above or below this 
optimal value the laser light might not impact directly on the residual 
stress but can be converted to surface melting. Therefore, in general, 

Fig. 4. Contact angle data of the unpeened and LSPVC peened Cu surface at 40, 
50, and 70 % overlap measured at room temperature under atmo-
spheric pressure. 

Fig. 5. Nanoindentation data of the unpeened and LSPVC peened Cu surface at 40, 50 and 70 % pulse overlap (a) hysteresis of the loading and unloading curves (b) 
variation of hardness values with laser overlap, residual stress impacts on (c) loading curves at constant depths and (d) the indentation depth at constant loads. 



positive value. 
Fig. 6b shows the potentiodynamic polarization curves for the 

unpeened Cu in comparison with the peened surfaces at 40, 50, and 70 % 
overlap. The corrosion potentials obviously shift to more positive values 
from -0.323 to -0.162 mV at 50 % overlap (equivalent to 49.9 % in-
crease). The corrosion current density reduced from 6.31 to 0.35 μA 
cm− 2, indicating that the best performance of the modifications is at this 
overlap applied at a power density of 8 Gw/cm2. However, looking at 
the curve due to LSPVC 50 %, the Ecorr is in the active dissolution region 
of the anodic part, which shows extensive Tafel behaviour indicating a 
high rate of corrosion at the onset before exhibiting a reduction in 
corrosion current. This could be the evidence of the potential decay 
witnessed in the OCP analysis, probably due to the roughened part of the 
surface by high power density [7], compared to the less impacted sur-
face at 40 and 70 % overlap with the lower power density of 4 and 6 
Gw/cm2 respectively. However, the power density effect on the LSPVC 
50 % could not overturn the overall performance in the reduction of the 
corrosion current density as the surface is at the same time hardened by 
the compressive residual stress arising from the higher laser power. 
Fig. 6c shows clearly the extent of performance of the entire modifica-
tion process when the best performing sample (LSPVC 50 %) was 
compared to the unpeened surface. This can be ascribed to the compact 
high resistant surface due to the shrinking effect and grain refinement of 
the high powered laser light from LSP processing, [9]. The performance 
of the LSPVC modification at different overlaps was further analyzed 
quantitatively and presented in Table 2. The trend of the parameters in 
Table 2 shows that the inhibition efficiency and the free corrosion 

Fig. 6. (a) Potential vs. time (OCP), (b) potentiodynamic polarization curves for unpeened and peened Cu surfaces at 40, 50, and 70 % overlap immersed in 3.5 % 
NaCl solution at room temperature, (c) the direct comparison of the best performing (LSPVC 50 %) with the unpeened sample and (d) the corrosion rate at 0 % 
(unpeened), 40, 50 and 70 % overlap. 

LSPVC induces compressive residual stresses and there is an optimal set 
of operating parameters for this condition to improve hardness and 
surface quality. 

3.5. Potentiodynamic polarization 

Prior to potentiodynamic polarization and other electrochemical 
measurements, the stability and free dissolution pattern of the unpeened 
and the LSPVC peened Cu surfaces was first monitored by potential 
measurement in the absence of current known as the open circuit po-
tential (OCP). Fig. 6 shows the OCP, potentiodynamic polarization, and 
the corrosion rate curves for the unpeened and peened Cu surface at 40, 
50, and 70 % overlap; immersed in 3.5 % NaCl solution at room tem-
perature. Fig. 6a shows the variations in the OCP of the unpeened and 
peened samples with pulse laser overlap. The measurements were 
recorded for 1000s since all the peened samples showed stability with 
less than 0.001 V variation beyond 500 s. LSPVC 50 % showed potential 
decay from -0.145 V to a final value of -0.162 V vs. SCE. The other 
peened samples, show minimal changes with time, probably due to 
reduced roughness. Power density tends to increase surface hardness 
with a consequent increase in roughness [7]. But the advantage of the 
improved hardness outweighs that of the roughness in the long run for 
the metal protection. LSPVC 40 and 70 % showed minor potential decay 
whereas the unpeened Cu surface showed potential decay from -0.29 to 
a final value of -0.32 V vs. SCE, typical Ecorr of bare Cu surface in 3.5 % 
NaCl [29,45]. In all the plots, the free potential (Ecorr) of Cu tends pos-
itive with peening overlap with 50 % overlap showing the highest 



potential (Ecorr) increased in the positive direction while the corrosion 
current density and the corrosion rate decreased with an increase in 
laser percentage overlap. The trend further showed that the corrosion 
current density decreased with the increase in laser overlap with a minor 
deviation at LSPVC 70 %. The 50 % peened has the lowest corrosion 
current density of 0.35 μA cm− 2. The corrosion rate was reduced from 
0.123 to 0.008 mmpy with corrosion protection efficiency of 94.45 % as 
calculated from the Icorr value for LSPVC 50 %. The trend in all the pa-
rameters in Table 2 indicates the effective protection of Cu in 3.5 % NaCl 
by the LSPVC process. The potentiodynamic data in Table 2 were ob-
tained from Tafel extrapolation of the just discussed E vs. log j curves of 
Fig. 6b. We can see clearly that the copper electrode immersed in a 3.5 % 
NaCl solution exhibits a typical Tafel behaviour in both the anodic and 
cathodic parts [46,47]. The cathodic parts were not clearly limited by 
oxygen diffusion but still display a Tafel behaviour with the corrosion 
current increasing proportionally with the potential (see Fig. 6b), typical 
behaviour of copper in NaCl system [48,49]. It is known from the 
literature that the extrapolation of both anodic and cathodic sides gives 
more accurate values of the potentiodynamic parameters thus was 
applied in this study [9,46]. The extrapolation of the pair of Tafel re-
gions in the curves and the corrosion rates were accurately determined 
using the Ec-lab corrosion software model 10.40. The condition is that 
the Tafel region must be linear for at least one decade of current after a 
potential scan of about ±300 mV, and is taken within 50–100 mV above 
and below the Ecorr [50]. The current value at the Ecorr intersection is 
then the corrosion current (Icorr), directly called the corrosion current 
density when the working electrode (WE) is a standard 1 cm2 surface 
area. Other values of the WE area must be used to divide the measured 
equilibrium corrosion current to obtain the corrosion current density 
(Icorr) according to the following equation [50]. 

Icorr = Ieq
/

AWE
(2)  

Where Ieq and AWE are the measured equilibrium corrosion current and 
the WE area respectively. 

From the corrosion current density, the protection efficiency (η %) of 
the peened surfaces were determined against the unpeened, according to 
the inhibitory efficiency formula, Eq. 3. 

η % =
Iucorr − Ipcorr

Iucorr
× 100 (3)  

Where Iucorr and Ipcorr are the corrosion current densities of the unpeened 
and the peened surfaces respectively. 

The electrochemical results are further depicted in the plot of the 
corrosion rate versus percentage overlap of the different modifications 
compared to the zero modified surface (unpeened Cu) in Fig. 6d. This 
shows that there was a tendency to reduce the corrosion rate in all the 
laser peened samples in comparison to the unpeened Cu, whereas the 
highest performance in corrosion rate reduction was found at LSPVC 50 
%. The results not only confirm that the LSP modification is optimum at 
LSPVC 50 % but also showed that the LSP process is an effective method 
for Cu corrosion mitigation [7,9,19,51]. 

3.6. EIS analysis 

The electrochemical impedance plots for peened and unpeened Cu 
surface immersed in 3.5 % NaCl solution at room temperature under 
static conditions are presented in Fig. 7. Fig. 7a shows the Nyquist plots 
for the unpeened and peened Cu surfaces at different modifications of 
40, 50, and 70 % pulse overlap. The diminished impedance capacitive 
loop for the unpeened is shown in the inset of Fig. 7a. This shows that 
there was a large improvement in the corrosion resistance of all the laser 
modified surfaces. The peened samples show an increased diameter of 
the impedance capacitive loops due to enhanced corrosion performance. 
The Nyquist plots exhibit a single capacitive loop implying that the 
corrosion of the peened samples is mainly charge transfer controlled (i.e. 
charge transfer is the slowest process) from the surface to the electrolyte 
through the shrunk compact Cu surface [52,53]. The resistance 
increased with an increase in the laser percentage overlap and the 
applied power density. LSPVC 50 % showed the highest corrosion 
resistance, due to the high impact of laser power density which opti-
mized at 8 Gw/cm2 with a 50 % overlap. This is in line with the 
improved hardness and compressive residual stress as observed from the 
indentation results (Fig. 5) [7]. At LSPVC 70 % there was a decrease in 
the corrosion resistance which could be attributed to a mismatch of 
power density and the percentage overlap as the surface behaviour is 
dependent on the interplay of the overlap and power density inputs as 
shown in Table 1. This could also be attributed to an increase in local 
roughness as witness in this sample by the aid of SEM [8]. Fig. 7b and c 
are the Bode modulus and phase angle plots which are also in line with 
the Nyquist plot data, the LSPVC 50 % shows the highest impedance 
modulus and phase angle value of all the modifications and the 
unpeened Cu surface. 

Fig. 8 showed the equivalent circuits fit for the quantitative analysis 
of the systems which could be grouped into two, Fig. 8a was used to fit 
all the plots except those with Warburg impedance (W) (see plots of 
unpeened bare Cu, inset of Fig. 7a and 0 h – 228 h of Fig. 9b) which were 
fitted into the circuit of Fig. 8b. These circuits depict the electrical 
components of the physical parameters of the working electrode and the 
solution system. The solution medium shows the solution resistance Rs 
to the movement of ions and species in solution. The surface of the 
electrode exhibited high charge transfer resistance (Rct) due to LSPVC 
peening. Rf represents the film resistance developed on the Cu surface 
after peening process and during immersion as a barrier accumulated 
between the metal and the aggressive medium interface. The major ef-
fect of the peening process is not the development of film but to induce 
residual stress which makes the surface compact and thus the Rct was 
improved tremendously [7,8]. The overall resistance of the system is 
expressed as the polarization resistance (Rp) which is the combination of 
the Rf and Rct . Further the data showed two non-ideal capacitances 
represented as constant phase element (CPE1) arising from the film/-
solution interface and (CPE2) for the double layer capacitance due to 
surface inhomogeneity between the metal and the surrounding film. The 
Yo1 and Yo2 are the magnitudes of the constant phase elements corre-
sponding to the CPE1 and the CPE2 for the film and the metal suface 
respectively. The dispersion coefficients n1 and n2 showed value Table 3 
less than unity as an indication for the film imperfection due to rough-
ness and porosity, see Table 3, [54,55]. 

The quantitative values of the charge transfer resistance (Rct) and 
other electrochemical impedance parameters related to the unpeened 
and the different peened samples are presented in Table 3 which were 
generated from electrochemical circuit fit carried out using Zsimpwin 
3.21. It is clear from Table 3 that LSPVC 50 % shows the highest Rct 
value, 17,020 Ω. cm2 compared to 957 Ω. cm2 of the unpeened, how-
ever, there was increasing trend in the Rct with laser overlap. The value 
of film resistance (Rf ) in Table 3 is relatively small probably because the 
major resistance portion is arising from surface compressive residual 
stress which contributed more to the improvement of Rct of Cu through 

LSPVC 
Overlap 
(%)  

Ecorr(VSCE)  Icorr 

(μA 
cm− 2)  

Ecorr 

(mV/ 
decade)  

βc(mV/ 
decade)  

Corrosion 
rate 
(mmpy) 

η (%)  

Unpeened − 0.323 6.31 129.5 140.3 0.123 – 
40 − 0.304 2.40 94.5 136.2 0.114 61.97 
50 − 0.162 0.35 54.6 79.7 0.008 94.45 
70 − 0.313 1.54 106.7 120.7 0.105 75.59  

Table 2 
Parameters related to the Potentiodynamic Polarization study of Cu immersed in 
3.5 % NaCl for the unpeened and peened surface at 40, 50 and, 70 % overlap at 
room temperature.  



the shrunk surface, thus, minimal film formation was observed [8]. 
Overall film resistance of the LSPVC peened samples is greatly enhanced 
compared to the unpeened specimen [7]. The Yo1 and Yo2 showed 
decrease in trend with increase in laser overlap see Table 3, confirming 
the improvement of the surface resistance to water penetration due to 
the surface compactness. In addition, the dispersion coefficient (n) 
increased with increase in overlap percentage as well, this is in line with 
improved corrosion protection behaviour of the Cu surface in the 
aggressive medium by the LSPVC process. The chi square (χ2) values in 
Table 3 further validates the minimal error margine in the electro-
chemical circuit fit since the values are only little above 1 × 10− 3. All 
these amount to the protection efficiency (η %) of 94.38 %, from EIS, 
calculated using Eqn. 3 and is in good agreement with the potentiody-
namic result in the previous discussion. 

η % =
Rpct − Ruct

Ruct
× 100 (4)  

Where, Rpct and Ruct are the charge transfer resistances of the peened and 
unpeened surfaces respectively. 

Therefore, to further investigate the efficacy of this method on Cu, 
electrochemical impedance spectroscopy was carried out to determine 
the effect of extended immersion time and flow in the corrosive envi-
ronment of the same electrolyte (3.5 % NaCl), the results are presented 
in Fig. 9. This experiment was performed with best performing sample 
(LSPVC 50 %) in comparison with unpeened Cu. The Nyquist plots of the 
LSPVC 50 % peened and the unpeened Cu surface are shown in Fig. 9a 
and b respectively at different immersion durations from 0 h to 304 h 
(12 days plus 6 h).The overall impedance results showed a reduction in 

Rct for both systems (peened and unpeened) during long immersion 
duration compared to the previous results of Fig. 7. This is definitely due 
to prolonged corrosion attack in the presence of chloride ion ( Cl− ). The 
increasing tendency of the Rct with immersion time in Fig. 9a and 9b 
could be attributed to concentration polarization resulting from accu-
mulated corrosion products since by extending the immersion duration 
the resistance became lower than the original value but regained some 
resistance as time progressed further. It is interesting to note that despite 
the exposure for long time duration the LSPVC 50 % peened still showed 
evidence of better performance compared to the unpeened which 
showed drastic fall in the Rct values with time as clearly shown by 
Fig. 9c. The results conclude that the LSPVC surface modification is 
capable of providing long-time protection for Cu metal in the corrosive 
chloride medium. Further, the samples were exposed to a flow envi-
ronment of the same corrosive electrolyte (3.5 % NaCl) to investigate the 
hydrodynamic effect on the performance of the peened samples in 
comparison to the unpeened. This is very crucial since the corrosion 
attack is often more aggravated by hydrodynamic flow than the static 
systems. Fig. 9d presents the representative results of the hydrodynamic 
experiments at different flow rates of 120, 240, and 360 rpm. The results 
revealed the stable nature of the LSPVC 50 % compared to the unstable 
bare unpeend Cu surface. This was indicated by the gradual reduction in 
the Rct by the peened at all the rotation speeds (120, 240 and 360 rpm) 
as a result of flow effect whereas in the case of the unpeened there was a 
drastic rise in the Rct at 240 rpm, probably due to formation of corrosion 
products and its sudden fall at 360 rpm as the corrosion products 
probably get transported away from the surface as a result of flow. In 
chloride medium Cu system, CuCl corrosion product is insoluble and can 

Fig. 7. The electrochemical impedance (EIS) plots for peened and unpeened Cu surface immersed in 3.5 % NaCl solution at room temperature under static con-
ditions: (a) the Nyquist, (b) Bode modulus, and (c) Bode phase angle at 0 % (unpeened), 40 %, 50 %, and 70 % overlap. 



be easily adsorbed on the surface. However, the adhesion of CuCl 
(formed as a result of the reaction in Eq. 5) to the copper surface is not 
sufficient to protect the copper from further corrosion. In the second part 
of the reaction in Eq. 6, the CuCl is transformed into a soluble copper (I) 
chloride complex [56], which can easily diffuse into the bulk of the 
solution especially by the aid of the flow medium. All the electro-
chemical experiments, therefore, prove the better performance of the 
peened surface compared to the unpeened. 

Cu + Cl− ⇄CuCl + e− (5)  

CuCl + Cl− ⇄ CuCl−2 (6)  

3.7. SEM analysis before and after extended immersion duration 

The surface morphology and the extent of corrosion damage before 
and after the extended immersion duration for the peened (LSPVC 50 %) 
and unpeened samples were viewed by the aid of scanning electron 
microscope (SEM) and the results are presented in Fig. 10. Fig. 10a and b 
are the unpeened bare Cu before and after long-duration immersion 
respectively. The bare Cu after corrosion showed a high rate of degra-
dation and surface damage with deposits of corrosion products. This 
could be due to the direct interaction of the unpeened Cu surface with 
the aggressive chloride medium for an extended immersion period 
which made the corrosion impacts more evident as observed in Fig. 10b. 
Whereas, in the case of the LSPVC 50 % peened Cu, Fig. 10c and d, 
represent the surface before and after long-duration exposure to chloride 

medium respectively. The peened surface before immersion (Fig. 10c) 
showed a different morphology compared to the bare unpeened Cu 
(Fig. 10a), due to the peening effect. Fig. 10c thus showed surface 
shrinking, dimples, and intertwining of the physical structures therein, 
due to laser shock effect. This resulted in the stabilization of the peened 
Cu surface (Fig. 10d) as it showed virtually no corrosion damage unlike 
the unpeened. Fig. 10e and f are the digital images of the unpeened and 
the peened respectively, after long-duration exposure to the chloride 
medium showing a physical view of the same surfaces previously imaged 
with SEM in Fig. 10b and d. This clearly showed the real-life damage due 
to aggressive chloride medium attack. The damage on the unpeened 
surface is so severe with an indication of a localized micro gully due to 
the concentration of metal loss in the absence of peening treatment as 
captured by both SEM and camera imaging. In the case of the LSPVC 50 
% peened surface after immersion for 304 h (12 days 6 h), the surface 
was intact with minimal localized pit damage. These analyses are in 
agreement with the SEM and conclude that the LSPVC treatment by the 
laser light has modified the surface into an unpenetrable one by Cl−
through the shock shrinking process which leaves it as compressed 
permanent stress. 

3.8. SEM analysis before and after flow corrosion 

Fig. 11 shows the SEM micrographs of the unpeened (Fig. 11a–d) and 
the peened (Fig. 11e–h) before and after flow corrosion at the rotation 
speeds of 120, 240 and 360 rpm. The SEM results are in line with the 

Fig. 8. Equivalent circuits for the electrochemical parameters fitted for (a) the curves without Warburg impedance and (b) curves showing Warburg impedance (Ԝ).  



previous electrochemical analysis. Fig. 11a shows the image of the 
unpeened bare polished Cu before flow corrosion, whereas Fig. 11b–d 
show the images of the bare Cu at 120, 240, and 360 rpm after corrosion 
showing a progressive trend in the surface damage from micro holes at 
120 rpm to crack initiation at 240 rpm and deep cracks at 360 rpm. In 
the case of the peened Cu surface, observable pitting corrosion occurred 
only at the 360 rpm (Fig. 11h), prior to that, the surface remained intact 
with minor tribological effects at 120 and 240 rpm (Fig. 11f and g). 

3.9. AFM analysis for peened and unpeened Cu after corrosion 

Fig. 12 shows the AFM topographic analysis of the peened and the 
unpeened after flow corrosion with their respective roughness profiles. 
The peened surface (Fig. 12a) showed a more even topology with 
reduced roughness (Rt) and arithmetic deviation of the roughness profile 
(Ra) in the range of 0.116 and 0.038 μm respectively, (see Fig. 12b). 
Whereas in the case of the unpeened (Fig. 12c), the surface was uneven 

and heavily damaged after corrosion with higher Rt and Ra in the range 
of 0.969 and 0.121 μm respectively, (see Fig. 12d). Overall, the research 
showed that the laser-peened Cu surface showed higher resistance to 
aggressive corrosive 3.5 % NaCl medium than the unpeened Cu surface 
with the LSPVC 50 % proven as the best preforming peening parameter 
both under static and flow conditions. 

3.10. Comparison of the present method with existing literature 

At the end of the data acquisition and analysis, to understand the 
overall progress made, the results obtained in the present research work 
was compared to some of the prominent Cu corrosion protection 
methods in neutral chloride medium reported in the literature. Table 4 
shows the corrosion current densities, protection efficiencies (η), and 
corrosion rates obtained by using different materials and methods such 
as the direct dissolution of corrosion inhibitors in the corrosive elec-
trolyte, pre-treatment before immersion, self-assembly monolayer 

Fig. 9. The EIS data for the selected LSPVC 50 % and the unpeened Cu surface immersed in 3.5 % NaCl solution at room temperature, (a, b) Nyquist plots for 50 % 
peened and unpeened Cu respectively, (c) change in the charge transfer resistance (Rct) with immersion time, under static conditions at extended immersion duration, 
and (d) comparison of Rct with rotation speed at 120, 240 and 360 rpm for the experiments under hydrodynamic conditions. 

Table 3 
EIS Parameters of Cu in 3.5 % NaCl obtained for the unpeened and peened surface at 40, 50 and, 70 % overlap at room temperature.  

LSPVC Overlap (%)  Rs (Ω. cm2)  Rf (Ω. cm2)  
CPE1 

Rct (Ω. cm2)  
CPE2 

W x 10− 4 (Ω. cm2) χ2 x 10− 3 η (%)  
Y01 x 10− 4 (Ω-1 cm-2 sn) n1 Y02 x 10− 4 (Ω-1 cm-2 sn) n2

Unpeened 20.47 17.56 5.3 0.74 957 4.8 0.69 2.27 41.5 – 
40 17.13 125.70 3.4 0.79 6675 2.4 0.80 – 20.1 85.66 
50 29.32 204.78 2.6 0.88 17,020 1.4 0.85 – 20.0 94.38 
70 27.15 151.40 2.2 0.84 9387 3.1 0.80 – 24.0 89.81  



(SAM), metal plating and different types of coatings for Cu protection. In 
Table 4, the highest protection efficiency (η) (98.7 %) and lowest 
corrosion current density (0.06 μA cm− 2) was reported for Cu in 3 % 
NaCl medium for benzotriazole (BTA) inhibitor via pre-treatment 
method [57]. By dissolving in the artificial seawater the BTA yielded 
95.0 % efficiency [58]. Taking the concentration of the aggressive 
electrolyte into consideration, in 3.5 % NaCl, the highest efficiency and 

lowest corrosion current density of 94.7 % and 0.38 μA cm-2 respec-
tively, was reported for dipotassium 4,4′-{benzene-1,4-diyl-bi-
s-[(1E)-3-oxoprop-1-ene-1,3-diyl]}-bis-[2-(2H-benzo-
triazol-2-yl)-phenol ate] (C1) dissolved in the electrolyte [60]. Several 
other methods achieved lower efficiencies compared to BTA and C1. 
However, with LSPVC process the performance in 3.5 % NaCl has 
improved to a value close to that of C1, which is encouraging since BTA 

Fig. 10. SEM micrographs of the surface morphology and post corrosion impact (a, b) bare polished Cu (unpeened), (c, d) LSPVC 50 % peened surface, before and 
after extended immersion duration respectively, in 3.5 % NaCl solution at room temperature under static conditions and (e, f) digital images of the same unpeened 
and peened surfaces respectively, taken at the end of the immersion experiment. 

Fig. 11. SEM micrographs: (a - d) unpeened and (e - h) LSPVC 50 % peened Cu before and after flow corrosion in 3.5 % NaCl solution at room temperature at the 
rotation speeds of 120, 240 and 360 rpm. 



Fig. 12. AFM analysis of the surface topology (a, c) and roughness profile (b, d) of LSPVC 50 % peened and unpeened bare Cu surface after extended immersion in 
3.5 % NaCl solution. 

Table 4 
Comparison chart for the performance of the previous state of the art corrosion inhibitors based on polarization tests for copper in chloride medium with the present 
research.  

Inhibitor Electrolyte Method of testing Icorr (μA 
cm− 2)  

η 
(%)  

CR 
(mmpy) 

Authors Ref. 

Benzotriazole (BTA) 3 % NaCl  Pre-treated 0.06 98.7 – Notoya et al. [57] 
Benzotriazole (BTA Artificial sea 

water 
Dissolved in 
electrolyte 

– 95.0 – Bokati et al. [58] 

4-Methyl-5-vinylthiazole 3 % NaCl  Dissolved in 
electrolyte 

0.42 94.5 – Mo et al. [59] 

Dipotassium 4,4′-{benzene-1,4-diyl-bis-[(1E)-3-oxoprop-1-ene-1,3- 
diyl]}-bis-[2-(2H-benzotriazol-2-yl)-phenol ate] (C1) 

3.5 % NaCl  Dissolved in 
electrolyte 

0.38 94.7 – Jing et al. [60] 

2-mercapto-4-amino-5-nitroso-6-hydroxy pyrimidine (MAP) 3.5 % NaCl  Dissolved in 
electrolyte 

1.25 88.9 – Khaled [61] 

Gemini surfactant 3.5 % NaCl  Dissolved in 
electrolyte 

0.25 94.5 0.071 Cao et al. [62] 

Olive leaf extract 3 % NaCl  Dissolved in 
electrolyte 

0.60 86 
.5 

0.007 Rahal et al. [63] 

Superhydrophobicelectroactive epoxy 3.5 % NaCl  Conducting 
polymer coated 

4.33 86.8 – He et al. [64] 

Chitosan synthetic 
seawater 

Biopolymer in 
solution 

13.70 85.5 – El Mouaden et al. [65] 

Nicotinamide 3.5 % NaCl  Drug mat. in 
elctrolyte 

9.00 80.8 – Hippolyte et al. [66] 

2,4,6-Trimercapto-1,3,5-triazine 0.3 % NaCl  SAM coated 0.88 92.4 – Chen et al. [67] 
1-(3-Aminopropyl) imidazole 3 % NaCl  SAM coated 0.26 93.1 – Durainatarajana 

et al. 
[68] 

Heptadecafluoro-1,1,2,2-tetradecyl 3.5 % NaCl  Electro-plating 0.40 – 0.005 Fenghua Su [69] 
Nickael film 3.5 % NaCl  Metal coating 3.00 – 0.035 Zhen Yanga [70] 
CoWO4 + TX-100 3.5 % NaCl  Dissolved in 

electrolyte 
0.78 90.0 – Chukwuike et al. [30] 

Capped NiWO4 3.5 % NaCl  Dissolved in 
electrolyte 

0.35 94.3 0.008 Chukwuike et al. [29] 

Laser residual stress 3.5 % NaCl  LSP 0.35 94.5 0.008 Present –



4. Conclusions

Laser shock peening was employed for Cu surface modification. The
results showed improved corrosion resistance under static and flow 
corrosive medium of 3.5 % NaCl at the open atmosphere and room 
temperature. Thus, the research highlights the following key points: 

There was a progressive change in the mechanical properties of Cu 
with laser light treatment at various overlaps (40, 50, and 70 %). This 
lead to increased hardness and a decrease in indentation depth pene-
tration as a consequence of comprehensive residual stress from the laser 
light which improved the compact nature of the Cu surface. 

Residual stress does not increase indefinitely with the increase in the 
laser overlap but there exists an optimal value above or below which the 
laser light might not impact directly on the residual stress. At a low value 
the impact energy might be too weak for effective modification while 
above certain value the energy becomes too high, thus converts to sur-
face damage at the same time the sacrificial layer becomes consumed. In 
the present research, a 50 % overlap showed the most effective residual 
stress accumulation without surface damage. 

It is possible to conclude that with moderate overlap (50 %) at an 
appropriate power density (8 Gw/cm2) int presence of PVC minimal 
surface roughness can be achieved with LSPVC modification. This 
resulted in high resistance to corrosion to the tune of 17,020 Ω. cm2 in 
3.5 % NaCl compared to 958 Ω. cm2 of the unpeened Cu surface. 
Reduction in the corrosion current density was found from 6.31 to 0.35 
μA cm− 2 equivalent to protection efficiency of 94.45 %. 

The mechanism of this operation involves the inducement of residual 
stress to the Cu surface. Shrinking and intertwining of the top-surface 
structures leading to a more compact surface with minor roughness. 
This resulted in the increased top-surface hardness and hydrophobicity 
of Cu leading to a new surface with high corrosion resistance. 
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was carried out in 3 % NaCl. In this work, the corrosion current density 
of Cu was brought down progressively from 6.31 μA cm−  2 to 0.35 μA 
cm−  2 with a protection efficiency of 94.45 % by using LSPVC peening 
process. These results are obtained under static conditions. In the pre-
sent experiment; we went further to validate the achieved performance 
of static medium by subjecting the peened surface to a more aggressive 
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F. Dericioğlu, Corrosion behaviours of Ti6Al4V-Mg/Mg-Alloy composites, Corros. 
Sci. 166 (2020), https://doi.org/10.1016/j.corsci.2020.108470. CS 108470. 

[53] B.S. Hou, Q.H. Zhang, Y.Y. Li, G.Y. Zhu, G.A. Zhang, Influence of corrosion 
products on the inhibition effect of pyrimidine derivative for the corrosion of 
carbon steel under supercritical CO2 conditions, Corros. Sci. 166 (2020), https:// 
doi.org/10.1016/j.corsci.2020.108442. CS 108442. 

[54] W. Nguyen, J.F. Duncan, T.M. Devine, C.P. Ostertag, Electrochemical polarization 
and impedance of reinforced concrete and hybrid fiber-reinforced concrete under 
cracked matrix conditions, Electrochim. Acta 271 (2018) 319–336, https://doi. 
org/10.1016/j.electacta.2018.03.134. 

[55] K. Jüttner, W.J. Lorenz, W. Paatsch, The role of surface inhomogeneities in 
corrosion processes-electrochemical impedance spectroscopy (EIS) on different 
aluminium oxide films, Corros. Sci. 29 (1989) 279–288, https://doi.org/10.1016/ 
0010-938X(89)90036-X. 

[56] C. Deslouis, B. Tribollet, G. Mengoli, M.M. Musiani, Electrochemical behaviour of 
copper in neutral aerated chloride solution. I. steady-state investigation, J. Appl. 
Electrochem. 18 (1988) 374–383. 

[57] T. Notoya, G.W. Poling, Protection of copper by pretreatment with benzotriazole, 
Corrosion 35 (1979) 193–200, https://doi.org/10.5006/0010-9312-35.5.193. 

[58] K. Sabet Bokati, C. Dehghanian, S. Yari, Corrosion inhibition of copper, mild steel 
and galvanically coupled copper-mild steel in artificial seawater in presence of 1H- 
benzotriazole, sodium molybdate and sodium phosphate, Corros. Sci. 126 (2017) 
272–285, https://doi.org/10.1016/j.corsci.2017.07.009. 

[59] S. Mo, H.Q. Luo, N.B. Li, Study on the influences of two thiazole flavor ingredients 
on Cu corrosion caused by chloride ion, J. Colloid Interface Sci. 505 (2017) 
929–939, https://doi.org/10.1016/j.jcis.2017.06.075. 

[60] C. Jing, Z. Wang, Y. Gong, H. Huang, Y. Ma, H. Xie, H. Li, S. Zhang, F. Gao, Photo 
and thermally stable branched corrosion inhibitors containing two benzotriazole 
groups for copper in 3.5 wt% sodium chloride solution, Corros. Sci. 138 (2018) 
353–371, https://doi.org/10.1016/j.corsci.2018.04.027. 

[61] K.F. Khaled, Studies of the corrosion inhibition of copper in sodium chloride 
solutions using chemical and electrochemical measurements, Mat. Chem. Phys. 
125 (2011) 427–433, https://doi.org/10.1016/j.matchemphys.2010.10.037. 

[62] K. Cao, H.Y. Sun, B.R. Hou, Corrosion inhibition of gemini surfactant for copper in 
3.5 % NaCl, Adv. Mat. Res. 936 (2014) 1125–1131, https://doi.org/10.4028/ 
www.scientific.net/AMR.936.1125. 

[63] C. Rahal, M. Masmoudi, R. Abdelhedi, R. Sabot, M. Jeannin, M. Bouaziz, P. Refait, 
Olive leaf extract as natural corrosion inhibitor for pure copper in 0.5 M NaCl 
solution: a study by voltammetry around OCP, J. Electroanal. Chem. 769 (2016) 
53–61, https://doi.org/10.1016/j.jelechem.2016.03.010. 

[64] G. He, S. Lu, W. Xu, S. Szunerits, R. Boukherroub, H. Zhang, Controllable growth of 
durable superhydrophobic coatings on a copper substrate via electrodeposition, 
Phys. Chem. Chem. Phys. 17 (2015) 10871–10880, https://doi.org/10.1039/ 
c5cp00059a. 

[65] K. El Mouaden, B. El Ibrahimi, R. Oukhrib, L. Bazzi, B. Hammouti, O. Jbara, 
A. Tara, D.S. Chauhan, M.A. Quraishi, Chitosan polymer as a green corrosion 
inhibitor for copper in sulfide-containing synthetic seawater, Inter. J. Biol. Macro. 
119 (2018) 1311–1323, https://doi.org/10.1016/j.ijbiomac.2018.07.182. 

[66] C.N. Hippolyte, B.Y. Serge, A. Sagne, J. Creus, T. Albert, Nicotinamide inhibition 
properties for copper corrosion in 3.5 % NaCl solution: experimental and 

https://doi.org/10.1007/s11665-018-3575-4
https://doi.org/10.1016/j.cirp.2012.03.125
https://doi.org/10.1002/jbm.b.34278
https://doi.org/10.1002/jbm.b.34278
https://doi.org/10.1680/jemmr.16.00119
https://doi.org/10.1201/9780203882085.pt6
https://doi.org/10.1201/9780203882085.pt6
https://doi.org/10.1016/0010-938X(93)90221-2
https://doi.org/10.1016/j.apsusc.2020.145917
https://doi.org/10.1016/j.apsusc.2019.145073
https://doi.org/10.3390/ma5122439
https://doi.org/10.3390/ma5122439
http://refhub.elsevier.com/S0010-938X(20)32437-9/sbref0130
http://refhub.elsevier.com/S0010-938X(20)32437-9/sbref0130
http://refhub.elsevier.com/S0010-938X(20)32437-9/sbref0130
https://doi.org/10.1016/j.corsci.2005.05.053
https://doi.org/10.2412/mmse.77.9.503
https://doi.org/10.2412/mmse.77.9.503
https://doi.org/10.1016/j.corsci.2019.108101
https://doi.org/10.1016/j.corsci.2019.108101
https://doi.org/10.1149/2.0771916jes
https://doi.org/10.1149/2.0771916jes
https://doi.org/10.1063/1.5112607
https://doi.org/10.5923/j.optics.20120206.01
https://doi.org/10.4028/www.scientific.net/AMR.996.749
https://doi.org/10.1016/j.apsusc.2017.11.088
https://doi.org/10.1016/j.apsusc.2017.11.088
https://doi.org/10.2412/mmse.65.57.424
https://doi.org/10.1016/j.optlaseng.2015.08.001
https://doi.org/10.2478/v10175-012-0083-9
https://doi.org/10.2478/v10175-012-0083-9
https://doi.org/10.1016/j.electacta.2015.05.010
https://doi.org/10.1088/1742-6596/735/1/012050
https://doi.org/10.1016/j.surfcoat.2012.08.048
https://doi.org/10.1016/j.surfcoat.2012.08.048
https://doi.org/10.1177/1350650117692707
https://doi.org/10.1177/1350650117692707
https://doi.org/10.1155/2018/4826020
https://doi.org/10.1155/2018/4826020
https://doi.org/10.1111/j.1151-2916.2003.tb03380.x
https://doi.org/10.1111/j.1151-2916.2003.tb03380.x
https://doi.org/10.1080/10408436.2014.940442
https://doi.org/10.1016/j.corsci.2014.04.002
https://doi.org/10.1007/s10008-010-1110-0
https://doi.org/10.1016/j.corsci.2015.08.022
https://doi.org/10.4491/eer.2017.077
https://doi.org/10.1039/c6ra19173h
https://doi.org/10.1016/B978-1-4377-3455-3.00004-3
https://doi.org/10.1016/B978-1-4377-3455-3.00004-3
https://doi.org/10.1016/j.surfcoat.2016.12.105
https://doi.org/10.1016/j.corsci.2020.108470
https://doi.org/10.1016/j.corsci.2020.108442
https://doi.org/10.1016/j.corsci.2020.108442
https://doi.org/10.1016/j.electacta.2018.03.134
https://doi.org/10.1016/j.electacta.2018.03.134
https://doi.org/10.1016/0010-938X(89)90036-X
https://doi.org/10.1016/0010-938X(89)90036-X
http://refhub.elsevier.com/S0010-938X(20)32437-9/sbref0280
http://refhub.elsevier.com/S0010-938X(20)32437-9/sbref0280
http://refhub.elsevier.com/S0010-938X(20)32437-9/sbref0280
https://doi.org/10.5006/0010-9312-35.5.193
https://doi.org/10.1016/j.corsci.2017.07.009
https://doi.org/10.1016/j.jcis.2017.06.075
https://doi.org/10.1016/j.corsci.2018.04.027
https://doi.org/10.1016/j.matchemphys.2010.10.037
https://doi.org/10.4028/www.scientific.net/AMR.936.1125
https://doi.org/10.4028/www.scientific.net/AMR.936.1125
https://doi.org/10.1016/j.jelechem.2016.03.010
https://doi.org/10.1039/c5cp00059a
https://doi.org/10.1039/c5cp00059a
https://doi.org/10.1016/j.ijbiomac.2018.07.182


theoretical investigations, J. Mat. Sci. Chem. Eng. 06 (2018) 100–121, https://doi. 
org/10.4236/msce.2018.63008. 

[67] W. Chen, S. Hong, H.Q. Luo, N.B. Li, Inhibition effect of 2,4,6-trimercapto-1,3,5- 
triazine self-assembled monolayers on copper corrosion in NaCl solution, J. Mat. 
Eng. Perform. 23 (2014) 527–537, https://doi.org/10.1007/s11665-013-0788-4. 

[68] P. Durainatarajan, M. Prabakaran, S. Ramesh, V. Periasamy, Self-assembly on 
copper surface by using imidazole derivative for corrosion protection, J. Adhesion 
Sci. Tech. 32 (2018) 1733–1749, https://doi.org/10.1080/ 
01694243.2018.1444004. 

[69] F. Su, K. Yao, Facile fabrication of superhydrophobic surface with excellent 
mechanical abrasion and corrosion resistance on copper substrate by a novel 
method, ACS Appl. Mat. Interfaces 6 (2014) 8762–8770, https://doi.org/10.1021/ 
am501539b. 

[70] Z. Yang, X. Liu, Y. Tian, Fabrication of super-hydrophobic nickel film on copper 
substrate with improved corrosion inhibition by electrodeposition process, Colloids 
Surf. A 560 (2019) 205–212, https://doi.org/10.1016/j.colsurfa.2018.10.024. 

https://doi.org/10.4236/msce.2018.63008
https://doi.org/10.4236/msce.2018.63008
https://doi.org/10.1007/s11665-013-0788-4
https://doi.org/10.1080/01694243.2018.1444004
https://doi.org/10.1080/01694243.2018.1444004
https://doi.org/10.1021/am501539b
https://doi.org/10.1021/am501539b
https://doi.org/10.1016/j.colsurfa.2018.10.024

	Laser shock peening (LSP): Electrochemical and hydrodynamic investigation of corrosion protection pre-treatment for a coppe ...
	1 Introduction
	2 Experimental procedure
	2.1 Metallic sample preparation (laser shock peening)
	2.2 Microstructural characterization
	2.3 Electrochemical measurements

	3 Results and discussion
	3.1 X-ray diffraction (XRD) analysis
	3.2 Scanning electron microscopy (SEM) analysis
	3.3 Contact angle analysis
	3.4 Analysis of mechanical properties
	3.5 Potentiodynamic polarization
	3.6 EIS analysis
	3.7 SEM analysis before and after extended immersion duration
	3.8 SEM analysis before and after flow corrosion
	3.9 AFM analysis for peened and unpeened Cu after corrosion
	3.10 Comparison of the present method with existing literature

	4 Conclusions
	Data availability
	Author statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References




