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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
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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 pA
em™ 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/cmz), 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 fluctuationin 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 x 10~ 2 mm? t0 0.94 x 10~ 2 mm?. 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

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 cm? 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.
mm?2.Sr~L.ym. The laser comprised of an M? 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 « radi-
ation (4 = 1.54056 [D\) as a source. The scan was carried out at 2 ¢ 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 (6)

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

Sample No  Power density (Gw/cm?)  Description ~ Overlapping (%)  Mask
1 4 Low 40 PVC
2 6 Medium 70 PVC
3 8 High 50 PVC




was measured on the peened and unpeened specimen using a goniom-
etry instrument (Model Pheonix 300, SEO, Korea) at room temperature
(25 °C). The droplet volume of 10 pL 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. E.or and I, were obtained from the potential (E) vs. logj 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
60 ~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
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Fig. 1. XRD patterns of the unpeened and LSPVC peened Cu surface at 40, 50
and 70 % overlap.

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/cm?) 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/cm? at this overlap, whereas
70 % overlap peened at 6 Gw/cm? 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
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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.
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the peened at 40, 50, and 70 % overlap.

homogeneous surface in the following Eqn;
cos(0,,) = rcos(0y) 1)
Where 6,, is the measured contact angle, y 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
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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.

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,
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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.



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 E,, of bare Cu surface in 3.5 %
NaCl [29,45]. In all the plots, the free potential (E,,) of Cu tends pos-
itive with peening overlap with 50 % overlap showing the highest
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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 pA
cm™2, indicating that the best performance of the modifications is at this
overlap applied at a power density of 8 Gw/cm?. However, looking at
the curve due to LSPVC 50 %, the E., 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/cm? 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. 6¢ 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
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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 %
NacCl 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 %
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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.

LSPVC Ecorr(Vsce) Lo Ecorr pc(mV/ Corrosion 1 (%)
Overlap (A (mv/ decade) rate

(%) em™?)  decade) (mmpy)

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

potential (E,) 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 pA 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 I, 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 E., [50]. The current value at the E,,, intersection is
then the corrosion current (I.,), directly called the corrosion current
density when the working electrode (WE) is a standard 1 cm? 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].

Leor = eq/AWE (2)

Where I, and Ayg are the measured equilibrium corrosion current and
the WE area respectively.

From the corrosion current density, the protection efficiency (1 %) of
the peened surfaces were determined against the unpeened, according to
the inhibitory efficiency formula, Eq. 3.

i TNV 3)

Tucorr

Where [uorr and Ip . 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/cm? 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 R;
to the movement of ions and species in solution. The surface of the
electrode exhibited high charge transfer resistance (R.) due to LSPVC
peening. Ry 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 R.; was
improved tremendously [7,8]. The overall resistance of the system is
expressed as the polarization resistance (R,) which is the combination of
the Ry and R,. 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
Yo; and Yo, are the magnitudes of the constant phase elements corre-
sponding to the CPE; and the CPE; for the film and the metal suface
respectively. The dispersion coefficients n; and ny 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 (R.) 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 R,
value, 17,020 Q. cm? compared to 957 Q. cm? of the unpeened, how-
ever, there was increasing trend in the R, with laser overlap. The value
of film resistance (R¢) 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 R.; of Cu through
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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 Yo; and Yo, 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 (1)
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 (;%) values in
Table 3 further validates the minimal error margine in the electro-
chemical circuit fit since the values are only little above 1 x 1072, All
these amount to the protection efficiency (y %) of 94.38 %, from EIS,
calculated using Eqn. 3 and is in good agreement with the potentiody-
namic result in the previous discussion.
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x 100
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Where, R,; and R, 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

R, 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 ( CI7). The
increasing tendency of the R, 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 R 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 R, 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 R, 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
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Fig. 8. Equivalent circuits for the electrochemical parameters fitted for (a) the curves without Warburg impedance and (b) curves showing Warburg impedance (W).

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+ CI” 2CuCl+ e~ (5)

CuCl+ CI” 2 CuCl; 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 CI~
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
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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.
CPE; CPE;
LSPVC Overlap (%) R, (Q.cm® Ry (Q. cm?) R (Q. cm®) Wx107* (@ em?  Fx107°  7(%)
Yo x 1074 (@1 em? s™) ny Yoz x 1074 (@1 em2 s™) ny
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

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 (R;) and arithmetic deviation of the roughness profile
(Rg) in the range of 0.116 and 0.038 pm respectively, (see Fig. 12b).
Whereas in the case of the unpeened (Fig. 12c), the surface was uneven

and heavily damaged after corrosion with higher R, and R, in the range
of 0.969 and 0.121 pum 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 (1), 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
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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.

(SAM), metal plating and different types of coatings for Cu protection. In
Table 4, the highest protection efficiency (1) (98.7 %) and lowest
corrosion current density (0.06 pA 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 pA cm 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
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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 Leorr (A n CR Authors Ref.
em™?) (%)  (mmpy)
Benzotriazole (BTA) 3 % NaCl Pre-treated 0.06 98.7 - Notoya et al. [571
Benzotriazole (BTA Artificial sea Dissolved in - 95.0 - Bokati et al. [58]
water electrolyte
4-Methyl-5-vinylthiazole 3 % NaCl Dissolved in 0.42 94.5 - Mo et al. [59]
electrolyte
Dipotassium 4,4’-{benzene-1,4-diyl-bis-[(1E)-3-oxoprop-1-ene-1,3- 3.5 % NaCl Dissolved in 0.38 94.7 - Jing et al. [60]
diyl]}-bis-[2-(2H-benzotriazol-2-yl)-phenol ate] (C1) electrolyte
2-mercapto-4-amino-5-nitroso-6-hydroxy pyrimidine (MAP) 3.5 % NaCl Dissolved in 1.25 88.9 - Khaled [61]
electrolyte
Gemini surfactant 3.5 % NaCl Dissolved in 0.25 94.5 0.071 Cao et al. [62]
electrolyte
Olive leaf extract 3 % NaCl Dissolved in 0.60 86 0.007 Rahal et al. [63]
electrolyte 5
Superhydrophobicelectroactive epoxy 3.5 % NaCl Conducting 4.33 86.8 - He et al. [64]
polymer coated
Chitosan synthetic Biopolymer in 13.70 85.5 - El Mouaden et al. [65]
seawater solution
Nicotinamide 3.5 % NaCl Drug mat. in 9.00 80.8 - Hippolyte et al. [66]
elctrolyte
2,4,6-Trimercapto-1,3,5-triazine 0.3 % NaCl SAM coated 0.88 92.4 - Chen et al. [67]1
1-(3-Aminopropyl) imidazole 3 % NaCl SAM coated 0.26 93.1 - Durainatarajana [68]
etal.
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]
CoWO, + TX-100 3.5 % NaCl Dissolved in 0.78 90.0 - Chukwuike et al. [30]
electrolyte
Capped NiWO,4 3.5 % NaCl Dissolved in 0.35 94.3 0.008 Chukwuike et al. [29]
electrolyte

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




was carried out in 3 % NaCl. In this work, the corrosion current density

of Cu was brought down progressively from 6.31 pA cm~ 2 to 0.35 pA
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

flow environment and prolonged immersion tests. The overall results

showed that the LSPVC process has the potential of effective corrosion

protection of Cu in the chloride medium.

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/cm?) 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 Q. cm? in
3.5 % NaCl compared to 958 Q. cm? of the unpeened Cu surface.
Reduction in the corrosion current density was found from 6.31 to 0.35
A 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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