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Laser Shock Peening with (LSP) and without protective coating (LPwC) was applied to sensitized AA5083 fol-
lowed by electrochemical analysis. Potentiodynamic tests indicated a region of increased passivity for the LPwC
samples with lower corrosion current. Similarly, significantly reduced intergranular corrosion rate was observed
during potentiostatic polarization after LPwC treatment while LSP samples showed only a negligible improve-
ment. The results are attributed to the unique recast surface layer composed of a modified oxide film followed by
an embedded oxygen-rich aluminum nanoparticles sub-surface layer without grain boundary f-phase created

during laser pulse interaction with the surface when no coating was applied.

1. Introduction

5xxx series Mg rich aluminum alloys are high strength-to-weight
ratio weldeable materials with excellent general corrosion resistance.
As such, the 5xxx series found its natural domain in marine industry,
both commercial and military, where it allows for construction of ligh-
ter, faster and more fuel efficient ships. Despite their good initial
corrosion resistance, it has been established that alloys containing more
than 3.5% of Mg can become sensitized when exposed to elevated
temperature (as low as 50 °C) for prolonged periods of time [1].

Initially, the magnesium atoms exist in the form of a metastable solid
solution (a-phase) distributed uniformly across the aluminum matrix.
When the material is exposed to moderately elevated temperatures, the
Mg atoms diffuse from the matrix to low energy sites such as the grain
boundaries [2,3]. Eventually, $-phase precipitates (Mg,Al3) are formed
at grain boundaries and the matrix becomes electrochemically hetero-
geneous. According to Birbilis et al. [4], the breakdown potential Ej, of
the bulk B-phase is —0.95 Vgcg which is lower than —0.78 Vg¢g of the
sensitized alloy. In the near neutral salt solutions of sea water, the grain
boundary acts as an anode to the adjacent magnesium depleted cathodic

regions, causing selective dissolution of the anodic precipitates. In a
sensitized material, increasing p-phase coverage [5,6] eventually leads
to corrosion spreading to neighboring precipitates resulting in a
continuous network of corroded grain boundaries and intergranular
corrosion (IGC). Although IGC is primarily driven by chemical forces
and no stresses are required for the corroded network to develop, the
presence of tensile stresses can lead to intergranular stress corrosion
cracking (IGSCC), often resulting in a critical failure and subsequent
costly repairs. Golumbfskie et al. [7] report, for instance, that the trend
of average number of stress corrosion cracks discovered per ship in-
spection has been steadily rising since 1990 where it was more than
triple the amount in 2015.

In order to combat IGC and IGSCC in AA5083, several approaches
can be adopted. Searles et al. [8] opted for the anodic protection route
where, using lower electric potential, the material is brought to its
passive region where it forms a natural protective oxide layer. They
found that samples polarized below the p-phase E; showed almost no
evidence of IGSCC. Seong et al. [9,10] studied the effect of chromate,
silicate, or vanadate ions based chemical additives as corrosion in-
hibitors. They showed that the addition of KoCrO4 and NaVOs into the
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3.5 wt% NaCl environment resulted in strain curves essentially equal to
those in air. The mechanism of inhibition in this case was mainly
through the inhibition of cathodic reaction rather than the anodic
dissolution. Both of these approaches, however, are not suited for sea
environment.

It has been established that SCC behavior of various metallic alloys
can also be influenced by Laser Shock Peening (LSP) via tensile stress
removal [11-14]. In typical LSP setup, a protective overlay or coating in
the form of vinyl or aluminum tape is used to protect the sample surface
from heat effects that occur during laser absorption. LSP without pro-
tective coating (LPwC) usually causes partial surface melting which in
turn creates tensile stresses on the surface that can act as crack initiation
sites. However, Sano et al. [15,16] demonstrated that by applying low
pulse energies and high pulse densities in aqueous environment, the
tensile stresses can be converted to compressive and LPwC can still be
beneficial when it comes to improving fatigue performance and SCC.
Furthermore, studies conducted both with [17,18] and without protec-
tive coating [19,20] indicate that LSP does have a positive effect on
corrosion behavior of aluminum alloys which is usually indicated by
lower corrosion current density and increase in E,. The main corrosion
mechanism in these studies, however, is pitting. Very little to no
investigation has been carried out when it comes to the influence of LSP
on IGC. In this work, we focus on investigating both LSP and LPwC
setups, in order to find what difference the presence or absence of a
protective coating makes in terms of corrosion resistance of AA5083 and
IGC behavior specifically.

2. Experimental
2.1. Material

A commercial aluminum alloy 5083-H116 in a form of
18" x 12" x 0.25" plate was used in this study. The chemical composi-
tion is shown in Table 1. A part of the plate was sectioned off using
electric discharge machine to serve as a control group (as received) for
the sensitized condition. The rest of the original plate was sensitized at
100 °C for 60 days and air cooled upon removal. Both sensitized and as
received plates were then sectioned into 40 mm x 40 mm x 6.35 mm
square coupons and polished to 1200 grit with silicon carbide paper
followed by 1 pm mirror polish using diamond suspensions. After
deionized (DI) water rinsing, the samples were ultrasonically cleaned in
ethanol (C2Hs0H) for 30 s followed by an air drying.

The IGC susceptibility of samples was assessed using the Nitric Acid
Mass Loss Test (NAMLT) as determined by the ASTM G67 standard [21].
The Degree of Sensitization (DoS) was determined to be 5 mg/cm2 and
44.6 rng/crn2 for the as received (AR) and sensitized (SE) material,
respectively, which puts the sensitized samples into the IGC susceptible
category.

2.2. Laser treatment

During Laser Shock Peening, a laser pulse with an energy of several
Joules is focused onto a specimen surface that has typically been covered
with a thin protective layer and topped with a thin (~1 mm) water layer.
As the laser pulse is absorbed, a strong shock wave with a magnitude of

Table 1
Chemical composition of AA5083-H116.

Element Composition in wt%
Mg 4.0-4.9

Si 0.4

Mn 0.4-1.0

Fe 0.4

Other (Zn, Cr, Ti, Cu) 0.65

Al balance
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several GPa [22] is generated, enhanced by the water confinement. The
shock wave propagates through the material, creating plastic strain and
generating compressive residual stresses (Fig. 1a). With the protective
layer absent, the plasma is created directly on top of the irradiated
surface and leads to its partial melting. Treatment of larger areas is
achieved via placing laser shots next to each other in a predetermined
peening pattern.

In this case, both the LSP and LPwC treatments were carried out
using first power pre-amplifier of Yb:YAG laser system Bivoj operating at
1030 nm with 10 Hz repetition rate [23]. For some cases the light from
Bivoj was converted to 515 nm using non-linear conversion. In all cases,
the 14 ns long pulses had rectangular temporal profile. Three peening
configurations were investigated in total. The main distinction between
these configurations is whether a protective layer was (LSP) or was not
(LPwC) applied and what kind of water confinement was utilized (thin
water layer or water tank). In the experiment, every configuration is
represented by a single set of selected laser parameters. The first
configuration is the commonly utilized setup with protective coating in
the form of a 100 um black vinyl tape and a laminar thin layer of flowing
water while using the 1030 nm infrared (IR) laser wavelength. This
peening condition will be referred to as LSP IR. The setup is depicted in
Fig. 1b. Pulses of 3 J were focused to a 2.6 mm square laser spot with
resulting power density of 3.17 GW/cm? To prevent tearing of the tape,
the pulses were delivered in a form of layers, each consisting of 4 se-
quences. A sequence comprised a 20 mm x 20 mm laser pattern with
0% overlap between individual laser spots. Subsequent sequences were
shifted with respect to the first one in turn by 1.3 mm in X, Y, and XY
direction in order to achieve 50% laser spot overlap within one layer. In
total, 2 layers were applied to each LSP IR sample. The sample after
peening is shown in Fig. 2a. The surface is clearly deformed but it retains
its polished appearance. The second peening configuration involved
similar setup with 1030 nm IR laser wavelength and thin water layer but
with the protective coating removed. This condition will be referred to
as LPwC IR. With the tape absent, the 20 mm x 20 mm patch was
peened in a single pass using overlapping pulses with total pulse density
of 1089 p/cm? The pulse energy was 1J with a laser spot size of
1.5 mm. The power density was again 3.17 GW/cm?. The sample after
peening is shown in Fig. 2b with a thermally affected surface observable
in the treated area. The third configuration involved peening with a
sample submerged underwater with no protective coating applied. The
underwater environment does not allow for the use of the standard
1030 nm due to its low transmission in water. Therefore, the second
harmonic generation (SHG) at 515 nm was used. This condition will be
referred to as LPwC SHG. The setup is depicted in Fig. 1c. The pulse
energy was once again 1 J with laser spot size of 1.5 mm, power density
of 3.17 GW/cm? and pulse density of 1089 p/cm? The LPwC SHG
sample after treatment is shown in Fig. 2c. Similarly to LPwC IR, a white
recast layer was created on the surface but it was less coarse and more
uniform. The specimen labeling is summarized in Table 2. All treated
specimens in this work were sensitized prior to peening.

After treatment, samples were measured via X-ray diffractometer
(XRD) to determine surface residual stresses. The measurements were
carried out using the RIGAKU AutoMATE II machine while utilizing the
Sin2\|1 method. The radiation used was Cr Ko (2.2897 nm) at
20 =139.3°.

2.3. Electrochemical testing

All corrosion tests were carried out in a 3.5 wt% NaCl naturally
aerated water environment at room temperature of 25 °C using a flat-
cell with a platinum mesh counter electrode and a standard Ag/AgCl
reference electrode. A Gamry ref 600+ potentiostat was used for all the
measurements. Prior to testing, specimens were sealed with a silicon
mask and sealant with a 15 mm circular opening in the middle to pre-
vent crevice corrosion around the O-ring contact area. In potentiody-
namic testing, the potential was scanned with a sampling period of
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Fig. 1. (a) LSP scheme, (b) LSP treatment with protective coating applied and (c) LSP treatment without protective coating (LPwC) performed underwater.
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Fig. 2. Sensitized AA5083 specimens after treatment: (a) LSP IR, (b) LPwC IR and (c) LPwC SHG.

Table 2
Specimen labeling.

Specimen label Sensitization Treatment Protective coating Wavelength Water confinement
AR (as received) no no X X X

SE (sensitized) yes no X X X

SE + LSP IR yes LSP yes 1030 nm 1 mm water layer
SE 4+ LPwC IR yes LPwC no 1030 nm 1 mm water layer
SE + LPwC SHG yes LPwC no 515 nm water tank

0.33 mV/s. The current density was capped at 1 mA/cm? The scan
started at 50 mV below the steady corrosion potential (E.,) after a 30-
minute stabilization period. Potentiostatic measurements involved po-
larization of the samples in their cathodic region at —800 mV vs Ag/
AgCl with the current density being recorded for a period of 6 h. The
same polarization level of —800 mV vs Ag/AgCl was applied during
electrochemical impedance spectroscopy (EIS) testing with 5 mV RMS
voltage oscillation and frequency range from 100 kHz down to 100 mHz.
The recorded data series were fitted with an equivalent electrical circuit
using ZSimWin software.

A fresh sample was used for each measurement with at least 3
measurements performed per sample condition. The plots presented in
this paper are representative results of these replicated measurements.

2.4. Near-surface chemical analysis and microscopy

XPS analysis was carried out to investigate chemical composition of
the modified specimen surfaces. A depth profile to differentiate between
Al oxide and Al metal was obtained using a KRATOS AXIS Supra XPS
instrument (sputtering by Ar+ ion clusters). The XPS spectra were ac-
quired using a monochromatic Al Ko (1486.6 eV) X-ray source. The

Mg B-phaselte s

samples were subjected to 20 min of ion sputtering with an estimated
sputtering depth of about 10 nm [24]. The number of Ar atoms in a
cluster was 1000 and the energy of a cluster was 5 keV. The size of
sputtered area was 2 mm X 2 mm.

Electron microscopy was employed to characterize the near-surface
microstructure in a cross-sectional view. Samples were sectioned,
fixed in an epoxy and polished with decreasing particle sizes down to
0.05 pm. The Scanning Electron Microscope (SEM) observations and
lamella preparation were performed using ZEISS Auriga Compact in-
struments. Transmission Electron Microscopy (TEM) observations
combining Energy Dispersive X-ray (EDX) elemental analysis were
performed on a Jeol 2000FS TEM/STEM at an acceleration voltage of
200 kV.

3. Results
3.1. Surface morphology and residual stresses
Fig. 3 shows SEM images of the AA5083 surface before and after

sensitization. Regions of grain boundary locally sensitized by the
p-phase have been revealed by etching samples in 8.5 vol% H3PO4 at

¥ C4S ‘
Ehl—y ’

)
L.

Fig. 3. SEM images of AA5083 after being etched in 8.5 vol% H3PO4 at 60 °C for 1 min (a) Rolling plane of as received material with discrete B-phase precipitates
along the grain boundaries and (b) rolling plane of sensitized material with nearly continuous f-phase grain boundary network.
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60 °C for a 1 min period [25]. The non-sensitized surface in Fig. 3a
shows discrete instances of p-phase sensitization outlining individual
grains of the material. In contrast, Fig. 3b shows the boundaries seg-
ments sensitized by the f-phase form a nearly continuous network
through the sensitized specimen. The B-phase precipitates themselves
are expected to remain discrete though densely populated under the
particular sensitization conditions used, each sensitizing a region of the
boundary much larger than their direct footprint [26]. The NAMLT re-
sults point to the sensitized sample being susceptible to IGC which is in
accordance with literature, where the p-phase continuity is the primary
factor behind high DoS [5].

Fig. 4 shows the surface condition of sensitized samples after treat-
ment obtained by SEM using the backscatter electron detector (BSD).
The non-treated surface is shown in Fig. 4a with intermetallic particles
clearly visible. The surface after LSP IR is displayed in Fig. 4b. Slight
deformations of the surface can be observed as a result of the peening
process but no clear structural changes are apparent with the interme-
tallic particles still visible. Fig. 4c and d show the surface condition after
LPwC IR and LPwC SHG, respectively. Both surfaces show distinct recast
morphology as a result of the heat absorption during the laser pulse
impact. The intermetallic particles are no longer visible.

Surface residual stresses measured on both treated and non-treated
samples are shown in Table 3. For the treated samples, the measure-
ment was carried out in 2 perpendicular directions, referred to as
scanning (os) and transversal (o7) with respect to the scanning direction
during the peening process. The highest compressive stresses were
achieved with LSP IR where a protective overlay was used. As expected,
both LPwC samples showed lower compression due to heat affected
recast layer on the surface caused by the laser pulse absorption. It is also
worth noting the direction dependency of stress in the LPwC samples
with higher o7 stresses, consistent with other publications where LPwC
was employed [11,15]. Non-treated samples show negligible compres-
sion in comparison.

3.2. Potentiodynamic testing

Prior to treatment, the effect of sensitization in terms of thermody-
namic stability was evaluated by potentiodynamic polarization

Corrosion Science 194 (2022) 109925

Table 3
Surface residual stress measurement in laser scanning (os) and transversal di-
rection (o).

Sample os (MPa) or (MPa)
AR -28+7 9+17
SE 3+6 -16 £15
SE + LSP IR -170 £ 9 -169 +5
SE + LPwC IR 40+ 2 -149 + 4
SE + LPwC SHG -109 +3 -180+3
-720
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Fig. 5. Potentiodynamic polarization curves of as received and sensitized
AA5083 in 3.5% NacCl solution.

measurement. Fig. 5 shows potentiodynamic curves of as received and
sensitized AA5083 in a 3.5 wt% NaCl solution. Both curves exhibit
similar shape with an offset along the applied potential. The as received
sample displays nobler E ., of —767 mV in contrast to —792 mV of the
sensitized material. The anodic region in both cases is characterized by

Fig. 4. SEM BSD surface images of sensitized samples before and after treatment: (a) non-treated, (b) LSP IR, (¢) LPwC IR and (d) LPwC SHG.
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sharp increase in current density with rising potential. The surfaces of as
received and sensitized samples after the test are shown in Fig. 6a and b,
respectively. Both surfaces display localized pitting attack which is more
widespread in the case of sensitized sample. The lower pitting potential
of the sensitized sample is attributed to galvanic coupling effects along
the exposed B-phase grain boundaries.

Fig. 7 shows potentiodynamic measurements of sensitized samples
under various treatment conditions. E.,, dropped in all cases when
compared to the non-treated sample with the highest drop of 47 mV for
the LSP IR sample. Both LPwC treatments, however, display extended
passivity region with reduced anodic current. In these cases, Ej is shifted
further away from Ecor, exceeding Ep of the non-treated sensitized
sample by more than 20 mV. In contrast, the anodic region stayed
relatively flat for LSP IR although slight indication of passivity may also
be observed. This suggests that the kinetics of the process is controlled
by oxygen diffusion through the porous oxygen film which is more
developed after the LPwC treatment. The widespread pitting attack on
the LSP IR surface (Fig. 6¢) was similar to the non-treated sensitized
sample (Fig. 6b). In contrast, the surface of the LPwC SHG sample
(Fig. 6d) shows more localized pitting which penetrates the transformed
recast layer. The polarization resistance R, of the investigated samples
was determined using the Linear Polarization Resistance method (LPR).
Small voltage variations (+5 mV) were applied around E,, and the
slope of current response was measured. The resultant R, values are
summarized in Table 4 along with other characteristic dissolution pa-
rameters. Smaller electrical current variations and rapid increase in R,
were observed for the LPwC samples. Most notably nearly 50 times
higher R, was measured for LPwC SHG sample when compared to the
non-treated sensitized sample (202.5 kQ versus 4.3 kQ). An increase in
Ry, although much smaller, was also measured with the LSP IR sample.

3.3. Potentiostatic testing

In order to suppress the chloride driven attack, the samples were

Corrosion Science 194 (2022) 109925
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Fig. 7. Potentiodynamic polarization curves of treated sensitized AA5083 in
3.5% Nacl solution.

Table 4
Characteristic dissolution parameters obtained from potentiodynamic curves in
3.5% NaCl solution.

Sample Eorr (mV) Ep (mV) E,, (mV) R, (kQ)
AR -767 -763 -748 1.7
SE -792 -788 -757 4.3
SE + LSP IR -814 -814 -763 20.9
SE + LPwC IR -805 =772 -715 70.1
SE + LPwC SHG -803 -781 -680 202.5

Fig. 6. SEM images of corrosion attack after potentiodynamic test: (a) as received sample, (b) sensitized sample (c) sensitized sample treated by LSP IR and (d)

sensitized sample treated by LPwC SHG.
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polarized at —800 mV vs Ag/AgCl, about 10 mV below E,, of the
sensitized material as determined by the potentiodynamic measure-
ments [27]. The current density measured over time is shown in Fig. 8.
In both non-treated cases, the current density starts in negative values as
expected due to the cathodic polarization. After some time, the current
density of the sensitized samples starts rising exponentially, reaching a
value of 330 pA/cm? over a period of 6 h. On the contrary, the current
density of the as received sample stays close to zero and does not deviate
over time. The surface condition after the measurement is shown in
Fig. 9. The as received sample (Fig. 9a) shows no signs of IGC after 6 h of
immersion. In contrast, the sensitized sample (Fig. 9b) exhibits a distinct
interconnected network of IGC all over the exposed surface area.

When it comes to the treated samples, both LPwC treatments show
significant drop in current density. For LPwC IR, the current density
after 6 h is 80 pA/cm? which is more than four times lower than in the
case of the non-treated sensitized sample. For LPwC SHG, the current
density after 6 h is 5 pA/cm?, which is nearly the same as that of the as
received sample. We can however assume that the current density will
keep on rising albeit at an extremely slow rate when compared to the
non-treated sensitized condition. LSP IR sample with protective coating
showed only a slight improvement with final current density of 267 pA/
cm? although for more than 3 h the curve practically copied that of the
control sensitized sample which indicates that no significant change
took place. This time, the current density starts in positive values as the
LSP treatment lowers E_, and thus the polarization takes place slightly
above E.,r in the anodic region. The surface of LSP IR in Fig. 9c shows
developing IGC network with most seriously corroded area in the mid-
dle. The LPwC SHG sample in Fig. 9d, on the other hand, shows no
observable intergranular features. Instead, the corrosion manifests in the
form of localized surface perturbations.

3.4. Electrochemical impedance measurement

The results of electrochemical impedance spectroscopy (EIS) are
presented in the form of Bode and Nyquist plots in Figs. 10 and 11,
respectively. The measurements were taken at a polarization potential of
— 800 mV vs Ag/AgCl in 3.5 wt% NaCl which was shown to successfully
isolate IGC from pitting corrosion. The Bode plot in Fig. 10 includes both
the absolute impedance |Z| and the phase shift of all 5 studied condi-
tions, two of them being without and three with treatment. Two time
constants can be distinguished, one in the high frequency range
(~20-100 Hz) and one in the low frequency range (0.1-0.3 Hz). In the
high frequency range, the plot indicates higher |Z| for treated samples

350 +— E—
E " —SE
300927\ — SE+LSPIR
i za \ SE + LPwC IR
é 25048 | . | | ——SE+LPWCSHG
5 - 8 , W
a 0 200 400 600 800 1000
» Time (s)
f e
S 150-
c
2 1004
)
(@) Li,»"')
50
o |
T T T T T
0 1 2 3 4 5 6

Time (h)

Fig. 8. Current density during potentiostatic polarization at —800 mV vs Ag/
AgCl electrode of non-treated and treated AA5083 in 3.5% NaCl solution.
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with protective coating as well as non-treated samples, both as received
and sensitized. However, as we approach lower frequencies (< Hz), the
trend is reversed and higher |Z| is achieved with both LPwC conditions,
LPwC SHG in particular. In contrast, specimens processed by LSP IR fall
more than an order of magnitude behind. The phase angle shift data
shows significant phase angle peak broadening for both LPwC condi-
tions while the regular LSP IR peak narrows in comparison with the non-
treated conditions. The peak broadening is indicative of a stable pro-
tection barrier spread across wider frequency range [20]. The Nyquist
plots presented in Fig. 11 are in the form of semicircles with centers
depressed below the x-axis. It can be seen that the LPwC specimens
display higher resistance, represented by wider arc, when compared to
the non-treated specimens. The LSP IR condition with protective coating
shows the smallest arc, indicating lower resistance when compared to
the rest of the tested conditions.

An impedance plot obtained for a given electrochemical system can
be modeled by one or more equivalent electrical circuits [28] where the
appropriate model gives a reasonable fit with the least amount of circuit
components. In this case, an equivalent electrical circuit model
Rs(Qc(Rpo(QaiR.))) was used based on the work of several authors [19,
29,30] who proved it to be adequate for modeling of aluminum corro-
sion. The model comprises two time constants as previously indicated by
the potentiodynamic measurements and by the Bode and Nyquist plots.
The high-frequency time constant is related to the reactions at the outer
interface (RpoQc), i.e. the porous oxide film and electrolyte where Ry,
represents the film pore resistance and Q. the film capacitance or con-
stant phase element CPE. CPE is used to signify the possibility of a
non-ideal capacitance with a varying n. The factor n is within the range
of 0 <n <1.Whenn = 1, Q describes an ideal capacitor. The value of n
is related to the electrode roughness and heterogeneities [31]. The
second time constant at low frequencies (R.Qq) is attributed to the
charge-transfer reaction at the metal surface (inner barrier), in the base
of the oxide film pores where R, and Qg represent the charge transfer
resistance and double layer capacitance, respectively. The electrolyte
resistance is denoted by R;. A good fit of the experimental data was
achieved and the results are shown in Table 5.

According to the data, the combined resistance Rs+Rpo+R.; of the
LPwC SHG treatment increased more than 3 times (178 + 16 kQ) when
compared to non-treated sensitized sample SE (58 + 24 kQ). This sug-
gests that the underwater treatment increased both the quality of the
oxide film (Rp,) as well as the passivity of the transformed layer below
(R.). Lower R of the non-treated and LSP IR specimens generally in-
dicates an increase in the metal area in contact with the electrolyte,
denoting the penetration of water molecules, oxygen anions through the
porous film, and the corrosion activity on the metal surface [32]. The
large difference between LPwC IR (33 £5kQ) and LPwC SHG
(87 £ 38 kQ) in Ry, is attributed to the surface oxide film quality which
tends to be more uniform in case of underwater treatment. These results
are in good agreement with the potentiodynamic measurements from
Fig. 7. On the other hand, LSP IR underperformed heavily when
compared with the non-treated SE condition, with the combined resis-
tance of only 8.0 + 0.2 kQ. This result suggests that the treatment with
protective coating in this case does have a negative effect on the oxide
film. The discrepancy between this result and the higher R, value
compared to SE sample (Table 4) can be attributed to the anodic
dissolution of LSP IR polarized at —800 mV vs Ag/AgCl during EIS.

The highest Q. was achieved with LPwC IR which suggests increased
surface porosity and heterogeneity. In contrast, lower Q. of LSP IR
compared to the non-treated SE sample points to more homogenous
surface layer after laser treatment with protective coating. In addition,
Qg of the treated samples was significantly lower when compared to the
non-treated samples. The decrease in Qg of the metal surface/solution
interface after laser treatment is probably an outcome of lower ion
adsorption due to more difficult penetration of water molecules, oxygen,
and Cl ions [19,33]. The values of n-Q.; and n-Qq are in the range of
0.94-1.00; hence Q. and Qg can be considered approximately as a pure
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Fig. 9. Optical microscope images of AA5083 after potentiostatic polarization at —800 mV vs Ag/AgCl for 6 h: (a) as received, (b) sensitized sample with developed

IGC network, (c¢) LSP IR, (d) LPwC SHG.
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Table 5

Electrochemical parameters obtained from EIS spectra.
Sample R, (Q cm?) Rpo (kQ cm?) R (kQ cm?) Q. (uF cm™2) n-Q. Qq (UF em™2) n-Qq
AR 4.0 21+1 20+ 5 50+0.1 0.95 53.0+4.1 1.00
SE 3.7 36 +2 21 + 24 7.0 £0.2 0.94 75.0 £ 21.9 1.00
SE + LSP IR 4.2 0.1+0.1 7.9 £0.2 40+15 0.95 1.0+1.5 0.94
SE + LPwC IR 3.2 33+5 87 + 38 11.0+0.3 0.96 15.0 + 1.7 0.95
SE + LPwC SHG 3.8 80+8 98 + 14 7.0+0.1 0.97 7.0+ 1.2 0.96

capacitors.

3.5. XPS analysis

Spectra of Al 2p were measured and fitted with Gaussian functions to
distinguish between states corresponding to different bonding energies.
The ratio of areas inside the recorded peaks then represents the ratio of
corresponding components present in the material. The two main
components revealed were Al-oxide Al,O3 at 75.7 eV and Al-metallic at
72.5 eV. One of the spectra, specifically LPwC SHG at 10 nm, is shown in
Fig. 12a. Other spectra are similar, with varying ratios of the Gaussian
areas. The ratios of calculated areas of AloO3 oxide to metallic Al in Al 2p
spectra are plotted in Fig. 12b. Each sample condition is represented by
2 columns, one with no argon sputtering representing the sample surface
and second after 20 min of sputtering which corresponds to a depth of
10 nm. Both non-treated conditions show a similar ratio of the oxide and
metallic Al on the surface. At the estimated depth of 10 nm, the amount
of Al,O3 decreases with depth due to less oxygen molecules being pre-
sent further away from the surface. This drop is more pronounced with
the as received sample at 85-78% as opposed to the 83-81% of the
sensitized sample. In the case of treated samples, the largest difference
can be observed with the LPwC samples. The amount of Al-metallic was
halved when compared to the non-treated conditions while the amount
of AlyO3 increased correspondingly. LSP IR showed no increase in Al-
oxide but rather the lowest amount of all the conditions tested with
82% on the surface and 76% at 10 nm.

3.6. Microstructure analysis
Near-surface cross-section SEM images of the treated specimens are

shown in Fig. 13. The smooth LSP IR surface in Fig. 13a contrasts with
the LPwC SHG surface in Fig. 13b where a recast layer approximately

(a)

Al O,
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— Area 90%
=
8
&= Al
Q (72.5 eV)
ko Area 10%
C

79 78 77 76 75 74 73 72 11

Binding energy (eV)

(b)

Al 2p spectra (%)

2-3 um thick with a modified oxide layer on top can be observed. The
etched cross section of the LSP IR sample (Fig. 13c) further reveals
B-phase sensitized grain boundaries in very close proximity to the sur-
face. In case of the etched LPwC SHG sample (Fig. 13d), however, the
sensitized boundaries are shielded from the surface by the recast layer
that was generated during the laser pulse interaction when no protective
coating was applied.

Fig. 14 provides a closer look at the near-surface cross-section of the
sensitized material without treatment. The TEM image in Fig. 14a shows
that the polishing process creates fine flat grains up to a depth of about
100 nm. These grains are divided into several subgrains containing high
dislocation density. Underneath, larger grains are also heavily deformed
as a result of the manufacturing process. Fig. 14b and c then show the
Mg precipitates distribution both in coarse isolated particles as well as
dense coverage on the grain boundary. The subgrains are subjected to
large stress with high dislocation density homogeneously distributed in
the volume with Fe and Mn precipitates present.

When the plate was treated with the protective coating applied (LSP
IR), most of the grains near the surface were refined (Fig. 15a). The
newly formed subgrains contain high dislocation density (Fig. 15c) and
the affected zone reaches up to 300 nm below the surface. There is no
grain boundary p-phase in this region (Fig. 15b), however, below this
region the structure is the same as in the initial sensitized state. This
means that the shock wave induced plastic deformation can dynamically
change the microstructure only to a limited depth. The presence of Mg
enrichment at the boundary of this refined layer is interesting, as well as
the morphological transition of the p-phase to what appears to be a
smooth film, as opposed to the less uniform thickness observed in
Fig. 14b that is typical of a densely populated but largely discrete
B-phase coverage viewed in transmission. The limited area of the TEM
sample, however, makes it hard to discern how prevalent this phe-
nomenon is.
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Fig. 12. XPS analysis of bonding energies: (a) Al 2p spectrum of LPwC SHG at a 10 nm depth and (b) the ratio of Al-metallic and Al-oxide of non-treated and treated

specimens at 0 nm and 10 nm depth.
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shielded
B-phase

Fig. 13. SEM cross section images of treated sensitized AA5083: (a) LSP IR, (b) LPwC SHG with recast layer and modified oxide layer visible, (¢) LSP IR with -phase

visualized, (d) LPwC SHG with B-phase visualized and shielded from the surface.
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Fig. 14. Cross-section images of near-surface area of sensitized AA5083 with no treatment applied: (a) TEM of the surface layer deformed by polishing, (b) STEM

image of particles near the surface and (c) distribution map of selected elements.

The microstructure observed in the surface region of the LPwC SHG
sample (Fig. 16) is very different from that of both non-treated and LSP
IR samples. First, a nearly 2-3 ym wide recast surface layer is present
(Fig. 16a) which is quite different from that of the base material beneath
this region seen below the white dashed line in the TEM image. The
B-phase precipitates that appear dark in the BF image and brighter in
STEM EDS Mg map in Fig. 16b have been taken back into solution in the
melted and recast layer that appears in a uniform gray contrast; the
STEM EDS map in Fig. 16b reveals the p-phase distinctively, but also that
the Mg is evenly distributed in the recast layer. The second remarkable
feature is the presence of numerous nanoparticles of varying size
embedded within this layer. Very recent work on LPwC of Al7075-T6
alloy has determined that these are oxygen-rich aluminum nano-
particles [34], and possible mechanisms for their formation have been
discussed. The recast layer and the layer below are also marked by a
heavily deformed structure with high dislocation density and subgrain
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boundaries (Fig. 16a and c). This microstructure reaching into the depth
is the result of shock-assisted deformation. Overlapping laser spots result
in heterogeneous thermal and mechanical conditions, which conse-
quently lead to further increase in dislocation density and less defined
subgrains. These subgrains are kept under stress caused by rapid solid-
ification and by compressive residual stresses. Since the LPwC SHG
sample was processed in water environment without protective coating,
the aluminum nanoparticles in Fig. 16a are enriched in oxygen. The
melting/solidification and thermomechanical deformation mechanism
during LPwC led to dissolution of $-phase precipitates at original grain
boundaries and more uniform distribution of Mg in solution in the recast
surface layer (Fig. 16b), as well as their break-up into coarser pre-
cipitates in the matrix regions below (Fig. 16c).
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high
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Fig. 15. Cross-section images of near-surface area of sensitized AA5083 after LSP IR treatment: (a) STEM of LSP induced subgrains, (b) Mg distribution in the surface
region and (c) TEM showing detail of the subgrains with high dislocation density.
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Fig. 16. Cross-section images of near-surface area of sensitized AA5083 after LPwC SHG treatment: (a) TEM showing the uniform solid solution recast layer with
embedded oxygen-rich Al nanoparticles, (b) Mg map of the recast layer and (c) STEM of coarse p-phase precipitates under the recast layer.

4. Discussion

While the LSP technology is predominantly employed to prolong
fatigue lifetime of aluminum alloys by generating compressive residual
stresses [16,35-38], both the results of the present work and previous
reports indicate that the corrosion performance can also be improved.
Our findings show that while all the LSP based treatment methods used
in this work generate plastic strain and compressive residual stresses
(Table 3), the effect on corrosion resistance varies depending on
whether an ablative overlay is applied or not, with other processes that
affect the near-surface microstructure such as melting, solidification,
surface oxide formation and grain refinement also playing significant
role. In general, corrosion behavior of aluminum alloys is determined by
the behavior of the surface oxide film, notably its degree of hydration
and porosity [39]. The film forms either naturally or through thermo-
dynamic processes. In spite of the LSP IR sample displaying the highest
combined compressive stresses, the process is purely mechanical and
thus no modified oxide layer is generated. Although some improvement
was observed in Ry, (Table 4), the data suggests that the character of the
oxide film stayed mostly unchanged when compared to the LPwC
treatments. This is further supported by the XPS analysis (Fig. 12b)
where similar or slightly lower amount of aluminum oxide compared to
non-treated samples was detected. Instead, the grains to about 300 nm
depth are refined (Fig. 15a) which is consistent with other publications
which showed that the thickness of the LSP refined aluminum micro-
structure is usually only about 200 nm [17,40,41]. Despite no p-phase
being present around the newly formed grain boundaries (Fig. 15b), the
potentiostatic measurement in Fig. 8 suggest that this newly refined
layer does not have an effect on IGC. This could be possibly due to low
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thickness of the refined layer since according to Seong et al. [27], 1 um
thick altered layer with refined grains is already sufficient to affect IGC.

During the LPwC treatment, on the other hand, the direct interaction
between the nanosecond laser pulse and the aluminum alloy surface
under a water confinement creates a modified oxide layer and under-
lying transformed recast layer with a microstructure composed of a
supersaturated Al solid solution free of B-phase precipitates, combined
with a high dislocation density. These features are the result of the
combined effect of thermal (melting/solidification) and high pressure
severe plastic deformation as the pressure and temperature present are
in the order of GPa [22,42] and thousands of °C [43], respectively. The
presence of the modified oxide layer is supported by the XPS analysis
(Fig. 12b) where higher amount of aluminum oxide was detected as well
as by potentiodynamic measurements (Fig. 7) where larger regions of
passivity were observed. R, after LPwC treatment was significantly
increased which is in accordance with literature [19,20,44] where the
improved corrosion characteristics of aluminum were attributed to
modified oxide layer resulting from the LPwC process. Furthermore, the
microstructure analysis gave evidence for p-phase free Al solid solution
with high dislocation density layer beneath (Fig. 16). The 2-3 pm thick
recast layer acts as a shielding barrier between the underlying f-phase
and the electrolyte (Fig. 13d). This resulted in significantly lower IGC
current measured during the potentiostatic test (Fig. 8) and higher
resistance in the EIS analysis (Table 5). Furthermore, the recast layer
being a uniform solid solution free of -phase precipitates along the
grain boundaries considerably minimizes galvanic coupling effects,
mitigating early pitting by the electrolyte. Lastly, the increased rough-
ness of treated samples means that the area exposed to the electrolyte is
actually higher than area of the non-treated samples. This means that the
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corrosion current density of treated samples should objectively be even
lower than presented here which further supports the conclusion of
positive impact of LPwC.

5. Conclusion

In this work, the effect of LSP and LPwC treatment on IGC of sensi-
tized AA5083-H116 was investigated. Three distinct peening configu-
rations were used, one with protective overlay and two without which
were further separated by different water confinement. The specimens
were subjected to a series of electrochemical tests and microstructural
analysis. The following conclusions can be made:

1) Compressive residual stresses were found on the surface of all treated
specimens together with a modified microstructure. The highest
compressive stresses (—170 MPa) were achieved by LSP with pro-
tective coating.

Laser plasma interaction with the aluminum surface associated with
the LPwC process creates p-phase free, supersaturated Al solid solu-
tion recast layer with a modified oxide layer on top in the treated
area. This leads to the creation of a passive region with significantly
lower anodic current in the potentiodynamic measurement.

The modified oxide layer and the 2-3 um thick p-phase free recast
layer from the LPwC treatment shield the underlying p-phase regions
from the electrolyte which results in significantly reduced IGC cur-
rent during potentiostatic measurements, most notably for LPwC
performed underwater.

Despite 300 nm of refined microstructure caused by LSP with no
grain boundary p-phase present, the low thickness is not sufficient to
protect the specimen against IGC.

EIS measurements showed significantly improved corrosion resis-
tance for both LPwC specimen while LSP treatment with protective
coating showed reduction in corrosion resistance when compared to
the non-treated sample.

2

—

3

-

4

-

5)

We have shown that the LPwC treatment, especially underwater, has
a positive effect on suppressing IGC in sensitized AA5083. Combined
with the added benefit of deep compressive residual stresses, LPwC
could be a promising technique in combating IGSCC in the marine in-
dustry. Future steps could possibly involve more detailed investigation
into the underwater LPwC treatment specifically with more varying
parameters taken into account.
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