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The effect of shock waves and strain hardening of laser shock peening without protective coating (LSPwC) on alloy AA 6082-
T651 was investigated. Analysis of residual stresses confirmed high compression in the near surface layer due to the ultrahigh
plastic strains and strain rates induced by multiple laser shock waves. Corrosion tests in a chloride environment were carried out to
determine resistance to localised attack, which was also verified on SEM/EDS. OCP transients confirmed an improved condition,
that is, amore positive and stable potential after LSPwC treatment.Moreover, polarisation resistance of the LSPwC treated specimen
was by a factor of 25 higher compared to the untreated specimen. Analysis of voltammograms confirmed an improved enhanced
region of passivity and significantly smaller anodic current density of the LSPwC specimen compared to the untreated one.Through
SEM, reduction of pitting attack at the LSPwC specimen surface was confirmed, despite its increased roughness.

1. Introduction

Aluminium alloys of Al-Mg-Si system (6xxx series) are fre-
quently used in industrial applications due to their low den-
sity, favourable mechanical properties, and high corrosion
resistance [1, 2]. Surface integrity and corrosion resistance
play a major role in the stability of mechanical parts exposed
to work under demanding conditions. However, despite
the general high corrosion resistance of aluminium alloys,
localised corrosion attack in aggressive environment often
occurs. Especially in chloride environment, precipitation
hardened Al alloys tend to show increased susceptibility to
pitting corrosion and stress corrosion cracking [3, 4]. There-
fore, an adequate surface protection is frequently essential
and is usually provided by various types of coatings [5–
7] or in cases in which mechanical and microstructural
enhancements are required, with different surface engineer-
ing processing techniques. In recent years, laser processing
methods, such as laser surface remelting [4, 8] and laser shock
peening [9, 10], have attracted interest because of their ability
to improve the characteristics of aluminium alloys.

Laser peening (LSP) is an innovative surface treatment
that is mostly applied to improve fatigue strength and fatigue
crack initiation life through the creation of compressive
residual stresses in the surface layer [11–13]. The basic idea
of laser driven shock waves was first recognised and explored
in the early 1960s [14]. When processing the material surface
with an intense laser pulse with appropriate characteristics,
the material’s surface is vaporised and reaches temperatures
of 104∘C ormore, which produces plasma. Plasma confined in
water produces shock impact waves, which, in turn, produce
considerable densification of dislocations and generation of
compressive residual stresses of high gradient [15]. Chu et
al. [16] validated the dislocation density after laser peening
using an empirical equation. The results confirmed laser
peening as a potential method of obtaining a high density of
dislocations for improving fatigue resistance. Lavender et al.
[17] confirmed the beneficial effect of laser peening on the
life of a cold pilger die, due to deeper compressive residual
stresses.

In practice, LSP has already been shown to produce
higher compressive residual stresses andmuch greater depths
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Figure 1: (a) Microstructure and (b) fractography of the investigated aluminium alloy.

comparable to conventional shot peening (SP) [18]. In addi-
tion, after the SP process, the surface of the metal component
can be damaged and distorted, while after LSP the surface of
the treated component is essentially unaffected [19]. Hatam-
leh et al. [9] confirmed the lower corrosion susceptibility of
laser peened friction stir welded 7075 aluminium joints in
a 3.5% NaCl solution. Sano et al. [20] also confirmed the
applicability of LSP to improve stress corrosion cracking.
Trdan et al. [2, 21] concluded that there was a lower pit density
on LSP-ed 6xxx aluminium alloys after anodic polarisation
corrosion tests. Garćıa-Alonso et al. [22] confirmed that the
lower roughness of alumina film Al2O3 enables enhanced
corrosion resistance with higher pitting/breakdown poten-
tial. Moreover, Lee et al. [23] determined that there was
improved corrosion resistance in a chloride medium after
ultrasonic peening due to the decreased roughness compared
to the as-received specimen.

In this paper, we present laser shock peening without
protective coating (LSPwC) effects on the surface integrity
and corrosion resistance of 6082 aluminium alloy. We first
quantified the degree of strain hardening effects of LSPwC
using surface roughness and residual stress analysis. Further-
more, corrosion resistance in aggressive chloride environ-
ment was evaluated using open circuit potential (OCP) mea-
surements, micropolarisation (LPR), and linear voltammetry
measurements. Surface condition after corrosion tests was
also characterised using an SEM.

2. Experimental

For the study, specimens of aluminium alloy AA 6082-T651
were cut into 8mm thick discs from a 40mmdiameter drawn
rod. The heat treatment T-651, which consists of solution
heat treatment (540∘C) and artificial ageing at 160∘C (10 h),
produced a microstructure with a large number of phase
precipitates, that is, intermetallic particles, which increases
the material hardness and strength.

Table 1: EDS results/chemical composition of the precipitates
(wt%).

Area Mg Si Pb Mn Fe Cr Zn Cu Al
C — — — 0.35 0.24 — — — bal.
D — — — 0.49 0.42 — 0.63 0.32 bal.
E 0.40 0.55 — 0.60 0.21 — — — bal.

Microstructure analysis and the chemical composition of
the precipitates were established using an SEM JEOL JXA-
8600M using three EDS spectrographs for a microchemical
analysis (Figure 1 and Table 1).

Laser surface treatment was carried out using themethod
of closed ablation without protective coating (LSPwC), with
Q-switched Nd:YAG laser of 1064 nm and a power density
of 10.75GW/cm2. A pulse density of 900 pulses/cm2 was
equivalent to final cumulative fluence of 1.71 kJ/cm2. Pulse
duration of 10 ns (FWHM) and a repetition rate of 10Hz were
chosen. A schematic presentation of the LSPwC process is
given in Figure 2.

Prior to and after LSPwc treatment, the surface integrity
was characterised by investigation of the surface topography
and microstructure using an Olympus SZX-10 and a Meiji
MT-7100 microscope, respectively. Afterwards, the surface
profile and roughness measurements were conducted with a
profile meter Surtronic 3+ Taylor/Hobson Pneumo using a
unified Gaussian filter (𝜆𝑐 = 0.8mm).

Residual stresses (RS) were measured in accordance with
ASTM E 837 standard [24], where strain gages CEA-06-062-
UM along with RS-200 Milling Guide, Vishay Measurement
Group, were used. Strains measurements were performed
by incremental hole drilling measurements, increment being
0.1mm, whereas 10 measurements were performed. In order
to obtain reliability of the measurements, two separate mea-
surements were performed on both untreated and LSPwC
specimens, respectively. The final RS profile was determined
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Figure 2: (a) Experimental LSPwC set-up; (b) generation of confined plasma during LSPwC and (c) schematic presentation of the LSPwC
surface scan/sweep.

by the integral method, using H-drill version 3.10 software
[25].

This method enables low sensitivity to experimental
errors and high resolution of calculated residual stresses.
Despite usage of incremental drilling of 0.1mm and the
first strain measurement obtained at this depth, the integral
method provides first RS data on a specific depth of 33𝜇m.
Nevertheless, thismethod is the right choice whenmeasuring
rapidly varying residual stresses and provides a separate
evaluation of residual stress within each increment of depth
used during the hole drilling measurements [26]. However,
the sensitivity of the calculated stresses is also themost severe.
Therefore, according to H-drill recommendation automatic
smoothing was chosen with the Tikhonov regularisation
scheme to enhance stability and resistance to experimental
errors and stabilisation of the Integral Method stress calcula-
tion [25].

An investigation of corrosion behaviourwas conducted in
a 35 g/LNaCl solutionmade fromdistilledwater (pH 7, 23∘C).
Before the tests, the samples were carefully cleaned in alcohol
and deionised water for 3min each and pretested to ensure
the repeatability of the measurements. The electrochemical
characteristics were evaluated using a potentiostat Voltalab
21, Radiometer Analytical, and three-electrode CEC/TH cell
with a Pt counter and a reference calomel electrode (SCE =
+244mV versus SHE). In order to stabilise the surface, the
specimens were immersed in the medium for 60min during

which the open circuit potential (OCP) was monitored.
Afterwards, micropolarisation (LPR) tests were performed
by disturbing the system with ±20mV versus 𝐸corr at a
scan rate of 0.1mV/s. Afterwards, linear voltammetry was
started at a potential of −1800mVSCE, which was shifted
up to −500mVSCE at 10mV/s. These potential ranges were
chosen in order to observe cathodic corrosion phenomena
at lower potentials. Final validation of the surface condition
after corrosion was performed using a scanning electron
microscope equipped with EDS microanalysis hardware.

3. Results and Discussion

3.1. Surface Roughness. Microsection comparison in both
of the longitudinal (𝐿) and transverse (𝑇) directions of
the LSPwC surface sweep (Figure 3) showed rather simi-
lar surface conditions in both directions. However, higher
coincidental deviation of the surface profile was obtained
in the transversal direction of the laser beam movement.
The calculated crater depth (peak-to-peak amplitude) after
LSPwC treatment was similar in both directions, that is,
12 ± 4.24 𝜇m in the 𝐿 direction and 18.5 ± 2.12 𝜇m in the
𝑇 direction, respectively. However, the crater area was about
220𝜇m2 larger in the 𝑇 than in the 𝐿 direction (1088.12𝜇m2
versus 867.92 𝜇m2).

Due to the preliminary preparation of the specimens
with a cutter and the LSPwC surface sweep direction, it
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Figure 3: Presentation of LSPwC surface scan and microsection of LSPwC treated sample with resulting surface profile.
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Figure 4: Hole drilling principal residual stresses—𝜎RS.

Table 2: Surface roughness results.

𝐿 direction 𝑇 direction
Untreated 0.72 0.81
LSPwC 3.74 6.00

was decided to establish surface profiles in the longitudinal
(𝐿) and transverse (𝑇) directions by mean values of the
arithmetic roughness, 𝑅𝑎𝐿 and 𝑅𝑎𝑇, using three profile
measurements.The results of surface roughness are presented
in Table 2.

The roughness(𝑅𝑎) of theuntreated specimenwithout laser
peening was 0.72 𝜇m in the 𝐿 direction and 0.81 𝜇m in the 𝑇
direction. After LSPwC treatment, 𝑅𝑎 increased to 3.74𝜇m
in 𝐿 direction and 6.00 𝜇m in 𝑇 measurement direction.

The increase in surface roughness at the LSPwC specimen
is a consequence of numerous laser-beam interactions with
the specimen surface due to pulse overlapping and the
cumulative action of induced plasma and shock waves at the
interaction point [15].

3.2. Residual Stresses. Theprincipal residual stresses (RS) as a
function of depth are shown in Figure 4. The principal resid-
ual stresses 𝜎max and 𝜎min represent the stress component
in the longitudinal (𝐿) and transverse (𝑇) directions of the
LSPwC-scan, respectively. The residual stresses in the initial
state specimen were about the same in both longitudinal and
transverse directions, and they ranged from +47 ± 15MPa to
−21 ± 7MPa.

Analysis of the principal RS after LSPwC treatment
has shown a predominantly compressive character. It was
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Figure 5: Open circuit potential (𝐸ocp = 𝑓[𝑡]) curves in 35 g/L NaCl
solution.

observed that in the case of LSPwC treatment 𝜎max and
𝜎min changed to the tensile state after reaching depths of
approximately 620𝜇m and 770 𝜇m, respectively.

Thus, higher hardening depth (higher compression) due
to shock waves was obtained with minimal principal stresses,
that is, in the 𝑇 direction of the LSPwC sweep direction.
Furthermore, the highest compressive RS at the near surface
(33 𝜇m) after LSPwC were obtained in the transverse, that
is, advancing direction 𝜎min = −407 ± 81MPa. Afterwards,
a constant decrease with a constant gradient is observed up
to a final depth of 967 𝜇m. Due to excessive shock wave
pressure at the specimen’s surface, the highest compressive RS
exceeded the “quasi” static tensile strength (𝜎𝑚 = 327MPa)
of the basematerial. Furthermore, it was observed that higher
compressive RS are achieved in the transverse direction
throughout analysed depth. Similar RS results were obtained
in our previous publications [2, 27] and are consistent with
the results of other publications [20, 28, 29].

3.3. Corrosion Analysis. In order to evaluate the surface
conditions and to characterise the modification of the oxide
layer due to plasma ablation of the LSPwC specimen treated
with 900 pulses/cm2, no additional grinding or polishing of
the surfaces was performed. From theOCP transients (𝐸ocp =
𝑓[𝑡]) in Figure 5, it is obvious that the untreated specimen
exhibits more negative values compared to the LSPwC spec-
imen. Moreover, relatively stable and higher potential values
are obtained after LSPwC, indicating an equilibrium state at
which the rate of oxidation (𝐼Ox) equals that of reduction
(𝐼Red). More stable and more positive behaviour after LSPwC
treatment is most likely attributed to the formation of a
modified aluminium oxide and nanostructure in the treated
area that enhances the material’s corrosion resistance and
mechanical properties [2].

The results of the micropolarisation test at an applied
potential ±20mV versus 𝐸ocp are shown in Figure 6. The
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Figure 6: Micropolarisation curves of the untreated and LSPwC
specimen.

results confirmed a smaller variation in electrical current
for the LSPwC specimen, indicating higher polarisation
resistance. Micropolarisation showed good correlation with
the OCP measurements, indicating the strong influence of
preliminary LSPwC surface treatment. Moreover, the results
confirmed almost 25 times higher polarisation resistance of
the LSPwC treated specimen compared to the untreated one
(95.86 kΩ versus 3.89 kΩ).

The results presented in this study are consistent with
other studies. For example, Peyre et al. [30] confirmed the
ennoblement of 𝐸ocp by means of an anodic shift after LSP
treatment, whereas more stable 𝐸ocp values were observed in
the untreated specimen, suggesting faster stabilisation of the
passive film due to better surface homogeneity. However, in
their investigation, an ablative protective coating was used,
which caused only a pure mechanical effect of LSP (shock
waves), that is, no thermal effect, which modifies the thin
surface film of the processed part. In the present study, LSP
was performed without a protective overlay (LSPwC) on the
surface of the processed specimens. Thus, heat generated
from the laser pulses affects the surface state due to surface
melting and plasma ionisation. Pariona et al. [8] also reported
similar results of nobler corrosion potential with enhanced
polarisation resistance after laser surface melting of Al–
1.5 wt.% Fe alloy. Another similar observation was reported
by Yue et al. [31], where the effect of laser surface treatment
was investigated for 7075 Al alloy.The results demonstrated a
chemically stable phase after laser treatment, which protected
the matrix against corrosion.

Figure 7 shows linear voltammograms of the untreated
and LSPwC treated specimen, where the scanning cycle of
potentials started at −1.8VSCE and extended up to the anodic
value of −0.5VSCE with a scan rate of 10mV/s. Voltammetry
techniques are efficient and versatile electrochemical tech-
nique, which are used in the study of systems that involve
reactions of reduction-oxidation in electrolytic solutions
[32]. Voltammograms for both untreated and LSPwC treated
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Figure 7: Linear voltammograms of the untreated and LSPwC treated specimen.

specimens confirmed a relatively high cathodic current
(−14mA/cm2) at the stating potential of −1.8VSCE. After-
wards, a sharp decrease occurred due to formation of Al-
oxide at the specimen’s surface at the potential near −1.6VSCE
where the current density was practically zero, which is
characteristic of a passivity plateau.The current density in the
forward anodic scan in the passive region stayed practically
unchanged up to −0.782VSCE for the untreated specimen.
However, in the case of the LSPwC treated specimen, the
region of passivity greatly increased, that is, up to a potential
of −0.64VSCE. The rapid increase in the subsequent anodic
potential represents the transpassive region, which is directly
associated with the dissolution of Al alloy.

Apparently, despite increased roughness, the LSPwC
treated specimen exhibited an improved and extended
region of passivity, indicating improved corrosion resistance
compared to the untreated specimen. Furthermore, the
anodic current at ending potential (−0.5VSCE) was 4 times
lower after LSPwC treatment (34.46mA/cm2 versus 8.61mA/
cm2). Moreover, one should note that since laser treatment
increased surface roughness, the active surface exposed to the
medium was in fact larger than 1 cm2. Hence, the corrosion
current density and corrosion rate of LSPwC treated speci-
men are in fact even smaller. As seen in Figure 8, the localised
pitting attack is present in both specimens; nevertheless the
intensity of pitting attack is more severe in the untreated
one, with intense, widespread pitting attack. The pit shape
in the untreated sample is mostly “semi-” circular or “semi-”
elliptical (Figure 9), with diameters in the 100–300 𝜇m range.
However, after LSPwC treatment, significant modifications
are obtained, with only a few smaller hemispherical anodic
pits being observed.

It should be noted that cathodic corrosion and the
accumulation of OH− ions occur at potentials more negative
than −1130mVSCE, with pitting attack presented in the form
of bright surface craters [33]. From all of the abovementioned,

it is clear that LSPwC treatment clearlymakes the penetration
of water molecules, oxygen, and Cl− ions more difficult
due to the development of compressive residual stresses
in the near surface and an improved passive/oxide film
after LSPwC treatment. Moreover, more positive corrosion
potential, higher 𝑅p, and an extended region of passivity
with reduced anodic current indicate a lower advance of
corrosion in the LSPwC specimen in an aggressive chloride
environment.

Peyre et al. [34] confirmed the anodic potential shift as
a result of LSP surface modification, with better resistance to
pitting attack. Krawiec et al. [35] confirmed an increase in the
charge transfer and oxide film resistances at sites containing
the matrix due to compressive residual stresses during the
LSP process. Furthermore, in another study, Peyre et al. [30]
showed that laser peening of 316L steel increased the content
of C, O, and H by as much as 50–100% up to 0.4 𝜇m below
the surface. It was suggested that the compressive residual
stresses induced after LSP affect construction and growth of
the passive film, indicating improved corrosion resistance.

Figure 10 shows the surface morphology of an untreated
specimen after corrosion tests and the results of EDS analysis
at point A. After breakdown of the passive layer, there is a
pitting attack on both specimens due to dissolution of the
anodic (negative) intermetallic particles. Panagopoulos et al.
[36] reported the presence of twomain intermetallic particles
in the 6082 alloy, that is, the Si phase (−170mVSCE) and
Mg2Si phase (−1190mVSCE).

In our study, EDS analysis of the microstructure
(Figure 1) showed three second-phase intermetallic particles.
The first intermetallic particles of the smallest diameter
consisted of Al𝑥(Mn, Fe), the second consisted of Al𝑥(Zn,
Mn, Fe, and Cu), and the third consisted of Al𝑥(Si, Mn,
Mg, and Fe). Thus, it is evident that the localised corrosion
attack in the form of a corrosion product is the result of
cathodic corrosion at point A and localised dissolution of
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second-phase particles Al𝑥(Si, Mn, Mg, and Fe) at point
B (Figure 10). The potential difference between the anodic
particles Al𝑥(Si, Mn, Mg, and Fe) and the surrounding Al
matrix leads to local dissolution of the anodic particles. In
the presence of smaller Al𝑥(Mn, Fe) and Al𝑥(Zn, Mn, Fe, and
Cu) particles, which are cathodic to the 6082 alloy matrix,
the corrosion process is just the opposite. As the potential of
these two particles is nobler than the matrix, the Al matrix
is preferentially corroding in an aggressive NaCl solution.
Owing to distinctive local alkalisation, dissolution of the Al
matrix occurs in the area of the more noble second-phase
particles [37–39].
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Figure 10: Untreated specimen’s surface after corrosion and EDS
results for point A.

4. Conclusion

LSPwC surface treatment has turned out to be an effective
method of inducing compressive residual stresses in the
near surface layer of investigated Al alloy, with higher
stress values in the advancing laser scan direction. However,
surface roughness after LSPwC increased as a consequence
of numerous laser ablation, plasma, and shock waves on the
treated surface.

OCP transients confirmed more positive and stable
potential values of the LSPwC treated specimen, indicat-
ing improved corrosion resistance. In addition, polarisation
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resistance of the LSPwC treated specimen in an aggressive
chloride environment was up to 25 times higher compared
to the untreated specimen. Voltammetry tests confirmed
the improved characteristics after LSPwC, showing a larger
region of passivity, a smaller transpassive region, and excep-
tionally reduced anodic current density compared to the
untreated specimen.

Localised pitting corrosion attack was observed in both
the untreated and LSPwC treated state. However, despite the
increased roughness of the LSPwC specimen the extent of
passivity occurred and localised pitting attack was reduced,
which confirmed improved corrosion resistance. Improved
resistance to localised corrosion is attributed to the trans-
formed oxide film created due to ablation of the specimen
surface during the laser peening process and high com-
pressive residual stresses, both of which hinder corrosion
progress.
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