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Abstract

Ultrasonic peening (UP) is a method that has been increasingly used in recent years
to improve the fatigue strength of welded joints and structures. This study investigated the
fatigue strength of butt-welded AA5086-H32 aluminum alloy plate specimens and the effects of
ultrasonic peening under atmospheric and corrosive conditions. Exfoliation, intergranular, and
electrochemical corrosion tests were also conducted further to analyze the effects of ultrasonic
peening on corrosion behavior. Results demonstrated that the peening treatment enhanced the
fatigue strength in air and corrosion conditions. The improvement can be attributed to surface
layer hardening and applying compressive residual stresses to reduce stress concentration.
Peening treatment also reduces corrosion sensitivity through surface hardening.

K e y w o r d s: ultrasonic peening (UP), corrosion fatigue strength, AA5086-H32 aluminum
alloy, butt weldment, intergranular corrosion, electrochemical corrosion

1. Introduction

Aluminum alloys, especially the 5xxx series, are
increasingly being utilized in the transportation man-
ufacturing industries, including shipbuilding, railway
vehicles, automotive, and aerospace, due to their
lightweight properties, high specific strength, and cor-
rosion resistance [1]. The components of these trans-
port machines are often constructed using fusion weld-
ing technologies. Transportation machinery structures
often experience cyclic loading, resulting in fatigue
failure. Therefore, fatigue behavior in aluminum alloy
weldments is a critical issue that needs to be addressed
in structural design.
The fatigue strength of aluminum alloy welded

joints is lower than that of non-welded plates. Three
factors mainly induce this reduced fatigue strength:
(1) tensile residual stress along the weld line, (2) stress
concentration at the weld tip, and (3) softening of the
weld metal (WM) zone and heat-affected zone (HAZ)
[2–5]. Thus, fatigue fractures of welded parts usually
occur at the weld tip, where there is high local stress
and low stiffness [6, 7]. Various surface treatment tech-
nologies, such as ball polishing, shot peening, or other
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methods that induce plastic deformation in the sur-
face layer, have been applied to improve the reduced
fatigue strength of the weld. Several studies have re-
ported that the fatigue strength of the weld can be im-
proved through these surface treatments, mainly due
to the induction of compressive residual stress and
work hardening [7–9]. One application that achieves
this is the ultrasonic peening (UP) process, which in-
troduces compressive residual stresses on the material
surface, thereby counteracting tensile residual stresses.
The beneficial effect of UP lies in its ability to reduce
stress concentration at the weld toe in welded mate-
rials and to improve the mechanical properties of the
material surface. Studies on the fatigue behavior of
welded specimens have shown that, compared to con-
ventional methods such as heat treatment, hammer
peening, shot peening, and grinding, UP is the most
effective method [10].
Handling machines are often exposed to corrosive

environments during service, such as ships that are
frequently in contact with seawater. Therefore, im-
proving the corrosion fatigue behavior of aluminum
alloy welds by surface treatments is an important is-
sue to clarify for structural design. Corrosion fatigue
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Ta b l e 1. Chemical composition of the 5086 aluminum alloy plate and the welding wire ER5336 used (wt.%)

Alloy Si Fe Cu Mn Mg Zn Cr Ti Zr Al

AA5086 0.17 0.45 0.028 0.58 4.46 0.13 0.073 0.019 – Remaining
ER5356 0.041 0.11 < 0.005 0.15 4.82 < 0.005 0.13 0.10 – Remaining

Ta b l e 2. Mechanical properties of the material used

Yield strength Tensile strength Elongation Young’s modulus

150 MPa 280 MPa 20 % 71 GPa

Ta b l e 3. Welding conditions

Voltage Current Wire feed speed Welding speed

19.5 V 125–135 A 9.5 mmin−1 36.5 cm min−1

has been observed to significantly deteriorate the fa-
tigue strength of both welded and non-welded plates
in a simulated seawater environment (3.5 % NaCl solu-
tion) compared to those tested in air [11, 12]. The for-
mation of corrosion pits associated with precipitates
in the aluminum matrix under corrosive environments
can reduce the crack initiation life and subsequently
reduce the fatigue life and strength of the material [11,
13].
The UP process is applied using a rod or pin that

oscillates at low amplitude and high frequency, in-
ducing ultrasonic vibrations on the material surface.
This causes significant plastic deformation in the sur-
face layers, leading to grain refinement, microstruc-
tural improvement, and geometric modification. Ad-
ditionally, the plastic deformation helps close micro-
cracks on the material surface that would otherwise
reduce corrosion resistance, fatigue life, and strength.
Harmful tensile residual stresses in the surface layers
are also relieved and replaced with beneficial compres-
sive residual stresses. As a result, the UP process in-
creases surface microhardness and enhances the mate-
rial’s strength and corrosion fatigue resistance [14].
In addition, welded joints often exhibit lower cor-

rosion resistance than the base material due to high
residual stresses generated during cooling and solid-
ification. Therefore, recent studies have focused on
enhancing fatigue strength through various post-weld
surface treatments. Processes like UP, in particular,
can refine grains in the material after welding and im-
prove the corrosion resistance of the structures [15].
As discussed above, many studies have been con-

ducted on the effects of surface treatments on both the
fatigue strength of aluminum alloy welds in air and the
corrosion fatigue behavior of untreated aluminum al-
loy welds. However, to date, only a few studies have
investigated the combined effect of surface treatment

on the corrosion fatigue behavior of aluminum al-
loy welded parts. Furthermore, the respective roles
of surface hardening and compressive residual stress
induced by surface treatment have not been fully elu-
cidated, even though these factors are known to be
the primary reasons for improving fatigue strength
through surface treatment.
In the present study, fatigue tests were conducted

on butt-welded AA5086-H32 aluminum alloy plate
specimens with and without ultrasonic peening in
both air and 3.5 % NaCl solution. This study aimed to
investigate the effects of surface treatment on the cor-
rosion fatigue behavior of aluminum alloy weldments.
The respective roles of surface hardening and compres-
sive residual stress induced by the peening treatment
have also been discussed in detail in this study. Ad-
ditional corrosion tests were conducted to investigate
the effect of peening treatment on corrosion behav-
ior and the effect of corrosion behavior on corrosion
fatigue behavior.

2. Experimental procedures

2.1. Material and specimen

In this study, AA5086-H32 aluminum alloy plates
with a thickness of 5 mm, length of 50mm, and width
of 15mm were used as the base metal. The chemical
composition and mechanical properties of the material
used are shown in Tables 1, 2.
A groove with an angle of 90◦ was machined on the

edge perpendicular to the rolling direction of the plate.
The two plates were then butt-welded using an ESAB
MIG 5000i model welding machine. The butt-welding
process and sample dimensions are shown schemati-
cally in Fig. 1. The welding conditions are presented
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Ta b l e 4. Ultrasonic peening (UP) process parameters

Air pressure Frequency Amplitude Time Pulse Needle shape Impact location

4 bar 19 ± 1 kHz 40 µm 5min Circular D (Diameter) 1.5 mm Single surface

Fig. 1. Schematic overview of the welded plate and sample
dimensions.

in Table 3, and the chemical composition of the weld-
ing wire (ER5356) with a diameter of 1.6 mm is shown
in Table 1.
The microstructure of the welded specimen with-

out peening was observed using a scanning electron
microscope (SEM) to identify the regions of weld
metal (WM), heat-affected zone (HAZ), and base
metal (BM). The hardness distributions in the weld-
ing region for both welded specimens with and without
peening were measured using a hardness tester with a
load of 200 gf and a hold time of 10 s. The hardness
measurement was made on the specimen surface to
determine the effect of the peening surface treatment.

2.2. Fatigue tests

Fatigue specimens for plane bending fatigue tests
were cut from the welded plates. The specimens had a
width of 30mm at the minimum section in the center
region, a length of 90 mm, and a thickness of 5 mm.
The schematic geometry of the specimens is shown in
Fig. 2.
The ultrasonic peening treatment was applied to

the welded specimens using a Sonata Nomad HFMI
type Ultrasonic Peening equipment to investigate its
effect on corrosion fatigue behavior. The ultrasonic
peening (UP) parameters are provided in Table 4. UP
parameters were determined based on knowledge of
literature and industry practices.
Four types of fatigue tests were conducted: (1)

welded specimens tested in air, (2) welded specimens

Fig. 2. Schematic view of the fatigue test specimen for
plane bending cyclic loading.

Fig. 3. Schematic view of the corrosion fatigue test set-up.

tested under 3.5 % NaCl solution, (3) welded and
ultrasonic-peening specimens tested in air, and (4)
welded and ultrasonic-peening specimens tested under
3.5 % NaCl solution. Fatigue tests were carried out us-
ing a plane bending fatigue machine at a stress ratio of
R = 0 and a frequency of 19 Hz. The specimens were
immersed in 3.5% NaCl solution for corrosion fatigue
tests, as shown in Fig. 3.
The fatigue tests were conducted at stress ranges

(Δσ) ranging from 110 to 160MPa in air and corrosive
environments, with three repetitions at each specified
stress level during the experiments. After the fatigue
test, the surfaces of the specimens near the fracture
location and the fracture surfaces were carefully ex-
amined using a scanning electron microscope (SEM)
to investigate the fatigue crack initiation location and
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mechanism, as well as the influence of corrosion be-
havior on them.

2.3. Corrosion tests

Samples with a length of 50mm, a width of 15mm,
and a thickness of 5 mm were cut from the welded
plate for corrosion tests. The corrosion tests were
conducted under a 3.5 % NaCl solution prepared by
ASTM G66 [16] and ASTM G67 [17] standards.
The exfoliation corrosion susceptibility of the sam-

ples was evaluated by immersing them in the corrosive
solutions according to the ASTM-G66 standard [16].
The nitric acid mass loss test (NAMLT), according

to the ASTM-G67 standard, was performed to inves-
tigate the intergranular corrosion behavior of AA5xxx
aluminum alloys. This test method involves measuring
the weight loss of the sample before and after the test
[17].
Electrochemical corrosion tests were conducted in

a 3.5 % NaCl solution using an electrochemical corro-
sion cell with three electrodes: a working electrode, a
reference electrode, and a counter electrode. The po-
tential difference between the working electrode (the
sample) and the reference electrode was varied to mea-
sure the current and potential between the counter
and working electrodes. A platinum counter electrode
was used in the test.

3. Results and discussion

3.1. Microstructure and hardness distribution
of the welded specimen

In Figs. 4a–c, the WM, HAZ, and BM microstruc-
tures for the welded sample are shown. It can be ob-
served that the WM region had a coarse solidified mi-
crostructure, whereas the HAZ region showed two dif-
ferent microstructure regions, one with coarser grains
and the other with finer grains, depending on the dif-
ference in heating temperature from the welding cen-
ter.
Figure 5 presents the hardness distributions of the

welded specimens with and without peening treat-
ment. The figure indicates that the hardness in the
WM region was the lowest due to the coarse solidified
microstructure. The hardness in the HAZ region dis-
played a two-step distribution, which corresponds to
the two regions of grain size observed in Figs. 5a–c:
the lower hardness region corresponds to the coarser
grain size region, and the higher hardness region cor-
responds to the finer grain size region. The hardness
in the BM region was the highest due to no influence
of heating during welding. The shape of the hardness
distribution was similar between the two welded spec-
imens with and without peening treatment, while the

Fig. 4. Microstructures of (a) BM, (b) HAZ, and (c) WM
for the welded sample.

peening treatment increased the hardness by approx-
imately 10 to 13 HV.
The shapes of the hardness distributions reported

in this study are similar to those reported in previ-
ous studies [18–20]. Additionally, the hardness level of
TIG welding is higher than that of MIG welding [20],
which may be attributed to the difference in heat in-
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Fig. 5. Hardness distribution of the welded 5086-H32 alu-
minum alloys with and without peening treatment.

Fig. 6. S-N curves for the welded specimens with and with-
out peening treatment tested in air and 3.5 % NaCl solu-

tion.

put between the two methods. Moreover, the hardness
of the welded and peening specimens is higher than
that of the welded specimens without peening treat-
ment. The higher hardness results from the hardening
of the surface layer and the compressive residual stress
induced by peening [21].

3.2. Fatigue and corrosion fatigue behavior

The results of the four types of fatigue tests are
presented in Fig. 6. As shown, the fatigue strength of
the welded specimen with peening treatment in the
air is relatively high but almost the same as that of
the welded specimen without peening treatment. Al-
though peening treatment is known to increase sur-
face hardness and induce compressive residual stress
on the surface, these effects on hardness and residual
stress are likely too small to significantly influence the
fatigue strength within the range of the present study.
Regarding residual stress, there are two types of

residual stress present in the specimen: tensile resid-

ual stress due to butt-welding and compressive resid-
ual stress due to peening treatment. It is speculated
that the tensile residual stress resulting from butt-
-welding will be relieved when removing the small
specimen from the large plate, and as a result, the
residual stress will become small enough [22, 23].
On the other hand, as shown in Fig. 6, the fatigue
strengths of the welded specimen with peening treat-
ment at lower stress ranges are significantly higher
than those of the welded specimen without peening
treatment. However, at higher stress ranges, the fa-
tigue strengths become similar, which is a common
trend in the residual stress effect on fatigue strength.
This suggests that the compressive residual stress in-
duced by the peening treatment plays a role. Regard-
ing the effect of increased surface hardness due to the
peening treatment on fatigue strength in air, as shown
in Fig. 5, it is speculated to be negligible based on the
fatigue test results shown in Fig. 6. Furthermore, as
shown in Fig. 6, the fatigue strengths of the welded
specimens in 3.5 % NaCl solution are lower than those
in air, regardless of whether peening treatment is ap-
plied or not. Notably, this result suggests that the de-
crease in fatigue strength in the 3.5 % NaCl solution
is more significant for the welded specimen without
peening treatment than for the welded specimen with
peening treatment, indicating that peening treatment
can enhance corrosion fatigue strength. This finding
is consistent with numerous previous studies [24–26],
which have reported that peening treatments can im-
prove corrosion fatigue strength by inducing increased
hardness and compressive residual stress. However,
the specific mechanisms through which these effects
operate, such as the dominant effect or how these
effects interact, remain unclear. As previously dis-
cussed, the impact of the incremental changes in resid-
ual stress and hardness is expected to be minor or in-
significant in the current study conducted in the air.
Since the effect of residual stress as a mechanical fac-
tor would be consistent in both environments and rela-
tively small, the greater fatigue strength in 3.5 % NaCl
solution for the welded specimen with peening treat-
ment compared to that without peening treatment can
be attributed to the increased surface hardness with
finer grains resulting from the peening treatment.
The fracture location for all four cases was at the

weld toe, the fusion boundary between the weld metal
and HAZ. The weld toe is a well-known position of
high-stress concentration that initiates fatigue crack.
Therefore, in air, the fracture locations for the welded
specimens with and without peening treatment were
at the weld toe, which is the highest stress location.
Since the highest stress and corrosion occurred at the
weld toe, fracture locations in the welded specimens
tested in 3.5% NaCl solution were also at the weld
toe.
Figures 7a–d illustrate the surface morphology of
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Fig. 7. Observations of corroded specimen surface near the fracture location: (a) without peening treatment in air, (b) with
peening treatment in air, (c) without peening treatment in air, and (d) with peening treatment in 3.5 % NaCl solution.

Ta b l e 5. Chemical materials used in the exfoliation corrosion test

Molecular weight Molarite Quantity

NH42Cl (ammonium chloride) 53.49 g mol−1 1.0 M 53.5 g
NH4NO3 (ammonium nitrate) 80.04 g mol−1 0.25 M 20.0 g
(NH4)2C4H4O6 (ammonium tartrate) 184.15 g mol−1 0.01 M 1.8 g
30% H2O2 (hydrogen peroxide) 34.01 g mol−1 0.09 M 10 ml

the specimens near the fracture point after fatigue
tests in air and 3.5% NaCl solution, respectively. The
observed locations were in the weld-toe region, cor-
responding to the fusion line zone mentioned previ-
ously. As shown, corrosion pits and cracks from defect
coalescence were observed in the 3.5 % NaCl solution
but were absent in the fatigue tests conducted in the
air. It is unclear from Figs. 7c,d whether the peen-
ing treatment can improve corrosion behavior. This is
because the corrosion fatigue crack typically initiates
from pits or corrosion defects that form during the
fatigue cycles, resulting in a similar surface morphol-
ogy for both peened and unpeened specimens after
the tests. To clarify the effect of peening treatment on
corrosion behavior, three types of corrosion tests were

conducted on the welded specimens with and without
peening treatment, which will be discussed in the next
section.

3.3. Corrosion test results

3.3.1. Exfoliation corrosion (EXCO) test

The exfoliation corrosion susceptibility of AA5086
aluminum alloy was evaluated using an immersion test
according to ASTM G66. Before the test, the cut sam-
ples were cleaned by wet polishing with 400, 800, 1000,
and 1200 grit sandpapers. The chemicals used for the
corrosion tests are listed in Table 5. Based on the de-
tailed observations of the samples after the exfoliation



R. Sadeler et al. / Kovove Mater. 62 2024 377–387 383

Ta b l e 6. NAMLT test results for the welded samples with and without peening treatment

Surface area Weight before test Weight after test Weight difference Weight loss

Without peening 19.86 cm2 7.3341 g 6.5648 g 769.3 mg 38.73 mg cm−2

With peening 19.86 cm2 7.4795 g 6.8048 g 674.7 mg 33.97 mg cm−2

corrosion tests, no exfoliation behavior, which refers to
lamellar cracking parallel to the sample surface, was
observed for both the samples with and without peen-
ing treatment under all four types of solutions. This
result is consistent with other studies reported in the
literature [27, 28].

3.3.2. Intergranular corrosion test

A Nitric Acid Metal Loss Test (NAMLT) was con-
ducted according to ASTM G67 standard by immers-
ing the samples in 70% concentrated nitric acid. Be-
fore the test, the sample surface was cleaned by wet
polishing with 400, 800, 1000, and 1200 grit sandpa-
pers. The surface area of the sample was measured
with an accuracy of 19.86 cm2, and the weight was
determined using a precision balance before immer-
sion. After the test, the weight was measured again
to evaluate the weight loss. The results of the test for
the welded samples with and without peening treat-
ment are shown in Table 6. The results indicate that
the weight loss for the peening sample was lower than
that of the unpeened sample. Therefore, it can be con-
cluded that the ultrasonic peening treatment enhances
the intergranular corrosion resistance of the welded
AA5086 aluminum alloy.
The sample surfaces were examined after the test

to observe the details of the intergranular corrosion
behavior, as shown in Figs. 8a–c and Figs. 9a–c for
the unpeened and peened samples, respectively. As
observed from the figures, the intergranular corrosion
was most significant in the weld metal, followed by
the heat-affected zone, and least in the base metal,
irrespective of the peening treatment. Since the corro-
sion fatigue crack initiated at the fusion line between
the heat-affected zone and weld metal in the current
experiment, the corrosion defects formed due to the
intergranular corrosion may be one of the potential
factors that degrade the fatigue strength of the un-
peened sample compared to the peened sample.
According to Goyal and Garg [29], the weight loss

obtained by the same NAMLT test for the friction
weldment of AA5086 aluminum alloy was between 6
and 8mg cm−2. Hans and Banjwa [30] found a mass
loss of 33.36mg cm−2 for TIG welded AA5086 alu-
minum alloy and 11.07mg cm−2 for friction stir weld-
ing of the same material. Based on these results and
the present study, fusion weldments with high heat in-
put, such as MIG and TIG welding, may have lower in-
tergranular corrosion resistance than solid weldments

Fig. 8. Surface observations of the sample without peening
treatment after the intergranular corrosion test according
to ASTM G67: (a) BM region, (b) HAZ region, and (c)

WM region.
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Fig. 9. Surface observations of the sample with peening
treatment after the intergranular corrosion test according
to ASTM G67: (a) BM region, (b) HAZ region, and (c)

WM region.

or those with less fusion, such as friction welding or
friction stir welding. Microstructure coarsening caused
by high heat input in fusion welding may also influ-
ence intergranular corrosion behavior, and high tem-
peratures during fusion welding have been reported to

Fig. 10. Potentiostat curves for the welded samples: (a)
without peening treatment and (b) with peening treat-

ment.

increase the sensitivity of intergranular corrosion [31].
Regarding the effect of peening on intergranular cor-
rosion behavior, the plastic deformation of the surface
layer induced by peening may lead to changes in mi-
crostructure and high hardness, contributing to higher
intergranular corrosion resistance. Additionally, the
compressive residual stress induced by peening may
contribute to improved intergranular corrosion resis-
tance to some extent.

3.3.3. Electrochemical corrosion test

The electrochemical corrosion test results show the
potentiostat curves for the welded samples without
peening in Fig. 10a. The blue, orange, and red curves
represent the base metal (BM), heat-affected zone
(HAZ), and weld metal (WM), respectively. The fig-
ure indicates that the corrosion resistance of the WM
is the lowest, while that of the HAZ is intermediate,
and that of the BM is the highest. The low corro-
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Ta b l e 7. The improvement rate of fatigue life ΔNf by the peening treatment

Stress range Δσ (MPa) Improvement rate in air (%) Improvement rate in 3.5 % NaCl (%)

160 8 19
115 27 32

sion resistance of the WM is attributed to its coarse
grain and low hardness. Figure 10b shows the poten-
tiostat curves for the welded samples with peening.
As observed from the figure, the corrosion resistance
of the three regions merged into a narrow range of
potential. This suggests that the peening treatment
significantly improved the corrosion resistance of the
WM with coarse grains compared to the other re-
gions.

3.4. Discussion on the effect of peening on
fatigue and corrosion fatigue behavior

Figure 6 shows that the S-N curves for the welded
specimens with and without peening under a 3.5 %
NaCl solution environment are almost parallel, and
the fatigue strength of the peened specimen is higher
than that of the unpeened specimen. Based on the
above corrosion resistance tests, it can be concluded
that ultrasonic peening improves corrosion resistance.
Therefore, since the corrosion effect does not signif-
icantly depend on stress level, it is speculated that
the S-N curves become parallel. In contrast, the S-
-N curves for the welded specimens with and without
peening in air are not parallel. At lower stress levels,
the fatigue life of the peened specimen is longer than
that of the unpeened specimen, while at higher stress
levels, the fatigue lives for both peened and unpeened
specimens converge, as shown in Fig. 6. This behav-
ior is similar to the effect of residual stress on the
S-N curve: at higher stress levels, the residual stress
is relaxed, which offsets the balance of residual stress
due to local plastic deformation. Therefore, the im-
provement of fatigue strength due to peening in air
results from the residual stress induced by the peen-
ing treatment. The improvement in fatigue strength
due to the peening treatment in a 3.5% NaCl solu-
tion, as observed in Fig. 6, is attributed to the com-
pressive residual stress induced by the peening and the
hardening of the surface layer with the microstructure
refinement.
The improvement rates of fatigue lives by the peen-

ing treatment were evaluated at high and low applied
stress levels based on Figure 6 to determine which fac-
tor is dominant. The improvement rate of the fatigue
life, ΔNf , is defined as:

ΔNf = {Nf(with peening)−Nf(without peening)}
/Nf(without peening), (1)

where Nf is defined as the number of cycles until fail-
ure at a given stress value.
The results are presented in Table 7. As discussed

above, the improvement rate in air is mainly due to
the compressive residual stress. Compared to that in
air, the further improvement in a 3.5 % NaCl solution
is mainly due to the surface hardening with refinement
of the microstructure near the surface induced by the
peening treatment.

4. Conclusions

In the present study, the effects of ultrasonic peen-
ing on the fatigue and corrosion fatigue of butt-welded
5086-H32 aluminum alloy were investigated in detail.
Corrosion tests were also carried out to determine the
effect of the peening treatment on corrosion behavior.
Based on the results, the effects of residual stress and
hardening induced by the peening treatment were suc-
cessfully separated and analyzed in detail. The main
conclusions of this study can be summarized as fol-
lows:
(1) Peening treatment improved fatigue strength

in air and significantly enhanced corrosion fatigue
strength in 3.5 % NaCl solution.
(2) Fatigue fractures were concentrated at the

weld-toe, where stress is highest. Due to its thickness
and sensitivity, the WM region showed severe corro-
sion at the fusion line.
(3) No exfoliation corrosion was detected, but sig-

nificant intergranular corrosion was found in the WM
and weld-toe regions.
(4) Without peening, WM had higher corrosion

susceptibility than HAZ and BM, which decreased to
similar levels post-treatment.
(5) Peening treatment increased fatigue strength at

low stresses and enhanced corrosion fatigue strength
at all stress levels through compressive residual stress
and surface hardening.
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