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The surface treatment techniques of laser and shot peening were used to investigate their effect on stress
corrosion cracking (SCC) in friction stir welded (FSW) 2195 aluminum alloy joints. The investigation
consisted of two parts: the first part explored the peening effects on slow strain rate testing (SSRT) in a
3.5% NaCl solution, while the second part investigated the effects of peening on corrosion while submerged
in a 3.5% NaCl solution with no external loads applied. For the SSRT, the laser-peened samples demon-
strated superior properties to the other samples, but no signs of corrosion pitting or SCC were evident on
any of the samples. For the second part of the study, the FSW plates were inspected periodically for signs of
corrosion. After 60 days there were signs of corrosion pitting, but no stress corrosion cracking was noticed
in any of the peened and unpeened samples.
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1. Introduction

Friction stir welding (FSW) was developed (Ref 1) as a
promising solid-state process with encouraging results. This
welding technique has potential significant application in
different industrial applications (Ref 2), and has resulted in
welded joints being used in critical load-bearing structures and
structurally demanding applications (Ref 3). FSW transforms
the metal into a plastic state at a temperature below the melting
temperature of the material (Ref 4), and then mechanically stirs
the material together under pressure to form a welded joint.
Advantages of the FSW process for welding aluminum include
elimination of consumables and the solidification zone in the
weld region. This will mitigate cracking problems associated
with segregation during solidification of the weld metal (Ref 5).

Since FSW takes place at a low temperature level compared
to fusion welding, residual stresses in this case are generally
lower than that in fusion welds. Nevertheless, the heating cycle
in the material during welding, and the very rigid clamping
arrangement used during FSW, can have an impact on weld
residual stresses (Ref 6-8). The residual stresses developed
during the welding process can have a significant effect on the
service performance of the welded material (Ref 9), and can
result in stress corrosion cracking (SCC) in the presence of
specific environments.

In moist environments, corrosion tends to occur in
Al-Li alloys and deteriorates their mechanical properties
(Ref 10). Therefore, investigating the SCC behavior under
the tensile residual stresses generated through welding is
necessary. For the unstressed 2195 alloy, general corrosion,
intergranular corrosion, and pitting corrosion occur. As stress
is applied, the intergranular corrosion is greatly aggravated,
and severe general corrosion is developed from multitudinous
pits (Ref 10). Consequently, introducing compressive residual
stresses through peening techniques can be significantly
beneficial. Shot peening is an established method by which
the surface of a part is deformed plastically by multiple
overlapping impacts using glass or metal spheres. The depth
of the compressive residual stress is generally only around
250 lm (Ref 11). For that reason, other peening techniques
that can produce deeper compressive residual stresses are
needed.

Laser shock peening is a surface treatment technique
capable of introducing deep compressive residual stresses to
moderate the residual tensile welding stresses. The laser
peening process generates a compressive residual stress at the
surface that can be significantly deeper than for conventional
shot peening (Ref 12, 13). This improves crack growth
resistance for cracks initiating at the surface/subsurface of the
peened components. The actual depths of the laser peening-
induced stresses will vary depending on the material properties
of the peened parts, and the processing conditions chosen
(Ref 14).

In this study, shot peening and a variety of laser peening
layers were used to introduce compressive residual stresses into
FSWAA 2195. The surface residual stresses were characterized
through x-ray diffraction, and the influence of the different
peening techniques on stress corrosion cracking in FSW
specimens was investigated. The first part of the study
investigates the peening effects on slow strain rate testing
(SSRT) in a 3.5% NaCl solution, while the second part of the
study investigates the effects of peening on corrosion while
submerged in a 3.5% NaCl solution with no external loads
applied.
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2. Experimental Setup

Aluminum alloy (AA) 2195 with 1.25 cm thickness was
used for this investigation. The welding direction was aligned
with the rolling direction, and the dimensions of the FSW
panels after welding were 91 cm by 30 cm by 1.25 cm as
illustrated in Fig. 1. The mechanical properties for the base
material are as shown in Table 1.

The specimens used in this study were either shot-peened or
laser-peened using different layers. The number of layers denotes
the number of times the peening was repeated over a specific area
of the sample. For instance, three layers correspond to the same
area being treated three times. Unpeened FSW samples were also
tested and used as a baseline. The shot peening process was
performed using 0.59 mm glass beads with an Almen intensity
of 0.008 to 0.012 A. The laser peening was applied using a
square laser spot with a laser power density of 5 GW/cm2 and
18 ns in duration at a frequency of 2.7 Hz and a wavelength of
1 micrometer. For the slow strain rate tensile samples, the gage
section on all four sides of the specimens was shocked using the
same conditions. For the SCC samples, an area of 10 by 5 cm on
the center of the sample was peened on both sides.

The surface residual stresses were measured using the x-ray
diffraction (XRD) technique. In XRD, the strain in the crystal
lattice is measured assuming that the crystal lattice is linearly
distorted. The atomic spacing (d) between crystallographic
planes that are equal will vary consistently with their psi (w)
angle, where the w angle is defined as the ‘‘angle between the
surface normal and the normal to the crystallographic planes
from which the x-ray peak is diffracted’’ (Ref 15). Therefore, to
determine the magnitude of residual stresses, the lattice strains
are assessed in various w directions and a plot of sin2 w versus
e/w is derived (where / is the angle between a reference
direction and the direction of stress measurement in the plane).
e/w is the strain in the / and w directions defined by (Ref 16):

e/w ¼
1þ v

E
r/ sin2 w
� �

� v

E
r1 þ r2ð Þ ðEq 1Þ

where v = Poisson�s ratio; r/ = surface stress at / angle with
a principal stress direction; E = modulus of elasticity; r1,
r2 = principal stresses.

Then, from the sin2 w versus e/w plot, residual stresses are
established through the following relation:

r/ ¼
mE

1þ v
ðEq 2Þ

where m = slope of the sin2 w versus e/w plot.
Residual stresses were acquired using a Philips X�Pert

PW3040 MRD X-ray diffractometer, operating at 40 kV and
45 mA, and employing Ni-filtered Cu K-a radiation. The
measurements were taken using 2h scans from 77 to 79�, with
0.01� per step and 1 s per step, (311) peak positions at 10
different tilt angles.

For the slow strain rate testing (SSRT), transverse tensile
specimens 20 cm long with a gage length of 8.5 cm and a gage
width of 1.25 cm were used. The tensile samples were oriented
such that the weld was in the center of the specimen and the
load was applied perpendicular to the weld direction. The gage
portion of the tensile samples was submerged in a 3.5% NaCl
solution at room temperature and was placed in a servo-
hydraulic universal testing machine. SSRT tests were carried
out at an initial strain rate of 29 10-6 mm/s. Tests were also
carried out to examine the effect of residual stresses on the
possibility of initiation and propagation of stress corrosion
cracks. For these tests, the welded samples with dimensions of
41 by 10 cm wide were used. The samples were placed in a
3.5% NaCl solution, and they were inspected periodically for
evidence of stress corrosion cracking or corrosion pitting. One
sample was used for testing under each peened condition.

In general, aluminum alloys can fail by cracking along grain
boundaries when simultaneously exposed to specific environ-
ments and stresses of sufficient magnitude. Stresses sufficient
for crack initiation and crack growth can be far below the
stresses required for gross yielding. The stress-corrosion
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Fig. 1 Specimens used for the SCC testing

Table 1 Tensile properties for the as-received AA
2195-T8

Material
0.2% Yield stress,

MPa
Ultimate strength,

MPa

2195-T8 503 537
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cracking in aluminum alloys is characteristically intergranular.
The benefit of slow strain rate testing is that it produces results
in a reasonably short time depending on strain rate. It also
reduces incubation time to the onset of cracking in susceptible
materials. The plastic strain causes an accelerated disruption of
surface films thereby overcoming the initial period of incuba-
tion that can result in unacceptably long test durations.

3. Results and Discussion

3.1 Weld Microstructure

A micrograph illustrating different regions of the weld is
shown in Fig. 2. The weld nugget appeared to be wider on the
crown region of the weld since the upper surface is in contact
with the tool shoulder. The grain structure at the thermo
mechanical affected zone (TMAZ) was elongated and distorted
due to the mechanical action from the welding tool. The grain
structure in the heat affected zone (HAZ) resembles the parent
material grain structure, although the precipitates in this region
are generally larger than in the base material.

3.2 Mechanical Properties and Hardness

The tensile properties at different regions across the weld are
illustrated in Fig. 3. From the graph, it is clear that the weld
nugget exhibited the lowest yield strength when compared to
other locations across the weld. This may be attributed to the
fact that the original structure in this region is over-aged and
there is not enough solute left in the material. Therefore, this
region of the weld will be relatively ineffective in inhibiting
dislocation motion, and the resultant strain localization in the
softened area of the weld will result in lower mechanical
properties. In addition to these microstructural changes, the
residual stresses in the weld region may have had an effect on
the tensile properties in the samples.

Due to the heat generated during the welding process, the
dislocation density in the nugget is generally lower than in the
parent material. Since the strengthening precipitates appear to
have solutionized during the welding process (Ref 17, 18), this
indicates that the temperature during joining was above the
solution temperature of the hardening precipitates. It is also
clear that the yield strength at the weld interface was lower than
the corresponding properties in the HAZ. The properties at the
TMAZ on both sides of the weld (advancing and retreating)
were similar. Since the yield strength of the transversely loaded
FSW specimens is less than the yield strength of the base metal,
the base metal experienced predominantly elastic strain
throughout the test (Ref 2).

To examine the strains across the weld region for the
unpeened FSW specimens, the strain field in the x direction
before failure was recorded and is shown in Fig. 4. The strain
field was acquired from the tensile testing through the ARAMIS
system. It is clear that the highest strain concentration took place
in the weld nugget, which is where the failure occurred. The
maximum strain before failure was around 12.6%.

To assess the hardness across the weld region, hardness
measurements shown in Fig. 5 were taken using a Struers
Duramin A-300 Knoop microhardness tester, using a dwell
(load time) set to 3 s. Softening was noted throughout the weld
zone, probably due to coarsening and dissolution of strength-
ening precipitates induced by the thermal cycle of the FSW. For
example, Li and Oertelt (Ref 17, 18) reported that in AA 2195
the strengthening precipitates like T1 were no longer present in
the weld nugget. The T1 is considered to be the primary
strengthening precipitate in the 2195 alloy (Ref 19). Away from
the weld nugget, hardness levels increased with increasing
distance as precipitation hardening became more effective. All
peened areas on the samples experienced some levels of work
hardening depending on the peening conditions. A detailed
investigation on the effects of peening on hardness in FSW is
discussed in (Ref 20).

3.3 Residual Stress

The surface residual stresses at different distances in the
weld nugget region for the tensile specimens are outlined in
Fig. 6. The stresses are shown for the various peening
conditions used in this study. In general, all the peening
techniques resulted in high surface compressive stresses, with

Fig. 2 Metallographic cross section of 2195 friction stir weld
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Fig. 3 Tensile properties at different regions of the weld for FSW
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shot peening yielding the highest stresses for all the measured
regions. This is probably due to the high amount of cold work
generally produced by shot peening. Even though the highest
surface stresses were attained by shot peening, it is expected
that laser peening produced compressive stresses significantly
deeper. It was also noticed that the residual stresses in the
longitudinal and transverse direction did not vary by an
appreciable amount.

3.4 Stress Corrosion Cracking (SCC) Susceptibility

The tensile samples were tested by SSRT method in 3.5%
NaCl solution at room temperature with an initial strain rate of
29 10-6/s. Mechanical behavior of the tested samples is shown
in Fig. 7. Fractured samples after tests were used to determine
the percent reduction in area and the percent elongation, which
are listed in Table 2. Tested samples did not show any signs of
surface cracks throughout the gage length. All tested tensile
samples of AA 2195 fractured in the nugget region. Hardness

results shown in Fig. 5 indicate that the hardness and strength
of the weld nugget region and TMAZ was lower than the base
metal regions. According to Hu and Meletis (Ref 21) the
temperatures during FSW are in the range of 400 to 480 �C and
the T1 (Al2CuLi) phase present in AA 2195 is redissolved,
putting Cu back in solid solution, thereby decreasing the
strength of the nugget and adjacent areas. The final fracture in
the absence of any environmental effect is expected to be in the
region of lower strength. Results in Fig. 7 and Table 2 show an
improvement in ultimate stress from using laser peening;
however, percent elongation and percent reduction in area for
the sample with 6-laser peening layer was lower than that for
the other samples.

Hu and Meletis (Ref 21) investigated stress corrosion
cracking behavior of AA 2195 in 3.5% NaCl solution using the
SSRT method as well as constant load tests (four point bend
tests). Their samples were not surface treated, and they reported
that environment-induced cracking was observed only by the
SSRT method. Flat brittle fracture morphology with no signs of
corrosion was observed several hundred micrometers around
pits formed on the samples. They attributed this fracture
morphology to the hydrogen embrittlement where hydrogen is
produced by the corrosion process. The fracture surface
analysis showed that for all specimens, the fracture initiated
at the bottom line of the weld, which showed evidence of a very
thin layer of incomplete welding. However, no such cracks
were seen on the SSRT samples tested in the present study. Hu
et al. reported that the constant load tests up to stress levels
�90% of the yield strength for a 90-day exposure indicated that
the stir welded samples were not susceptible to stress-corrosion
cracking. No pitting attack on test samples was reported after
the 90-day exposure.

Examination of SSRT samples from the present study under
an optical microscope did not show any signs of pitting or
intergranular attack on the surface of SSRT samples in 3.5%
NaCl solution. Average test duration for the SSRTwas less than
24 h, which was relatively short exposure time for the alloys to
show significant pits. Initial strain rate affects stress corrosion
cracking susceptibility in SSRT method. To investigate this

Fig. 4 Strain fields in the x direction for the specimen before failure
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effect and allow longer exposure time, a AA 2195 sample with
3 laser peening layers was also tested with an initial strain rate
of 1910-6/s. However, the results indicated that there was no

difference in the mechanical behavior of the two test samples,
as shown in Fig. 8, and neither samples showed any sign of
stress corrosion cracking.
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Table 2 Summary of slow strain rate test results for 2195 tensile samples tested in 3.5% NaCl solution at room
temperature

Materials
Initial strain
rate, s21

Ultimate tensile
strength, MPa

% Area
reduction % Elongation

Stress corrosion
cracking susceptibility

Laser peening (3 layers) 1910-6 432.2 18.37 4.10 No SCC
Laser peening (3 layers) 29 10-6 440.0 12.99 4.01 No SCC
Laser peening (6 layers) 29 10-6 444.2 10.64 3.01 No SCC
Shot peening 29 10-6 423.0 13.68 4.27 No SCC
No peening 29 10-6 423.5 15.30 5.27 No SCC

 Laser Peened (3 Layers) Samples Tested at Different Initial Strain Rates
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Unstressed 1.25 cm thick AA 2195 stir welded bars were
exposed to 3.5% NaCl solution at room temperature for a
60-day period to evaluate their tendency to general corrosion,
pitting corrosion, and stress corrosion cracking. Samples were
examined every week for localized attack and surface stress
corrosion cracks on and near the weld region. After 1 week of
exposure, AA 2195 samples started showing some signs of
surface pit initiation where the pit density and size increased
with time. Test bars were weighed before and after the test, and
the weight change was used to calculate the general corrosion
rate. The calculated general corrosion rates and the corrosion
susceptibility for the samples are listed in Table 3 and 4.
General corrosion rates were very small for all samples, in spite
of the pitting attack.

Active pitting was observed on the unpeened and the laser-
peened welded samples, but very few pits were observed in the
shot-peened sample. A few pits on the shot-peened sample
were only on the welded (Top) side of the sample, whereas no
pits were observed on the back side. Optical micrographs
comparing the general and localized corrosion effects on the
weld region of the FSW samples are shown in Fig. 9 for
as-welded samples and after different peening conditions. The
micrographs in Fig. 9 were taken after 60 days of exposure to
3.5% NaCl solution at room temperature. These samples were
also observed after a 30-day exposure. The samples were air-
dried and observed within a few minutes of taking out of the
test solution. On the samples on which pits were detected,
bubbles were seen forming at the pit mouth when observed
under optical microscope. These bubbles may be due to
hydrogen formed by cathodic reaction near active pit sites.

Figure 9 also shows that corrosion pitting attack was found
mostly at the weld ridges that are created during the FSW
process. Image analysis was used to quantify average number
of pits on differently treated weld regions. For untreated weld
sample, there were about 8 pits per square inch, whereas for the
laser-peened sample the pit density was about 2 pits per square
inch. Even after the laser-peening treatment, most of the pits
were observed at the prior ridges formed by stir welding. Weld
ridges were not visible on the shot-peened surface. Very few
pits were observed on the shot-peened sample, but when
detected, the pits on the shot-peened surface were very small
compared to other surfaces.

Generally, aluminum alloy 2195, which is an age-strength-
ened alloy, has better pitting resistance than other aluminum
alloys due to lower Cu content, but it is not immune from
pitting corrosion. A lower Cu content can result in lower
volume fraction of T1 (Al2CuLi) precipitates that may also
have a smaller potential difference with the Al matrix compared
to the h¢ (Al2Cu) precipitates present in alloys with higher Cu
content.

The main types of precipitates in AA2195 are T1 (Al2CuLi)
precipitates growing primarily at 111 habit planes, and h¢
(Al2Cu) tend to appear at dislocations and subgrains whereas
phase T2 (Al6CuLi3) precipitates along grain boundaries.
During the precipitation of h¢, T1, and T2, a Cu and Li
depleted precipitate free zone is formed along grain boundaries
and subgrain boundaries due to the absorption of Cu and Li
atoms by T1, T2, and h¢ phases (Ref 22, 23).

Li et al. (Ref 10) studied the mechanism of T1 in the
localized corrosion of 2195 Al-Li alloy in neutral NaCl
solution. It is found that T1 acts as the main anodic phase
during the initial stage of corrosion. This situation forms
microscopic galvanic cells, each consisting of a large cathode
and a small anode. The small anode/cathode area ratio results in
a high anodic current density, thereby initiating pits in a
chloride environment. In the present study, pits were generally
surrounded by a circular area with different shading, which may
be the local cathodic area associated with each active pit. Li
et al. (Ref 10) suggested that at the later stage, the potential of
T1 moves to a positive direction and becomes cathodic to the
adjacent alloy base due to the preferential dissolution of Li
from T1. It is suggested that the association of corrosion with
T1 is caused by the alternate anodic dissolution of T1 and its
adjacent alloy base, which accelerates the corrosion of the alloy
base. As discussed earlier, the T1 phase present in AA 2195
will redissolve due to the temperature range in the FSW process
putting Cu back in solid solution. This may further decrease the
pitting tendency of the stir welded nugget.

None of the welded sample bars showed any signs of stress
corrosion cracking after 2 months of exposure to chloride
solution, as shown by the data in Table 2. Middle portions of
these welded bar samples were surface treated by shot peening or
laser peening, which causes compressive stress at the surface, as
is shown by results in Fig. 6. No cracks are expected in the area of

Table 3 General corrosion of welded AA 2195 bars exposed to 3.5% NaCl solution at room temperature for 2 months

Sample Surface area, in2 Initial weight, g Final weight, g Weight change, g Corrosion rate, mpy

Unpeened 147.95 1431.7 1431.4 0.3 0.27
Laser peened (3 layers) 148.45 1423.6 1423.3 0.3 0.27
Shot peened 147.97 1435 1434.7 0.3 0.27

Table 4 Pitting corrosion and SCC susceptibility of welded AA 2195 bars exposed to 3.5% NaCl solution at room
temperature

Sample ID
Top side (welded)
after 1 month

Bottom side
after 1 month

Surface cracking
after 1 month

Surface cracking
after 2 months

Unpeened Pitting Pitting No cracks No crack
Laser peened (3 layers) Few pits Few pits No crack No crack
Shot peened No pitting Few pits No crack No crack
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compressive stress at the surface; however, no cracks were found
even in the areas without any surface treatment. These results are
similar to the ones reported by Hu and Meletis (Ref 21), where
constant load test bars did not show any SCC after 90-day
exposure under constant four point bend conditions.

4. Conclusion

1. Samples processed with laser peening exhibited superior
tensile properties as compared to the unpeened or shot-
peened samples.

2. Initial strain rate had no effect on the mechanical behav-
ior of the samples tested under slow strain rate testing.

3. No evidence of pitting or intergranular attack was identi-
fied on the surface of SSRT samples in a 3.5% NaCl
solution.

4. The unstressed FSW 2195 AA bars exposed to 3.5%
NaCl solution at room temperature for a 60-day period
did not have signs of stress corrosion cracking for the
conditions tested in this investigation.

5. In spite of the pitting attack, results indicate that the
general corrosion rates were very small for all tested
samples.

6. Active pitting was observed on all friction stir welded
samples except for the shot-peened sample.
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