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In this work, the results of an experimental study for assessing the effects of Ultrasonic Impact Treatment
on the fatigue resistance of Friction Stir Welded aluminum alloy panels are presented. Although the
significant compressive residual stress introduced on the material by ultrasonic impact treatment (UIT) was
expected to cause retardation in the crack growth rate, this was only noted at low initial AK values. At high
AK values, the effect of UIT practically diminishes. The phenomenon was attributed to the relaxation/
redistribution of the residual stresses with fatigue damage. This provides an alarming situation where
damage tolerance design relies on models where only the initial residual stress profile is taken into account
without knowledge of the potential re-distribution of the residual stresses caused by the fatigue damage
accumulation. The findings of this work also indicate that any FCG tests performed can only be considered
as case-specific and conclusions can only be drawn for the case studied.

Keywords fatigue crack propagation, friction stir welding, relax-
ation/redistribution of residual stresses, ultrasonic
impact treatment

1. Introduction

Commercial transport airplanes generally consist of a built-
up metallic structure where the skin-to-stringer, skin-to-clip, and
clip-to-frame joints are mostly riveted. Such joints for many
years have been the subject of extensive research, especially in
terms of multiple site and widespread fatigue damage. The
proceedings of the International Conference of Aeronautical
Fatigue provide an excellent source for referencing.

Friction stir welding (FSW) is a relatively new process
patented by The Welding Institute (Cambridge, UK) in 1992
(Ref 1). A friction stir butt weld is produced by plunging a
rotating tool into the facing surfaces of the two plates. The tool
consists of a shoulder and a profiled pin emerging from it. As
the rotating pin moves along the weld line, the material is
heated up by the friction generated by the shoulder and stirred
by the rotating pin in a process similar to an extrusion. Since
the temperatures are well below the melting point, problems
associated with the liquid/solid phase transformation are
avoided.

Besides the attractive static mechanical properties such as
superior load bearing capacity as compared to riveted joints,
FSW integral structures are claimed to offer significant cost and
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weight savings (Ref 2, 3). Therefore, FSW was recently
identified by leading aircraft manufacturers as “key technol-
ogy” for fuselage and wing manufacturing (Ref 4, 5). Yet,
problems associated with the fatigue behavior of FSW are
numerous and not yet fully understood.

Generally, FSW produces five distinct microstructural
zones (Ref 6) namely, the weld nugget (N), the shoulder
contact zone or flow arm region, the thermomechanical-
affected zone (TMAZ), the heat-affected zone (HAZ), and
unaffected zone or parent plate (PP). Previous work has
provided evidence that the cyclic flow resistance of each zone
of the welds can significantly vary. Hence, it is rational to
assume that the corresponding fatigue strength of FSW joints
will vary for each zone of the weld (Ref 7). The FSW weld
zone is V-shaped and widens near the top surface due to the
close contact between the shoulder of the tool and the upper
surface (Ref 8). The above finding indicates potential
discontinuities in the strength and fatigue volume properties.
Sato et al. (Ref 9) pointed out that the shape of the weld zone
depends on the welding parameters and the material used.
Dalle Donne et al. (Ref 10) show that with proper FSW
tooling and welding parameter control, a reduction of only
20% compared to the base material values for the joint
ultimate strength and fatigue endurance can be achieved. In
addition, the zones have also been considered responsible for
variations in the fatigue failure initiation sites. Booth and
Sinclair (Ref 6) identified two forms of failure in the 2024-
T351 FSW: (a) failure occurred from within the actual weld
material (Nugget) and (b) failure occurred outside of the
actual weld, either in the TMAZ or HAZ. Failure within
the nugget region was associated with discontinuities in the
material flow pattern at the surface. With no obvious defects
being seen, the exact origins of crack initiation within this
region were not clearly identifiable, while the failure in
TMAZ and HAZ initiated by decohesion of large S-phase
particles or transgranular failure. They suggest that heteroge-
neous precipitation at particle interfaces may influence the
decohesion strength of the intermetallics at a specific location.
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Differences in the quality of the weld are also manifested by
the hardness profiling in relation to the five microstructural
zones. Jata et al. (Ref 11) reported for the 7050 Al alloy that the
hardness of the top side is lower than the bottom side of the
weld. They suggested that this is due to the fact that the top side
is in full contact with the tool shoulder, and thus, experiences
direct heat. The bottom side, on the other hand, is in indirect
contact with a back plate that acts as a heat sink. Comparing the
hardness between the zones, the hardness within the nugget
varies depending on the alloy and its initial heat treatment. For
2024-T351, 7050-7745 and 6061-T6 alloys hardness profiles in
the weld nugget show a local maximum value at the plate joint
line or center of the nugget (Ref 6, 10, 11). For 6063 Al alloy,
the hardness profiles in the weld nugget show a minimum value
among other regions. These differences in hardness value
within the nugget have been correlated with the size of the
precipitates present in the region (Ref 12-15). The 2xxx and
7xxx show the hardness minima within the TMAZ zone (Ref 6,
9, 16, 17). The effect has been attributed to over-aging (Ref 12).

Residual stress fields significantly affect crack nucleation
and growth. As stated in Ref 18 and confirmed in Ref 9, 19-21,
residual stress distribution varies along the zones of the weld.
Webster et al. (Ref 22) measured the residual stresses using
Synchrotron x-ray technique and reported tensile residual stress
in the nugget zone of 7108-T79. Similar findings were also
reported by Bussu and Irving (Ref 12) and Staron et al. (Ref 23)
for AA2024-T351, and by Oosterkam et al. (Ref 24) for
AA7108-T79. Nevertheless, Jata et al. (Ref 11) and Dalle
Donne et al. (Ref 25) found a small compressive residual stress
located at the center of the nugget zone for 7050-T7451, Al-Li-
Cu, and 6013-T6. Defects associated with the FSW process are
strongly associated with fatigue resistance. In Ref 14, 16, 26, it
was reported that voids, inclusions, and surface cracks dom-
inate the nugget and represent potential sites for crack
initiation.

All this makes it clear that quality process control and
fatigue damage tolerance control over FSW joints are a
complex requirement demanding extensive and well-organized
international research. Yet, driven from today’s market and
societal needs for prompt innovation, cost and pollutant
emission reduction (Ref 27), the fatigue behavior of FSW
joints needs to be improved and safeguarded. Such solution can
be sought in terms of surface engineering treatments.

The ultrasonic impact treatment (UIT) (Ref 28) is a
technique that directly deforms the surface of materials using
ultrasonic impacts. This technique fundamentally differs from
contact methods of ultrasonic deformation treatment,
the development of which dates back to 1950s (Ref 29). The
UIT process employs continuous ultrasonic vibrations at the
ultrasonic transducer output end strengthened with hard
materials (carbide-containing alloys, artificial diamonds, etc.)
and in direct and generally continuous contact with the treated
surface. The process is mainly controlled by the output of the
ultrasonic transducer (frequency), the selected pressure, the
feed rate, and the number of passes (coverage). The process can
induce on request different amounts of cold work and residual
stress profiles. The depth of the latter can range from 0.8 to
4 mm in aluminum alloys (Ref 30). The process is relatively
cheap compared to controlled shot peening and can achieve
process rates in excess of 300 mm/min.

In this work, the potential of using UIT in order to increase
the crack growth resistance of FSW panels is investigated.
Testing has been performed on specimens with and without
UIT treatment. In order to evaluate the stability of the
treatment, different initial AK values were implemented. The
tests were performed on specimens large enough as to ensure
that there is no internal stress relief caused by specimen cutting
and preparation. Extensive metallographic investigation and
residual stress measurements have been performed to support
the investigation.

2. Experimental Procedure

2.1 Material, Specimens, and Testing

The investigation was performed on a 13-mm-thick 2024-
T351 FSW joint. The joints were provided by Airbus UK,
Broughton. Plates, 13 mm thick, have been welded along their
long edge with the weld direction parallel to the longitudinal
(rolling) orientation. The welds were produced using a spindle
speed of 200 rpm and a feed rate of 120 mm/min. The chemical
composition and basic static mechanical properties of the parent
material are shown in Tables 1 and 2, respectively.

For identification and measurement of the five zones
microstructure, the weld was cross-sectioned using a Beuhler

Table 1 Chemical composition of 2024-T351 in wt.% based on EDX measurements

Alloy Si Fe Cu Mn Cr Zn Ti Zr Al
2024-T351

Min 3.8 0.30 Balance
Max 0.50 0.50 4.9 0.90 0.10 0.25 0.15

Table 2 Basic mechanical properties of 2024-T351 according to ASTM E8 m-94a

Mechanical properties Mean 99% Conf. Std. dev Std. err
0.2% Yield strength, MPa 347.0 5.1 4.6 1.5
Tensile strength, MPa 484.7 2.6 2.3 0.8
Elongation, % 15.0 0.2 0.2 0.1
Fracture toughness — plane stress, MPa /m, for thickness 1.6 mm 135.6 8.7 3.0 1.5
Strain energy density, MJ/m’ 70.5 0.6 0.6 0.2
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Fig. 1 Testing panel’s configuration (not to scale)

Isomet 4000 precision diamond saw with rotational disk speed
of 4100 rpm and a feed rate of 1.6 mm/min. The sections
underwent mechanical polishing using a series of emery papers
and diamond pastes until a %4 pum finish was reached. To reveal
the microstructure, the sections were etched using Keller’s
reagent in accordance with ASTM E340-00.

To investigate possible alterations in the nature of Cu
precipitates due to the welding process, etching of the top
surface at different locations was prepared by sputtering erosion
(using argon ion) using a glow discharge optical emission
spectrometer (GDOES), LECO GDS-750 QDP, operating at
voltage 600 V, and current 25 mA. The etched spots (4 mm in
diameter) were later used for back scattered scanning electron
microscopy.

Residual stress measurements were performed using Incre-
mental Hole-Drilling according to ASTM E837-99. Prior to
drilling, a 0.5-mm layer was milled to remove the onion ring
scar. This is a common practise in order to minimize surface
stress concentrations. All measurements have been performed
at a depth of 0.1 mm and represent near surface conditions.

Finally, UIT treatment was performed on Single Edge Notch
panel specimens having the weld line perpendicular to the
notch. Figure 1 depicts the specimen design. The 2 mm initial
slit was introduced using electro-discharge machining. All
testing panels were treated according to the parameters shown
in Table 3. The panels prior to treatment were cleaned in
nitride-free detergent and degreaser suitable for aerospace
components. Cleaning is imperative to prevent any residues
from machining and handling entering the surface. Uniform
clamping of the panels was performed using a vacuum table.
The exerted clamping pressure was 72 MPa. The UIT treatment
parallel to the weld line was performed. The treatment was
conducted at a distance of 30 mm from plate joint line (PJL).

In order to develop a fatigue crack from the slit, an initial
stress of 200 MPa was initially selected followed by load
shedding similar to that used in the determination of crack
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Table 3 UIT Esonix process parameters

Carrier frequency, kHz 36
Pin dimension, mm 6.3 x 17, R25, Titanium
Normalized impact 64 impulses

Amplitude under load, pm 12
Pressure, kg 15
Impact frequency, Hz 36
Tool overlapping rate, % 50
Coverage, % 200
Feed rate, mm/min 150

growth threshold. Load shedding was designed in order to
deliver a crack of length 4 mm at an initial AK value of 4, 8,
and 14 MPa /m. The value of 4 MPa \/m is representative of
the long crack threshold AK of the parent material. The case
supports the following rationale. Since the FSW could include
areas of lower long crack threshold AK values, it is necessary
to make sure that the AK of the induced-crack in the testing
article is not high enough as to prevent initiation of cracking
from such areas. In other words, the potential development of
additional fatigue damage within the FSW area is not excluded.
The other testing parameters were: stress ratio 0.1, frequency
20 Hz, temperature 19 °C, and humidity 48%. Crack growth
measurements were performed via a high-resolution camera
and in-house dedicated software. Similar testing setup was used
in the case of the UlT-treated specimens. Two tests were
performed for each initial AK value, both for the untreated- and
the UlT-treated specimens.

3. Results and Discussion

3.1 Weld Micromechanical Properties and Mapping

Figure 2 shows the grain size distribution of the different
zones. The nugget exhibits the finest grain with sizes in the
range between 5 and 10 um. The flow arm zone was found to
have a fine-equiaxed grain structure of approximately 15 pum.
The TMAZ exhibits a nonuniform and severely elongated
microstructure. The elongated grain size is found to range
between 200 and 400 um representing different degrees of
thermomechanical plastic deformation which governed the
amount of material drawn into the weld zone. The grain
structure in HAZ and in the parent plate appears to have similar
size in the order of 150-200 um. The process also allowed the
detailed 2D mapping of all the different zones as shown in
Fig. 3. The PJL corresponds to the center weld section and is
being used as scaling origin. The map also reveals the
nonsymmetrical distribution of the zones left or right to the
PJL with the right TMAZ showing smaller area compared to its
left counterpart. Such discrepancy is attributed to contact
pressure difference in the disc shoulder (possibly during
rotation).

The hardness profiles measured along the top and bottom
surface of the specimens are shown in Fig. 4. In general, the
hardness of the bottom surface is lower than that at the top. This
is particularly the case for the nugget zone (flow arm for the top
surface). The lowest hardness value from the top surface,
approximately 118Hv, was found in the TMAZ and especially
closer to the interface with the HAZ (13 mm from the PJL).
In contrast, the bottom surface exhibited its lowest microhard-
ness value within the nugget and TMAZ zone (approximately
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Fig. 2 Grain structure distribution exhibited within the five zones

HAZ
Lip Side (-)

Thickness § —

from Ff—

Top =

Surface § ]

(mm)  f—
e
12—”]1][[1]]1

-30 -25 -20 -15 -10

FLOW ARM

Distance From Plate Joint Line (PJL) (mm)

Fig. 3 Two-dimensional mapping of the weld

105-118Hv ). The highest top surface microhardness value of
167Hv;y was found within the HAZ (approximately 16 mm
from the PJL). Similar results can also be confirmed for the
bottom surface.

In order to investigate the variation of the gradient of the
thermomechanical plastic deformation taking place during the
welding process, which, as previously shown is manifested by
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differences between the top and bottom weld surface, through
thickness microhardness measurements were taken from six
selected sections (see Fig. 3). The measurements are depicted
in Fig. 5.

To better acknowledge the tendencies, regression analysis
was performed. The analysis reveals that: (a) section 1 (nugget)
exhibits degradation of its microhardness value with depth at a
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Fig. 4 Vickers hardness distribution across the weld surface. A 10-kg load was used

rate of 1.4 Hv/mm; (b) section 2 exhibits similar behavior to
section 1 at a rate of 0.78 Hv/mm; (c) section 3 (TMAZ +
HAZ) demonstrates minimum microhardness growth at a rate
of 0.42 Hv/mm. Herein it is important to note that the transition
from TMAZ to HAZ at a depth of approximately 3.2 mm did
not register any significant change; (d) section 4 (HAZ close to
TMAZ) shows significant increase in the microhardness with
a growth rate of 0.85 Hv/mm; (e) section 5 (clear HAZ)
shows significant increase at a rate of 1.35 Hv/mm, and finally
(f) section 6 (clear parent) shows trivial increase at a rate of
0.21 Hv/mm.

Figure 6(a) shows two images taken from the PJL zone. The
low magnification image reveals that Cu precipitates exhibit a
nonuniform distribution and are concentrated at the interfaces
between finer and coarser grains (being the result of unsuitable
cooling). The high magnification image reveals broad size
distribution of the precipitates (between 0.1 to 1.5 pum).
Figure 6(b) shows that at the right hand side of the weld (+)
and at a distance of 2 mm, precipitates are still agglomerated.
Precipitate agglomeration is a typical feature of the rolling
process that the plate underwent prior to FSW. Such feature
disappears at a distance of +5 mm. Significant grain size
variations and strong agglomeration of precipitates have also
been found in the TMAZ, as shown in Fig. 6(c). The black
spots have been identified by EDX as K, Si, and CI oxides. The
HAZ, Fig. 6(d), shows significant coarsening and more uni-
form distribution of the precipitates as well as elongated
microstructure. It is worth noting that K and Mn oxides were
traced only on the left hand side of the weld. The above
changes are better appreciated by comparison to the parent
material shown in Fig. 6(e).

The results of the residual stress measurements are shown in
Fig. 7. They indicate that: (a) the nugget is in compression with
values reaching maxima close to PJL; (b) the TMAZ is also in
compression but with a tendency to achieve tension; (c) the
HAZ is generally in tension with maxima found at the transition
location between TMAZ and HAZ. Single edge notch crack
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growth specimens were milled with dimensions according to
Fig. 1. The 2 mm initial slit was introduced using electro-
discharge machining. Prior to testing and in order to identify
potential redistribution of the residual stresses due to the
manufacturing of the testing article, the residual stresses were
measured once again at the selected locations. The results,
Fig. 7, indicate that machining did not produce any significant
alteration in the residual stress distribution close to the surface.
As such it is rational to assume that the selected testing article
dimensions are not subjected to scale effects.

3.2 Fatigue Grack Growth Behavior

Figure 8 shows the experimental results of the FCG tests,
both for the untreated specimens as well as for the specimens
after UIT treatment for the three selected cases. From the
results, the following comments can be made: (a) at low stress
levels and low initial stress intensity factor (SIF) (4 MPa +/m),
the effect on the UIT can lead to significant benefit. However,
such potential increase in fatigue resistance gradually dimin-
ishes with increasing applied stress and high initial SIF
(14 MPa /m); (b) the initial compressive residual stress field
induced by the treatment does not significantly affect long
crack growth (crack length >10 mm); and (c) significant
increase at low stress levels is found in the area where the UIT
has reversed the sign of the residual stresses (TMAZ).

In order to identify the role of the residual stresses during
fatigue damage (redistribution), hole-drilling measurements
were performed at different locations from the crack tip at the
crack plane. The results for the case of the as-received and the
UlT-treated testing articles with initial AK values of 4, 8 MPa
\/m are shown in Fig. 9 and 10, respectively. From the
results, it can be seen that propagation of the crack causes
severe redistribution of the residual stresses. The results
indicate that redistribution is higher from the side of crack
growth (negative to PJL) while the magnitude increases with
the far-field stress.

Journal of Materials Engineering and Performance
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Fig. 5 Microhardness measurements along the six selected sections

4. Conclusion

The work represents an initial application of the technology
of UIT in an attempt to improve the crack growth resistance of
friction stir welds. The results indicate that the technology can
change the sign of the residual stresses from tension to
significant compression. In principle, such change is considered
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as beneficial to crack growth resistance if the concept of the
effective stress range or effective stress ratio is acknowledged.
Yet, crack growth tests at different far-field stresses shown that
such potential is subjected to both the size of the crack and the
corresponding far-field stress level. This is due to the significant
re-distribution of the residual stresses which is evident in
both the cases of as-received and UlT-treated testing article.
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Fig. 7 Near surface residual stress distribution for as-received, after
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In addition, it can be easily seen that regarding to the value of
AK, the redistribution of the residual stresses as well as the
corresponding crack growth rate may differ.

The generated problem is best described if the principle of
similitude is engaged. Herein, the concept that long cracks will
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deliver similar propagation rate under the same AK values
cannot be applied either in models where the effective stress
range or the effective stress ratio is used without taking into
account the dynamic relaxation/redistribution of the residual
stresses. This is due to the progression of fatigue damage
imposed by the far-field stress, being mainly affected by the
number of cycles and its maximum value. Herein, fatigue
damage is associated with cyclic plasticity during the early
fatigue stages and to crack growth with progressing number of
fatigue cycles. The nature of the latter is twofold, namely, the
cracked volume which dynamically reduces the available
material for accommodating residual stresses and second, the
crack-tip plasticity volume which is residual stress free. As a
result, it is rational to assume that linear elastic solutions should
not be applied unless they are able to encapsulate the above.

This provides an alarming situation where damage tolerance
design relies on models where only the initial residual stress
profile is taken into account without knowledge of the potential
re-distribution of the residual stresses caused by the far-field
stress, the crack initiation site, and the selected geometry to
accommodate the above findings.

The findings of this work also indicate that any FCG tests
performed can only be considered as case-specific and conclu-
sions can only be drawn for the case studied. In other words, it
is imperative, prior to any investigation, to ascertain that the
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Fig. 9 Redistribution of residual stresses in the as-received specimens with crack position for the case of an initial AK value of (a) 4 MPa /m

and (b) 8 MPa /m

testing article remains representative of the residual stress
profile of the full scale component and consider that (a) the far-
field stress will provide an initial relaxation/redistribution of the
residual stress profile and (b) crack propagation will alter the
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above profile in a way that the correction factors used for
determining AK are not valid. The reader should also keep in
mind that the findings of this work represent a unique case so in
terms of the FSW parameters as well as the UIT treatment.
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and (b) 8 MPa \/m

There is no indication that the relaxation/redistribution will
remain similar if other parameters had been used. Therefore, it
is rational to support that the problem of addressing fatigue
damage in unstable residual stress fields is complex and
requires knowledge, which at this stage has not been properly
accumulated. As such, it is realistic to assume that damage
tolerance evaluation of FSW components should be treated as
case-specific, until all parameters which could affect the
stability of the residual stresses, i.e., FSW parameters, material
microstructural features, surface treatments, component dimen-
sions, etc. can be accounted in such a way as to reflect potential
interactions.
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