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Ultrasonic fatigue tests were performed on friction stir welded AA6061 joint to investigate very high
cycle fatigue (VHCF) behaviors. As a result, almost all the fatigue cracks are initiated from local plastic
slip markings around the boundary between thermo-mechanically affected zone and heat affected zone.
The fatigue strength decreases from the top to root of the welded joint, owing to the variation of plastic
deformation history and temperature distribution through the thickness. In fractography, the fatigue
crack initiation site is surrounded by a semicircular flat zone, of which the formation in VHCF regime
accounts for more than 98% of the total fatigue life.
1. Introduction

Owing to their low density and good mechanical properties,
aluminum alloys are increasingly employed in many important
manufacturing areas, such as the automobile industry, aeronautics
and the military [1]. The structural applications of aluminum alloys
inevitably involve welding and joining during manufacturing.
Compared with traditional welding processes, friction stir welding
(FSW) is a solid state joining method particularly well suited for
aluminum and magnesium alloys, which avert a series of disadvan-
tages, such as porosity, cavity and hot cracking [2].

The FSW joints used for automotive or aerospace applications
are generally working under cyclic loading conditions, sometimes
involving high frequency vibrations. The cyclic loading probably
extends beyond a million cycles in their working service [1,3]. Fur-
thermore, the fatigue properties of FSW aluminum alloy welds are
highly dependent on the plastic deformation history and local tem-
perature distribution in the weld region, which have been shown
to be non-uniform through-thickness under various conditions,
such as weld parameters, alloy type and tool geometry [2]. There-
fore, it is crucial to understand the fatigue strength and failure
mechanism of FSW joint considering the heterogeneity influence
in very high cycle fatigue (VHCF) regime. However, current studies
on the fatigue properties of the FSW are focused primarily on the
fatigue crack propagation resistance, low cycle fatigue behavior
and high cycle fatigue property [4–6]. In particular, the investiga-
tions on the fatigue strength and failure mechanism considering
the heterogeneity through-thickness of FSW joint are extremely
limited, especially in the VHCF regime.

In this test, the variations of microstructure and hardness,
which are closely related to the heterogeneities, are measured by
the optical microscope and sclerometer. Then, ultrasonic fatigue
tests (20 kHz) are performed on full and partial thickness speci-
mens of AA6061 friction stir welded joint to further investigate
the effect of heterogeneities at different cross section heights on
the fatigue life in the VHCF regime. Finally, the location of fatigue
failure across the weld, fatigue crack initiation and propagation
behaviors will be discussed based on the fractographic analysis.
2. Experimental procedure

The material utilized in this investigation is 6061-T651 alu-
minum alloy with a sheet thickness of 10 mm, and its nominal
chemical compositions and mechanical properties are listed in
Tables 1 and 2, respectively. The rolled plate had a solution treat-
ment in 529 �C, followed by aging treatment in 160 �C for 18 h.
The butt joints were made using a FSW machine, and the welding
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Table 1
Chemical compositions of 6061-T651 aluminum alloy (wt.%).

Cr Cu Fe Mg Mn Si Ti Zn Other impurities Al

Each Total

0.04–0.35 0.15–0.40 0.70 0.80–1.2 0.15 0.40–0.80 0.15 0.25 0.05 0.15 Rest

Table 2
Mechanical properties of 6061-T651 aluminum alloys.

Ultimate
strength (MPa)

Yield strength
(MPa)

Modulus of
elasticity (GPa)

Poisons
ratio

Elongation
(%)

310 276 68.9 0.33 12
direction was perpendicular to the rolling direction as shown in
Fig. 1a. The tool consisted of a 24 mm diameter curved profile
shoulder with an M10�1 threaded pin (10 mm diameter in root,
7 mm diameter in head and 9.2 mm in the length). The tilt angle
of the rotating tool was 2� with respect to Z-axis of FSW machine.
A tool rotary speed of 600 rpm was used in conjunction with a tra-
verse speed of 400 mm/min.

After welding, 1 mm-thick layers from both top and root
sides of the welded plates were skimmed to remove the profile
Fig. 1. Specimen design of FSW joint in this test. (a) Location of full thickness specimen
fatigue test; (c) schematic illustration of the partial specimen through thickness.
irregularities. Full thickness specimens were sectioned perpendi-
cular to the welding direction with the detailed sizes shown in
Fig. 1b. To fabricate sub-thickness specimens from each 1/4 layer
through-thickness, a full-thickness specimen was sliced at differ-
ent heights into four partial specimens with a wire-cutting
machine as presented in Fig. 1c. Note that some material was lost
due to machining, such that the sum of the thicknesses of the
partial specimens does not match that of the full thickness
specimen. For surface observation, the weld cross-sections of all
tested specimens were first polished using different grades of
emery paper and then subjected to electrolytic etching at 30 V
for 90 s using perchloric acid/ethanol solution to reveal the
microstructure. The residual stress was measured by X-ray diffrac-
tion sin2w method, the transverse residual stress in un-skimmed
plate state is about �14 MPa on the top surface, which is much
smaller than that in the longitudinal direction (76 MPa). Generally,
the residual stress in the FSW joints were quite low compared to
s on the FSW jointed plates; (b) dimensions of full thickness specimen in ultrasonic



those generated during fusion welding, and the longitudinal
residual stress were tensile and transverse residual stress were
compressive [2]. After skimming, the maximum value (�5.7 MPa)
of residual stress in transverse direction was located at the border
of weld nugget. Therefore, the influence of residual stress on the
fatigue behaviors in this test was neglected concerning the stress
relaxation during specimen machining.

Fatigue tests were performed on an ultrasonic fatigue test sys-
tem up to a limit of 109 cycles at a constant stress ratio of R = �1
and at room temperature. When the fatigue crack nucleated and
propagated, the natural frequency of ultrasonic loading system
would decrease during the test. In this investigation, the fatigue
tests would stop automatically when the variation of frequency
exceeded ±500 Hz. Fatigued specimens were examined by scan-
ning electron microscope (SEM) and optical microscope (OM) to
characterize the fatigue failure mechanisms.
Fig. 3. Hardness transverse to weld at various depths through thickness for FSW
joint.
3. Results

3.1. Microstructure and hardness distribution

Fig. 2 shows typical microstructures of a weld cross section per-
pendicular to the welding direction. The nugget zone (NZ) consists
of fine and equiaxed grains after recrystallization induced by
intense plastic deformation and frictional heating during FSW pro-
cess. The grains in thermo-mechanically affected zone (TMAZ) are
characterized by a highly deformed structure, which were
deformed in an upward flowing pattern around the nugget zone.
In heat affected zone, the material experiences a thermal cycle,
but does not undergo any plastic deformation, so the HAZ retains
the same grain structure as the base material (BM). Generally,
the plastic deformation and friction heat during FSW through the
thickness are nonuniform, which generate different microstruc-
tures at different heights. Therefore, it can be inferred that the
microstructural changes at different heights had a significant effect
on post weld fatigue properties.

As a precipitation hardenable alloy, the hardness profile of
AA6061 FSW joint is much more influenced by the size, volume
and distribution of the precipitates. Fig. 3 reveals the typical micro-
hardness distributions at three heigths (top, middle and bottom). It
is found that the hardness of HAZ decreases gradually toward the
center of the weld, and reaches the minimum at the boundary
between the TMAZ and HAZ at advancing side (AS), which exhibits
a W-shaped appearance. The soft zone in the HAZ can be attributed
to the dissolution and coarsening of strengthening phase induced
by heating during FSW [7]. The hardness decreases dramatically
at the boundary of TMAZ and NZ because of the variation of grain
size between them. The TMAZ and NZ both undergo severe intense
plastic deformation and thermal cycle. In the NZ, the dissolution of
precipitate results in the softening, but fine and equiaxed grains
bring the increase of hardness according to Hall–Petch relationship
Fig. 2. Metallographic cross-s
[8]. Therefore, the hardness of the weld zone is found to be much
higher than that in TMAZ and HAZ, but slightly lower than that
of base material. It should be noted that the width of soft zone
decreases from top to bottom of the specimen, which can be attrib-
uted to heterogeneities of peak temperature and thermal cycle
duration through the thickness.
3.2. S–N curves

Fatigue data of AA6061 friction stir welds for full and partial
thickness specimens are shown in Fig. 4, in which arrows indicate
runout specimens at 109 cycles. Curved lines are used to approxi-
mate data with Basquin equation for each group of test in the sin-
gle logarithm. Interestingly, no fatigue limits can be observed for
five groups of tests in the VHCF regime. The fatigue strength of full
thickness specimen at 109 cycles is about 65 MPa, which accounts
for about 59.1% of AA6061-T6 base material with ultrasonic load-
ing [1]. The decrease of fatigue strength in the VHCF regime com-
pared to base material seems to be less than that of traditional
fusing welds (only about 40% fatigue strength of base material)
[9]. It is believed that FSW method could improve the fatigue
strength of the welds for the lacking of inherent defects or internal
flaws [2]. In addition, the FSW partial thickness specimens have
lower fatigue strength than that of base material in this study,
and the fatigue life through the thickness is found to be different,
which decreased from top to root side of the FSW weld. These
changes of fatigue strength for partial specimens can be attributed
to the variation of microstructure and plastic deformation during
the FSW processing, and these will be discussed in detail in the fol-
lowing sections.
ection of the FSW weld.



Fig. 4. Fatigue data of full thickness and partial specimens.
3.3. Fractography

Fracture surfaces of all full thickness specimens were observed
by SEM after the final failure. Fig. 5 shows representative fracture
morphologies of two specimens failed at short fatigue life region. It
is evident that fatigue crack initiation sites are located at the spec-
imen surface, and there is a semicircular flat zone (plotted with
solid line in Fig. 5) with a radius of about 120 lm surrounding
the crack initiation site. The fracture surface out of the flat zone
consists of many paralleled glide planes as indicated by arrows
in Fig. 5. From the distribution characteristics of glide planes, grain
boundaries (plotted with dash lines) can be identified due to the
fact that the paralleled glide planes in the neighborhood grains
are oriented in different directions. Therefore, it can be found that
the crack in Fig. 5a initiated from the interior of grain A and prop-
agated through the boundary between the grain A and C. As a
result, the flat zone eventually ended in the interior of grain A
and C. In Fig. 5b, the edge of flat zone is located just at the bound-
ary of grain D. For the specimens failed in the VHCF regime, the flat
zone surrounding the fatigue crack initiation site can also be
observed in Fig. 6a and b, whereas the size of the flat zone is much
larger (about 400 lm in radius) than that at short fatigue region,
and grain boundaries could not be identified based on the charac-
teristics of sliding planes.
4. Discussions

4.1. Locations of the crack initiation sites in full thickness specimen

In this study, the fractographies of all full thickness specimens
present surface crack initiation features, which were totally differ-
ent from the internal crack initiation mechanisms for many metal-
lic materials in the VHCF regime [10]. It has been reported that
some ductile metals exhibit surface crack initiation sites [11–13],
but the welded joints of these materials by fusion welding method
usually had internal fatigue crack initiation sites induced by weld-
ing defects, which decreased the fatigue strength dramatically
[9,14]. The fatigue crack initiation is extremely sensitive to the
internal defects, but successful FSW welds generally contains no
inherent defects or internal flaws. Because of that, the fatigue crack
initiated from the specimen surface in this test, and the FSW
method improves the fatigue strength of welded joints as com-
pared to fusion welding method.
The specimen in transverse direction in this test contains
microstructures from all four zones, i.e., BM, HAZ, TMAZ and NZ,
each of which experiences different histories of plastic deformation
and high-temperature exposure [2]. Therefore, the resistances to
fatigue crack initiation, identified as a predominant role on the
metallic fatigue failure mechanism in the VHCF regime
[10,15,16], are inconsistent across the welds, which result in the
fatigue failures occurring just in the weakest zone. The fracture
surfaces were examined by OM and SEM to determine the loca-
tions of fatigue crack initiation sites. The results are plotted in
one specimen surface approximately as shown in Fig. 7, in which
fatigue lives are also presented by different colored dots. It can
be observed that fatigue crack initiation sites, leading to the fatigue
failure, are located mainly around the boundary between the TMAZ
and HAZ at the advancing side except one dot in the NZ, which are
in accordance with the locations of the lowest hardness points as
presented in Fig. 3. During FSW process, the high-temperature
experienced in both TMAZ and HAZ resulted in the dissolution of
strengthening precipitates and the formation of precipitate free
zone (PFZ) [17,18], so the hardness in these zones were degraded
accordingly as compared with BM. On the other hand, severe plas-
tic deformation (only existed in TMAZ) also exerted a significant
effect on the mechanical behavior, which increased the hardness
in the TMAZ due to the effect of strain hardening [19]. Because of
the complex effect from both high temperature and plastic defor-
mation, the hardness in the TMAZ is higher than that in the HAZ
adjacent to the TMAZ, and a weak zone in mechanical properties
formed accordingly around the boundary between the TMAZ and
HAZ. Therefore, in tensile or fatigue testing, the strain localized
in this weak zone [20,21], which is vulnerable to the formation
of local slip bands, and then led to the initiation of fatigue crack
[12,22]. In addition, it should be noted that the interface between
the TMAZ and HAZ is diffuse at the retreating side (RS) as indicted
in Fig. 2, so the strain concentration is less serious than that at the
advancing side. Therefore, no fatigue crack initiation occurred at
the retreating side in this work.
4.2. Heterogeneity of fatigue strength through thickness in VHCF range

The fatigue strength of partial specimens decreased from the
top to root layer based on the analysis on S–N curves as presented
in Fig. 4. The heterogeneities of fatigue strength through the thick-
ness from high cycle fatigue (HCF) to VHCF range were confirmed



Fig. 5. Fracture surface observation of crack initiation site at short fatigue life
region. (a) Nf = 6.39 � 106 cycles, rb = 75 MPa; (b) Nf = 2.32 � 106 cycles, rb =
80 MPa.

Fig. 6. Crack initiation site observation in VHCF for the specimens of (a) Nf = 2.78
� 108 cycles, rb = 65 MPa and (b) Nf = 7.32 � 108 cycles, rb = 65 MPa.

Fig. 7. Schematic diagram of the crack initiation site location on the specimen
surface.
because of the microstructure evolution. It has been discussed that
the mechanical behaviors across the welds were influenced by not
only high temperature experience (degradation of strength), but
also plastic deformation (strain hardening). The temperature
increase around the stirred zone during FSW has been investigated
by some researchers [17,23]. It was found that the top side of the
weld generally exhibited higher temperatures compared to the
bottom side due to the heating generating from the tool shoulder,
while the bottom surface was in contact with the backing plate,
which acted as a heat sink [24]. However, the lowest hardness
point at the top side in this test is slightly higher than the one at
the bottom as shown in Fig. 3, and similar results could also be
found in some researches [24,25]. This can be attributed to the
strain hardening caused by deformed microstructure in the TMAZ,
of which the width decreased from the top to bottom side. As a
result of the combined effect of intense plastic deformation and
temperature cycle, the softest zone is located at the bottom side
of specimen, which results in the lowest fatigue strength of 4/4
thickness specimen as presented in the S–N curves (Fig. 4). More-
over, through the distribution of fatigue crack initiation sites in
Fig. 7, there is a tendency of fatigue crack initiation location trans-
forming from bottom to top side of the weld as the increasing of
fatigue life up to the VHCF regime. This is due to the fact that
the soft zone at the top is larger than that at the bottom of the
specimen as presented in hardness profiles in Fig. 3, which
increases the probability of fatigue crack initiation at the top side
in the VHCF regime [3].



4.3. Fatigue crack initiation mechanism

In the VHCF domain for metallic materials, it has been con-
firmed that more than 90% of the total life devoted to the fatigue
crack initiation process [15]. For this reason, a lot of work has been
performed on the crack initiation mechanisms in qualitative and
quantitative ways [26–28]. In this section, the fatigue crack initia-
tion and propagation mechanisms will be discussed for a better
understanding of the fatigue failure of FSW joint.

Fig. 8 presents the specimen surface with a fatigue crack locat-
ing between the TMAZ and HAZ. At the fatigue crack initiation site
as shown in Fig. 8b, Persistent slip bands could be observed locally
in an area as plotted with dash line, from where the fatigue crack
were initiated. The same fatigue crack initiation mechanisms in
the VHCF regime, the development of persistent slip bands leading
to the surface fatigue cracks, can also be observed in some single
phase metals [11,29–32]. Generally, the plastic deformation fea-
tures for these materials were extensive on the specimen surface,
but in this work the persistent slip bands seem to be limited in a
very local small region distributed sporadically at the boundary
between the TMAZ and HAZ due to the heterogeneities of
Fig. 8. SEM observations of a fatigue crack on specimen surface (Nf = 8.74 � 107

cycles, rb = 70 MPa). (a) The crack locating between TMAZ and HAZ with whole
morphology; (b) enlargement of the fatigue crack initiation site showing persistent
slip bands.
microstructural and mechanical properties. In Fig. 8a, the crack
path close to the initiation site is perfectly straight and perpendic-
ular to the direction of stress. Persistent slip bands could not be
found around the crack face within a length of 800 lm, which cor-
responds to the semicircular flat zone mentioned in fractography
analysis. It seems to be the fact that the size of the flat zone is influ-
enced by not only the amplitude of applied stress, but also the
grain size at short fatigue life region, because the border of the flat
zone can be situated both in the interior of a big grain as shown in
Fig. 5a and at the grain boundary as presented in Fig. 5b. But in the
VHCF regime, the effect of grain size on the dimension of the flat
zone is vanished based on the observation in Fig. 6a and b, because
the diameter of the flat zone (about 800 lm) is much larger than
the average grain size perpendicular to the loading direction
(about 200 lm).

The effective fatigue stress intensity factor DK at the end of the
flat zone was calculated for all failed specimens according to the
computing method for semicircular crack in infinite solid [33],
and the results were presented in Fig. 9a. For comparisons, the
effective stress intensity threshold values for AA 6061 obtained
both from the experimental results by Paris [34] (measured at con-
ventional frequency fatigue test) and Herzberg’s prediction [35]
were also plotted. It can be seen that the results of the stress inten-
sity factor of the flat zones in this test varies in the range of 0.89–
1.59 MPa

p
m, which is in good agreement with the results about

propagation threshold of fatigue crack propagation rate by Paris
Fig. 9. Stress intensity factor range of the flat zone surrounding the crack initiation
site (a) and normalized crack initiation life (b) as a function of total fatigue life.



(1.5 MPa
p
m) and Herzberg (1.1 MPa

p
m). Frequency effect of

ultrasonic loading on the determination of stress intensity thresh-
old is negligible for FSW aluminum alloys. The stress intensity fac-
tor threshold in the VHCF range, according to the fatigue crack
initiation sites located at the top zone, is slightly higher than at
the root zone of the welds, because the fatigue strength of partial
thickness specimen decreased from the top to root of the welds
as shown in Fig. 4. Moreover, the formation of the flat zone can
be regarded as the fatigue crack initiation process, because the
value of DKFlat zone corresponds to the DKth .Therefore, Paris law is
acceptable to describe the fatigue crack growth process after the
DKFlat zone, and the fatigue crack initiation life Ni (formation of the
flat zone) can be estimated with the following expressions:

da
dN

¼ CDKm

Np ¼ 2
ðm� 2ÞCYmDrm

1

aðm�2Þ=2
flat

� 1

aðm�2Þ=2
critical

" #

Ni ¼ Nf � Np

where C and m are the parameters in relation with the given mate-
rial and are obtained from the results of crack propagation test on
base material (AA6061) by Paris [34] (C = 6.02 � 10�9, m = 3.157),
and Y is the related shape factor (Y ¼ 2:05

p ). acritical is critical crack
length corresponding to the fracture roughness (acritical = 8.54 mm,
equal to the maximum length of specimen for conservative predic-
tion). Note that the fatigue crack nucleated and propagated approx-
imately along the boundary between the TMAZ and HAZ, where the
microstructure kept almost the same in shape and size as compared
to base materials, so the effect of microstructure changes on the
fatigue crack propagation rate was neglected in this test. The values
of Ni/Nf for all failed full thickness specimen are obtained and plot-
ted in Fig. 9b. It is observed that the value of Ni/Nf increases dramat-
ically with the increasing of total fatigue life. This differs greatly
from the VHCF failure mechanisms of the TIG welded joints that
the fatigue crack propagated directly from the welding defects
without apparent initiation process [9], which the life ratio Ni/Nf

for FZ specimens was scattered. when the fatigue life is above 107

cycles, the crack initiation life contributing to the formation of the
flat zone is more than 98%. It is evident that the fatigue life in
AA6061 friction stir welded joint is almost occupied by the crack
initiation process of the flat zone formation.
5. Conclusions

In this study, ultrasonic fatigue tests were performed on FSW
aluminum alloy joints to investigate the heterogeneities of fatigue
behaviors through the thickness. The conclusions can be summa-
rized as follows:

(1) The S–N curves of FSW joints for both full and partial thick-
ness specimens show continuous decrease with the decrease
of the stress amplitude, and there is no fatigue limit in the
very high cycle fatigue regime.

(2) For full thickness specimens, fatigue crack initiation sites
were located around the boundary between the TMAZ and
HAZ due to material soften caused by plastic deformation
and high temperature experience.

(3) For partial thickness specimens, fatigue behaviors is found to
be heterogeneous through the thickness, for that the fatigue
strength decreased from the top to root of the welds.

(4) Persistent slip bands could be found locally at the fatigue
crack initiation site. The fatigue crack initiation site was sur-
rounded by a flat zone, of which the formation occupied over
98% of the total fatigue life in VHCF regime.
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