
Received: 28 March 2019 Revised: 15 May 2019 Accepted: 16 May 2019
S P E C I A L I S S U E CONTR I BU T I ON

DOI: 10.1111/ffe.13068
Transverse fatigue behaviour and residual stress analyses of
double sided FSW aluminium alloy joints
Enrico Salvati1 | Joris Everaerts1 | Koji Kageyama1,2 | Alexander M. Korsunsky1
1Department of Engineering Science,
University of Oxford, Oxford, UK
2R&D Division, Nippon Steel & Sumitomo
Metal Corporation, Kashima, Japan

Correspondence
Dr Enrico Salvati, Department of
Engineering Science, University of Oxford,
Parks Road, Oxford OX1 3PJ, UK.
Email: enrico.salvati@eng.ox.ac.uk;
enrico.salvati@outlook.com
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

This is an open access article under the terms of the C

original work is properly cited.

© 2019 The Authors Fatigue & Fracture of Enginee

Nomenclature: Δσ, Fatigue stress range; σUT
component of residual stress; EBSD, Electron b
Focused ion beam and digital image correlatio
cycle fatigue; IPF, Inverse pole figure; R, Fatigu
SXRD, Synchrotron‐based X‐ray diffraction; t,

1980 wileyonlinelibrary.com/journal/ffe
Abstract

Friction stir welding (FSW) since its invention has been attracting relevant

interest for joining aluminium alloys. Due to the nature of this process, the

materials can be joint without melting. Thanks to this peculiar characteristic,

the issues associated with the cooling from liquid phase are avoided or consid-

erably reduced, such as cracking, porosity, and defects.

However, as well as other well‐established welding techniques, the FSW pro-

cess gives rise to formation of residual stress in the welding region and sur-

rounding volume: heat and thermo‐mechanical affected zones. Presence of

residual stress in a mechanical component is well‐known to affect its perfor-

mance, particularly regarding fatigue at high number of cycles. Another aspect

that influences the fatigue life is the underlying microstructure.

In this work, we firstly study the residual stress field and the underlying micro-

structural features arising in FSW butt joints and their effect on the fatigue per-

formance of this type of weldments. The evaluation of residual stress field is

carried out by means of modern experimental techniques. In the first instance,

synchrotron X‐ray powder diffraction was employed for two‐dimensional full

field maps of residual stress. Corroboration of these measurements was done

by exploiting the capability of focused ion beam and digital image correlation

(FIB‐DIC), which is able to deliver pointwise absolute measurement of residual

stress. A set of FSW samples were then tested under uniaxial fatigue loading at

several loading ranges, in the high cycle fatigue regime, in order to understand

whether the severity of loads affects the crack path and life endurance.

Fractographic and electron backscattered diffraction (EBSD) analysis then

revealed crack nucleation site and propagation mechanisms with the respect
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of the underlying microstructure. Outcome of these experimental studies is

then thoroughly discussed.
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1 | INTRODUCTION

Friction stir welding (FSW) is widely employed technique
for the joining of soft metallic alloys, although an effort
has been currentlymade to extend its applicability to harder
alloys such as steel.1 The family of aluminium alloys is per-
haps the most common class of materials welded by using
this method.2 Nevertheless, much research has focused also
on the weld of dissimilarmaterials.3-6 Over 20 years since its
invention, FSW has been developed for a number of butt
weld types, eg, closed square,7 T‐joints,8 and tubes.9,10

Weldments produced by this technique show superior
mechanical properties than thosemanufactured by conven-
tional ones, such as Metal Inert Gas (MIG) and Tungsten
Inert Gas (TIG). The aspects that make this technique
favourable against others are the high quality of the welds
in terms of presence of low porosity and defects,2 relatively
low residual stresses (RS)11 and higher fatigue perfor-
mance.12 In addition to this, it has been demonstrated that
also the distortion of the final product is reduced.

In the last decade, a relevant amount of effort has
been put in optimising the process parameters with the
goal of achieving more and more resistant mechanical
components realised through this technique.13,14 Also, a
very extensive characterisation campaign has been con-
ducted for several materials, especially to assess andmodel
fatigue performance.15,16

Nonetheless, in order to reliably predict failure of
mechanical components and assemblies produced by
FSW, profound knowledge of the failure mechanisms
involved is necessary, which are often neglected or merely
empirically accounted for. The two main affecting factors
of the fatigue characteristics of these welds are the micro-
structure and the presence of RS. The former has been
widely studied and reported in the literature, highlighting
the significant grain refinement and texture modifica-
tion.17,18 The latter, ie, RS, is in general well‐known to be
detrimental for the fatigue properties of weldments, as
high magnitudes of tensile stresses can be present within
both the heat affected zone (HAZ) and the thermo‐
mechanically affected zone (TMAZ) of the weld, and gen-
erally lower tensile magnitude in the nugget of the weld.19

It is therefore central to better understand role and promi-
nence of these affecting factors in this class of components
when subjected to fatigue loadings.
In this study, an experimental investigation on fatigue,
RS, and microstructural properties is conducted. In the
first place, high cycle fatigue (HCF) tests were performed
on dog‐bone samples, extracted from a double sided FSW
aluminium alloy plate, at different loading amplitudes.
Postmortem examination of the fractured samples and
microstructure morphology were, respectively, conducted
by means of optical profilometry and scanning electron
microscopy (SEM). The microstructure of one of the
fatigued samples was revealed by using electron
backscattered diffraction (EBSD), covering a large area of
the thickness cross‐section spanning from the fractured
surface to the unaffected region sufficiently far from the
weld. As far as the RS evaluation is concerned, the
transverse and normal components were evaluated by
employing two independent experimental techniques. To
obtain a full 2D map of RS over the welded region cross‐
section (through‐thickness), synchrotron‐based X‐ray
technique (SXRD) was used in transmission mode.20-25 In
addition to this measurement, a linear spatially resolved
RS profile along the mid‐thickness line was obtained by
an independent technique called focused ion beam and
digital image correlation (FIB‐DIC),26,27 which allowed
for the measurement of very local RS, independently from
the prior knowledge of the unstrained condition of the
probed material. Qualitative information regarding the
region where high plastic deformation occurred was also
extracted from the SXRD acquired patterns by evaluating
the peak broadening effect.

The geometry of the studied joint was also examined
in this study to quantify the amplification of stress due
to the presence of notch‐like features. Thus, the nominal
stress concentration (SCF) arising when this joint is
subject to uniaxial load was simulated exploiting the
capabilities of the finite element method.

The experimental outcomes of this research were
critically analysed and thoroughly discussed in order to
identify crack initiation and propagation mechanisms.
2 | MATERIAL

A 4‐mm‐thick aluminium alloy AA6082‐T6 plate was the
material used for the manufacturing of a FSW joint. With
the purpose of executing the fatigue tests, the welded
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plate was subjected to wire electro discharge machining
(EDM) to cut dog‐bone samples; geometry and dimen-
sions are shown in Figure 1. The rolling direction of the
plates corresponds to the longitudinal direction indicated
in the figure.

In addition to this set of samples, a further sample
was extracted by thinning the 7 mm width indicated in
Figure 1 down to 2 mm; this was the sample subsequently
used for the SXRD analysis. The choice of 2 mm was made
by compromising the level of X‐ray scatter and sample
absorption at the beam energy available.
3 | METHODS

3.1 | Fatigue tests

The experimental analysis of fatigue testing was conducted
using an ElectroPuls E10000 dynamic test instrument
provided by Instron. This test rig is able to achieve high
loading frequency (up to 100 Hz) at loads as high as
10 kN. Nevertheless, for the purpose of the present study,
only the HCF regime was considered; therefore, the fre-
quency was limited to 25 Hz. Such constrain was imposed
in order to reduce the effect of thermal heating, whichmay
have affect the outcome of the tests.

A preliminary tensile monotonic test allowed for deter-
mining both the ultimate tensile stress (σUTS) and yield
stress (σY), which were assessed, respectively, to be 180
and 152 MPa. It is worth reporting that the assessment of
the yield stress was done by assuming a 0.2% plastic strain
offset. Therefore, the fatigue tests were performed at a
maximum load being lower than the σY. In the present
campaign of fatigue tests, the samples were cyclically
loaded at load ratio R = 0.1. This choice was mainly aimed
FIGURE 1 Sample geometry and dimensions for fatigue testing

and coordinate system. Dimensions in millimetres
at reducing the effect of plasticity induced crack closure
taking place while the crack propagates through the
welded region. By decreasing the effect of crack closure,
the crack surface shows a less amount of plastic deforma-
tion generated by the contact between crack flanks, which
in turns allows improved optical inspection of the crack
surface morphology. Maximum cyclic stresses σmax were
thereby chosen to range between 80 and 140 MPa; which
corresponds to stress ranges Δσ of 72 to 126 MPa. Seven
samples were employed in total for the fatigue tests.
3.2 | FIB‐DIC ring‐core and synchrotron
based XRD for the evaluation of residual
stress

RS in materials can be evaluated through a number of
experimental techniques ranging from destructive to
non‐destructive. However, only few of them provide abso-
lute estimation of RS values independently from the
material microstructural characteristics; these are based
on the concept of stress relaxation. Stress relaxation takes
place when a cut (removal of material) is performed in
the material, which in turn it gives rise to deformation
of the surrounding material due to the pre‐existence of
RS. Based on this concept, several techniques have been
developed in the last decades,28-31 and more recently, it
also has been implemented at the nano‐ and micron‐
scales.32-35 One of the two methods employed in this
study is based on such a physical phenomenon, and it is
applied at the micron‐scale. Such a method is also known
as FIB‐DIC micro‐ring‐core technique.26,27,36,37 In this
acronym, FIB stands for focused ion beam, which is the
technique utilised for the material removal at such a
small scale, and DIC is the digital image correlation tech-
nique adopted to track and to measure the surface feature
displacements occurring on the surface of the “core”
while the milling proceeds. Such core is the pillar‐like
volume of material left after the machining is completed.
Latest developments of this method have allowed the
evaluation of depth profiling of RS within coatings or
treated surface with depth resolution up to 50 nm. How-
ever, as concerns the present study, since depth profiling
was not required but rather an averaged local value, a
more classic strategy was used for the back calculation
of RS from the measured strain relief provided by DIC
analysis. This calculation framework consists in the
fitting of the relief curve with a master curve obtained
by FEM simulation, assuming the RS is constant through-
out the whole depth reached by the ring‐core milling. It is
assumed that the RS depth profile is constant at each
local measurement. This assumption is realistic seeing
as the total ring‐core milling depth is only 5 μm. It is
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important to highlight that this calculation accounts for
the presence of several sources of errors, ie, DIC tracking
and master curve fitting,38 elastic local anisotropy,39 and
FIB‐induced amorphisation.40-42 Such a propagation of
errors will be illustrated by using error bars for each local
measurement. It is worth stressing that in comparison
with the SXRD technique, FIB‐DIC relies on the assess-
ment of RS within a much smaller gauge volume. It is
therefore challenging to estimate the RS variability
within the workpiece induced by the manufacturing tech-
nique, ie, sum of physical errors.

One of the limitations of the FIB‐DIC method is the
rather prohibitive possibility of obtaining full‐field maps
of RS over large areas, given the relevant time required
for each measurement point (about 20 minutes each).
Since in this study one of the purposes was to find corre-
lations between the presence of the RS and fatigue crack
nucleation and propagation, it was considered of great
importance to consider a full picture of RS present in
the weld. Moreover, SXRD method provided an unparal-
leled amount of statistical information, which allowed
for the assessment of RS variability throughout the
sample thickness.

To achieve this, SXRD was used on the B16 beamline at
the diamond light source (DLS) facility in Harwell (United
Kingdom). The 2‐mm‐thick cross‐section sample was
scanned using 18 keV X‐ray beam in transmission mode.
The region of interest (ie, area including the nugget,
HAZ, and TMAZ) wasmapped by raster scanning strategy,
using a step size of 0.25 mm was chosen. At each scanned
point, full Debye‐Scherrer patterns were acquired. The
quantification of the <311> peak shifting enabled the eval-
uation of the lattice strain at each point regarding the two
perpendicular components, ie, transverse and normal.
Upon this assessment, the calculation of the RS was quite
straightforward, and it was conducted by invoking the bi‐
axial form of the Hooke's law. Nevertheless, one of the
main issues usually faced when evaluating RS with this
class of techniques is the unknown value of the unstrained
lattice. Conversely from other authors found in the perti-
nent literature,43,44 where a comb‐like sample was used
for the determination of the unstrained lattice value, in this
study, a different approach is employed. This approach
relies on the fact that in order to obtain body equilibrium
in a beam, the sum of the transverse forces and moments
must be zero, along any normal section of the beam. In
the present case, for the sake of simplicity only the forces
were accounted and therefore the condition assumed was

∫
t

0σxx dy ¼ 0;

where σxx is the transverse stress according to Figure 1, t is
the sample thickness, and y is the normal direction. This
method allowed for the independent full‐field 2D evalua-
tion of RS. Error estimation was conducted essentially by
evaluating the accurateness of the peak fitting, in the first
place, and the confidence bounds were assessed by appro-
priately invoking Bragg's law.
3.3 | Optical, SEM, and EBSD for
microstructural investigation

The fatigue mechanical testing was followed by detailed
inspection of the fracture surface to investigate the crack-
ing mechanisms operative during propagation. Firstly,
optical examination was carried out by using an Alicona
Infinite Focus optical microscope, which provided 2‐mm
lateral resolution and accurate focus ensured by the out‐
of‐plane scan reconstruction implemented in its dedicated
software. As an outcome, the 3D reconstruction of the
crack surface morphology was recreated. For this analysis,
two representative fatigued samples were studied.

A representative fractured sample was then examined
using SEM microscopy. Detailed fractographic analysis
was performed over specific regions of the sample, for
instance: initiation point, steady fatigue crack growth
region, and monotonic failure.

The microstructural characteristics of the material in
the vicinity of the fracture were studied by invoking the
EBSD method. One end of a representative fractured
sample was used for this task. The analysed surface can
be identified as the xy‐plane depicted in Figure 1. Such a
surface was progressively polished using several grades of
sand papers, followed by diamond suspensions up to
1 μm and colloidal silica solution as a last step. Besides
the region close to the fracture, thanks to the large size of
the map, it was also possible to appreciate the gradient of
microstructure size and texture degree across the three
dominant regions identified in FSW joints, namely,
nugget, HAZ, and TMAZ. The map true pixel size was set
to 4 μm.
4 | RESULTS

4.1 | Fatigue tests

The results of the fatigue test campaign are summarised
in the Wohler diagram in Figure 2. As it is possible to
see, the sample fatigued at 72 MPa of stress range experi-
enced fatigue life greater than the cut‐off threshold, above
which the test is considered as a run‐out. On the other
hand, other samples tested at different stress ranges
showed a general trend of load being inversely propor-
tional to the number of cycles, as expected and well‐
known from fatigue theory. The experimental data are



FIGURE 2 High cycle fatigue results and comparison with

literature.45 Please note that the load ratio is consistent (R = 0.1)

for the literature data
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fitted with the classic empirical Wohler curve. It is worth
remembering that this manuscript is not devoted to the
full fatigue characterisation of these joints but rather at
investigating some failure characteristics. For this reason,
the number of fatigue tests was limited to only seven.
Needless to say that the actual curve requires a larger
number of experimental tests to be statistically represen-
tative; however, the present experimental results provide
an insight on the trend. In addition, the fatigue behaviour
of FWS joints of the same material, extracted from the lit-
erature, are reported in the same plot,45 indicated as
“Ref.”, along with the fitted power curve.
4.2 | Microstructure characterisation and
fractography

The investigation of the fracture surface was performed on
two samples using optical depth‐resolved microscopy. The
samples loaded at higher and lower fatigue stress ranges,
respectively, at 112.5 and 126 MPa are shown in Figure 3.
As it is possible to observe from both the contour plots
and the 3D reconstruction, the crack followed a path not
strictly perpendicular to the loading direction, as expected
FIGURE 3 Crack surface morphology. A, Δσ = 112.5 MPa and B, Δσ
for homogeneous materials. Thereby, a first conclusion is
that the crack path was strongly influenced by the underly-
ingmicrostructure and possibly from the RS field for all the
samples and fatigue load amplitudes. For all the cases stud-
ies, macroscopic features were observed. These features
can be seen as marks that are not associated with the direc-
tion of crack propagation, as will be shown later, but rather
linked to the tool advance, as also observed in the litera-
ture46; Figure 3A shows the location of these marks and
are indicated as “tool rotation marks.”

A large EBSD map over the regions of interest was
acquired and then overlaid onto a secondary electron
image obtained from SEM, shown in Figure 4. This maps
clearly enables the visualization of the crack path and
how this is linked to the microstructure and texture. Two
main regions could be identified in the map, the first
belonging to the TMAZ on the left‐hand side and the sec-
ond showing a transition to the unaffected microstructure
on the right‐hand side. A further region can be recognised
at the top and bottom sides of the weld, in correspondence
of the tool contact region where a prominent grain refine-
ment took place, forming a shallow layer which is named
as tool's shoulder layer.

A more detailed inspection of the fractured surface was
done by SEM, and the results are shown in Figures 5 and 6.
The overview image presented in Figure 5 not only high-
lights again the tool advance macroscopic marks but also
provides enough resolution to identify the typical fatigue
striation, which are directly associated to the length of
crack propagation at each load cycle. With the purpose of
facilitating the comprehension of the image, continuous
red lines aremanually overlapped to enhance visualisation
of the crack front at some stages of propagation. In addi-
tion, orange arrows indicate the direction of propagation.

It is important to identify features of this joint when
compared with other types of FSW. For instance, despite
the nature of the double sided FSW,45 the effect of the tool's
shoulder is only predominant on the side where crack
nucleation occurred, making the single side type of joint
not much different from this point of view. On the con-
trary, if the monotonic behaviour of the joint was studied,
= 126 MPa [Colour figure can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com


FIGURE 4 Electron backscattered

diffraction (EBSD) map of the cracked

cross section including heat affected zone

(HAZ) and thermo‐mechanically affected

zone (TMAZ) regions. Inverse pole figure

Z [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 5 Overview scanning electron

microscopy (SEM) image of the fractured

surface (Δσ = 112.5 MPa) [Colour figure

can be viewed at wileyonlinelibrary.com]
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wewould experience a difference because of the additional
tool's shoulder layer being present at the bottom part
(visible in Figure 4). In general, the literature reports
an improved performance of double sided FSW, especially
in terms of strength.47-49 This effect is thought to be
related to the accessibility of the material from both sides,
which makes the processed material more homogeneous.
Another aspect that may be worth elucidating is the crack
path, which differs from what is observed for single sided
FSW. In fact, in contrast with the double sided joint seen
from the Figure 4, the single side joint presents a V‐groove
usually extending all the way through the thickness. It can
be expected that the crack path would not differ from the
traditional single side joint for one third of the crack extent.
Instead, as the effect of the double side becomes more and
more prominent, the crack path diverts assuming a more
characteristic shape resembling the groove (or the TMAZ).
Another visible characteristic is that all the nucleation
of cracks took place within the region affected by the tool's
shoulder contact. This region can be identified only by
observing the fractured surface, as visible at the crack
nucleation site in Figure 3, or in more details in the
Figure 6A,C. After detailed imaging inspection, it turned
out that this can be considered as a semi‐detached layer,
about 100‐um thick. It is indeed at this outer layer where
crack first originated, most probably facilitated by the
pre‐existence of a large defect, as underlined in Figure 6
A. It is also important to remark that the interface between
the shoulder layer and the core material is rather discon-
tinuous, making the fatigue crack propagating in different
manners. In fact, Figure 6C illustrates how at the right‐
hand side of the specimen the crack propagated in fatigue
mode in the core, but the outer layer showed ductile
fracture, imputed to monotonic load failure.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


FIGURE 6 Fractography analysis. A, Crack initiation site at the tool's shoulder layer. B, Beach marks at the nugget of the weld. C,

Monotonic failure at the tool's layer
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4.3 | Residual stress evaluation and FEM
stress analysis

As explained earlier, two experimental techniques were
employed for the study of RS across the weld regions.
The analysis of the acquired diffraction patterns,
quantification of lattice strain first, and calculation of
RS second, allowed for the reconstruction of the RS
maps reported in Figure 7A,B. The lack of detailed
FIGURE 7 Residual stress and peak width contour plots over the cro

and yy components. C, the full width half maximum (FWHM) of the ana

be viewed at wileyonlinelibrary.com]
information at the very top and bottom parts of the
maps was attributed to free‐edge effects, being this not
perfectly even and producing artefacts and therefore
unrealistic values of stress that were ultimately
discarded.

Although it is generally very challenging to extract
quantitative evaluation of the plastic strain present in
the weld, the analysis of peak broadening effect may
sometimes provide some insights.50 With this end, a
ss‐section. A and B, are the residual stress maps, respectively, the xx

lysed peak corresponding to the loading direction [Colour figure can

http://wileyonlinelibrary.com
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peak broadening analysis was carried out, using the
same crystal plane (<311>) previously employed for
the lattice strain analysis. The resulting contour map is
shown in Figure 7C.

To corroborate the results from SXRD, a line of spa-
tially resolved FIB‐DIC ring‐core measurements was
performed across the FSW section. The line is shown
by the black arrows in Figure 7A,B, and the x‐axis
shares the same origin with the SXRD contour plots.
For the sake of comparison, RS line profiles were
extracted from the SXRD maps at the same locations
and plotted in Figure 8. It is worth noting that the error
bars concerning the yy component of RS are signifi-
cantly larger than corresponding xx ones. This is due
to the SEM fast scan direction, being in this specific
case, corresponding to the x‐direction. In any case, the
magnitude of error bars is still tolerable.

The sample selected for the study of RS was also
imaged by optical microscopy with the purpose of gener-
ating a geometrical model. A 2D model of the sample
cross section was then imported in an FEM environment
and the uniaxial loading condition simulated, neglecting
material, and geometrical nonlinearities. After mesh
refinement at the high local curvature regions and
appropriate implementation of load and boundary condi-
tions, it was possible to estimate the nominal SCF. A con-
tour plot of the SCF is reported in Figure 9.
FIGURE 8 Residual stress line plot comparison, synchrotron‐based

correlation (FIB‐DIC). Reference line plot is shown in Figure 8A,B by t

wileyonlinelibrary.com]

FIGURE 9 Finite element method

(FEM) simulation results of the nominal

stress concentration factor (SIF) when the

sample is loaded along the x‐direction.

Stress concentration factor (SCF) was

assessed on the basis of the maximum

principal stress [Colour figure can be

viewed at wileyonlinelibrary.com]
5 | DISCUSSION

The combination of microstructural characterisation and
stress analysis has shed some light onto the nature and
propagation of fatigue crack. The first observation can be
drawn upon the direct observation of the crack path, which
turned out to be strictly associated to the nature of the geo-
metric properties of the process itself. Indeed, the shape of
the TMAZ region vastly influenced the crack propagation
path, regardless the magnitude of the tested fatigue load-
ings. It is then obvious that crack deflection mechanisms
were operative during propagation, leading to a superior
dissipation of energy during this process compared to an
ideal case where the crack path would be perfectly perpen-
dicular to the loading direction.

In addition, EBSD analysis provided further informa-
tion of the nature of such a route followed by the crack
through the sample thickness. As shown in Figure 4, over-
all, the crack trajectory followed the morphology of the
microstructure present in the TMAZ. In this region, espe-
cially in the core of the weld, a mild grain refinement took
place, accompanied by a significant modification of the
microstructure texture from the parent material that can
be appreciated on the right hand side of the map. The most
interesting aspect perhaps is the effect that the tool's shoul-
der had on the microstructure where the dynamic contact
took place. In this region (squared in Figure 4), abundant
X‐ray diffraction (SXRD) vs focused ion beam and digital image

he arrow in black x [Colour figure can be viewed at

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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grain refinement occurred, caused mainly by the large
shear stresses induced by the tool. It is actually in this
region where the fractographic analysis later revealed the
site of crack nucleation or at least one of the nucleations.
Not the only site because SEM analysis also displayed both
the presence of a discontinuous interface connecting this
layer to the TMAZ and different crack propagationmecha-
nisms and rates between the two adjacent regions. Hence,
the most extensive fatigue crack propagation process
throughout the sample thickness is likely to have origin
at this interface, and it may have originated in a later stage
of propagation, after that most of the outer layer was
cracked. Another clue supporting this theory arises from
the fact that at the opposite side of the nucleating crack,
the outer layer did not show fatigue failure, but rather a
monotonic ductile failure. Meaning that this portion of
layer only failed when most of the sample was already
cracked by fatigue.

The analysis of RS also provided very noteworthy results
in the context of fatigue failure. Clearly, there is no evident
trend of RS profiles across the weld, which showed alter-
nating tensile and compressive regions, not necessarily
associated with the three main regions defined earlier. In
any case, the RS results presented here show a very good
degree of accuracy, provided by the employment of two
independent experimental techniques. In fact, Figure 8
shows how a satisfactory agreement was found by compar-
ing the results of the two techniques, namely, SXRD and
FIB‐DIC. Small local divergences experienced here can
be imputed to a scale effect becoming more and more
prominent when the diameter of the ring‐core used for
the FIB‐DIC evaluation approaches the dimension of the
grain. It has been shown in previous works how, apart
from the local elastic anisotropy, small variation of stress
at the micron scale are due to the presence of type II and
type III RS.51-53 Overall, similar stress magnitudes or lower
were also found in similar alloy.54 An interesting aspect
can be appreciated though, and it concerns the sign of RS
over the path of the crack. Especially in Figure 7A, it is
clear how the crack propagated through regions where
the sign of RS was predominantly positive, which means
that compressive RS regions may have played a role in
deflecting the crack towards regions where a more detri-
mental type of RS was present.

Qualitative estimation of the plastic deformation
occurred across the welded region could also be extracted
from the SXRD experiment by quantifying the FWHM of
the fitted peak. This confirmed the presence of high plastic
deformation taking place in the TMAZ region compared
with the HAZ. Interestingly, the central part of the weld
showed lower degree of plastic deformation, probably
due to the different temperatures present in this region,
which induced grain recrystallisation.
In addition to the microstructural and intrinsic stress
state of the weld, the geometrical effect of the welded joint
was eventually analysed. Interestingly, high concentration
of stresses being present at the advancing side of the weld
close to the crack origin site was wound, thanks to the
SCF that was numerically evaluated via FEM. This aspect
may also have contributed on triggering the fatigue failure
constantly on the top side of the sample, and it is undeni-
able how the presence of this type of notch can reduce
the fatigue life of such components.
6 | CONCLUSIONS

The present work has highlighted the importance of the
both microstructural characteristics and RS in affecting
the HCF performance of this class of FSW joints. Fatigue
tests showed a distinctive crack path that was found to be
associated to the microstructural regions resembling the
tool shape, regardless the severity of fatigue loading.

The nucleation of crack took recurrently place close to
the advancing side, particularly where the tool's shoulder
layer was present. Nucleation generally occurred at this
layer first, in particular where defects were present, every
time from the free surface, and it is not excluded the
hypothesis that further crack nucleation happened at
the interface between the tool's surface layer and the core
of the weld, since this was seen to be discontinuously
connected. An accurate evaluation of RS was carried out
by using two independent techniques. This analysis
outlined how the crack propagated trough regions show-
ing high magnitude of tensile RS, hence confirming the
role of RS in fatigue crack propagation.

The analysis of peak broadening highlighted the large
plastic deformation that arose especially in the TMAZ.
Furthermore, the FEM analysis has shown a concentra-
tion of stresses nearby the actual position of crack nucle-
ation due to the presence of a notch‐like feature produced
by the welding process. The presence of this feature may
have contributed in triggering the crack nucleation from
this side.

It is then evident that several factors do actually have a
relevant influence on the fatigue properties of this family
of joints. For this reason, future predictive models will
need to account for these aspects to achieve more and
more distinctive performance.
ACKNOWLEDGEMENTS

The authors acknowledge the Research Complex at
Harwell and the Centre for In situ Processing Studies,
and Diamond Light Source for access to beamline B16



SALVATI ET AL. 1989
(proposal MT13737‐1). Scientific support from beamline
scientist Dr Igor P. Dolbnya is also acknowledged.
ORCID

Enrico Salvati https://orcid.org/0000-0002-2883-0538
Alexander M. Korsunsky https://orcid.org/0000-0002-
3558-5198
REFERENCES

1. Liu FC, Hovanski Y, Miles MP, Sorensen CD, Nelson TW. A
review of friction stir welding of steels: tool, material flow, micro-
structure, and properties. J Mater Sci Technol. 2018;34(1):39‐57.

2. Threadgilll PL, Leonard AJ, Shercliff HR,Withers PJ. Friction stir
welding of aluminium alloys. Int Mater Rev. 2009;54(2):49‐93.

3. Yazdipour A, Heidarzadeh A. Effect of friction stir welding on
microstructure and mechanical properties of dissimilar Al
5083‐H321 and 316L stainless steel alloy joints. J Alloys Compd.
2016;680:595‐603.

4. Sato YS, Park SHC, Michiuchi M, Kokawa H. Constitutional
liquation during dissimilar friction stir welding of Al and mg
alloys. Scr Mater. 2004;50(9):1233‐1236.

5. Watanabe T, Takayama H, Yanagisawa A. Joining of aluminum
alloy to steel by friction stir welding. J Mater Process Technol.
2006;178(1‐3):342‐349.

6. Jun TS, Dragnevski K, Korsunsky AM. Microstructure, residual
strain, and eigenstrain analysis of dissimilar friction stir welds.
Mater Des. 2010;31:S121‐S125.

7. Mishra RS, Ma ZY. Friction stir welding and processing. Mater
Sci Eng R Rep. 2005;50(1‐2):1‐78.

8. Jesus JS, Costa JM, Loureiro A, Ferreira JM. Assessment of fric-
tion stir welding aluminium T‐joints. J Mater Process Technol.
2018;255:387‐399.

9. Maggiolini E, Tovo R, Susmel L, James MN, Hattingh DG.
Crack path and fracture analysis in FSW of small diameter
6082‐T6 aluminium tubes under tension–torsion loading. Int J
Fatigue. 2016;92:478‐487.

10. Susmel L, Hattingh DG, James MN, Tovo R. Multiaxial fatigue
assessment of friction stir welded tubular joints of Al 6082‐T6.
Int J Fatigue. 2017;101:282‐296.

11. Kumar N, Mishra RS, Baumann JA. Chapter 6 ‐ Characteriza-
tion of RS. In: Kumar N, Mishra RS, Baumann JA, eds.
Residual Stresses in Friction Stir Welding. Boston: Butterworth‐
Heinemann; 2014:26‐27.

12. Lomolino S, Tovo R, Dos Santos J. On the fatigue behaviour and
design curves of friction stir butt‐welded Al alloys. Int J Fatigue.
2005;27(3):305‐316.

13. Krasnowskp K, Sedek P, Łomozik M, Pietras A. Impact of
selected FSW process parameters on mechanical properties of
6082‐T6 aluminium alloy butt joints. Arch Metall Mater.
2011;56(4):965‐973.

14. Chien CH, Lin WB, Chen T. Optimal FSW process parameters
for aluminum alloys AA5083. J Chin Inst Eng , Transactions of
the Chinese Institute of Engineers,Series A/Chung‐kuo Kung
Ch'eng Hsuch K'an. 2011;34:99‐105.
15. Lepore M, Carlone P, Berto F, Sonne MR. A FEM based meth-
odology to simulate multiple crack propagation in friction stir
welds. Eng Fract Mech. 2017;184:154‐167.

16. Lepore M, Berto F. On the fatigue propagation of multiple
cracks in friction stir weldments using linear and non‐linear
models under cyclic tensile loading. Eng Fract Mech.
2019;206:463‐484.

17. Tamadon A, Pons DJ, Sued K, Clucas D. Thermomechanical
grain refinement in AA6082‐T6 thin plates under bobbin friction
stir welding. Metals. 2018;8(6):375.

18. Su JQ, Nelson TW, Sterling CJ. Grain refinement of aluminum
alloys by friction stir processing. Philosophical Mag.
2006;86(1):1‐24.

19. Lombard H, Hattingh DG, Steuwer A, James MN. Effect of pro-
cess parameters on the residual stresses in AA5083‐H321
friction stir welds. Mater Sci Eng A. 2009;501(1‐2):119‐124.

20. Salvati E, Sui T, Zhang H, et al. Elucidating the mechanism of
fatigue crack acceleration following the occurrence of an
underload. Adv Eng Mater. 2016;18(12):2076‐2087.

21. Salvati E, Zhang H, Fong KS, Song X, Korsunsky AM. Separat-
ing plasticity‐induced closure and residual stress contributions
to fatigue crack retardation following an overload. J Mech Phys
Solids. 2017;98:222‐235.

22. Stefenelli M, Daniel R, Ecker W, et al. X‐ray nanodiffraction
reveals stress distribution across an indented multilayered
CrN‐Cr thin film. Acta Mater. 2015;85:24‐31.

23. Todt J, Hammer H, Sartory B, et al. X‐ray nanodiffraction anal-
ysis of stress oscillations in a W thin film on through‐silicon via.
J Appl Cryst. 2016;49(1):182‐187.

24. Salvati E, Lunt AJG, Ying S, et al. Eigenstrain reconstruction of
residual strains in an additively manufactured and shot peened
nickel Superalloy compressor blade. Comput Methods Appl Mech
Eng. 2017;320:335‐351.

25. Salvati E, Brandt LR, Uzun F, Zhang H, Papadaki C, Korsunsky
AM. Multiscale analysis of bamboo deformation mechanisms
following NaOH treatment using X‐ray and correlative micros-
copy. Acta Biomater. 2018;72:329‐341.

26. Salvati E, Romano‐Brandt L, Mughal MZ, Sebastiani M,
Korsunsky AM. Generalised residual stress depth profiling at
the nanoscale using focused ion beam milling. J Mech Phys
Solids. 2019;125:488‐501.

27. Korsunsky AM, Sebastiani M, Bemporad E. Focused ion beam
ring drilling for residual stress evaluation. Mater Lett.
2009;63(22):1961‐1963.

28. Ajovalasit A, Petrucci G, Zuccarello B. Determination of non-
uniform residual stresses using the ring‐core method. J Eng
Mater Technol, Transactions of the ASME. 1996;118(2):224‐228.

29. Olson MD, Hill MR. Two‐dimensional mapping of in‐plane
residual stress with slitting. Exp Mech. 2018;58(1):151‐166.

30. Uzun F, Everaerts J, Brandt LR, Kartal M, Salvati E, Korsunsky
AM. The inclusion of short‐transverse displacements in the
eigenstrain reconstruction of residual stress and distortion in
in740h weldments. J Manuf Processes. 2018;36:601‐612.

31. Barsanti M, Beghini M, Bertini L, Monelli BD, Santus C. First‐
order correction to counter the effect of eccentricity on the
hole‐drilling integral method with strain‐gage rosettes. J Strain
Anal Eng Des. 2016;51(6):431‐443.

https://orcid.org/0000-0002-2883-0538
https://orcid.org/0000-0002-3558-5198
https://orcid.org/0000-0002-3558-5198


1990 SALVATI ET AL.
32. SasangkaWA, Gan CL, Lai D, Tan CS, Thompson CV. Character-
ization of the Young's modulus, residual stress and fracture
strength of cu‐Sn‐in thin films using combinatorial deposition
and micro‐cantilevers. J Micromech Microeng. 2015;25(3):035023.

33. Krottenthaler M, Benker L, Mughal MZ, Sebastiani M, Durst K,
Göken M. Effect of elastic anisotropy on strain relief and residual
stress determination in cubic systems by FIB‐DIC experiments.
Mater Des. 2016;112:505‐511.

34. Wang Q, Xie H, Liu Z, et al. Residual stress assessment of inter-
connects by slot milling with FIB and geometric phase analysis.
Opt Lasers Eng. 2010;48(11):1113‐1118.

35. Winiarski B, Benedetti M, Fontanari V, Allahkarami M, Hanan
JC, Withers PJ. High spatial resolution evaluation of residual
stresses in shot peened specimens containing sharp and blunt
notches by micro‐hole drilling, micro‐slot cutting and micro‐X‐
ray diffraction methods. Exp Mech. 2016;56(8):1449‐1463.

36. Korsunsky AM, Salvati E, Lunt AGJ, et al. Nanoscale residual
stress depth profiling by focused ion beam milling and
eigenstrain analysis. Mater Des. 2018;145:55‐64.

37. Lunt AJG, Baimpas N, Salvati E, et al. A state‐of‐the‐art review
of micron‐scale spatially resolved residual stress analysis by FIB‐
DIC ring‐core milling and other techniques. J Strain Anal Eng
Des. 2015;50(7):426‐444.

38. Lunt AJG, Korsunsky AM. A review of micro‐scale focused ion
beam milling and digital image correlation analysis for residual
stress evaluation and error estimation. Surf Coat Technol.
2015;283:373‐388.

39. Salvati E, Sui T, Korsunsky AM. Uncertainty quantification of
residual stress evaluation by the FIB‐DIC ring‐core method
due to elastic anisotropy effects. Int J Solids Struct.
2016;87:61‐69.

40. Salvati E, Sui T, Lunt AJG, Korsunsky AM. The effect of
eigenstrain induced by ion beam damage on the apparent
strain relief in FIB‐DIC residual stress evaluation. Mater Des.
2016;92:649‐658.

41. Korsunsky AM, Guénolé J, Salvati E, et al. Quantifying
eigenstrain distributions induced by focused ion beam damage
in silicon. Mater Lett. 2016;185:47‐49.

42. Salvati E, Brandt LR, Papadaki C, et al. Nanoscale structural
damage due to focused ion beam milling of silicon with Ga ions.
Mater Lett. 2018;213:346‐349.

43. Paradowska AM, Price JWH, Finlayson TR, Lienert U, Walls P,
Ibrahim R. Residual stress distribution in steel butt welds mea-
sured using neutron and synchrotron diffraction. J Phys
Condens Matter. 2009;21(12):124213.

44. Braga DFO, Coules HE, Pirling T, Richter‐Trummer V, Colegrove
P, de Castro PMST. Assessment of residual stress of welded struc-
tural steel plates with or without post weld rolling using the
contour method and neutron diffraction. J Mater Process Technol.
2013;213(12):2323‐2328.

45. Moreira PMGP, de Figueiredo MAV, de Castro PMST. Fatigue
behaviour of FSW and MIG weldments for two aluminium
alloys. Theor Appl Fract Mech. 2007;48(2):169‐177.

46. Moreira PMGP, de Jesus AMP, Ribeiro AS, de Castro PMST.
Fatigue crack growth in friction stir welds of 6082‐T6 and 6061‐
T6 aluminium alloys: a comparison. Theor Appl Fract Mech.
2008;50(2):81‐91.

47. Hejazi I, Mirsalehi SE. Effect of pin penetration depth on double‐
sided friction stir welded joints of AA6061‐T913 alloy. Trans Non-
ferrous Met Soc Chin. 2016;26(3):676‐683.

48. Krasnowski K, Dymek S. A comparative analysis of the impact
of tool design to fatigue behavior of single‐sided and double‐
sided welded butt joints of en AW 6082‐T6 alloy. J Mater Eng
Perform. 2013;22(12):3818‐3824.

49. Othman NH, Shah LH, Ishak M. Mechanical and microstruc-
tural characterization of single and double pass aluminum
AA6061 friction stir weld joints. IOP Conference Series: Mate-
rials Science and Engineering 1 ed 2015.

50. Simm T. Peak broadening anisotropy and the contrast factor in
metal alloys. Crystals. 2018;8(5):212.

51. Everaerts J, Song X, Nagarajan B, Korsunsky AM. Evaluation of
macro‐ and microscopic residual stresses in laser shock‐peened
titanium alloy by FIB‐DIC ring‐core milling with different core
diameters. Surf Coat Technol. 2018;349:719‐724.

52. Everaerts J, Salvati E, Uzun F, Romano Brandt L, Zhang H,
Korsunsky AM. Separating macro‐ (type I) and micro‐ (type II
+III) residual stresses by ring‐core FIB‐DIC milling and
eigenstrain modelling of a plastically bent titanium alloy bar.
Acta Mater. 2018;156:43‐51.

53. Salvati E, Korsunsky AM. An analysis of macro‐ and micro‐scale
residual stresses of type I, II and III using FIB‐DIC micro‐ring‐
core milling and crystal plasticity FE modelling. Int J Plast.
2017;98:123‐138.

54. Tra TH, Okazaki M, Suzuki K. Fatigue crack propagation behav-
ior in friction stir welding of AA6063‐T5: roles of residual stress
and microstructure. Int J Fatigue. 2012;43:23‐29.
How to cite this article: Salvati E, Everaerts J,
Kageyama K, Korsunsky AM. Transverse fatigue
behaviour and residual stress analyses of double
sided FSW aluminium alloy joints. Fatigue Fract
Eng Mater Struct. 2019;42:1980–1990. https://doi.
org/10.1111/ffe.13068

https://doi.org/10.1111/ffe.13068
https://doi.org/10.1111/ffe.13068

