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Abstract. AA8011 remains one of the largest used aluminium alloys due to excellent ductility, corrosion
resistance and sufficient strength inH14 conditions. The 5754, due to high strength and corrosion resistance finds
key applications in marine, process industry, automobile and nuclear applications. A T-joint combination of the
two alloys (when stronger forming is stiffeners) results in significant weight savings. The T-joint between 8011
and 5754 (with the latter forming the stringer) is highly prone to defect formation due to the stronger material
being placed away from the heat source. In this paper, friction stir welding of AA5754 and AA8011 aluminium
alloys in T-lap configuration is performed. Effects of processing parameters namely tool transverse speed,
rotational speed and shoulder diameter on the weld properties are studied with the help of micro-hardness,
macrostructure andmicrostructure analysis. Analysis of defects such as tunnel and kissing bond, andmechanism
of defect formation is also discussed. Tunnel defect is observed on advancing side in all the samples, which is
attributed to high heat flux on advancing side, insufficient material flow in the vertical direction and asymmetric
flow of plasticized material from advancing side to retreating side. The size of the defect is found to increase with
increase in shoulder diameter keeping the rotational speed constant. Kissing bond defect was also observed in
some samples owing to the presence of oxide layer between the joining surfaces.
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1 Introduction

The quest for weight reduction and high strength drive
wide applications of Al-alloys in strategic sectors (in
fabrication of stiffened panels by attaching stiffeners to
skin sheets like in railway rolling stock, airframe structures,
car bodies, structures in marine and nuclear power etc.).
Typically, skin and stringer are mechanically joined in T-
configuration. The prevalent joining methods based on
mechanical processes are time, capital and skill intensive
and also increase the weight of assembled joint. Further-
more, joining by conventional fusion-based welding
processes softens the age-hardened alloys, introduces
defects such as porosities, high residual stresses and
distortion.

The advent of solid-state friction stir welding (FSW)
process facilitated the joining of difficult to weld or even un-
weldable materials [1,2]. In FSW of T-joint [3,4], specially
rshadnsiddiqui@gmail.com
designed rotating tool with a pin at its end is inserted into
the clamped plates and traversed along the joint. The
simultaneous rotation and traverse of tool causes plastic
flow of material from the advancing side (AS) to retreating
side (RS) [5,6]. In AS, the directions of tool traverse and
peripheral tool velocity vectors are the same; whereas in
RS, these are opposite. Heat is generated due to the friction
between tool and base material (BM), and due to plastic
deformation of BM caused by stirring action of the pin. The
heat flux causes local softening of the material without
melting, thereby, preventing undesirable melting-related
metallurgical defects.

The FSW is effective in fabricating age-hardened
aluminium alloy panels [7–14]. Even an off-shoot of this
welding technology: friction stir processing (FSP), is being
applied for the manufacturing of aluminium metal matrix
composites [15–18]. Recent studies by Donati et al., Buffa
et al., Sun et al., Fratini et al., Feistauer et al., Durdevic
et al. [19–24] have demonstrated that FSW has proved to
be a promising technology for fabrication of T-joint and
similar tailor-welded blanks (TWB) from high strength
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Table 1. Chemical composition of AA5754 (wt.%).

Element Al Si Fe Cu Mn Mg Cr Zn Ti Others

Wt.% Balance 0.25 0.27 0.08 0.39 3.1 0.28 0.2 0.1 <0.15

Table 2. Chemical composition of AA8011 (wt.%).

Element Al Si Fe Mn Ti Cu Pb Sn Ti Zn

Wt.% Balance 0.67 0.62 0.10 0.02 0.01 0.006 0.016 0.023 <0.010

Table 3. Mechanical properties of base material (BM).

Al Alloy AA5754 AA8011

Tensile strength (MPa) 227.8 137.8
Hardness (HV) 68.4 46
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age-hardened aluminium alloys. T-joint configurations are
typically used in ships, decking and hull areas of high-speed
crafts, and aircraft fuselage etc. Acerra et al. [25] performed
FSW on AA2024-T4 and AA7075-T6 through a compre-
hensive experimental campaign on T-shaped parts and
concluded that for carefully chosen tool geometry, a slight
increase in the diameter of tool shoulder can increase the
productivity rate. Feistauer et al. [23] studied the effect of
reverse material flow on the microstructure of friction stir
weldedAl-Mg alloy T-joint, and observed that kissing bond
(KB) defect drastically lowered the mechanical properties.
The properties were significantly improved after second
pass in the reverse direction. Ana Silva et al. [26] optimized
the process parameter by Taguchi method and concluded
that the rotational speed of FSW tool is themost important
parameter which affected the mechanical properties of the
joints. In comparison to butt joints, alleviation of defects in
T-joint configuration poses different challenges. The
defects such as tunnel, KB and zigzag lines are affected
by tool geometry, geometry of mating surface (between rib
or stringer and web or skin elements) and adequacy of
clamping system. The size, orientation and distribution of
various defects in T-joints have been investigated by some
researchers [27–30]. Such defects commonly occur due to
difficulty in ensuring effective material flow across the full
stiffener width near the pin tip. Other issues like corner
radius of rib clamp, rib–web interface, clamping of web and
thinning of web-sheets etc. are common in T-joint. Apart
from tunnelling and KB, other problems include hooking
defect, lack of full bonding at the root corners etc. that are
difficult to eliminate in T-joint [30]. Literature reveals that
several works on FSW of T-joints mostly report material
flow characteristics, and numerical modelling whichmainly
remain limited to similar alloy combinations. The defects
during T-joints have even prompted researchers to employ
strategic filler material to avoid them [19]. Furthermore,
most reported works on T-joint welding is performed on
similar alloys with the exception of few [25], wherein the
authors reported a case study of T-joint between AA2024
and AA7075. The joining of dissimilar material pair having
widely different mechanical properties with stronger
material placed as stringer is inherently challenging.
Main challenge lies in the fact that the stringer located
at the bottom receives lesser heat and it is difficult to
consolidate.
In this work, the effect of tool geometry (three different
geometries) for dissimilar T-joint between AA5754 (stron-
ger) and AA8011 (softer) has been investigated. The
joining of 5754 and 8011 in this configuration may be a
great enabler in weight reduction for strategic industrial
sectors. A long T-joint may provide way for TWB
fabrication leading to enhanced productivity, reduced cost
and weight reduction. The defect analysis performed in the
present work shall be useful to the researchers and
professional working in the area to better understand
the joint fabrication.

The present work is original and undertakes compre-
hensive work based on Taguchi’s robust design (to ensure
repeatability). The analysis of defect during T-joint with
stronger material in the web and softer in the flange (which
is commonly found in practical applications) is not
adequately reported. In this work the size of defect (which
is a common challenging problem to tackle in dissimilar t-
joint formed between aluminium alloys of widely different
mechanical properties) is measured and analysed in a
comprehensive manner. The findings of this research may
be highly useful in the effective welding and TWB
fabrication.

2 Experimental procedure

AA5754-H24 (stringer) 200mm� 48.6mm� 3mm in size,
and AA8011-H14 (skin) 200mm� 70mm� 3mm in sizes
were welded. Chemical compositions of the two materials
are given in Tables 1 and 2, respectively, and mechanical
properties in Table 3. Prior to welding, the plates were
washed, cleaned by organic solvent, rinsed and dried.
Figure 1 shows the schematic view for transverse cross-
section of the fabricated T-joint. The welding was
performed by H13 die steel tools. The tool pin carried
continuous taper in diameter (from 10 at the route to



Fig. 1. Schematic view of transverse cross-section of fabricated
T-joints.

Fig. 2. FSW T-joint tool profile. (a) CAD drawing. (b) 3D
model. (c) Actual tool.

Table 4. FSW T-joint parameters.

Sample
number

Rotational
speed
(rpm)

Welding
speed
(mm/min)

Shoulder
diameter
(mm)

S1 710 40 14
S2 710 50 16
S3 710 63 18
S4 900 40 16
S5 900 50 18
S6 900 63 14
S7 1120 40 18
S8 1120 50 16
S9 1120 63 14

Fig. 3. Macrostructure of FS welded T-joint S4.
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2.5mm at the pin bottom) over 5mm length as shown in
Figure 2. The welds were performed on a sturdy Vertical
MillingMachine (make: Bharat FritzWerner, India; model
VF3.5E) adapted to perform FSW.

Taguchi’s L9 experimental design was employed to
study the effects of three FSW parameters (listed in
Tab. 4). The tool tilt angle at 2°, plunge depth 5.3mm and
clockwise tool rotation were maintained during welding.
Specimens for optical microscopy (OM) and micro-
hardness were machined from CNC Wire Electric Dis-
charge Machine (Make: Steer corporation, India, Model
DK7712). The OM samples were prepared using standard
metallographic procedure of polishing and etching. The
polished samples were chemically etched for 18 s using
2.5ml HF, 42.5ml H2O, 12ml Cr2O3, 30ml HCl and 20ml
HNO3. Micro-hardness across the transverse section of
joints was measured by Vickers microhardness testing
machine (Mitutoyo, Japan, Model MicroWizhard) at 1N
load and dwell time of 30 s.
3 Results

Figure 3 represents the transverse-section macrostructure
with identifiable T-joint FSW zones for experiment No. S4.
Typically, similar macrostructural morphology was
obtained in all the nine experiments. Different microstruc-
tural zones namely BM, stir zone (SZ), TMAZ (thermo
mechanically affected zone) and heat affected zone (HAZ)
are clearly observed as shown in Figure 4. The characteris-
tically different structures in each zone relevantly
contribute to the mechanical properties. SZ comprises of
very fine grains as it is subjected to severe plastic
deformation (SPD) and dynamic recrystallization (DRX)
[31–34].

The hardness distribution on the cross section of T-
joints is shown in Figure 5. The micro-hardness measure-
ments were traced to cover SZ, TMAZ and HAZ on AS and
RS both over the transverse cross-section of the joints. The
hardness plots for all the nine samples clearly indicate that
all the nine parameter combinations affected the micro-
hardness.

The microhardness profiles for samples welded at
710 rpm, transverse speed of 40, 50 and 63mm/min and



Fig. 4. Different micro-structural zones in weld S4 at 100X: (a)
SZ, (b) TMAZ, (c) HAZ, (d) BM.
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shoulder diameters 14, 16 and 18mm, respectively, are
shown in Figure 5a. The micro-hardness value is highest at
welding speed of 63mm/min and at shoulder diameter of
18mm. Figure 5b presents the microhardness profile at
900 rpm and transverse speed of 40, 50 and 63mm/min and
at shoulder diameters of 14, 16 and 18mm respectively.
This indicates that hardness is maximum at 40mm/min
and at shoulder diameter of 16mm. Finally, hardness
variations for samples welded at 1120 rpm and at welding
speeds of 40, 50 and 63mm/min and shoulder diameter of
14,16 and 18mm respectively are shown in Figure 5c.

4 Analysis of results and discussion

4.1 Micro-structure

The frictional heat between the shoulder and top surface
acts as a heat source and softens the material underneath
the shoulder. The rotating shoulder and pin mix the
softened material. There exists steep temperature gradient
from the shoulder in the top (in 8011) to the bottom (in
5754) of the joint. Furthermore, the 5754 which forms the
stringer (or web) is clamped between a pair of heavy fixture
platens acting as heat sink. The 8011 which forms the skin
(or flange), on the other hand, is in contact with heat
source. The 5754 alloy is colder and is significantly stronger
than 8011 (which is significantly hotter in comparison to
5754). The state of softening of materials being stirred is
directly related to its strength and temperature prevailing
in the individual materials. As the 8011 is in contact with
heat source and its strength is very less (in comparison to
5754), it is significantly softer in comparison to 5754.

The material at the web (i.e. 5754) is significantly
stronger than 8011 and also the former is at significantly
lesser temperature than the later. Accordingly, 8011 is
considerably softer in comparison to 5754, and consequent-
ly the former flows with considerable ease. Extrusion of
material in the AS and its forging behind the tool in RS
causes the vertical movement of the materials. The
horizontal materials transport around the pin and adjacent
to shoulder coupled with the vertical transport are
responsible for stirring action. Stirring, thus mixes the
materials from the bottom (which is colder and stiffer) to
the top (which is hotter and softer) of the plates. Greater
degree of stirring near the shoulder leads to greater
refinement of the material in the SZ near to the shoulder
through SPD assisted DRX, which results in the higher
degree of grain refinement in the 8011 region of SZ.

During stirring, material from ahead of the tool gets
transported 1800 around the tool and deposited by behind
the tool [35]. Thus, the material in the AS ahead of the pin,
undergoes greater displacement to get deposited behind the
tool in the AS. The stirring and mixing of the two
materials, which have significantly varied degrees of
softening, is difficult. Because of characteristic material
flow and widely varied softening state of the two BMs, the
material deficiency onAS and excess material on RS (at the
corner of stringer) can be observed in Figure 3. The SZ-
TMAZ interface on AS contained defect in all joints.
Furthermore, the SZ in stringer is narrow, which is
attributed to less heat input at the pin bottom and low pin
cross section in comparison to the shoulder. Therefore, the
SZ, TMAZ and HAZ tend to be narrow in stringer as
compared to skin. In TMAZ, the grains are distorted
(elongated in the stirring direction) unlike equiaxed and
ultrafine in SZ. Furthermore, the grains in HAZ are coarser
than TMAZ due to the grain growth in HAZ which is
subjected to thermal cycle only.

4.2 Micro-hardness

The highest micro-hardness (at 63mm/min traverse speed,
18mm shoulder and 710 rpm) is attributed to the fact that
the lowest tool rotation coupled with largest traverse speed
created the lowest heat input condition. Furthermore, the
largest shoulder diameter stirred the material with greater
degree of plastic deformation at low heat input. The
extensive SPD in-turn leads to greater DRX rate, and
hence, higher hardness values.

Samples welded at 1120 rpm form a sequence of
decreasing heat input from S7 to S9. For all the welding
and geometric parameters, the hardness is found to bemore
than the BM. The microhardness results for all samples
also indicate that as the rotational speed increases the
micro-hardness also increases [22]. This is attributed to the
fact that an increase in rpm increases the degree of SPD,
strain rate and also enhances the heat input. The SPD in
hot state promotes DRX, ultrafine grain and high strain
rate; all contribute to significant strength supported by
multiple strengthening mechanisms and cumulative effect
is manifested in enhanced micro-hardness.

4.3 Defect characterization

The parameters: rotational speed, welding speed and tool
geometry play important role in defect formation as all
have direct impact on heat generation and material flow
during welding [36–41]. Tunnel defects and KB are the
most prominent defects in FSW of T-joints [37]. In case of
dissimilar T-joints the issue becomes more involved and



Fig. 5. Microhardness profile for (a) S1, S2 and S3 at rotational speed of 710 rpm, (b) S4, S5 and S6 at 900 rpm, and (c) S7, S8 and S9 at
rotational speed of 1120 rpm.
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Table 5. Area of tunnelling defect for samples S1 to S9.

Samples Area of tunnel (mm2)

S1 2.62
S2 3.04
S3 5.86
S4 3.83
S5 4.14
S6 2.72
S7 4.49
S8 3.49
S9 2.83

6 M. Ali et al.: Mechanics & Industry 21, 205 (2020)
complex especially when the difference in mechanical
properties of the two materials is widely different and the
softer material forms an interface with the heat source. It is
reported that during stirring of similar and homogeneous
materials, the material lying in front of the tool in
advancing and retreating sides, deposit on the same sides.
Furthermore, material on both sides is deposited behind its
original position relative to the welding direction at a
displacement equal to one pin diameter [35]. Evidently, the
material on the AS travels greater distance in comparison
to that on RS. But in case of T-joints of dissimilar
materials, wide difference in the softening state of the two
materials causes great difference in the flow stress of the
two materials.
Fig. 6. Microstructure showing kissing bond in S6 weld.
4.3.1 Tunnel defects

All samples contained tunnel defects typical of what is
depicted for S4 in Figure 3. Importantly, major tunnel
exits at the root on AS; whereas, the minor tunnel is found
at the middle of throat in the SZ-TMAZ interface on AS.
This is attributed to the fact that there is no defect near
the face of the weld (i.e. top surface) which is in contact
with the heat source and most of the material is highly soft
(less strong 8011 at high temperature). But as one goes
down the weld throat, temperature reduces and the
admixing of softer 8011 with stronger 5754 cause the
average flow stress of consolidated materials to increase.
The flow stress drastically increases as one goes from top
(weld face) to the bottom (weld root) of the joint. Steep
rise in flow stress and the fact that materials on AS
traverse greater distance are responsible for the formation
of small and large tunnels at the respective locations. To
characterise and relate the tunnelling defect with the FSW
parameters, entire area of the tunnel for every sample was
measured using ImageJ software and the same is analysed.
Smallest tunnelling defect was obtained in joint S1;
whereas, severest defect was found in the joint S3. The size
(area) of tunnelling defects for all the samples are given in
Table 5.

Evidently, the tunnel defects in T-joints is mainly
caused by deficient material deposition on the AS, which
is attributed to two main reasons. Firstly, there is a steep
rise in flow stress from top to bottom of the weld. This
causes easier material flow near the top whereas the flow
near the bottom remains heavily sluggish. Consequently,
the material which is required to replenish the cavity left
behind by the advancing tool is deficient resulting in
tunnel. Secondly, as the flow stress drastically increases
from top to bottom and material transport on the AS is
considerably greater in comparison to that on RS. This
results in the greater tunnel being observed on the AS at
the weld root and a smaller tunnel at the mid depth of the
weld-throat on TMAZ-SZ interface. It can be observed
from the information given in Table 5 that tunnel area
increases with increase in the shoulder diameter for a
fixed value of rotational speed. It is pertinent to note that
major contribution to heat input is tool rpm and as the
shoulder increases it also causes greater volume of
material to move which consequently results on greater
size of the tunnel.
4.3.2 Kissing bond defect

The KB defect is very common in FS welded T-joints. This
defect is also observed in the current study. Figure 6 shows
a typical KB defect present in weld No. S6. During welding,
the stirring action results in rigorous material mixing and
the faying surface between skin and stringer take a typical
locus if not effectively stirred [42]. Oxide layer is present in
the surfaces which form the interfaces between stringer and
skin. If faying surfaces are not effectively whipped during
stirring, the locus of faying surface with oxide layer present
in-there manifests as KB [42]. The KB is attributed to
inefficient mixing of base metals during FSW. In present
case wide variation in the flow stress which is being very
high near bottom is the main contributor to the KB.

5 Conclusions

In this study, an analysis of defect formation during friction
stir welding of dissimilar T-joint between AA8011 and
AA5754 alloys has been performed. Microhardness,
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macrostructure, microstructure and defect formation
mechanisms were studied. The results obtained, if carefully
used, can be utilized for the elimination of weld defects
from Friction Stir Welded T-joints of aluminium alloys.
Consequently, the successful application of Friction Stir
Welded T-joints will result in higher strength to weight
ratios of aerospace and automobile structures. On the basis
of the obtained results and analyses thereof following
conclusions are drawn:

–
 The 8011 being considerably softer in comparison to 5754
and it formed the interface with the heat source resulting
in significant softening in upper part of the joint.
Rigorous stirring due to shoulder effect resulted in the
formation of ultra fine grains in the stir zone of 8011
region. The grain size reduction from the bottom (in the
5754) to the top (8011) was also observed which is
attributed to the lower temperature, higher flow stress
and less intense stirring in the 5754.
–
 The tunnel in two different configurations; a major
tunnel at the root on the AS and a minor tunnel at the
middle of throat on the thermo-mechanically affected
zone to stir zone interface were observed.
–
 The tunnel was mainly attributed to steep rise in flow
stress from the top to the bottom of the weld. However,
the variation in the flow stress coupled with the presence
of oxide layers was themain reason for the kissing bond in
the welded T-joints.
–
 For rotational speed of 710 rpm (lowest), maximum
hardness was found at welding speed of 63mm/min
(highest) and shoulder diameter of 18mm (greatest).
This was attributed to the fact that the largest
shoulder diameter transported large volume of mate-
rial under the least heat input condition. Furthermore,
at tool rotational speed of 1120 rpm, welding param-
eters with least heat input resulted in minimum
hardness.
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