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Abstract

Aluminium alloys AA5XXX and AA6XXX have low density and high yield strength and
are frequently used to make air, sea, and land vehicles/technology lighter. Different types
of aluminium alloys need to be adaptively assembled together. Therefore, it is important but
difficult to weld aluminium alloys. This study investigated the microstructural and mechanical
properties of two dissimilar aluminium alloys, AA5754 and AA6013, which were welded using
gas metal arc welding (GMAW) and friction stir welding (FSW). Hardness, tensile, bending,
and fatigue tests were done on the welded samples. The test results were evaluated and
interpreted according to the literature. The weld zone (weld metal, HAZ) of AA5754 and
AA6013 aluminium alloys joined by GMAW and FSW showed significant differences. The
highest tensile strength and fatigue life were obtained from the FSWed sample after the base
metals. The welded samples joined using both welding methods were successfully deformed
by 180◦ without damaging their upper or lower surfaces.

K e y w o r d s: FSW, GMAW, AA5754, AA6013, microstructure, fatigue strength

1. Introduction

One key issue in producing new generation tech-
nology is to do studies on lowering energy consump-
tion by considering environmental impact. Many sec-
tors are constantly researching ways to minimise CO2
emissions and reduce costs by reducing weight [1–4].
In studies that focus on reducing energy consumption,
it is common for engineers to prefer to use lightweight
metals/materials. Such studies thus tend to highlight
light metals [4–6]. For designers and engineers, alu-
minium and its alloys are some of the most promising
light metals. They are widely used to reduce weight [2–
4, 6, 7]. Moreover, they offer many application areas
in the aerospace, automotive, and marine industries
because they are light, highly resistant to corrosion,
and non-flammable – unlike polymer matrix compos-
ites [5–8].
5xxx series aluminium alloys are made from alu-

minium and magnesium (Al-Mg) alloys [9]. 5754 series
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aluminium alloys are widely used in the manufactur-
ing of marine vehicles because they are light and have
superior corrosion resistance in an atmospheric envi-
ronment. They also are used in architecture, pressure
vessel and fuel tank manufacturing, and welded chem-
ical and nuclear buildings [7, 9]. 6xxx series aluminium
alloys are made from aluminium-magnesium-silicon-
-(copper) (Al-Mg-Si-(Cu)) alloys [10]. 6013 series Al
alloys are widely used in aircraft manufacturing (i.e.,
the aerospace industry) because they are light and
have high strength [10, 11]. The need arose to weld
this aluminium and its alloys used in such a wide area
[7, 10, 12]. However, welding aluminium and its alloys
is difficult due to reasons such as high heat conduc-
tion, the presence of the Al2O3 layer on the surface,
and the absence of annealing colour during melting [7,
12, 13]. Many solutions for welding certain aluminium
alloys have emerged in the past twenty years. Nev-
ertheless, common issues such as porosity, excessive
material loss, and hot crack when welding certain alu-
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minium alloys have yet to be solved [10–17].
Friction stir welding (FSW) is a solid-state weld-

ing method. It can be used to weld metals and poly-
mers [10, 11]. FSW is performed by first immersing a
stirring tool rotating at high speed into two face-to-
face fixed plates and then advancing that at a certain
speed. The stirring tool used in the welding process
contains two parts: a pin and a shoulder [16, 18, 19].
Friction heat occurs at the contact point when the
shoulder part of the stirring tool meets the materials
and rotates at high speed. The yield strength of the
materials decreases and plastic change occurs under
the impact of heat. The pin stirs the material, result-
ing in joining [10, 19, 20]. The aerospace, shipbuild-
ing, rail vehicle system, and automotive industries fre-
quently use this method to weld aluminium, copper,
and titanium alongside their respective alloys, as well
as certain types of steel [16–21].
Gas metal arc welding (GMAW) is an ideal fusion

welding method for the mass production of applica-
tions where both steels and nonferrous metals such as
aluminium and titanium are used. In GMAW, the heat
required for welding is generated through the arch that
forms between the piece of metal and welding wire –
which continuously gets transferred to the weld zone
and melts. During welding, the welding wire is sent to
the arc area automatically; it melts and forms the weld
metal [22–24]. The weld zone is shielded by a shielding
gas (active or inert). When welding aluminium alloys
using GMAW, argon (Ar), helium (He), or Ar-He mix-
tures at different ratios can be used as a shielding gas
[23, 24]. GMAW can be integrated into robotic sys-
tems – where all parameters can be kept under con-
trol. It, in turn, lowers the chance of defects emerging
due to the operator and the properties of the material
[24–26].
Welding is important manufacturing technology.

It maintains its popularity because it joins steels
and nonferrous metals and yields high-quality joints
[14–16]. However, the increase in the variety of mate-
rials used in the industry requires the welding of dis-
similar metals. Furthermore, the increasing impor-
tance of economic factors, especially in recent years,
makes welding of dissimilar materials to one an-
other necessary [7, 10, 13, 14, 16]. However, differ-
ent mechanical, metallurgical, and chemical proper-
ties make welding difficult for dissimilar metals and
alloys [13, 15, 26]. Therefore, welding dissimilar alu-
minium and alloys attracts the attention of engineers,
and researchers, in turn, intensively continue to re-
search the topic. Lean et al. [27] welded AA6082 and
AA6092/SiC/25p composite materials using MIG, and
then they investigated the mechanical and microstruc-
tural properties of the welded joints. They found that
porosities forming in the weld seams had a negative
effect on their mechanical properties. Caglioni et al.
[28] welded different combinations of aluminium alloys

(5383/5383, 5754/5754, 6005/6005, 5754/5383, and
6005/5383, and 6005/5754) using MIG welding and
then examined their mechanical and microstructural
properties. They discovered that the yield and ten-
sile strength of similar aluminium alloys were higher
than those of dissimilar aluminium alloys. Cole et al.
[29] welded AA6061 and AA7075 aluminium alloys us-
ing FSW and then investigated the effect of the po-
sition of aluminium alloys and the tool plunge depth
on the welded joints. They reported higher mecha-
nical properties when they placed softer material on
the advanced side during welding. Khanna et al. [30]
welded AA6061-T6 and AA8011-H14 aluminium al-
loys using FSW and then studied their mechanical
and microstructural properties. They found that the
position of dissimilar aluminium alloys during welding
affected the mechanical properties and microstructure
of the welded joints. The literature indicates that the
problems encountered during the welding of dissimi-
lar aluminium alloys by GMAW and FSW could not
be solved completely. Therefore, further studies are
needed to examine the welding of aluminium alloys
[22–26].
In this study, the researchers welded AA5754/

AA6013 aluminium alloys using GMAW and FSW.
They then examined their macrostructural and mi-
crostructural properties at the weld zone of the sam-
ples and carried out hardness, tensile, bending, and
fatigue tests on them. The test results were assessed
and interpreted based on the literature.

2. Experimental

2.1. Materials

In this study, AA5754/AA6013 aluminium alloys
cut into 5 × 100 × 500mm3 were used. H111 was
used to manufacture AA5754 aluminium alloy, and T6
heat treatment was used to manufacture AA6013 alu-
minium alloy. Table 1 shows the alloys’ chemical com-
positions. Table 2 shows their mechanical properties.

2.2. MIG welding process

AA5754 and AA6013 were welded face-to-face us-
ing automatic GMAW. Before the welding, the sam-
ples were fixed face-to-face without any void. The
welding took place using 1.2 mm diameter additional
wire (AWS A510: ER5356). Table 3 shows the chemi-
cal composition of the welding wire. Table 4 shows the
wire’s mechanical properties. Welding was conducted
unilaterally using an automatic Fronius TransSyner-
gic 4000 Comfort synergic welding machine; the re-
searchers chose a welding speed of 150mmmin−1 and
a welding current of 150 A. After welding, the samples
were left to cool to room temperature.
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Ta b l e 1. Chemical compositions of AA5754 and AA6013 aluminium alloys (wt.%)

Si Fe Cu Mn Mg Cr Zn Ti Al

AA5754 0.40 0.4 0.10 0.5 2.6–3.6 0.3 0.20 0.15 Rest
AA6013 0.7 0.3 0.9 0.3 0.9 0.03 0.07 0.02 Rest

Ta b l e 2. Mechanical properties of AA5754 and AA6013 aluminium alloys

Tensile strength (MPa) Elongation (%) Hardness HB

AA5754 242.4 16.2 50–55
AA6013 369.4 15.5 130

Ta b l e 3. Chemical properties of the welding wire (wt.%)

Si Fe Cu Mn Mg Cr Zn Ti Al

0.25 0.4 0.1 0.05–0.2 4.5–5.5 0.05–0.2 0.1 0.06–0.15 Rest

Ta b l e 4. Mechanical properties of the welding wire

Tensile strength (MPa) Elongation (%)

240–296 17–27

2.3. FSW process

A stirring tool with an adjustable pin length was
designed and built specifically to carry out FSW. It
contains two parts: a shoulder and a pin. The shoul-
der was made of X210Cr12 (a cold work tool), and the
pin was made by machining an M6 × 1 HSS guide tool
at a 3◦ angle. The hardness of the shoulder was raised
to 50 HRC using heat treatment. The pin’s height was
adjusted to 4.8mm. Welding was carried out using
an Arsenal FU251M milling machine. Before welding,
AA5754/AA6013 aluminium alloys were fixed face-to-
face. The tool’s shoulder was then immersed at a con-
stant shoulder plunge depth of 0.2mm. The welding
took place at a speed of 25mmmin−1, at 1250 rpm.
Figure 1 shows the schematic view and the welding
process plan of the stirring tool.
First, a macro examination was carried out on

the welded samples joined by automatic GMAW and
FSW. The samples with an ideal upper surface and
lower surface properties and weld penetrations were
selected as ’optimum’. Then, mechanical and met-
allurgical/metallographic properties of the samples
welded at the optimum welding parameters were ex-
amined.

2.4. Test operations

First, macrostructure and microstructure exami-

Fig. 1. Positioning of the stirring tool and aluminium
parts.

nations, followed by hardness, tensile, bending, and
fatigue tests were carried out on the samples joined us-
ing GMAW and FSW. The test samples were cut with
a water jet. The samples taken from the perpendic-
ular section to the welding direction were then sand-
papered using 600, 800, 1000, and 1200 no. sandpa-
pers, and finally polished using a 1 µm of polishing felt
and 3 µm of diamond paste. The samples were etched
for approximately 90 s using Keller’s reagent (150 ml
H2O, 3 ml HNO3, 6 ml HF). Microstructure exami-
nations were carried out on a Metkon inverted metal
microscope. Micro images were taken from the transi-
tion zones of the weld and at the weld centre. Hardness
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Fig. 2. (a) Fatigue test device and (b) fatigue test sample.

tests were carried horizontally on samples taken from
the perpendicular section to the welding direction.
During each of the experiments, hardness measure-
ments were taken using DUROLINE M Micro-Vickers
hardness tester by applying 100 g load for 10 seconds.
Then, hardness was measured over 29 points at 1 mm
intervals, starting from the weld centre. The tensile,
bending, and fatigue test samples were prepared in
accordance with TS EN ISO 4136, EN ISO 5173, and
ASTM E466-07 standards, respectively. Both tensile
and bending tests were carried out at room tempera-
ture using a Shimadzu tensile device (with a capac-
ity of 50 kN). The tensile tests were carried out at
0.5 mmmin−1, while the bending tests were carried
out at 5 mmmin−1. The fatigue tests were carried out
using a computer-controlled bending fatigue test de-
vice designed and produced for this study. Figure 2
shows the dimensions of the fatigue test device and
fatigue test sample.
Fatigue tests were carried out at six amplitude val-

ues on each welded sample (all joined at different weld-
ing parameters), at a frequency of 10 Hz, and at room
temperature. For each amplitude value, two samples
were tested; the average values of data collected from
both were then used to calculate fatigue strength. Fig-
ure 3 shows load-time graphs from the fatigue test for
all welded samples joined by GMAW and FSW. Us-
ing load-time graphs, the researchers calculated the
bending and shear stresses of the samples. The fatigue
strength of the welded joints was found by calculating
the combined proof stress of both stresses. The load
cell of the fatigue test device gives the load in grams.
Hence, when calculating the fatigue strength, the re-
searcher carried out the operations by converting the

Fig. 3. Force-time graphs of the welded samples.

load into force (Newton). First, the moment caused
by the bending force was calculated using Eq. (1) to
calculate the bending stress caused by the force ap-
plied during fatigue tests. Then, the values required
to calculate the fatigue stress were found by calculat-
ing the polar moment of inertia in Eq. (2). Bending
stress was calculated in Eq. (3) – with the help of the
data from the calculations for the bending moment
and moment of inertia. Additionally, the shear stress
caused by the force in the weld was calculated with
the help of Eq. (4); however, the researchers did not
consider it during calculations since its effect on fa-
tigue stress was negligible. Finally, the fatigue stress
was calculated using Eq. (5).

Mbending = F × L, (1)

W =
(
b× h2

)
/6, (2)

σbending =Mbending/W, (3)

Mbending = F × L, (4)

σR =
√
σ2bending + 3τ

2, (5)

where Mbending is bending moment (Nmm), F is the
applied force (N), L is the length (mm), W refers to
the moment of inertia (mm4), b is the width (mm), h
is the height (mm), A is the area (mm2), σbending is
the bending stress (MPa), τ is the shear stress (MPa),
and σR refers to the fatigue stress (MPa). Wöhler’s
(S-N) fatigue graphs were drawn up by using the fa-
tigue stresses from the calculations and the number of
cycles obtained during the tests as a point of reference.
The fracture surface of each sample was analysed on a
Carl Zeiss Ultra Plus Gemini Fesem scanning electron
microscope (SEM).
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Fig. 4. Macro images of the welded samples: (a) GMAW
and (b) FSW.

3. Results and discussion

3.1. Macrostructure

Figure 4 shows weld zone macro images of the
welded samples of AA5754/AA6013 aluminium alloys
that were welded using GMAW and FSW. The macro
image of the weld seam joined by GMAW revealed
no macro weld defects (joint defects, transverse and
longitudinal cracks, undercut defects, crater cracks,
splashing) that would negatively affect the mechani-
cal properties of the welded joint. In addition, there
was no significant angular distortion in the transverse
or longitudinal direction of the welded plate (GMAW).
Eliminating the operator factor by means of choosing
the welding parameters (e.g., welding current, welding
voltage, welding speed) within a correct range and per-
forming welding operations in an automatic welding
machine in the welding process played an important
role in these GMAW results. Çevik and Koç [24] re-
ported that using an automatic welding machine – in
which all welding parameters can be controlled during
the MIG welding of 5754 aluminium alloy – kept both
width of the weld seam and the amount of accumu-
lated metal constant throughout the weld seam. It also
generated nice-looking weld seams. A joining defect
occurred as long as the stirring tool diameter at the
start and end points of the FSWed AA5754/AA6013
aluminium alloy sample. The upper surface image of
the FSWed plate revealed no macro-scale surface de-
fects in the weld seam.
On the other hand, corrugation and burrs formed

on the retreating side (RS) of the weld seams of the
plates. This occurred because the stirring tool scraped
the material on the friction surface towards the direc-
tion of the rotation (AA6013 side), whereas the shoul-

der part rotated during the friction of the stirring tool
against the plate at high speed. This corrugation was
also affected by the ductility and high deformability of
AA5754 and AA6013 aluminium alloy plates. Corru-
gations did not form on the advanced side (AS). Uygur
[31] reported that a stirring tool shoulder caused high
heat input. The resultant softening of the materials
during its friction to the welded plates and the stirring
tool put the burrs towards the edge in the direction of
the rotation.

3.2. Microstructure

Figure 5 shows weld zone microstructures of the
AA5754/AA6013 aluminium alloy samples welded by
GMAW and FSW. Images of their microstructures
were taken from the weld centre and transition zones.
Both welding wires melted, and the aluminium plates
melted and solidified locally, thus forming the weld
metal due to the arc between the plates welded face-
to-face with welding wire during GMAW. High heat
input applied locally during welding transformed the
previous microstructural properties of the aluminium
alloys both in and near the melting zone. Therefore,
the microstructure of the weld metal formed in a dif-
ferent character than both base metals. The grains in
the weld metal and HAZ became coarser. Yeni et al.
[32] expressed that the heat input during MIG weld-
ing of aluminium alloys caused grain coarsening in the
heat-affected zone (HAZ) and the weld metal. In ad-
dition, the weld metal grains in the transition zone
appear to have formed by directing towards the weld
centre. A microstructure review of the weld zone re-
vealed no microstructural weld defects such as macro-
and microporosity, microcracks, and hot cracks. How-
ever, the coarsening in HAZs was not the same on
either side of the weld seam. The HAZ of AA6013 alu-
minium alloy had a more refined grain structure than
the HAZ of AA5754 aluminium alloy. This was asso-
ciated with the chemical composition and precipitate
structure of AA6013 aluminium alloy [9, 10, 27].
The microstructure images of the FSWed sample

revealed that the weld metal was separated from the
base metals with clear boundaries. Weld metals ex-
panding towards the upper surface of the plates had
formed due to the high heat input caused by the fric-
tion of the stirring tool towards the upper part of the
plates during FSW. This appears to have been caused
by the upper part of the plates reaching maximum
temperature, the lower part of the plates dropping
to lower temperatures due to the friction caused by
the stirring tip. A closer look at the microstructure of
the transition zone of the welded joint revealed that
micro-void defects formed in certain regions. A high
amount of plastic deformation occurred due to high
heat input and stirring at high speed, especially in
the weld metal during FSW [11, 19, 22]. Therefore,
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Fig. 5. Microstructures of the weld zone: (a) GMAW and (b) FSW.

the weld metal on all welded samples formed from a
homogeneous mixture of both base metals due to high
deformation. The microstructures of weld metal were
made up of coaxial dynamically recrystallised grains.
Çevik et al. [18] found that weld metal showed a coax-
ial microstructure due to the dynamic recrystallisation
caused by heat and plastic deformation during FSW.
The HAZs and weld metal images of AA5754/AA6013
aluminium alloys welded using different methods re-
vealed that weld metals, HAZs, and zones close to
the weld metal exhibited distinctly different images
to each other in both joints. While the weld metal
of the GMAW-welded sample was composed of coarse
dendritic grains, the weld metal of the FSWed sample
was composed of finer coaxial grains.

3.3. Hardness

Figure 6 shows the hardness distribution of the
weld zone of the GMAW and FSW-welded AA5754/
AA6013 aluminium alloy samples. The hardness graph

reveals that HAZ hardness was lower than that of
the base metals in each welded joint. In other words,
the AA6013’s HAZ was lower than the hardness of
the AA6013 base material. Similarly, the AA5457’s
HAZ was lower than the hardness of the AA5457
base material. In both welded joints, the hard zone
was measured in AA6013 aluminium alloy. The weld-
ing wire melted, the aluminium plates locally melted
and solidified, and weld metal formed due to the arc
forming between the AA5754/AA6013 aluminium al-
loy plates joined face-to-face with the welding wire
during GMAW. Therefore, the weld metal had dif-
ferent hardness characteristics from both base met-
als [26–28]. The highest hardness value obtained at
the weld centre of the sample welded by GMAW
was 66.1 HV0.1. Likewise, the lowest hardness value
on the weld centre(s) was 64.5 HV0.1 in the HAZ of
AA6013 and 53.2 HV0.1 in the HAZ of A5754. The
highest hardness values were 100.5 HV0.1 in the HAZ
of AA6013, and 59.6 HV0.1 in the HAZ of AA5754.
The AA5754/AA6013 aluminium alloy plates which
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Fig. 6. Hardness distributions of weld zone: (a) FSW and (b) GMAW.

Fig. 7. Tensile test results: (a) base metals and (b) welded samples.

were placed face-to-face during FSW were exposed
to high deformation. This was due to the stirring
tool rotating at a high rpm and the weld metal
formed with the mixture of both base metals be-
cause of stirring. Therefore, the hardness of the weld
metal exhibited hardness characteristics that were
different from both base metals. The highest hard-
ness value at the weld centre of the FSWed sam-
ple was 79 HV0.1. The lowest hardness values of the
weld zone of the FSWed sample were 60.3 HV0.1 in
the HAZ of AA6013 and 60.2 HV0.1 in the HAZ of
AA5754. The highest hardness value in the HAZ
of AA6013 was 91HV0.1, and the highest hardness
value in the HAZ of AA5754 was 61.8 HV0.1. Ac-
cordingly, the hardness values of the weld zones from
both welding methods decreased compared to the
base metals. However, comparing the AA6013 alu-
minium alloy side of the welded samples revealed
higher results in the sample welded using GMAW.
This might be caused by the fact that hardening pre-
cipitates in the HAZ of ageing heat-treated AA6013
aluminium alloy had dissolved. In addition, these
precipitates re-gained a slight hardening property
due to ageing caused by the effect of heat input
[26].

3.4. Tensile strength

Figure 7 shows tensile test results of the GMAW
and FSW-welded AA5754/AA6013 samples. Tensile
test results revealed that the mean tensile strength
and elongation% value of AA5754 Al alloy were
237.6MPa and 15.18%, respectively. The mean tensile
strength and elongation% value of AA6013 Al alloy
were 373.7MPa and 16.94%, respectively. The me-
chanical properties of AA603 aluminium alloy were
higher compared to those of AA5754 aluminium alloy
that was annealed and subjected to a slightly colder
forming hardening process (H111) during stretching or
levelling – due to the solution heat treatment and ar-
tificial ageing (T6 heat treatment) applied during the
production of AA6013 aluminium alloy [26]. GMAW
is a melting welding-based method. Therefore, both
welding wire melted and the aluminium plates locally
melted and solidified to form the weld metal due to
the weld arc which formed between welding wire and
the AA5754/AA6013 aluminium alloy plates during
welding. In this case, the weld metal was made up of
welding wire – a mixture of AA5754 and AA6013 alu-
minium alloy. The tensile strength and elongation of
the welded sample joined by GMAW were 213.5MPa
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Fig. 8. Fracture behaviour of welded tensile test samples:
(a) GMAW, (b) FSW.

and 8.21%, respectively. Similarly, the tensile strength
and elongation of the FSWed sample were 217.4MPa
and 8.32%, respectively. High heat input, melting, and
solidification during GMAW caused the properties of
the welded alloys to deteriorate during their produc-
tion partially. This caused the tensile strength and %
elongation of the joint welded by GMAW to decrease
compared to the base metals. When the tensile test
results of the sample welded by GMAW were com-
pared with AA5754 aluminium alloy, they found that
tensile strength decreased by 10.15%, and the elon-
gations dropped by 45.91%. When the tensile test re-
sults of the same sample were compared with AA6013
aluminium alloy, it was discovered that the tensile
strength dropped by 42.88%, and the elongation de-
creased by 51.53%. The microstructural transforma-
tions, which took place during melting and solidifi-
cation, caused lower tensile strength and elongation
amount of the GMAW-welded joint compared to the
base metals. The fracture of the GMAW-welded sam-
ple occurred in the HAZ of the AA5754 side with the
lowest hardness (Fig. 8a). Çevik and Koç [24] reported
that the heat input during MIG-welding of aluminium
alloys decreased the properties acquired by the base
metal during production, and this, in turn, had a neg-
ative effect on the mechanical properties of the welded
joints.
During FSW, the weld zone was exposed to heat in-

put and an intense deformation due to the stirring tool
rotating at high speed. During this process, the metal
in the weld zone softened. Micro grains in base met-
als also softened during this period, broke down due
to intense deformation, and then turned into finer mi-
cro grains. In addition, the pin part of the stirring tool
wanted to transfer the grains in the weld zone from the
lower surface of the plates to their upper surface. This

was due to the effect of rotation at a high rpm; how-
ever, the shoulder part compressed and concentrated
the material in this zone – which was mixed and trans-
ferred upon the application of pressure. During these
processes, micro porosities formed at the interface be-
tween the weld metal and the thermomechanically-
affected zone (TMAZ). Therefore, the tensile and elon-
gation amounts of the FSWed joints were lower com-
pared to the base metals due to micro porosities that
formed because of heat input and dense plastic de-
formation exposed by the weld zone during welding.
Azimzadegan and Serajzadeh [33] reported that hard-
ness decreased in HAZ due to the heat input forming
in the weld zone of FSWed aluminium alloys, noting
that these zones negatively affected the mechanical
properties of welded joints. A comparison of the ten-
sile test results of the FSWed sample with AA5754
aluminium alloy revealed a drop in tensile strength
by 8.51 % and a drop in % elongation by 45.19%.
A comparison tensile test results of the same sample
with AA6013 aluminium alloy revealed a 41.83% drop
in tensile strength and a 88% drop in % elongation.
In the FSWed sample, the fracture occurred from the
zone between TMAZ-HAZ on the AA5754 side, having
the lowest hardness (Fig. 8b). Although these results
were close to one another, the FSWed joints yielded
higher tensile test results.

3.5. Bending test results

Bending tests were conducted on the upper and
lower surfaces of the joints (upper surface and root
bending) to see how the samples welded by GMAW
and FSW responded to bending stress. This was done
to see how ductile the surface of the face-welded joints
(or its nearby zones) was, as well as whether there was
any defect on the joint or nearby surface. Figure 9
shows the bending behaviour images of the samples
welded by GMAW and FSW. The results of bending
tests showed that both primary materials could suc-
cessfully bend by 180◦. Top and bottom surface im-
ages of the samples welded using GMAW and FSW
indicated that no fracture or cracking occurred in any
of the welding parameters in the 180◦ bending test.
There were no discontinuity errors (e.g., lack of melt-
ing, cracks) in the bending zone of the welded sam-
ples. The heat emerging during welding resulted in
a softened weld zone and the decreasing of hardness
properties gained from the base metals during produc-
tion [24]. This, in turn, caused the weld zone to be-
come more ductile and thus not crack during bending.
In industrial production, manufacturers desire and ex-
pect to shape and use welded joints of dissimilar mate-
rials according to post-welding construction. Such con-
struction materials thus must successfully pass these
tests so that no damage (e.g., cracking or fracture)
occurs when exposed to deformation. Therefore, sam-
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Fig. 9. Images of the samples after the bending test: (a) upper surface of FSW, (b) root of FSW, (c) upper surface of MIG,
and (d) root of MIG.

Fig. 10. Fatigue test results: (a) base metals and (b) welded samples.

ples welded using GMAW and FSW can be used safely
when bent up to 180◦ according to post-welding ser-
vice conditions.

3.6. Fatigue test results

Figure 10 shows fatigue test results of AA5754
and AA6013 aluminium alloys, as well as the GMAW-
and FSW-welded AA5754/AA6013 aluminium alloy
samples. The fatigue results of the base metals re-

vealed that 107 cycles were reached in both base met-
als without any rupture or fracture. In this case, the
experiments demonstrated that AA5754 and AA6013
aluminium alloys had infinite fatigue life. A com-
parison of the fatigue tests results of the AA6013
and AA5754 base materials revealed that the fatigue
life and strength of AA5754 aluminium alloy were
lower than those of AA6013 aluminium alloy. T6 age-
ing heat treatment applied during the production of
AA6013 aluminium alloy caused this alloy to gain high
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Fig. 11. Weld fracture behaviour and SEM image surfaces of fatigue test samples: (a) and (b) FSWed samples, (c) and
(d) samples of GMAW.

strength and high hardness. Likewise, the fatigue lives
of welded samples were lower compared to those of
the base metals. One reason behind this is heat in-
put during the GMAW and FSW, and thus the post-
welding cooling rate reduced the mechanical proper-
ties that the materials acquired. Also, the joining pro-
cesses covered two different aluminium materials, and
the mechanical/metallurgical/microstructural proper-
ties of weld metal obtained with additional metal
were different from both base metals. Similarly, struc-
tural defects took place during and after welding [32].
Hence, the fatigue life of the weld metal in the welded
joints was lower than the fatigue strength of the base
materials – this is normal. A closer look at the fatigue
lives of the samples welded by GMAW and FSW re-
vealed that FSWed joints performed better than their
GMAW counterparts. This is because the heat input
exposed by the weld zone was lower in FSW than
GMAW. Low heat input during FSW caused less loss
in the metallurgical transformation of base metals in
the weld zone as well as mechanical properties they
gained during production. This caused the FSWed
joint to have a higher fatigue life.

Figure 11 shows fracture surface macro and SEM
images of the samples, joined by GMAW and FSW
methods, after the fatigue test. Fatigue cracks oc-
curred in the welded samples in the zones that con-
tained the weld seams. These fractures were mainly
observed in the zone where the cross-section dimen-
sions of the fatigue sample were the lowest (weld
seam). The fracture surface images revealed very few
micro-voids, as in the samples welded using both
GMAW and FSW. Moreover, fatigue cracks occurred
on the fracture surface of the sample welded using
GMAW. Micro-void defects may occur in the weld
seam, even if it is small, due to rapid solidification
during welding – and even if all welding parameters
were selected for their optimum values during the fu-
sion welding processes. Zhongjie et al. [34] applied
a fatigue test of Al-Zn aluminium alloy they joined
by FSW and MIG welding methods and found that
the samples occurred at the HAZ interface and the
weld metal due to micropores and impurities. There-
fore, micro-void defects occurred locally in the weld
metals of some of the samples welded using GMAW.
The same defects were also found in the FSWed sam-
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ple. These microvoids were thought to initiate fatigue
cracks during fatigue tests. When conducting fatigue
tests, micro-voids cause stress density to increase –
thus resulting in the formation and progression of fa-
tigue cracks. Lei et al. [35] reported that joint defects
and micro-defects in the weld led to fatigue cracks.

4. Conclusions

In this study, the researchers welded AA5754 and
AA6013 using automatic GMAW and FSW and anal-
ysed the macrostructural, microstructural, and me-
chanical properties of welded joints. Their results are
summarised below:
1. AA5754/AA6013 aluminium alloy plates were

successfully welded using automatic GMAW and
FSW.
2. The weld zone of the aluminium alloys welded

using both methods showed significant differences. In
the samples welded by GMAW, the grains in both weld
metal (dendritic grains) and the HAZ became coarse.
The intense deformation that occurred during FSW
caused the weld metal to be made up of coaxial grains.
In addition, micro-void defects occurred in the transi-
tion zones of the weld seams.
3. The AA6013 aluminium alloy side in all of the

samples welded using both methods had the highest
hardness values. The hardness value increased from
the welding centre towards AA6013 aluminium alloy
and decreased towards AA5754.
4. The tensile strength of the welded joints was

lower than the tensile strength of both base metals.
The tensile strength of the FSWed sample was higher
than that of the sample welded by GMAW.
5. All samples welded using both methods were

successfully bent from the upper and lower surfaces
at an angle of 180◦, without any crack or fracture.
6. The fatigue test results revealed that both fa-

tigue strengths and lives of the base materials were
higher than those of the welded samples. The life span
of the FSWed sample was higher than that of the
GMAW-welded one.
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[10] G. İpekoğlu, S. Erim, B. G. Kiral, G. Çam, Investiga-
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