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INTRODUCTION

The most prominent common point of conventional process takes place under a liquid phase. At this point, a
welding processes is the tendency of production of defected ~ favorable welding method should be chosen according to
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defects. Some of aluminum alloys are known to be among
the critical material groups in terms of their welding abil-
ity using conventional welding techniques due to their high
thermal properties, solidification properties, the tendency
of the formation oxide layer and hydrogen solubility in
the liquid state [1-5]. These features increase the possibil-
ity of formation of cavities and cracks in the welded joint,
causing welded joints to be fractured in a brittle manner.
Taking the defects that occur in the liquid phase into con-
sideration, the advantages of the solid state welding process
on the joint strength become prominent. Aluminum alloys
are extensively used in industry (e.g. automotive, marine,
ship building, chemical equipment and storage tanks) [6-8]
due to their inherent properties, e.g. high strength to weight
ratio, high resistance to corrosion, heat conductivity and
superior workability. The excellent properties that make
the aluminum alloys to be most popular materials could get
worsen via secondary processes. The welding procedure is
accepted to be one of the secondary and complementary
process in manufacturing methods. Therefore, it is crucial
to choose the proper welding technique in welding process
of aluminum alloys. Solid state welding techniques offer
many advantages, thus solving the problems [9,10] to be
encountered in welded joints.

Friction stir welding (FSW) is one of the solid state
welding techniques; joints are produced using specially
profiled pins in order to obtain a sound joint. Two differ-
ent features, namely diameter of shoulder and pin profile,
manage the amount of heat input and mixture of materials
at the contact area. Friction stir welding is evaluated to
be a combination of both hot extrusion and forging pro-
cesses; the above-mentioned features manage those pro-
cesses. The frictional heat causes the material to plasticize
on the abutted surface of the plates, thereby transferring
the plasticized materials along the weld line from the
advancing side (AS) of the tool to the retreating side (RS)
of the tool pin. In this phenomenon, materials that inti-
mate contact with pin are forged with the stirring effect of
pin. Following this process, extrusion starts with the effect
of transferring of stirred material into the gap formed by
the pin. Those phenomenons occur respectively, consti-
tuting the nature of the FSW method. However, above
mentioned phenomenons identify the factors that govern
the quality of welded joints. Defects, encountered in FSW
process, are originated from an improper heat input. Heat
input is generated with tool characteristics (namely pin
profile, pin and shoulder diameter) and welding param-
eters (namely tool force, tool rotational speed and weld-
ing speed). The defects, seen in FS welded joints, are not
encountered in conventional fusion welding processes
due to solid phase nature of the welding process. Defects,
occurred during fusion welding, are originated from an
improper welding process variables, namely improperly
selected filler material and unsteady solidification rate of
the liquid phase. Some of the aluminum alloys could not

be welded using fusion welding techniques due to above-
mentioned problems. The invention of the friction stir
welding enabled many studies to be performed on alumi-
num-based alloys; notably, significant improvements have
been obtained on the mechanical performance of welded
joints. Al-Cu-Mn alloys are one of the alloy groups that
could not be welded using fusion welding techniques due
to their low process temperature [1, 2]. The AA 3003 is
a wrought Al-Fe-Cu-Mn alloy; it is characterized with
low strength, high corrosion resistance and superior
workability. To the best of our knowledge, there are few
studies focusing on the welding ability of AA 3003 alloy
using FSW method. Birol et al. [1] studied on AA 3003
aluminum alloy in order to determine the effect of tool
rotational speed on weld characteristics using straight
threaded tool pin. Another study was performed by Tan
et. al. [9]; welded joints were produced using underwater
FSW applications to investigate the welding characteristic
using a conical screwed pin. Other studies [10-14] were
performed to investigate the effect of FSW parameters on
mechanical properties and microstructural evolution of
FS welded joints. The researchers used cylindrical, coni-
cal threaded pin, cylindrical and conical unthreaded pin
geometry and investigated the effect of process param-
eters on microstructural and mechanical evolution of
FS welded joints [4,9,11-15]. This study differs from the
existing studies in terms of the tool pin profile. In the
available literature, no FSW process of AA 3003 alloy has
been reported to be using pentagonal pin profile with
the assigned values for the selected parameters. It is well
known that, to obtain defect-free joints is the main aim of
all welding procedures. The pin profile plays a critical role
in material flow, exhibiting deterministic effects to obtain
defect-free joints associated with the FSW parameters.
The effective stirring process is accepted to be crucial cri-
teria in producing defect-free joints. FSW is a process that
takes place under the joint effect of both heat and plas-
tic deformation. Notably, when these two variables are in
appropriate level, FS welded joints with high mechani-
cal strength and ductility could be produced. Pulsation
action aids to increase the plastic deformation intensity
during the rotation of tool [16]. The pulses are accepted
to be affected from tool rotation speed and number of flat
faces. It is worth noting that to increase the number of
flat faces results in intense pulsating actions and material
flow, thus increasing the intensity of plastic deformation
[17]. Pentagonal and hexagonal shaped pins have more
flat faces, ensuring them to generate intense pulsating
actions in comparison to those of square and triangle
shaped pins used [17]. In FSW applications where cylin-
drical, conical and threaded pin profiles are used, no pul-
sating action has been reported to exist [16]. Eccentricity
is a variable which is well-known to exhibit an effect in
producing defect-free welded joints; notably it is activated
when using polygonal profiled pins. The eccentricity
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Figure 1. FSW process (a) position of plates; (b) tool pin profile; (c) top view of pin profile and dimension.

Table 1. The chemical composition of AA 3003 (wt. %)

Alloy / Elements Mn Fe Si

Cu Mg Zn Ti Al

AA 3003- H24 1.051 0.384 0.116

0.052 0.006 0.01 0.023 Bal.

phenomenon enables incompressible material to move
around the pin profile [17].

The number of flat surfaces of a polygonal pin deter-
mines the intensity of frictional heat generation produced
during the FSW process. In the study of Patel et. al. [18], at
the end of the plunge stage, pentagonal pin profile resulted
in obtaining maximum temperature of 373°C, exhibit-
ing higher temperature value than those of hexagonal,
square and conical pin profiles. Pentagonal shaped pin was
reported to produce maximum temperature [18]. Polygonal
pins were reported to exhibit closeness to the linearity
curve of maximum temperature values during the plunge
stage, thereby revealing the uniform rise of temperature at
the increased plunge depth [18]. Pentagon pin profile was
reported to exhibit the best linearity curve, meaning that
uniform temperature rise at all the plunge depth [18].

The present study differs from the other studies in the
context of pin geometry. The pentagonal profiled pin was
used to form a weld bond between the AA 3003-H24 alumi-
num alloy plates. AA 3003-H24 aluminum alloy was work
hardened and then partially annealed. The main aim of this
study is to investigate the effect of FSW process parameters
and pentagonal profiled pin on the mechanical properties
and microstructural evolution of FS welded joints.

EXPERIMENTAL PROCEDURES

The chemical composition of AA 3003-H24 plates,
which is the subject of the present study, is given in Table
1. The plates with a thickness of 3 mm were machined

Table2. Arrangement of experiments for use in FSW ap-
plications

Process Parameters

Welded Joints
TRS WS

w1 500 50
w2 800 50
w3 1000 50
W4 500 80
W5 800 80
W6 1000 80

into 100 mm width and 225 mm length. The plates were
placed on a backing plate in order to provide a tight con-
tact between plates, thus eliminating the separation of the
plates during welding process as shown in Fig. 1. The FSW
processes were performed on the universal milling machine
using a pentagonal shaped a pin made of H13 tool steel.
The hardness value of tool was 50-52 HRC. The pin con-
figurations, position of plates and details of plate support
are shown in Fig. 1. The tool was rotated clockwise with 2
degrees of tilting angle for 10 seconds before moving across
the contact surface of the plates. In order to perform FSW
process, three different tool rotational speeds of 500, 800
and 1000 rpm and two different welding speeds of 50 and
80 mm/min were selected as process parameters.



Sigma J Eng Nat Sci, Vol. 40, No. 3, pp. 620-629, September, 2022

623

Microstructural observations were performed follow-
ing the standard metallographic procedures applied on the
cross-sectional surface of the weld line. Specimens were
etched using Keller solution. The etching time was 60 s. The
mechanical properties of welded joints were characterized
by tensile properties (ultimate tensile strength and elonga-
tion at rupture) and micro-hardness. Three different tensile
test specimens of each FSW combination were prepared.
The specimens were cut perpendicular to the weld line; they
were tested with a cross-head speed of 2 mm/min at room
temperature. The gauge length was determined to be 50
mm. The micro-hardness test of each FSW specimens was
performed on the cross-section of welded joint consisting
of weld regions, namely stir zone (SZ), thermo-mechani-
cally affected zone (TMAZ) and heat affected zone (HAZ).
The micro-hardness measurements were carried out on the
center of weld thickness with 1.5 mm intervals using a load
of 100 g for 15 s.

RESULTS AND DISCUSSION

Macrostructural and Microstructural investigation of
joints

The macrostructure of the welded joints is seen in Fig.
2. The detailed observations on the weld area revealed
that defects with different sizes were located in the SZ
close to the advancing side (AS) of root of weld line.
Macro-sized tunnel-type defects were detected in the SZ
of W1, W3, W4 and W5 welded joints. It was revealed
that defects started from RS and grew towards to AS,
indicating that improper and insufficient material flow
was involved. When the size and shape of defects were
investigated, it was observed that those types of defects
were the tunnel-type defects. The occurrence of tunnel-
type defect was reported to be originated from lack of
material flow between plates due to inadequate heat gen-
eration and/or improper material flow [11,15,16,19-21].
The FSW technique is a combination of both extrusion
and forging processes. The inadequate heat generation
causes plastic deformation not to occur properly. A suf-
ficient material flow is evaluated to be possible in case
appropriate heat conditions are provided. A weld seam
in FSW occurs by the following way; the pin rotates and
moves along the weld line, filling the carried material into
the gap left behind. It is actually evaluated to be a kind
of extrusion process. In case the generated heat is insuffi-
cient, the extrusion process occurs improperly. Therefore,
the tunnel-type defects, seen in the joints (see Fig. 2),
were originated from an improper extrusion process. The
AA 3003 aluminum alloy contains Mn, Fe and Si elements
and a-Al (Mn,Fe)3Si intermetallic particles as reported
elsewhere [1,22,23]. XRD analysis was performed on base
metal, W3 and W5 welded joints. XRD patterns belonging
to base metal, SZ of W3 and W5 welded joints are given in
Fig. 3. Al(Mn,Fe)Si and Al (Mn,Fe) phases were detected

Figure 2. Macrostructure of FS welded specimens.

to occur via XRD analysis. Similar findings were reported
elsewhere [9,24]. It is worth noting that base metal, W3
and W5 welded joints exhibited similar phases.

Figs. 4 and 5 exhibit the cross-section of welded joint
consisting of three characteristic zone, namely HAZ,
TMAZ and SZ [16]. As can be seen in Fig. 4 and Figs. 5b-c,
the size of intermetallic particles detected in the base metal
was coarser than the particles detected in SZ. These inter-
metallic particles were clustered and oriented towards to
the direction of tool rotation in the SZ. A structural feature
was observed in all the welded joints. A representative fea-
ture, namely kissing bond is shown in Fig. 5d. Even, those
features are evaluated to be a defect [19,21,25], the effects of
kissing bond formations on the mechanical properties are
not significant. There are two opinions which were put for-
ward regarding the kissing bond; one of them is the kissing
bond formation with the broken oxides on the adjacent sur-
face of the plates to be joined [19,26,27]. The oxide layers
are evaluated to be broken with the effect of tool pressure.
Those broken oxide particles find a way via tool rotation
direction, completing their movement under the shoulder
of the tool in the S curve. Kissing bonds exhibit a S-type
curve. The discontinuity of a weld bond is attributed to the
presence of oxide layers. The other opinion is that kissing
bond formations are originated from insufficient pressure
and inadequate mixing effect of the material in the contact
line of plates [19]. According to those two opinions, exis-
tence of the kissing bond in SZ creates a discontinuity in the
welded joint. In this study, the effect of kissing bond on the
mechanical properties was not evident due to tunnel-type
defects in SZ.

A typical weld zone in FS welded joints consists of
three characteristic zones as seen in Fig. 4. The SZ is under
the effect of two features, namely intense plastic deforma-
tion and heat input. Those properties cause the deformed
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Figure 3. XRD patterns of specimens (a) W3-SZ; (b); W5-SZ; (c) base metal; (d) magnified peaks marked by a rectangular

in (b).

Figure 4. The transition zones for W2 welded joint.

coarse-sized grains to shrink via activating the recrystalli-
zation mechanism. A clear observation in the zones seen
in Figs. 4 and 5 revealed that the changes in the grain size
of the regions stand out. While relatively finer grains were
found to occur in the SZ, the coarser and deformed grains
along the tool rotation direction were observed to occur in
HAZ and TMAZ. It has been found that thermal effects of
friction between tool and metals led to a change in grain
size.

Welded joints' mechanical properties and characteristics

Stress-strain curves of welded joints and base metals
are given in Fig. 6. The average of three UTS and & (%)
values were used to evaluate the relationship between
welding parameters and tensile properties. Tensile proper-
ties of welded joints and base metal are given in Table 3.
The inference from the tensile test results is that TRS and
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Figure 5. The segments in both base metal (a) and SZ of W5 (b and c), kissing bond in the SZ of W5 (d).

Base Metal

Stress (MPa)

v

3

Figure 6. Stress-strain curves of welded joints and base
metal.

WS were found to be effective on the tensile properties of
joints.

The fracture location of welded joints after tensile test is
given in Fig. 7. The fracture location of each welded joints
except W1 and W3 welded joints was found to locate on
the outside region of the weld seam. The lowest UTS was
obtained under the process parameters of 500 rpm TRS and
50 mm/min WS. It is obvious that UTS value of 91 + 9 MPa
is attributed to a large volumetric tunnel-type defect in SZ.
The tunnel-type defects led to a decrease in the tensile prop-
erties. A larger tunnel-type defect resulted in a decrease of
elongation at rupture of W1 welded joint. The tunnel-type
defect in W1, seen in Fig. 2, caused the weld seam to break
in SZ as seen in Figs. 7a and 7b. The elongation at rupture
of W1 was measured to be 5 + 1 (%), indicating the brittle
manner of W1 welded joint. W2 welded joint exhibited the
highest UTS value of 128 MPa; notably, W2 welded joint

Table 3. Tensile properties of welded joints and base metal

Welded Joints Tensile Strength  Elongation at
(MPa) Rupture (%)

Base Metal 129+1 31+2

W1 91+9 5+1

W2 128+ 0 23+3

W3 119+1 19+4

W4 120+ 0 18 +4

W5 1191 18+3

W6 1211 24+ 1

was produced with the process parameters of 800 rpm TRS
and 50 mm/min WS. The weld seam was detected to be
broken on base metal side as seen in Figs. 7a and 7b, there-
fore meaning that a strong weld seam was formed between
the two plates. However, cavity-type defects were found
to occur in W2 welded joint as seen in Fig. 2. Although
W2 welded joint was detected to contain defects, neither
the UTS nor the g, (%) values was affected by this defect.
When an observation was performed in Fig. 2, it would be
seen that all welded seams contain defects with varied sizes.
The welded joints, W2 and W6, were observed to contain
cavity-type defects with finer sizes. However, the process
parameters were different from each other, thus meaning
that both TRS and WS were effective on the UTS value. The
most influential factor on weld quality was evaluated to be
the presence of a defect.

The fracture surface of FS welded joints was observed
using a scanning electron microscope (SEM). The fracture
surfaces, examined following the tensile test are shown in
Fig. 8. When the fracture surface of the W2, 3, 4, 5 and 6 FS
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Figure 7. The fracture location of FS welded joints.

Figure 8. Fracture surface of welded joints (a) W1; (b) W2; (c) W3; (d) W4; (e) W5; (f) WE6.
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Figure 9. The fluctuating hardness profile that runs through the weld zone.

welded joints was examined, it was observed that the frac-
ture surfaces were consisted of dimple formations. It was
revealed that no significant amount of plastic deformation
occurred in W1 welded joint, revealing that it was fractured
in a brittle manner. Notably, W1 joint exhibited the lowest
ductility among FS welded joints. Fracture surface of W1
joint was found to be flatter.

Micro-hardness profiles

The micro-hardness test results are given in Fig. 9.
Taking the change of WS into consideration, the welded
joints were divided into two groups. The micro-hardness
values in the SZ of the W1 welded joint, produced with 50

mm/min WS, were relatively higher than those of in HAZ
and BM. The highest micro-hardness values were achieved
in the SZ which is located near TMAZ. When the change in
the maximum and minimum hardness values was investi-
gated, the change in micro-hardness of W1-SZ, produced
with WS of 50 mm/min, was more pronounced than the
other two welded joints (W2 and W3). The micro-hardness
distribution of W1-W3 welded joints exhibited a similar
trend, tracking a W-shaped profile. The hardness distribu-
tion of W4-W6 welded joints along the SZ was measured
to be uniform and the change in hardness value was evalu-
ated to be negligible as reported elsewhere [28]. As men-
tioned in the study of Birol et.al. [1], in case the dynamic
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recrystallization does not occur properly, the hardness of
SZ is higher than that of base metal due to intense plas-
tic deformation. The distributions of micro-hardness val-
ues of the first group welded joints were similar to those
of micro-hardness values of the second group. The highest
micro-hardness values in SZ of each group were obtained
when the welded joints were produced with 500 rpm TRS.
Those welded joints were detected to contain a large tunnel-
type defect. A tunnel-type defect occurs under conditions
where there is improper material flow in SZ due to insuf-
ficient heat input. Insufficient heat input is evaluated to be
the reason of cold working conditions. The highest micro-
hardness values in welded joints, produced with the pro-
cess parameter of 500 rpm TRS, were attributed to the cold
working conditions.

CONCLUSIONS

The present study was carried out to reveal the effects of
TRS and WS on the mechanical properties of welded joints
manufactured using pentagonal shaped tool pin. The joints,
welded with a TRS of 500 rpm were observed to contain
macro-sized tunnel-type defect. While this defect exhibited
its negative effect on the UTS of the welded joint produced
with the process parameter of 50 mm/min WS via breaking
in the SZ, this was not the case for 80 mm/min WS. The
UTS and g, (%) of this specimen were measured to be 91 *
9 MPa and 5 + 1 (%), respectively. This joint exhibited the
worst mechanical properties among all welded joints. The
UTSand ¢ (%) of welded joints were improved significantly
with increasing TRS and WS. Among all welded joints, the
highest joint strength was measured to be 128 MPa; this
joint was produced with the process parameters of 800 rpm
TRS and 50 mm/min WS. The UTS of this welded joint
was compared with the UTS of the base plate (129 MPa),
finding that there was no significant difference between the
UTS of base metal and W2 welded joint. Tensile test results
revealed that although SZ exhibited defects, the welded
joints apart from the W1 and W3 welded joints were frac-
tured outside the weld zone, exhibiting a perfect correla-
tion between tensile properties and size of defects detected
in SZ. The intermetallic particles in the base metal were
observed in weld zones, namely SZ and TMAZ; they were
found to be dispersed along the tool rotation direction. The
kissing bond was found to occur in the SZ; however it did
not affect the mechanical performance of the welded joints.
Notably, different types of polygonal shaped pins could be
used in FSW process of AA 3003 alloy in order to reveal
their effect on mechanical performance of FS welded joints.
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