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ABSTRACT

In the present study, the effects of pin geometry and tool rotational speed on the microstructure and

mechanical characteristics of the AA2024-O friction stir spot welding (FSSW) joint were investigated.
Two different types of pin geometries, namely cylindrical and step pins, and three different rotational
speeds of 900, 1400, and 1800 rpm were used in the friction stir spot welding joint. The microstructure
observation, hardness measurements, and shear tests were conducted. Results showed that both pin
geometry and rotational speed gave a remarkable effect on the microstructure and maximum shear load
of the weld joints. For both pin geometries, the hook height and width of the fully bonded region (FBR)
increased by increasing the rotational speed. The weld joint produced by a cylindrical pin exhibits higher
values in the hook height and width of the FBR than using a step pin. Furthermore, the highest value in
a maximum shear load was obtained at a rotation speed of 1400 rpm for both cylindrical and step pins.
Another finding is that the maximum shear loads of FSSW joints produced with a cylindrical pin are

higher than that made using a step pin.

doi: 10.5829/ije.2021.34.08b.16

1. INTRODUCTION

The application of aluminum alloys in automotive
industries is mainly intended to produce lightweight
vehicles which leads to fuel savings, high speed, and a
reduction in exhaust emission. Today, aluminum and its
alloys are produced in various series and treatments. One
of the aluminum alloys that is widely used in engineering
applications, especially for aircraft structures is AA2024
aluminum alloy which is composed of copper (Cu)
around 3.8-4.9 wt% as the main alloying element. This
aluminum alloy has the potency to replace steel in the
manufacture of the vehicle body. In general, AA2024
aluminum alloy is used in the aircraft industry due to its
beneficial properties, i.e. the alloy has high strength at
room temperature to high temperature up to 150 °C and
good toughness [1]. In addition, it has a very good
damage tolerance and high fatigue crack resistance [2]
which is suitable for aircraft materials.
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Apart from its excellent properties, AA2024
aluminum alloy together with its 2XXX series are,
however, considered to be unweldable [3] so that
AA2024 aluminum alloy is commonly fabricated by
riveting. The invention of friction stir welding (FSW) at
The Welding Institute (TWI), UK in 1991 followed by its
variant, i.e. friction stir spot welding (FSSW) allows the
unweldable materials such as AA2024 to be welded using
these solid-state welding processes [4-6]. The FSSW
process has similarities with FSW in which both of them
use a rotating cylindrical tool equipped with a shoulder
and a pin to produce weld joints but they are different in
term of the tool movement that is the rotating tool in FSW
moves along a weld line in the butt plane of the plates
whilst the rotating tool in FSSW is operated in a
stationary condition [7]. FSSW is performed by plunging
the rotating tool into the sheets in the lap joint
configuration. The heat generated by frictional forces
leads to softening in the materials to be welded. As a
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result, the softened materials of upper and lower sheets
are mixed due to stirring action by the pin, and under such
a condition, the weld joint is formed.

Since the invention of FSSW by Mazda's car
manufacturer in 2003 [8], research in FSSW has been
conducted extensively to improve mechanical
characteristics of FSSW joints by considering factors
affecting the mechanical properties of FSSW joints
including process parameters and tool geometry in
various metals. The influence of shoulder and pin
geometries of a tool on the microstructure and
mechanical characteristics of the FSSW joint in AA2024-
T3 aluminum alloy has been studied by Paidar et al. [9].
According to the authors, at a low tool rotational speed,
the grain size in the stirring zone is influenced by the pin
geometry while at a high tool rotational speed, there is no
significant difference in the grain size. Badarinarayan et
al. [10] showed that the shape of the tool pin affects the
hook, weld strength, and failure mode of the FSSW joint.
Enami et al. [11] investigated the influences of welding
parameters (plunge depth, dwell time, and tool rotational
speed) and addition of alumina nanopowder on the FSSW
joint strength and found that the normal plunge depth,
dwell time, and tool rotational speed effectively affect the
joint strength of AA2024 alloy. In addition, the optimum
welding parameters are achieved at a speed of 1120 rpm,
5s dwell time, and normal plunge depth of 2.75, and the
joint strength increased by 23% by the addition of
alumina nanopowder. Subsequently, Klob¢ar et al. [12]
have investigated the effect of process parameters on the
strength of AA5754 FSSW joint with the results showed
that axial force and torque increased with increasing
plunge rate but they decreased with increasing dwell time
and tool rotation speed. Other FSSW process parameters
such as plunge depth have been investigated by Baek et
al. [13] and according to the authors, plunge depth affects
the shear strength of the FSSW galvanized steel joint.
The effects of both plunge rate and dwell time on the joint
strength of AA1100 sheets under micro FSSW were
studied by Baskoro et al. [14]. They found that the dwell
time gives a remarkable effect on the tensile shear
strength but the plunge rate has a minor effect. Other
studies on the effect of FSSW process parameters on the
shear strength of FSSW joint have been conducted to
optimize FSSW process parameters to produce the high
quality of the joints [15-18]. Recently, Tiwan et al. [19]
studied the effects of pin geometry and rotational speed
on the microstructure and mechanical characteristics of
the AA5052-H112 FSSW joint. They found that both pin
geometry and rotational speed have a significant effect
on the hook height and width of FBR of the FSSW joints.
Moreover, the strength of the weld joints produced by a
cylindrical pin is higher than that of a step pin. The effect
of tool rotating speed (700, 900, and 1100 rpm) on the
microstructures and mechanical characteristics of the
AAB061 FSSW joints welded in air and water was also

demonstrated by Shekhawat et al. [20]. They found that
the load-bearing capacity improved and also a slight
increase in hardness when the rotational speed increases
from 700 to 1100 rpm, irrespective of the welding
medium. This increase is attributed to the grain size
refinement in the weld nugget zone. In addition, the
FSSW in water is obtained to be beneficial as compared
to that in air.

The quality characteristics of FSSW joints formed in
the metal alloy are strongly influenced by design and
welding parameters. One of the most important factors
influencing the quality of the FSSW joints is the design
of the tool used for producing the friction and stirring
action [21]. It seems that research works related to the
FSSW in AA2xxx series aluminum alloys have been
studied extensively, but there have been limited
published data on the influences of pin geometry and
rotational speed on the microstructure and strength of the
FSSW AA2024-0 aluminum alloy joints. Therefore, it is
the subject of the present work. Two different types of
pin geometries, i.e., cylindrical and step pins, and three
different rotational speeds of 900, 1400, and 1800 rpm
were selected for the AA2024-O FSSW joint.

2. MATERIAL AND EXPERIMENTAL

The materials used in this work were AA2024-O
aluminum alloy plates with the chemical composition is
given in Table 1. In this investigation, the plates with the
dimension of 3 x 30 x 120 mm were welded using the
FSSW process in lap joint configuration. The plates to be
welded were tightly clamped using a jig. The tools having
two different tool pin geometries, namely cylindrical and
step pins were made of H13 steel as shown in Figure 1.
The FSSW joints were produced using various tool
rotational speeds (RS) of 900 rpm, 1400 rpm, 1800 rpm
whereas other FSSW parameters including plunge depth,
plunge rate, and dwell time were maintained constant at
0.1 mm, 4 mm/min and 5s, respectively.

The temperatures during welding were measured
using K-type thermocouples attached at various distances
of 0, 4, 5, 6, 7, 8 mm from the center of the weld hole as
shown in Figure 2. Microstructure examinations were
performed on the cross-section of the FSSW joints using
optical microscopy. The samples were prepared

TABLE 1. Chemical compositions of AA2024-O aluminum
alloy

Chemical composition (wt.%)

Cu Mg Si Fe Zn Ti Mn Cr Al

4.4 111 012 014 0.08 001 040 001 Bal




1951 Tiwan et al. / IJE TRANSACTIONS B: Applications Vol. 34, No. 08, (August 2021) 1949-1960

(a) 4 ® T
o l
1
=i 87 o ol
L] 1
il giz2| |
i - 13 36
) 1 N | j
] - 5 —
5 24
21z, S

AT units in mm

Figure 1. FSSW tools type:(a) Cylindrical pin (b)Step pin
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Figure 2. A schematic illustration of the FSSW process

following standard metallographic procedures with
etchant used was Keller's reagent.

Furthermore, hardness distributions were assessed
using Vickers microhardness along with the upper and
lower plates around the FSSW joints as shown in Figure
3 with the load of 100 g for 10 s. The strength of FSSW
joints was assessed using shear tests with the dimensions
of shear test specimens are presented in Figure 4 as
suggested by Kim et al. [22]. Following these shear tests,
fractographic studies were conducted.

Bottom measurement

Figure 3. Position of hardness measurement

210

Figure 4. Tensile-shear test specimens

3. RESULT AND DISCUSSION

3. 1. Weld Thermal Cycles The thermal cycles
taken at various distances of 0, 4, 5, 6, 7, and 8 mm from
the center of the exit hole (designated as RO, R4, R5, R6,
R7 and R8, respectively) during friction stir spot welding
(FSSW) of AA2024-O aluminum alloy plates at two
different tool pin geometries are demonstrated in Figures
5and 6.

Referring to Figures 5 and 6, it can be seen that each
thermal cycle under study shows similar behaviors
marked by rapid heating as the shoulder surface
penetrates the workpiece. Furthermore, the maximum
temperature is achieved when the distance between the
tool tip and the bottom surface of the lower plate is
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Figure 5. Thermal cycles of FSSW AA2024 using a
cylindrical pin with variation in RS: (a) 900 rpm (b) 1400
rpm (c) 1800 rpm
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Figure 6. Thermal cycles of FSSW AA2024 using a step pin
with variation in RS: (a) 900 rpm (b) 1400 rpm (c) 1800 rpm

the closest, typically 0.1 mm. At this condition, the
maximum temperature is maintained constant for 5s then
followed by continuous cooling towards the ambient
temperature as the tool is lifted. Referring to Figures 5
and 6, it can be seen that increasing distance from the
center of the keyhole decreases the peak temperature and
the position of the peak temperature is shifted to a slightly
longer time. Of note is that the peak temperatures resulted
by cylindrical and step at the distance of RO are slightly
the same but as the distance, the significant differences
are observed with the peak temperatures resulted from
step pin is higher than that of cylindrical spin.

This seems to suggest that FSSW having a step pin
produces higher heat input than that of the cylindrical pin
at the same tool rotational speed.

The effects of tool rotational speed on the weld
thermal cycles can be studied by comparing the welds
made at the tool rotational speeds of 900, 1400, and 1800

rpm for both cylindrical and step pins. As expected, an
increase in tool rotational speed tends to increase the peak
temperature and reduce the cooling rate. In comparison
with the tool having cylindrical pin geometry, the peak
temperatures for the FSSW joints produced using step pin
are slightly higher at the same tool rotational speed. The
possible explanation is summarized as follows. The heat
generated, g by a conventional tool having a cylindrical
pin is given by following expression [23, 24]:

2
q = g ﬂwT(Rsshoul + 3R;2J|nH pin) (1)

With 7 is shear stress, w is angular speed, Hpin is pin
height whereas Rpin and Rsnoul are the radius of pin and
shoulder respectively. According to Equation (1), the use
of a step pin will increase the shoulder area hence
increasing the heat since the shoulder has more
contribution to the total heat compared to other
components such as pin side and pin tip.

3. 2. Macro and Microstructures Figure 7 shows
typical macrostructural regions taken from a cross-
section of FSSW joint prepared using a tool having a
cylindrical pin. The hole shown in Figure 7a is formed
when the rotating tool was retracted from the weld joint.
It can be seen that the FSSW profile is symmetrical
concerning the hole-axis. There are three types of
interface bonds, namely fully bonded region (FBR),
partially bonded region (PBR), and unbonded region
(UBR) [25]. The closest region to the exit hole is known
as FBR which is marked by the presence of a perfect bond
as the result of stirring of the upper and lower plate
materials. Subsequently, PBR is formed starting from
FBR to the distance where the bonding no longer exists.
PBR has an imperfect bond which occurs caused by the
lack of a diffusion process between the surface of the
upper and lower plates. At the distance away from the
hole exit, the upper and lower plates are separated with
no bond formation, and this region is called UBR.

Figure 7. (a) Cross-section of FSSW joint, (b), (c) magnified
region marked by A in Figure 6a showing various weld
microstructures
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Figures 8 and 9 show cross-sections of FSSW weld
joints produced using a cylindrical pin and a step pin at
various rotational speeds of 900 rpm, 1400 rpm, and 1800
rpm. It can be seen that all FSSW joints are characterized
by the formation of hooks and microstructural regions
with different dimensions. The hooks are formed when
the interface is bent upward as the result of penetration
and stirring of the tool which causes the bottom plate
material to flow upward [26].

Details of the dimensions of FBR and the hooks under
various tool rotational speeds at two different pin
geometries are shown in Figures 10 and 11. In FSSW
joints prepared using a cylindrical pin, the dimensions of
the FBR increase with increasing rotational speed
consistent with the previous report [25].

Figure 8. FSSW welded macrostructure by a cylindrical pin
at RS: (a) 900 rpm, (b) 1400 rpm (c) 1800 rpm

Figure 9. FSSW welded macrostructure by a step pin at RS:
(a) 900 rpm, (b) 1400 rpm (c) 1800 rpm

cylindrical pin under different RS: (a) 900 rpm (b) 1400 rpm
(c) 1800 rpm

The use of a rotational speed of 900 rpm produces
FBR with a length of 1.45 mm. Subsequently, the length
of FBR increases to 1.52 mm as the tool rotational speed
is increased to 1400 rpm. On further increase in the tool
rotational speed up to 1800 rpm, the dimension of FBR
length continues to increase with the length of 1.54 mm.
Similar behavior is also observed in the hook height. The
hook height continuously increases from 0.26 mm to 0.45
mm and finally, 0.62 mm as the tool rotational speeds are
increased to 900, 1400, and 1800 rpm, respectively.

In the step pin, there is a slight increase in the
dimensions of the FBR from 1.31 mm to 1.33 mm as the
tool rotational speed is increased from 900 to 1400 rpm.
Further increase in the rotational speed to 1800 rpm does
not increase the dimensions of FBR. Similar trends are
observed in the hook heights under increasing tool
rotational speeds marked by the hook heights of 0.23 mm,
0.25 mm, and 0.27 mm at increasing tool rotational
speeds of 900, 1400, and 1800 rpm, respectively.
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Figure 11. FBR dimension and height hook of FSSW by a
step pin under different RS: (a) 900 rpm (b) 1400 rpm (c)
1800 rpm

Results of this investigation show that FBR
dimensions (FBR length and hook height) of FSSW
welds prepared using the step pin tool tend to be lower
than the cylindrical pin which may be linked to material
flow during welding. Based on the terminology used in
FSSW [27, 28], microstructural regions in the FSSW can
be classified into four regions, namely stir zone (SZ),
thermomechanical affected zone (TMAZ), heat affected
zone (HAZ), and base material (BM). Figures 12 and 13
show typical microstructures taken from various regions
of FSSW joint produced using the tools having
cylindrical and step pins at the tool rotational speed of
1400 rpm. The microstructure in SZ prepared using both
cylindrical and step pins is characterized by the presence
of fine equiaxed grains due to dynamic recrystallization
of the material around the pins [29]. The microstructure
of TMAZ has fine bent and deformed grains resulted
from the combined effect of heat and plastic deformation
[30].

1954
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Figure 12. Microstructure of FSSW welded used a

cylindrical pin at the RS of 1400 rpm: (a) SZ (b) TMAZ (c)
HAZ

In HAZ regions, the microstructures are influenced
by heat only and they are characterized by coarser
polygonal grains [31]. In general, various microstructure
present in both the welds prepared using the tools having
cylindrical and step pins are the same but they are
different in term of grain size with the tool equipped with
step pin produces coarser microstructure.

Stir zone (SZ) microstructures of the FSSW
joints produced using the cylindrical pin and step pin at
various tool rotational speeds are presented in Figures 14
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at the RS of 1400 rpm: (a) SZ (b) TMAZ (c) HAZ

and 15. It can be seen that increasing tool rotational speed
tends to grains coarsening the microstructures [32].
Referring to Figures 14 and 15, it can be seen the
microstructures produced using the step pin are coarser
than those produced using the cylindrical pin.

3. 3. Hardness Distributions Results of
microhardness measurements for all FSSW joints under
study are shown in Figures 16 and 17.

It can be seen that the hardness profiles of all FSSW
joints have the same behaviors, i.e. the maximum
hardness occurs at the keyhole side for both upper and
lower sheets which is likely to be associated with re-

Figure 14. SZ microstructure of FSSW welded used a
cylindrical pin in different RS: (a) 900 rpm (b) 1400 rpm (c)
1800 rpm

precipitation in SZ followed by continuous decrease
along TMAZ and HAZ and the hardness values tend to
constant at the BM as reported previously [9, 33].
However, they are different in terms of the magnitude of
hardness, especially in the bottom of the exit hole due to
variations in pin geometry and rotational speed.

In the FSSW joint produced using a cylindrical pin,
the hardness curve in the upper sheet is higher than that
measured in the lower sheet especially along the HAZ
region but such a significant difference is not observed in
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Figure 15. SZ microstructure of FSSW welded used a step
pin in different RS: (a) 900 rpm (b) 1400 rpm (c) 1800 rpm

the FSSW joints produced using step pin. It is interesting
to note that at the bottom of the keyhole, a continuous
decrease in the hardness is observed with increasing tool
rotational speed, especially in FSSW prepared using step
pin. It may be argued that the use of step pin produced
more heat which results in coarsening the precipitates
hence softening [21, 34, 35].

3. 4. Strengths The maximum shear loads of the
FSSW AA2024-O joints welded using different pin
geometry and rotational speeds are shown in Figure 18.
The maximum shear loads of FSSW joints that use
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Figure 16. Microhardness distribution in a cross-section of
FSSW welds used a cylindrical pin in different RS: (a) 900
rpm (b) 1400 rpm (c) 1800 rpm

cylindrical pin increase with increasing rotational speed
until the highest value of the maximum shear load is
achieved at 1400 rpm. On further increase in the
rotational speed to 1800 rpm, the shear load decrease.
Similar behaviors are observed in the FSSW joints
produced using a step pin but with the lower magnitudes
over a wide range of tool rotational speed, typically
between 900-1800 rpm.

The strengths of the FSSW joints are determined by
the structure of the welds, i.e. the FBR length and grain
size in the SZ area [36].

The formation of FBR and grain size in SZ are
influenced by the heat input which in turn tool rotational
speed and pin geometry. The higher rotational speeds
produce the higher strain and heat input making a wider
FBR. Subsequently, the wider FBR results in a higher
maximum fracture load. On the other hand, the strength
of metallic materials including aluminum welded joints
is controlled by grain size according to Hall-Petch as
given by Mathers [37].
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where d is the average diameter of the grains while g, and
ky are constants. It seems that increasing heat input due to

increased tool rotational has two conflicting effects. On
one hand, high heat input increases the FBR length hence
increasing the strength but it also causes coarsening of
the microstructure resulting in reduced strengths.
Therefore, the optimum tool rotational speed for both
cylindrical and step pins seems to be achieved at the
rotational speed of 1400 rpm owing to the balanced
between these two factors.

Figures19 and 20 show fractured surfaces of the
FSSW joints under applied shear loads. It can be seen that

Upper sheoat Lower shea
ENENETRRL NG e Sy,

Figure 19. Fracture surfaces of FSSW joints under shear
load using a cylindrical pin at different RS

Uppaer sheet Lower sheet

RS 1400 pm RS 900 rpm

RS 1800 rpm

Figure 20. Fracture surfaces of FSSW joints under shear
load using a step pin at different RS
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at low tool rotational speed, typically of 900 rpm, the
weld joints prepared using both cylindrical and step pins
reveal failures correspond to shear mode. The failures are
initiated by the formation of cracks at the hook tips which
have high-stress concentrations. The cracks then
propagate circumferentially along the stir zone (SZ)
leading to final failure. At higher tool rotational speed,
typically 1400 rpm or above, the failure mode change
from shear to pullout in the nugget zone. The plausible
explanation can be seen in Figure 21. As previously
discussed, increasing tool rotational speed increases heat
input and makes FBR wider. As a result, the working
shear stress at the SZ under applied shear loads becomes
lower so that the weakest part of the FSSW joints moves
to the circumferential plane at the hook tip parallel to the
exit hole. This condition combined with the moment of a
couple due to eccentricity (misalignment) of the applied
loads in the lap joints can cause nugget pullout.

Tensile plane
£\ Y 5
e
¥ - F&—
Shear plane

Figure 21. Schematic illustration of shear and tensile
stresses around the SZ under applied shear stress

4. CONCLUSIONS

In this study, the effects of pin geometry and tool
rotational speed on temperature profiles, microstructure,
and mechanical properties of the FSSW joints aluminum
alloy AA2024-O have been investigated and the
following conclusions are drawn :

» Heat generated by the FSSW process is determined by
the pin geometry and tool rotational speed. The tool has
a step pin that produces more heat compared to the
cylindrical pin due to the more frictional area in the
step pin.

» The SZ region has the highest hardness probably due
to re-precipitation then the hardness continuously
decreases across TMAZ/HAZ and finally becomes
constant along with BM.

» For the FSSW joints prepared using both cylindrical
and step pins, the highest value of the maximum shear
load is achieved at the tool rotational speed 0f1400
rpm. It seems that this optimum tool rotational speed
produces a proper combination of FBR length and
grain size with the failure mode showing pullout
nuggets.
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