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This paper reports on the influence of the pin profile towards the microstructure and the mechanical
properties of the underwater friction stir processed dissimilar (SFSP) AA6082/AA8011 joint. The friction
stir processed (processed) dissimilar joints were initially produced through the friction stir welding tech-
nique. The SFSP joint produced using two different pin profiles were studied comparatively. The cylindri-
cal threaded pin profile (TP1) and triangular pin profile with flutes (TP2) were used in performing SFSP on
AA6082/AA8011 dissimilar joint. The joint produced using with TP2 pin profile had finer grains compared
to the joint produced using the TP1 pin profile. The tensile properties of the joint produced with TP2 were
higher compared to those produced using TP1.
� 2021 Elsevier Ltd. All rights reserved.
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1. Introduction

Friction stir processing (FSP) is known as one of the techniques
which can improve the mechanical properties of metals [1]. FSP
was derived from the well known joining technique called friction
stir welding (FSW) [2]. The proper application of FSP technology
depends on the good combination of various parameters i.e. tool
pin profile, tool rotational speed, tool traverse speed, tool tilt angle,
FSP conditions, etc [3–6]. The slight variation on any of these
parameters will always have an impact on the properties of the
friction stir processed (FSPed) surface [7,8]. Various works have
been conducted in trying to understand the influence of various
FSP parameters on the properties of surfaces and joints. Hamed
et al. [9] have investigated the influence of FSP conditions on the
corrosion behavior of AZ31B magnesium alloy. The rotational and
traverse speed were the parameters that were varied in this study.
It was discovered the increase in rotational speed contributed to
the refinement of grain size. The increase in the number of FSP
passes contributed further to the refinement of grains which also
played a significant role in corrosion resistance.

Shalok et al. [10] have studied the impact of tool rotational
speed on the mechanical properties of the FSPed AA5052 plate.
The FSPed results were studied in comparison to the parent mate-
rial. The hardness of the FSPed plate was found to be higher com-
pared to the parent material. The wear resistance of the FSPed
samples was found to be higher than that of the parent material.
The increase in hardness value was found to have a good correla-
tion with the wear rate. Ale et al. [11] studied the impact of heat
treatment on the FSPed AA5052 plate. The application of heat
treatment post FSP resulted in an increase in tensile strength,
microhardness, and wear resistance. Ma et al. [12] have analyzed
the influence of traverse speed on the behavior of 2507 duplex
stainless steel. The tool rotational speed was kept constant while
the traverse speed was being varied. It was discovered that the
increase in traverse speed contributed to the refinement of grains
in the stir zone which resulted in the increase in ultimate tensile
strength and microhardness but reduced the elongation. It was fur-
ther discovered that the grain refinement promoted the diffusion
of elements and also the enhanced passivation film stability which
contributed to the increase in corrosion resistance.

Kumar [13] has used the Taguchi method in optimizing the FSP
tool profile that is suitable for the enhancement of the mechanical
properties of the FSPed AA6061 plate. The three tool profiles were
used in performing the Taguchi L9 method i.e. square threaded pin,
cylindrical threaded, and cylindrical pin. The tool tilt angle and the
traverse speed were the only two parameters that were varied. It
was discovered that the square pin profile could give the maxi-
mum tensile strength when the rotational speed is 1400 rpm
traversing at 60 mm/min and the tool tilted at an angle of 2�.
g.
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Table 1
Chemical composition of the as-received plate (wt.%) [3].

Material type Mg Zn Ti Cr Si Mn Fe Cu Al

AA6082 1.1 0.2 – 0.25 0.9 0.7 0.5 0.1 Bal
AA8011 0.28 0.084 0.016 0.028 0.52 0.46 0.74 0.13 Bal

Table 2
Friction stir welding parameters.

Tool tilt angle
(�)

Dwell time
(s)

Rotational speed
(rpm)

Traverse speed
(mm/min)

2 10 1100 60
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The influence of various FSP parameters on the behavior of the
FSPed surface has not been reported extensively. The majority of
works reported on the influence of the FSP parameters on a single
surface but there are limited works that extend the FSP technique
to joints. This work reports on the impact of the FSP pin profile on
the microstructure and tensile strength of AA6082/AA8011 dissim-
ilar joint that was processed underwater.
Fig. 1. Pin profiles (a) cylindrical threaded

Fig. 2. Macrostructure: TP1, (a) 1pass- Start, (b) 1pass-Middle, (c) 1pass - End, (d) 2pass -
(i) 1pass - End, (j) 2pass - Start, (k) 2pass - Middle and (l) 2pass - End.
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2. Materials and methods

The 6 mm thick AA6082-T6 and AA8011-H14 plates were cut
into 250 mm � 70 mm to fit in the backing plate of the semi-
automated milling machine. The chemical composition of the
two aluminum alloys is presented in Table 1. The FSW technology
was used to form the AA6082/AA8011 dissimilar joint. The param-
eters used in joining the two plates are presented in Table 2. The
welded dissimilar plates were then subjected to FSP which was
performed underwater using two different pin profiles i.e. cylindri-
cal threaded pin and triangular profile with flutes. The photograph
of the two tool pin profiles is presented in Fig. 1. The high carbon
steel (H13) was used in manufacturing tool with a cylindrical
threaded profile (TP1) while high-speed steel (HSS) was used in
manufacturing tool with a triangular profile with flutes (TP2).
pin; (b) triangular profile with flutes.

Start, (e) 2pass - Middle and (f) 2pass - End; TP2, (g) 1pass - Start, (h) 1pass - Middle,
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The diameter of the tool shoulders was 20 mm while the diameter
for the probes was made to be 7 mm and the length of the two pins
was 5.8 mm. The parameters used for welding were similar to
those utilized for the underwater friction stir processing. The
AA6082 plate was kept constantly at the advancing side during
FSW and underwater FSP. The 2pass FSP technique was used in
performing the underwater FSP in each pin profile. The waterjet
technology was used in preparing specimens for various tests.

Instron 8801 machine was used in performing the tensile tests
and the tensile specimens were prepared based on the ASTM-E8M-
04 standard. The post- tensile test specimens were further ana-
lyzed using the scanning electron microscopy (SEM). The ASTM
E384-11 standard was used in performing microhardness tests
on the InnovaTest Falcon 500 machine. The 10 s dwell time was
employed in the performance of microhardness using the 500 g
load. The microstructural analysis was performed using the Motic
AE2000 microscope and the modified Keller’s and Weck’s agents
were used to etch the specimens before the examination. It should
be noted that the specimens were cut from different locations on
each FSPed plate and this was because the mechanical properties
vary across the joint [14]. The specimen that was cut from the
beginning of the joint is labeled with S, M is used to label the spec-
imen that was cut from the middle of the joint and E is the label
used for specimen cut at the end of the joint. All the specimens
were cut perpendicular to the FSP direction.
3. Results and discussions

3.1. Macrostructural analysis

Fig. 2(a) to (f) presents the macrographs of the underwater fric-
tion stir processed joint using TP1 while the macrographs for TP2 is
Fig. 3. Microstructure of the SZ: TP1, (a) 1pass- Start, (b) 1pass-Middle, (c)
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shown in Fig. 2(g) to (l). The characteristics of dissimilar joint
regions are visible from all macrographs i.e. heat-affected zone
(HAZ), thermomechanical affected zone (TMAZ), and stir zone
(SZ) also known as nugget zone. Moreover, the swirl marks under-
neath the shoulder which indicate the advancing and the retreat-
ing side are also visible in all the joints. It is good to note that
the swirl marks shapes differ with tool profile i.e. the knee-like
shaped swirl marks were produced when TP2 was used for sub-
merged friction stir processing (SFSP) while the oval-like shaped
swirl marks were produced when the SFSP was conducted using
TP1 [15]. There are visible defect on the SZ for the 2pass SFSP joint
for TP1 and this defect suggest inadequate mixing of materials.
However, the defect size is larger for the specimens sampled at
the beginning of the joint and getting smaller towards the end of
the SFSP joint (see Fig. 2(d)-(f)). Additionally, these defects are all
located towards the root surface (surface near the backing plate)
of the joint. A similar defect was also observed from the specimen
sampled at the start and the end of the 1pass SFSP joint (see Fig. 2
(g) & (i)) produced using TP1. A similar defect was also present on
the specimens sampled from the middle and the end of the 2pass
SFSP joint produced using TP2.

3.2. Microstructural analysis

The measurement of the mean grain size was performed using a
linear intercept method through ImageJ software. Fig. 3(a)-(c)
show the stir zone of 1pass SFSP AA6082/AA8011 joint while
Fig. 3 (d)–(f) show the stir zone of 2pass SFSP AA6082/AA8011 joint
and all these joints were produced using TP1. The stir zone of 1pass
and 2pass SFSP AA6082/AA8011 joint is shown in Fig. 4(a)–(e),
respectively. The mean grain size at the stir zone produced using
TP1 was found to be in the range between 21.09 lm and
30.77 lm throughout the joint i.e. the start, middle, and end of
1pass - End, (d) 2pass - Start, (e) 2pass - Middle and (f) 2pass – End.



Fig. 4. Microstructure of the SZ: TP2, (a) 1pass- Start, (b) 1pass-Middle, (c) 1pass - End, (d) 2pass - Start, (e) 2pass - Middle and (f) 2pass - End.

Table 3
Tensile properties of SFSP 1pass and 2pass AA6082/AA8011 dissimilar joint.

Tool profile-pass
number

Sampling
position

UTS
(MPa)

Percentage elongation
(%)

TP1-1pass S 85.8 8.53
M 90.9 11.35
E 86.9 11.07

TP1-2pass S 90.5 22.90
M 95.3 25.65
E 93.2 24.37

TP2-1pass S 92.8 24.04
M 93.1 22.64
E 91.9 24.02

TP2-2pass S 94.8 24.13
M 95.4 22.10
E 97.9 25.76
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the joint. The grains found at the stir zone sampled from the begin-
ning of the joint were coarser compared to grains further from this
region. The mean grain size at the stir zone of 2pass SFSP was mea-
sured to be between 9.89 lm and 11.97 lm with the maximum
mean grain corresponding to the stir zone sampled at the start of
the joint and the minimum corresponding to the stir zone sampled
at the end of the 2pass SFSP joint. There was a variation in grain
size along the joint for both 1pass and 2pass SFSP AA6082/
AA8011 joint and this variation is caused by the stability of the
heat input along the SFSP joint [13,16,17].

The mean grain size for the 1pass SFSP joint produced using TP2
was found to be in the range of 8.78 lm and 14.78 lm whereas the
mean grain size of 2pass ranged between 7.76 lm and 11.59 lm.
The same trend observed from the TP1 profile was also observed
on joints produced using the TP2 profile. The grains at the stir zone
produced using TP2 were finer compared to the stir zone grains
produced using TP1. There were no visible pores detected on the
stir zone produced using both tool profiles.
3.3. Tensile analysis

The tensile properties of the 1pass and 2pass SFSP AA6082/
AA8011 joint produced using TP1 and TP2 pin profiles are summa-
rized in Table 3. The ultimate tensile strength (UTS) and the per-
centage elongation of the joint sampled from the middle of the
plate are higher compared to that of specimens sampled from
other locations of the plate for both 1pass and 2pass SFSP joint pro-
duced using TP1 profile. This behavior correlates with the grain
size measured at the stir zone of the said joint. The UTS of the spec-
imen sampled at the middle of the plate is higher compared to
specimens from other locations, however, the increase in UTS com-
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promised the percentage elongation for the 1pass SFSP joint pro-
duced using TP2. The 2pass specimen sampled at the end of the
plate had the highest UTS and percentage elongation and this spec-
imen was the only specimen with the finest grains at the stir for
joint produced using the TP2 profile.
3.4. Fracture mechanism

The fractured surfaces of 1pass and 2pass SFSP AA6082/AA8011
joint produced using the TP1 profile are shown in Fig. 5(a)-(f). Fig. 6
(a)–(f) depicts the fractured morphology of 1pass and 2pass SFSP
AA6082/AA8011 joint produced using TP2 profile. The dimpled
surfaces are clearly visible from Fig. 5(a), (b), (e), Fig. 6(a)-(f). These
dimpled surfaces characterize the ductile failure mode and they



Fig. 5. SEM images:TP1, (a) 1pass - Start, (b) 1pass - Middle, (c) 1pass - End, (d) 2pass – Start, (e) 2pass – Middle, (f) 2pass – End.

Fig. 6. SEM images:TP2, (a) 1pass - Start, (b) 1pass - Middle, (c) 1pass - End, (d) 2pass – Start, (e) 2pass – Middle, (f) 2pass – End.
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are also a confirmation of good material flow that occurred during
FSP [16,18,19]. Fig. 5(c), (d), and (f) are the only surfaces with a flat
appearance that indicates the cleavage failure mode, and this type
of failure is associated with low ductility [17].
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3.5. Microhardness analysis

The microhardness of 1pass and 2pass SFSP AA6082/AA8011
joint produced using TP2 is presented in Fig. 7(a) & (b). Fig. 7(c)



Fig. 7. Microhardness profiles: TP2, (a) 1pass - Start, Middle and End, (b) 2pass – Start, Middle, and End; TP1, (a) 1pass - Start, Middle and End, (b) 2pass – Start, Middle, and
End.
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& (d) depicts the 1pass and 2pass SFSP AA6082/AA8011 joint pro-
duced using TP1. All the microhardness profiles show the declining
trend from the AA6082 towards the AA8011 side. However, the
microhardness of 1pass and 2pass at the stir zone produced using
TP2 is higher compared to other zones of the specimen and this is
attributed to the grain size distribution in the stir zone. The higher
microhardness also indicates the good material mixing at the stir
zone [18]. The microhardness of the stir zone for specimen sam-
pled at the middle of the plate is higher compared to other speci-
mens and this is in correlation to the grain size that was found to
be smaller than the other specimens sampled from different loca-
tions of the plate. A similar trend observed from the joint produced
using TP2 is also observed from the joints produced using TP1. The
coarseness of the grains reduces the microhardness of the joint
hence the specimens sampled from the start of the joint show
low declining trend across the stir zone. It is important to note that
the microhardness at the stir zone of joints produced using TP2 is
higher compared to that of the joint produced using TP1. The
microhardness behavior correlates with the grain distribution that
was observed during microstructural analysis.
4. Conclusion

The underwater friction stir processing using two different tool
profiles was performed successfully. The mechanical properties of
the joints produced using two tool profiles were studied compara-
tively. The grain size of the joint varies along the joint and this was
common on both joints produced using two tool profiles. However,
the grain size at the stir zone for the joint produced using the TP2
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tool profile was finer compared to that produced using the TP1 tool
profile. The joint with fine grains exhibit improved tensile proper-
ties compared to that with coarse grains. The joint with low ductil-
ity was characterize with cleavage failure mode which indicates
the presence of defects at the joint. Moreover, the joint produced
using the TP2 profile performed better than the joint produced
using the TP1 tool profile.
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