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ABSTRACT

Friction stir welding (FSW) is considered as the new joining technique which does not involve fumes
like any traditional joining techniques. The attainment of good weld depends on proper combination
of FSW parameters, and this combination varies with the materials that are being welded. The tool
rotational speed is known as the most critical parameter towards the generation of heat required to
produce the weld in friction stir welding. This parameter plays an important role in restructuring the
stir zone. The variation of this parameter may yield certain results which are dependent on the type
of materials being welded. This paper reports on the impact of the rotational speed variation on the
tensile properties of AA6082-T6 joints. The rotational speed was varied while keeping all the other
welding parameters constant. The analysis was performed comparatively on the specimens that were
sampled from different locations of the joint. The joints produced through the rotational speed of 600
rpm showed good tensile properties compared to joints produced through other rotational speeds.
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INTRODUCTION

Metal joining techniques are categorized into two main groups i.e. fusion and solid-state welding.
Categorizing these techniques depends on the operating principle of each welding. Friction stir welding
(FSW) is one of the techniques that fall under the solid-state welding category. The invention of this
technique is associated with The Welding Institute (TWI) from the United Kingdom in the early
1990s, (Unnikrishnan & Dhas, 2017). The earlier application of FSW is mostly linked with joining
soft metals such as aluminum alloys, copper, etc. These materials were known to be not weldable
through fusion techniques as they possess a low melting temperature (Adamowski et al., 2007).
FSW operating principle does not produce smoke or fume hence it is described as green technology
(Bozorgzadeh & Idris, 2015; Mishra & Ma, 2005).

Friction stir welding joins materials through the use of a non-consumable rotating tool which
generally has a specific pin and shoulder. This rotating tool is plunged between the materials to be
joined and settles for a short time (dwell time). After elapsing the dwell time, the tool moves parallel
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to the plates being joined i.e. from the beginning to the end of the plates. The rotating tool softens and
mixes the plasticized material. The joint is formed by the restricted material movement caused by the
tool shoulder (Ahmed et al.,2020; Silva-Magalhaes et al., 2019). Friction stir welding is considered to
have reached a stationary state when the quality of the weld is the same throughout the weld (Kumar
et al., 2020; Ratnam et al., 2019; Tongne et al., 2016; Yang et al., 2019). Various works have been
done in evaluating the impact of different welding parameters on the quality of joints. This includes
the rotational speed, welding speed, tool tilt angle, pin profiles, and many more. The evaluation of
these parameters includes the similar and dissimilar materials (Raturi et al., 2019; Thilagham &
Muthukumaran, 2020; Chanakyan et al., 2020; Swaminathan et al., 2020; Kumar & Ramana, 2020).

Boccarusso et al. (2019) have evaluated the impact of the welding force on the microstructural
arrangement of a 3 mm thick AA6082/AZ31 Mg dissimilar joint. The H13 steel tool with 13 mm
diameter concave shoulder and 3.7 mm long threaded tapered pin was used in welding the two
dissimilar materials. The FSW was performed using different rotational speeds and the traverse speed.
The investigation of force influence was studied in conjunction with speed variations. The presence
of the hard intermetallic compounds on the weld bead was observed. These intermetallic compounds
were found to be influencing the microhardness at the stir zone. The vertical force was found to have
more influence on the occurrence of liquation phenomenon. Maneiah et al. (2020) used the Taguchi
method in performing FSW parametric optimization using the AA6061 plate. The rotational speed,
tool tilt angle, and the traverse speed were the parameters considered for this study. The H13 tool
steel with 20 mm shoulder diameter and 3 mm long hexagonal pin was used in producing the welds.
It was discovered that the tensile strength is influenced mostly by the factor feed than the tilt angle
and the rotational speed. The optimum parameters suitable for high tensile strength of the joint were
also discovered

The influence of the rotational speed on the joint formed from the as-received and the preheated
AA6082 was investigated by Ciccarelli et al. (2018). The high rotational speed ranging between
1000 and 2500 rpm was used. The H13 tool steel with 12 mm shoulder diameter and 3.5 cone base
diameter with 1.7 mm height was used in this study. The maximum rotational speed of 2000 rpm
was found to be the best speed to produce the highest ultimate tensile strength (UTS) of preheated
AA6082 while 1500 rpm was found to be the optimum speed to produce high UTS for as-received
AA6082 joint. The distinct optimum speed is linked to the difference in the mechanical properties
of the base metals. Swaminathan & Sathiyamurthy (2020) have performed the impact of various
welding parameters on different properties of the dissimilar joint. The parameters that were varied
in this study involved the vertical force, welding, and tool rotational force. Four different pin profiles
were utilized in this investigation and those profiles being cylindrical, tapered-threaded, triangular,
and square-shaped profiles. It was discovered that the tool rotational speed plays a major role in the
enhancement of the tensile properties of the joint. The triangular pin profile produced the joint with
the highest tensile strength at a rotational speed of 1000 rpm.

The impact of tool rotational speed towards the dissimilar joint properties was investigated by
Zhang et al. (2020). The rotational speed range for this study was between 600 rpm and 1650 rpm,
with an interval of 350 rpm. The 15 mm shoulder diameter tool with a 5 mm long tapered pin was
used in this investigation. The low tool rotational speed was found to have fine grains compared to
the base metal. The increase in rotational speed was found to have an adverse impact on the stir zone
grain size. The influence of rotational speed on dissimilar joints depends also on the positioning
materials being used in joint formation. This then suggests it is imperative to consider the material
positioning when the parametric study is performed on dissimilar joints (Raturi et al., 2019; Da &
Toppo, 2018; Guo et al.,2019; Sunilkumar,2020; Acharya,2020; Nagu & Humar,2020; Palani et al.,
2018). The tool rotation speed plays a major role in the refinement of the grain size at the stir zone
and this contributes towards the enhancement of the tensile properties of the joint. The grain size
geometry is influenced by the heat input generated during the welding process and the grains with
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the same size tends to face in the same direction (Moshwan et al., 2015; Ahmadi et al.,2012; Ramnath
et al.,2018; Sharma & Dwivedi, 2017).

It was observed that the majority of works being reported around the variation of tool rotational
speed generally incorporates the other variables during the investigation. Some involve either the
pretreatment of the materials or the use of dissimilar materials. This makes it difficult to understand
exactly the impact of this parameter on the as-received material. It is further important to note that
the impact of varying any FSW parameter also depends on the tool profile and the materials being
welded. To the best knowledge of the authors, there is no available literature that analyzed the influence
of the low rotational speed on the tensile strength of AA6082-T6 similar joint. This paper critically
analyzed the impact of low tool rotational speed towards the tensile properties of AA6082-T6 similar
joint. All other parameters were kept constant while the tool rational speed was varied. Moreover,
the comparative analysis is performed on the specimens extracted from various locations of the joint
as this was found to be crucial (Msomi and Mbana, 2020).

EXPERIMENTAL PROCEDURE

The as-received 6 mm thick AA6082-T6 plate was cut into 500 mm x 70 mm (length x breadth)
dimensions to fit in the backing plate. The dimensioned plates were fixed on the backing plate of
the semi-automated milling machine for welding (see Figure 1). The chemical composition of the
AAG6082-T6 is shown in Table 1. The H13 steel tool with a threaded-cylindrical pin profile was
utilized in this study (see Figure 2). The dimensions of the tool are shown in Table 2. The welding
parameters used in this study are shown in Table 3. It should be noted that the rotational speed was
the only varying parameter in performing the welding. At least three plates were produced in each
set of parameters and the macrostructural morphology of the joint was used in selecting the plates for
analysis. The length of the weld was kept at approximately 480 mm which is less than the length of the
plates. The traverse speed and the tilt angle were chosen based on the trial runs that were performed
before resuming the actual study. The properties of the joint were analyzed through various tests that
were performed using relevant standards. This includes tensile tests, microstructural analysis, fracture
morphology, and microhardness tests. Waterjet technology was used in preparing specimens for the
mentioned tests and all the specimens were cut perpendicular to the welding direction. The tensile
tests were conducted using the Hounsfield tensile testing machine with QMAT software. The tensile
specimens were prepared and tested based on the ASTM-E8M-04 standard. The fractured surface post
tensile tests were analyzed using the scanning electron microscopy (SEM). The InnovaTest Falcon
500 machine was used to perform a microhardness test based on the ASTM-E384-11 standard. The
10s dwell time and 300 g load were the parameters used in conducting microhardness across the joint.
The Motic AE2000 optical microscopy was used in conducting the microstructural analysis of the
different zones of the samples through the guidance of ASTM-E-112 standard. Before performing
microstructural analysis, the specimens were etched using Weck’s etchant. The linear intercept method
through ImageJ software was employed in measuring grains. It should be noted that three specimens
were prepared from each plate i.e. start (S), middle (M), and end (E) of the plate and these specimens
were studied comparatively.

RESULTS AND DISCUSSION

Macroscopic View of the Joints

The influence of the increase in rotational speed on the macrostructure of the joints is shown in Figure
3-5. Figure 3 shows the surface of the joints for specimens sampled at the beginning of the weld for
all the rotational speeds i.e. 600 rpm (S1), 700 rpm (S2), 800 rpm (S3), 900 rpm (S4), 1000 rpm (S5),
1200 rpm (S6). The characteristic zones associated with FSW are visible in all the surfaces i.e. stir
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Figure 1. The dimensioned plates were fixed on the backing plate of the semi-automated milling machine for welding
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zone (SZ), thermos-mechanically affected zone (TMAZ), and heat affected zone (HAZ). The trace
of tool pin disruptive mechanical action called onion rings can be seen in Figure 3 (S1)-(S4) but
fades away in Figure 3 (S5) and (S6). The fading away of the onion rings is assumed to be caused by
excessive heat that is generated at a high rotational speed. The presence of onion rings also suggests
the material flow and proper intermixing resulting from the stir action (da Silva et al., 2011). Figure
3 (S1) and (S3) show the presence defects or wormholes and these defects are caused by improper

Figure 2. The H13 steel tool with a threaded-cylindrical pin profile was utilized in this study
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Table 1. Chemical Composition of AA6082-T6 (Sameer & Birru 2019)

Contributing elements (wt %)
Material Mg Zn Cr Si Mn Fe Cu+Ag | Al
AA6082-T6 1.1 0.20 0.25 0.90 0.70 0.50 0.10 Bal
Table 2. Tool dimensions (Msomi et al., 2020)
Profile Shoulder diameter (mm) Pin diameter (mm) Pin length (mm)
Threaded-cylindrical 20 6 5.8

mixing that occurred at the beginning of the joint (Taheri et al., 2019; Safeen & Spena, 2019). The
flash structures are visible on the surface of the joint and the produced at higher rotational speed
(S5) and (S). The existence of these structures is caused by too much-plasticized material escaping
from the bottom of the pin shoulder. This phenomenon is caused by material bending which results
from excessive heat input. Figure 4 shows the surfaces of the joints for specimens sampled in the
middle of the weld for all the rotational speeds. The characteristic regions observed in Figure 3 are
also identified in Figure 4. However, the defects observed in some surfaces of Figure 3 are not visible
in Figure 4 and this suggests stability in heat input which encouraged the proper mixing at the stir
zone (Msomi&Mbana, 2020; Zhang et al., 2019). The macrostructural appearance of the specimens
sampled at the end of the plate for all the speeds is shown in Figure 5. The zones identified in Figure
4 are also present in Figure 5. Additionally, some surfaces in Figure 5 show oxide alignment which
is normally associated with an excessive heat input experienced during welding (Soni et al., 2017).

Microstructural Analysis

The grain size analysis was performed at the three zones (SZ, TMAZ, and HAZ) of the weld and
three locations of each plate (start, middle, and the end of the weld). There were 30 readings recorded

Table 3. Experimental parameters for FSW

Rotational speed (rpm) Welding speed (mm/min)  Tool tilt angle (°)  Dwell time(s)

600 80 2 10
700 80 2 10
800 80 2 10
900 80 2 10
1000 80 2 10
1200 80 2 10
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Figure 3. Surface of the joints for specimens sampled at the beginning of the weld for all the rotational speeds i.e. 600 rpm (S1),
700 rpm (S2), 800 rpm (S3), 900 rpm (S4), 1000 rpm (S5), 1200 rpm (S6)
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per zone of each specimen hence the inclusion of error bars in figures. The average grain size for the
specimens sampled from the start on the weld of all the speeds is shown in Figure 6(a) while Figure
6(b) and (c) present the average grain size of specimens sampled from the middle and the end of the
weld. The average grain size at the stir zone remains remarkably smaller compared to the average grain
size at the TMAZ and HAZ regions for all the specimens sampled from different locations of the weld.
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Figure 4. Surfaces of the joints for specimens sampled in the middle of the weld for all the rotational speeds

This behavior is caused by the distinct thermo-mechanical actions experienced by these three regions.
The microstructural arrangement at the stir zone is influenced by the continuous recrystallization that
is caused by the tool pin disruptive mechanical action during FSW. In other words, the refinement of
grains is influenced by strain, strain rate, and temperature level (Su et al., 2003). On the other hand,
the TMAZ region experiences heat flux that is coming from the rotating tool which leaves this zone
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Figure 5. The macrostructural appearance of the specimens sampled at the end of the plate for all the speeds
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severely plastic deformed without recrystallization (elongated grains). The HAZ region experiences
a thermal cycle that affects the microstructure and mechanical properties (Sabari et al., 2016; da
Silva et al., 2011; Fratini & Buffa, 2005). Figure 6(a) — (c) shows the grain growth from the stir zone
to the HAZ regions and this grain growth is due to the phenomenon explained earlier. This grain
growth contributes towards the mechanical response of the material, however, the response differs
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Figure 6a. The average grain size for the specimens sampled from the start on the weld of all the speeds
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with materials (Singh et al.,2017; Ortowska et al.,2020; Yang et al., 2019). Lastly, the grain size
at the three locations of the weld was found to be less than that of the parent material (51.63 pm).

Tensile Properties

Figure 7 shows the specimens of all the weld locations of all rotational speeds. The specimens sampled
at the start of the weld for the rotational speed of 600 rpm(S1) failed at the SZ while the other two
specimens (M1 and E1) failed outside the SZ i.e. HAZ region. The failure of S1 in this region is
suggested to be caused by the defect that was identified in Figure 3 (S1). The failure of M1 and E1 at
the HAZ region is caused by the coarse grains found in these regions (see Figure 6) (Yang et al., 2019;
Sharma et al.,2019; Sameer & Birru, 2019). A similar trend is observed from specimens produced at
a rotational speed of 700 rpm. However, it is not clear influenced the SZ failure o these specimens
as there were no defects detected at the surface of these joints. All the other specimens failed at the
HAZ region and this is due to the coarseness of grains found in this region.

Figure 8 shows the ultimate tensile strength (UTS) and percentage elongation as a function of
rotational speed. The tensile behavior differs with the rotational speed. The ultimate tensile strength
for M1 was found to be higher compared to S1 and E1. However, the percentage elongation for the
same specimen was found to be lower than that of E1 and S1. This phenomenon can be attributed to
the grain size phenomenon observed in Figure 6. S2 possesses higher UTS compared to M2 and E2,
on the other hand, S2 possesses the lowest percentage elongation compared to E2 and M2. The UTS
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Figure 6b. Average grain size of specimens sampled from the middle and the end of the weld
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for S3 and S4 was found to be higher compared to that of M3, M4, E3, and E4 and this behavior is
attributed to the grain size refinement associated with the said specimens (see Figure 6). The UTS
of E5 and E6 was found to be higher than that of S5, M5, S6, and M6 and this is in agreement with
the SZ grains of the said specimens. The specimens with high UTS tend to behave contrary in terms
of percentage elongation (see Figure 8) and this behavior correlates with the one reported in the
literature (Salih et al.,2020; Bocchi et al.,2018; Sharma et al.,2019). In as much as the specimens
follow the trend reported in the literature, however, S4 has higher UTS and percentage elongation
compared to M4 and E4 and this is contrary to the norm. This behavior is suggested to be influenced
by the precipitate phenomenon (Tamadon et al., 2018, Sameer & Birru, 2019).

Fractography Analysis

The post tensile samples were all prepared for the fractographic analysis. It should be noted that all
the fractured specimens shown in Figure 7 were all analyzed but only the specimens corresponding
to the low speed (600 rpm) and the highest speed (1200 rpm) were included in this work. Two sets of
fractured surfaces were included in this work since all the surfaces show similar surface morphology.
Figure 9 (a) —(c) shows the surface morphology of the fractured specimens corresponding to the
rotational speed of 600 rpm while Figure 9 (d) — (f) depicts the morphology of specimens corresponding
to 1200 rpm. All the fractured surfaces revealed a cup-like dimpled surface that characterizes the
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Figure 6¢. Average grain size of specimens sampled from the middle and the end of the weld
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ductile failure mode (Msomi et al., 2020; Raturi et al., 2019; Thilagham & Muthukumaran, 2020;
Chanakyan et al., 2020; Swaminathan et al., 2020). It should be noted that the dimple size was not
measured hence it is not included in this work.

Microhardness Results

The microhardness results for all the speeds are presented in Figure 10. Figure 10(a) shows the
microhardness results of the specimens extracted at the beginning of the weld for all the rotational
speeds. The microhardness profile for specimens extracted in the middle and the end of the weld
is shown in Figure 10 (b) and (c). All the specimens show a typical ‘W’ profile irrespective of the
rotational speed and the sampling location from the weld. The microhardness is higher at the stir
zone and declines towards the TMAZ with a sharp decline observed around the HAZ region. The
decrease in microhardness is attributed to the grain size phenomenon defined by the Hall-Petch
relation (Ahmed et al., 2017; Li et al.,2019). The other factor that may have contributed to the
decline in microhardness is the thermal softening which is related to dissolution and coarsening
of the strengthening precipitates (Li et al.,2019; Shen et al., 2014; Cao et al., 2016). The literature
shows that the increase in microhardness is the grain size phenomenon. However, the specimens
corresponding to the rotational speed of 700 rpm show a consistent decline at the center of the
joint. This behavior is suggested to be influenced by the lack of thick intermetallic compound and
the dissolution of precipitate which normally contributes towards the microhardness enhancement
(Sameer and Birru, 2019).
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Figure 7. The post tensile samples were all prepared for the fractographic analysis. It should be noted that all the fractured specimens

CONCLUSION

The influence of rotational speed on the friction stir welded similar joint was successfully investigated.
The following conclusions can be drawn from this study:

The variation in grain size influenced the tensile strength and the microhardness of the joint.
The low rotational speed specimens showed good tensile properties compared to higher rotational
speed.

e There was a notable coarsening of grains from the center of the SZ towards the HAZ region and
this caused the specimens to fail consistently at the HAZ region.

e  There was also a notable dependency on the mechanical properties of the sample with the specimen
sampling location i.e. the specimens sampled at the center were mostly showing good tensile
properties compared to specimens sampled from other locations of the weld.

e The rotational speed of 600 rpm combined with the traverse speed of 80 mm/min could be used
to achieve good tensile properties of the AA6082-T6 similar joint.
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Figure 8a. The specimens with high UTS tend to behave contrary in terms of percentage elongation
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Figure 8b. The specimens with high UTS tend to behave contrary in terms of percentage elongation
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Figure 9. (a)~(c) shows the surface morphology of the fractured specimens corresponding to the rotational speed of 600 rpm
(d) - (f) depicts the morphology of specimens corresponding to 1200 rpm
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Figure 10a. Microhardness results of the specimens extracted at the beginning of the weld for all the rotational speeds
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Figure 10b. The microhardness profile for specimens extracted in the middle and the end of the weld
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Figure 10c. The microhardness profile for specimens extracted in the middle and the end of the weld
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