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Sound weld joints of similar AA2024 aluminum alloy plates of 6 mm were achieved unprecedentedly at
different rotational (386-1216 rpm) and traverse speeds (13-90 mm/min) using an indigenously developed
stationary shoulder friction stir welding (SSFSW) tool. Results indicate a smooth and bowl-shaped sym-
metrical nugget zone (NZ) with fine equiaxed grains. The grains as well as the nugget zone width vary with
the speed variation. A change of 16% in the width of NZ is observed with an increase in traverse speed from
13 to 90 mm/min. The SSFSW tool reduces the width of the weakest region of the weld joint, known as the
heat-affected zone, by almost 50%. The SSFSW joint produced at 931-90 mm/min shows the highest value
(101 HV) of the minimum hardness region as compared to other parameters. The SSFSW tool shifts the
weakest region toward the NZ, as substantiated by the fracture location of the tensile samples. In addition,
SSFSW joints show higher corrosion resistance in NZ due to recrystallized fine grains as compared to HAZ.
The SSFSW tool reduces the width of the most severely corrosion-affected region and, hence, improves the
corrosion resistance of the joint.
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1. Introduction

Welding is an important joining technique and is tremen-
dously used in manufacturing industries. Generally, weld joints
experience heterogeneities in the microstructure, which form
various regions in the joint (Ref 1). The nugget zone, thermo-
mechanical affected zone, and HAZ experience different levels
of thermal effect and exhibit different microstructures (Ref 2).
The base metal remains unaffected by the microstructural
changes on both the retreating and advancing sides (Ref 3).
Joining aluminum alloys with similar as well as dissimilar
materials is getting more and more attention, especially due to
weight reduction requirements (Ref 4). However, fusion weld
joints of aluminum alloys are prone to various defects such as
solidification cracking, porosity, and lack of penetration (Ref
5). Therefore, being a solid-state process, FSW has been started
to be used for the joining of such alloys that are problematic to
weld with the fusion welding processes (Ref 6). Friction-based

joining processes are capable of producing the welds at a
comparatively high energy efficiency (Ref 7).

Generally, in the case of weld joints, especially the heat-
treatable aluminum alloys, the heat-affected zone (HAZ) is
found to be the rigorously affected region, and this is also true
for friction stir welding (Ref 8). The dissolution and coarsening
of the strengthening precipitates lead to the mechanical and
electrochemical weakening of the HAZ (Ref 9). In view of this,
a novel kind of FSW tool named the stationary shoulder friction
stir welding tool was developed to reduce the width of HAZ
(Ref 10).

In FSW, parameters like the selection of the proper tool, the
dimensions of various parts of the tool, and the design of the
tool significantly affect the performance of the weld joint (Ref
11). Recently, the use of the SSFSW tool to produce weld joints
has increased significantly. However, several of the issues
encountered while using the SSFSW tool, like the extruded
material penetrating the tool body, were noted (Ref 12). The
minor gap between the stationary shoulder and rotating part
allows the flow of plastically deformed material from the weld
joint, which in turn leads to the cavity defect (Ref 13).
Therefore, an indigenously developed SSFSW tool, harnessed
with the special characteristic of self-removal of penetrated
material from the tool body, has been used (Ref 14).

In the initial phase of SSFSW, the stationary shoulder tool
was used for the corner joint (Ref 15). The higher cooling rate of
the SSFSW joint significantly controls the coarsening of
precipitates (Ref 16). Thus, the rate of cooling significantly
affects the strength and behavior of the weld joint (Ref 17). The
stationary shoulder-assisted tool helped in the rapid cooling and
simultaneously performed rolling action during FSW, which in
turn helped to reduce the tensile residual stresses in the weld
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joint (Ref 18). The tensile residual stress in a SSFSW joint was
found to be 50% lower than that in the CFSW joint of 6xxx
series aluminum alloy (Ref 19). The weld thermal cycle and heat
input of conventional and stationary shoulder FSW/FSP joints
were analyzed, and it was found that the SSFSW tool resulted in
low heat input and a narrow HAZ (Ref 20). The effect of
variation in the traverse speed of the SSFSW tool on the lap joint
feature was observed in a 2024 aluminum alloy (Ref 21). The
shear failure load first increased and then decreased with an
increase in the traverse speed. The effect of rotational speeds on
the SSFSW lap joint was investigated, and the maximum shear
load was observed at a rotational speed of 1400 rpm (Ref 22).
The variation of rotational speed using the SSFSW tool on a T-
joint of 2A14 aluminum alloy exhibited surface groove defects,
especially at high speeds (Ref 23). The microstructural homo-
geneity of the Al-Cu alloy weld joint using the SSFSW tool was
found to be better than that of the CFSW joint (Ref 24). The
effective strain and softness of the SSFSW joint were also
reduced as compared to the conventional joint.

The corrosion behavior of the stir zone of the FSW joint was
found to be highly dependent on the rotation speed in the case
of heat-treatable aluminum alloys (Ref 25). A critical review of
the SSFSW tool and its comparison with the CFSW and bobbin
tools is also available in the literature, which suggests the
effectiveness of the SSFSW tool to produce low heat input
joints (Ref 26).

According to the literature, only a small number of
experiments have been carried out to create SSFSW joints at
a variety of parameters. This technique has a huge future scope
to join low-melting materials and dissimilar materials due to its
capability of concentrating heat input into the weld joint.
Therefore, in view of its potential use in future applications, a
thorough study of different parameters is required. The present
study aims to investigate the capability of the SSFSW tool to
produce sound weld joints of AA2024 aluminum alloy at
various rotational and traverse speed parameters. This study
also targets finding the effect of parameter changes on the width
of HAZ using the SSFSW tool. The electrochemical behavior
of the weld joints is an important aspect from a performance
point of view and has not been profoundly addressed for the
SSFSW joints so far. Therefore, the mechanical and electro-
chemical behavior of the SSFSW joints has been examined and
juxtaposed with that of the CFSW joint. The effect of the speed
parameters on the nugget zone as well as the HAZ of the FSW
joint using the SSFSW tool is thoroughly studied in this work.

2. Material and Methods

The aluminum-copper alloy (AA2024) was used for the
FSW using conventional and stationary shoulder tools in this
study. The chemical composition and mechanical properties of

AA2024 are given in Table 1. The thickness of the plate was
6 mm. The length and width of the plate were 100 and
27.5 mm, respectively. A vertical milling machine with a 15-
horsepower motor was used for the welding. The welding was
performed using a stationary shoulder FSW tool at four
disparate rotary speeds at a fixed traverse speed and four
disparate traverse speeds at a fixed rotary speed (Table 2). The
FSW was also performed using a conventional tool to compare
the performance with the SSFSW joint. Conventional FSW was
carried out at two extreme rotational and traverse speeds
(highest and lowest), which were used for the SSFSWas shown
in Table 3. The shoulder during CFSW was rotating, whereas it
was non-rotating during SSFSW. The schematic of the SSFSW
process along with process elements and the real images of both
types of tools are shown in Fig. 1. The diameter of the shoulder
in both cases was 16 mm. The diameters of the pin were 6 mm
and 3 mm (top and bottom), with a length of 5.8 mm. The tilt
angle in both cases was kept at 1.5�. In the case of the SSFSW,
the dwell time was kept at 90 s, whereas it was 60 s during the
CFSW.

The coupons for the macrostructure and microstructure
analysis were produced along the transverse direction of the
weld and polished to a mirror finish. Coupons were etched by
Keller�s reagent (for 25 s) prior to the microstructural analysis.
The FESEM analysis along with the EDS were performed to
recognize the precipitates in the base metal AA2024. The
microhardness profile was measured using Vicker�s microhard-
ness tester on the lateral side of the weld (ASTM E384). Dwell
time, load, and space between two successive indentations were
10 s, 100 g and 0.5 mm, respectively. The specimens for the
tensile tests were extracted according to ASTM E8 along the
lateral cross-section by keeping the pin-stirred region of the
weld at the center of the tensile sample. Instron�s UTM of 100
kN capacity was used for the testing at room temperature. The
crosshead speed of the machine during the test was 0.5 mm/
min. Fractured samples after the tensile test were analyzed
using FESEM. The direct current-based corrosion test, also
known as the potentiodynamic polarization test, was carried out
to study the corrosion behavior of the samples. The Tafel
curves of the samples welded at various speed parameters were
plotted, and the corroded surface was analyzed using scanning
electron microscopy. The electrochemical experiments accord-
ing to ASTM G102 were executed in a 3.5% NaCl environment
using Gamry�s potentiostat (Model-1000) equipped with
DC105 software. The schematic shown in Fig. 2 shows a
three-electrode setup for the corrosion test. The parameters used
for the corrosion test were � 0.25 to 0.25 volts (potential
range) and 1 millivolt per second (scan rate). The open-circuit
delay time for each test was 1800 s. The schematic shown in
Fig. 3 demonstrates the locations of the samples extracted from
the weld joint for microstructural, microhardness, tensile, and
electrochemical analysis.

Table 1 Chemical composition and mechanical properties of AA2024

Elements Cu Si Fe Mn Mg Zn Al

Mechanical properties

UTS, MPa Elongation, %

wt.% 4.4 0.3 0.4 0.5 1.6 0.18 Balance 469 19
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3. Results and Discussion

3.1 Macrostructure

The plates welded by SSFSW and CFSW tools at 931 rpm
and 13 mm/min are shown in Fig. 4(a) and (b), respectively.
Low traverse speeds are found to be more effective for
producing a smooth weld surface. On the contrary, a high
traverse speed weld joint lacks the high axial downward force
required to produce an ideal smooth surface. Streaks (also
called the wake effect) at the upper surface of the plates due to
rotation of the shoulder were observed in the case of the CFSW
joint (Fig. 4b), and this resulted in a rougher surface than the
SSFSW joint. A stationary shoulder tool, which just slides over
the weld plate without rotation, prevents the plasticized material
under the shoulder from escaping. This provides the sealing
effect, which in turn results in a smooth surface without flash.
Plasticized material accumulated at the edges of the shoulder
movement region over the top surface of the plate in the CFSW
joint, but this was not evidenced in the case of the SSFSW
joint.

Macroimages of the transverse cross-section of SSFSW and
CFSW joints at disparate speed parameters are shown in Fig. 5.
The variation in the shape of the nugget zone (pin-stirred
region) was not significant except at 386 rpm (the lowest
rotational speed) in the case of SSFSW joints. However,
variation in the width of NZ was observed in the case of
SSFSW joints. The width of NZ was measured at mid-
thickness. The observed values of the width of the NZ of the
weld joints produced at 13, 30, 66, and 90 mm/min (at
931 rpm) were 6.174, 5.586, 5.233, and 5.174 mm, respec-
tively. The width of the NZ of the weld joints produced at 386,
664, and 1216 rpm (at 13 mm/min) was 5.703 mm, 5.586 mm,
and 5.703 mm, respectively. The width of the NZ was reduced
with an increase in traverse speed of 931 rpm. However, no
uniform variation in the width of NZ with a change in rotational
speed was observed. Low and high rotational speeds resulted in
the same width, whereas 931 rpm resulted in a wider NZ than
the remaining rotational speeds. Any tunnel or root defect was
not observed in SSFSW joints, but a lack of mixing at the top
part (shoulder active region) was witnessed in weldments
produced at high traverse speeds. A defect in the middle of NZ

Table 2 Speed parameters used for the SSFSW of
AA2024 aluminum alloy

Rotational speeds Traverse speeds

rpm 386 664 931 1216 931 931 931 931
mm/min 13 13 13 13 13 30 66 90

Table 3 Speed parameters used for the conventional
FSW of AA2024 aluminum alloy

Rotational speeds Traverse speeds

rpm 386 1216 931 931
mm/min 13 13 13 90

Fig. 1 Shows (a) schematic of SSFSW process, (b) image of
conventional FSW tool, and (c) image of SSFSW tool

Fig. 2 Schematic shows a three-electrode setup for corrosion test

Fig. 3 Schematic shows the locations of various test samples
extracted from weld joint
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was observed at high traverse speed in the case of the CFSW
joint (Fig. 5d). The upper part of the NZ, or shoulder active
region, in the case of the CFSW joint (Fig. 5c) is wider due to
the rotation of the shoulder than the SSFSW joint (Fig. 5a). The
shoulder-affected region of the SSFSW joint was found to be
narrow due to the use of a small sub-shoulder. The following
are two major aspects that can be considered for producing
cavity-free SSFSW joints: First, the material movement is
focused adjacent to the rotating probe and sub-shoulder, which
results in a concentrated flow of material into the weld joint
only and helps to produce a cavity-free joint. Second, the
material escaping (in the form of flashes) from the weld joint in
the case of the CFSW promotes cavity formation, and the
SSFSW tool eliminated this problem and hence helped to
prevent the cavity formation.

3.2 Metallurgical Analysis

The microstructure of NZ and HAZ was investigated with
optical microscopy. The microstructure of the SSFSW and
CFSW joints developed at low and high traverse and rotational
speeds were analyzed and compared. Refined grains were
observed in NZ because of severe plastic deformation and
dynamic recrystallization. The microstructure of the NZ and
HAZ of SSFSW joints produced at the combinations of 931–13
and 1216–13 is shown in Fig. 6. The distribution of grain size
at each speed parameter can be determined from optical
micrographs. The matrix grain size of NZ of SSFSW joints
produced at speed combinations of 931–13, 931–90, 386–13,
and 1216–13 was 1.41 ± 0.14, 1.38 ± 0.13, 1.03 ± 0.13, and
1.91 ± 0.15, respectively. Grain sizes were more influenced by
the variation in pin revolving speed than the variation in

traverse speed. Low pin rotation (386 rpm) resulted in a small
grain size, while high rotational speed (1216 rpm) resulted in a
large grain size. Grains in HAZ are large and unaffected by
plastic deformation.

The microstructure of the NZ and HAZ of CFSW joints
produced at the combinations of 931-13 and 1216-13 is shown
in Fig. 7. The a-Al matrix grain size of NZ of CFSW joints
produced at 931-13, 931-90, 386-13, and 1216-13 was
2.01 ± 0.34, 1.73 ± 0.35, 1.24 ± 0.13, and 3.09 ± 0.48 lm,
respectively. Grain sizes were significantly influenced by the
alteration of rotational speed. The effect of the change in
traverse speed in the case of the CFSW joint on grain size was
marginal but greater than that of the SSFSW joint. Low
rotational speed (386 rpm) resulted in a small grain size, while
high rotational speed (1216 rpm) resulted in a large grain size.
The FESEM image of base metal (AA2024) is shown in
Fig. 8(a). It shows the precipitates present at grain boundaries.
An enlarged view of second-phase particles present at the grain
boundary is shown in Fig. 8(b). Results obtained from the EDS
examination of particles existing at the grain boundary are
shown in Fig. 8(c). Copper and magnesium were found to be
the key alloying elements within the aluminum matrix. EDS
analysis suggested the occurrence of Al2CuMg (S-phase) as a
major precipitate in this alloy.

3.3 Microhardness Study

The microhardness of SSFSW and CFSW joints was
examined in the lateral direction of the weld. Microhardness
profiles of SSFSW joints at disparate traverse and rotational
speeds are displayed in Fig. 9(a) and (b), respectively. The
highest hardness (122 HV) was measured in NZ of SSFSW

Fig. 4 Photographs of the weld plates joined at low traverse speed by (a) SSFSW tool, and (b) CFSW tool

Fig. 5 Stereo images of the lateral cross-section of (a) SSFSW joint developed at low traverse speed, (b) SSFSW joint at low rotational speed,
(c) CFSW joint developed at low traverse speed, and (d) CFSW joint developed at high traverse speed
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joints produced at 90 mm/min among all different traverse
speed samples, while the lowest hardness (85 HV) was
measured in HAZ of SSFSW joints produced at 13 mm/min.
In the case of different rotational speed samples, the highest

hardness (99.7 HV) was measured in the NZ of SSFSW joints
produced at 931 rpm, while the lowest hardness (84 HV) was
measured in the HAZ of SSFSW joints produced at 386 rpm.
Significant variation in the microhardness value of SSFSW

Fig. 6 Optical micrographs of SSFSW joints showing (a) nugget zone, (b) HAZ at 931 rpm–13 mm/min, and (c) nugget zone, (d) HAZ at
1216 rpm–13 mm/min

Fig. 7 Optical micrographs of CFSW joints showing (a) nugget zone, (b) HAZ at 931 rpm–13 mm/min, and (c) nugget zone, (d) HAZ at 1216
rpm–13 mm/min
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joints was found at different traverse speeds, while the value of
microhardness in the case of different rotational speed samples
was close to each other. The SSFSW joints produced at
constant traverse speed (different rotational speeds) resulted in
lower hardness than the sample obtained at different traverse
speeds (constant rotational speed).

The microhardness profiles of CFSW joints are presented in
Figure 10. The highest hardness (114 HV) was found in NZ of
the CFSW joint produced at 931-90 mm/min, while the lowest
hardness (83 HV) was found in HAZ of the CFSW joint
produced at 386 rpm among the samples produced at all speed
parameters. Similar to SSFSW joints, the variation in micro-
hardness value of CFSW joints produced at different traverse
speeds was greater than the variation at different rotational
speeds. In both cases (SSFSW and CFSW), weld joints
produced at 931-90 mm/min resulted in high hardness, while
weld joints produced at 386-13 mm/min resulted in low
hardness. The HAZ of the CFSW joint comprised a wide
low-hardness region (Fig. 10). In the case of the SSFSW joint,
hardness approached the base metal level after a narrow region
(about 6 mm from the edge of NZ), which suggested a narrow
HAZ. On the other hand, in the case of CFSW joints, hardness
approached the base metal level after a wide region (about
11 mm from the edge of NZ) suggested a wide HAZ. The
SSFSW joint experienced a steep increase in hardness just after
crossing the NZ. On the other hand, the CFSW joint
experienced a gradual rise in hardness after NZ.

3.4 Tensile Test

Fresh and tested tensile samples extracted from the SSFSW
and CFSW joints are shown in Fig. 11. Most of the samples of
SSFSW joints were fractured at the interface of the nugget zone
and thermo-mechanical affected zone. Stress-strain curves
obtained from the SSFSW joints produced at disparate traverse
and rotational speeds are shown in Fig. 12(a) and (b),

Fig. 8 FESEM images of base metal AA2024 (a) at low magnification, (b) at high magnification showing area inside the circle shown in image
�a�, and (c) EDS investigation of second-phase particles exist at grain boundary shown in image �b�

Fig. 9 Microhardness profiles of SSFSW joints of AA2024 at (a) different traverse speeds, and (b) different rotational speeds

Fig. 10 Microhardness profiles of conventional FSW joint of
AA2024 at various traverse and rotational speed parameters
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respectively. High UTS was obtained at 931-90 mm/min
among the different traverse speed weld joints, while low
UTS was obtained at 931-13 mm/min. The trend of variation in
percentage elongation was opposite to the UTS variation, and
low ductility was observed at 931-90 mm/min. A high UTS
was obtained at 931-13 mm/min among the different pin rotary
speed weld joints, while a low UTS was obtained at 386-
13 mm/min. In this case, a high percentage of elongation was
obtained at 386-13 mm/min. Tensile properties, including UTS,
YS, and elongation (%) of SSFSW joints at various speed
parameters, are given in Table 4. UTS and YS were signifi-
cantly enhanced with an increase in traverse speed. However,
percentage elongation was reduced with a rise in traverse speed.
However, no particular trend was noticed during the change in
pin rotation speed (at fixed traverse speed). However, a
marginal difference in the values of strength and ductility was
noticed for the weldments developed at disparate rotational
speeds. The UTS was enhanced with a rise in the rotational
speed, but no significant variation was found at high rotational
speeds (i.e., 931 rpm and 1216 rpm). Fractographs obtained
from the fractured surface of tensile-tested samples of SSFSW
and CFSW joints produced at 386 rpm-13 mm/min are shown
in Fig. 13(a) and (b), respectively. All the samples extracted
from SSFSW joints at different speed parameters were fractured

in a ductile manner. Dimples present in the fractographs
(Fig. 13) are evidence of ductile fracture. The large numbers of
fine dimples noticed on the fractured faces of the joints
produced at 386 rpm – 13 mm/min are in agreement with the
high ductility of these samples.

All the samples prepared from CFSW joints were fractured
from HAZ (far from NZ), except the weld developed at
931 rpm – 90 mm/min (Fig. 11c). A sample prepared from a
CFSW weld developed at 931 rpm – 90 mm/min was fractured
in the NZ. A defect was observed in the macrostructure of the
joint when it developed at 90 mm/min (Fig. 5d). Therefore, this
joint failed in the NZ at a lower strength than the remaining
joints.

Stress-strain curves obtained from the tensile tests of CFSW
joints of AA2024 produced at 931 rpm, 386 rpm, and
1216 rpm (at 13 mm/min) are shown in Fig. 14. The curve
obtained from the defective weld joint (931 rpm–90 mm/min)
is not shown due to premature failure of the samples. High UTS
and yield strength were obtained at 931 rpm–13 mm/min.
However, percentage elongation was found to be low in the
case of 931 rpm–13 mm/min as compared to the remaining
parameters. At low and high rotational speeds, marginal
variation was found in the UTS value. However, a high
percentage of elongation was observed in the FSW joint

Fig. 11 Tensile samples of (a) SSFSW joint at 931 rpm–13 mm/min, (b) CFSW joint at 931 rpm–13 mm/min and (c) at 931 rpm–90 mm/min

Fig. 12 Stress-strain curves of SSFSW joints of AA2024 at (a) different traverse speeds, and (b) different rotational speeds
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produced at 386 rpm. The tensile properties of the CFSW joints
of AA2024 produced at different speed parameters are given in
Table 5. The UTS of the sound CFSW joints produced at
various speed parameters were found to be close to each other.
The fractograph obtained from the fractured surface of tensile-
tested samples of CFSW joints at 386 rpm – 13 mm/min is
shown in Fig. 13(b). All the weld joints were fractured in a
ductile manner. Large numbers of small dimples were observed
at the fractured surface of the weld joint produced at 386 rpm
(Fig. 13b). This observation is also in line with the high
ductility obtained from the tensile test of the CFSW joint
produced at 386 rpm.

3.5 Corrosion test

A corrosion test (Tafel) of NZ and HAZ of SSFSW joints of
AA2024 was performed on samples produced at different speed
parameters. Samples were prepared and tested in the same
conditions and at the same parameters. All the tests were
carried out in an electrolytic solution containing 3.5% NaCl.
Curves obtained from the Tafel test of NZ and HAZ of SSFSW
joints produced at 931 rpm (13 mm/min and 90 mm/min) and
13 mm/min (386 rpm and 1216 rpm) are displayed in
Fig. 15(a) and (b), respectively. Low corrosion potential (more
negative) was observed at a minimum traverse speed (13 mm/
min) compared to the maximum transverse speed (90 mm/min).
This indicates the low corrosion resistance of the SSFSW joint
produced at 931 rpm–13 mm/min. A low corrosion potential
(more negative) was shown by the Tafel curve (Fig. 15b)
obtained from the sample produced at a low rotational speed
(386 rpm) than at a high rotational speed (1216 rpm). Thus,
low corrosion resistance was exhibited by the SSFSW joint
produced at 386 rpm–13 mm/min. Corrosion potentials (Ecorr)
obtained from Tafel tests of NZ and HAZ of SSFSW welds
developed at disparate speed parameters are shown in Table 6.
The corrosion potential was enhanced with a rise in traverse
and rotational speeds, which in turn improved the corrosion
resistance, and vice versa. In all cases, lower corrosion
resistance was observed in HAZ than in NZ. A significant
difference was observed between the corrosion potential of NZ
and HAZ of SSFSW welds produced at maximum rotational
speed (1216 rpm).

Scanning electron microscopic images of the corroded
surface of NZ and HAZ of SSFSW welds developed at low and
high traverse speeds (at 931 rpm) are shown in Fig. 16. Pitting
corrosion was observed in all the cases. The corrosion attack
was much more severe in the case of HAZ than the NZ. Severe

Table 4 Tensile properties of SSFSW joint of AA2024 at different speed parameters

Parameters

Traverse speed (mm/min) Rotational speed (rpm)

13 30 66 90 386 664 1216

Ultimate tensile strength, MPa 338 ± 13 349 ± 14 352 ± 14 382 ± 12 315 ± 5 316 ± 9 335 ± 10
Yield strength, MPa 217 ± 12 228 ± 8 234 ± 13 274 ± 9 189 ± 3 193 ± 8 203 ± 3.4
Elongation, % 6.09 ± 0.7 4.66 ± 1.7 4.06 ± 1.8 3.73 ± 1 7.64 ± 0.5 6.16 ± 1.9 7.14 ± 0.5

Fig. 13 Fractographs after tensile test of the weld joints produced at 386 rpm–13 mm/min using (a) SSFSW tool, and (b) CFSW tool

Fig. 14 Stress-strain curves of conventional FSW joints of AA2024
at different speed parameters
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pitting was witnessed in the cases of NZ and HAZ of the
sample produced at a low rotational speed, i.e., 386 rpm,
compared to the high rotational speed, i.e., 1216 rpm. Hence,
the analysis of the corroded surface is in agreement with the
result of the potentiodynamic polarization test of SSFSW joints.

The NZ and HAZ of the CFSW joints of AA2024 were
tested using the same criteria and circumstances as the SSFSW
joints. The curves obtained through the Tafel test of NZ and
HAZ of conventional joints produced at 931 rpm (at 13 mm/
min and 90 mm/min) and 13 mm/min (at 386 rpm and
1216 rpm) are shown in Fig. 17(a) and (b), respectively. Low
corrosion potential (more negative) was observed at a minimum
traverse speed (13 mm/min) compared to the maximum
traverse speed (90 mm/min). It indicated the lower corrosion
resistance of the sample produced at a low traverse speed than
at a high traverse speed. A low corrosion potential was also
observed at a slower rotational speed than at the faster
rotational speed, which indicated less corrosion resistance in
the sample developed at a lower rotational speed. The Ecorr

acquired from the potentiodynamic polarization test of NZ and
HAZ of the CFSW joint is given in Table 7. An increase in the
traverse and rotational speeds increased the corrosion resis-
tance. HAZ resulted in lower corrosion resistance than NZ.

Contrary to the result of the SSFSW joint at high rotational
speed (1216 rpm), the marginal difference between the corro-
sion potential of NZ and HAZ was found in the case of the
CFSW joint. The HAZ of the CFSW joint at various speed
parameters showed more pitting than the NZ (Fig. 18). The
weld joint produced at a lower traverse speed showed more
pitting than the one produced at a higher traverse speed.
Although the results obtained from the corrosion test of CFSW
joints showed a similar trend to the SSFW joints, the corrosion
potential of CFSW joints was more negative than that of the
SSFSW welds. It suggested the high corrosion resistance of
SSFSW joints compared to CFSW joints. These results are in
agreement with the previous study on the corrosion behavior of
the SSFSW joint of AA2014 aluminum alloy at a fixed speed
parameter (Ref 27).

The stationary shoulder tool was found to be very effective
in producing sound weld joints at a wide range of speed
parameters. SSFSW joints were found free of tunnel defects.
The variation of the tool tilt angle is outside the scope of the
present paper; however, the authors want to mention that the
current SSFSW tool is also capable of producing sound weld
joints at different tilt angles and can be a part of future work.
The conventional tool produced defective joints, especially at

Table 5 Tensile properties of conventional FSW joint of AA2024 at different speed parameters

Parameters

Traverse speed, mm/min Rotational speed, rpm

13 90 386 1216

Ultimate tensile strength, MPa 319 ± 7.5 170 ± 5.1 313 ± 7.5 307 ± 12
Yield strength, MPa 197 ± 10 163 ± 6 181 ± 7.8 178 ± 4
Elongation, % 6.67 ± 1.5 1.54 ± 0.3 10.41 ± 0.7 7.59 ± 1.4

Fig. 15 Tafel curves acquired from corrosion test of NZ and HAZ of SSFSW joints of AA2024 produced at (a) different traverse speeds, and
(b) different rotational speeds

Table 6 Corrosion potential (mV) of NZ and HAZ of SSFSW joints of AA2024 at different speed parameters

Parameters

Traverse speed, mm/min Rotational speed, rpm

13 90 386 1216

Nugget zone, mV � 682 � 651 � 687 � 649
Heat-affected zone, mV � 684 � 658 � 696 � 679
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Fig. 16 Corroded surfaces of SSFSW joints obtained from (a) NZ at low traverse speed, (b) NZ at high traverse speed, (c) HAZ at low
traverse speed, and (d) HAZ at high traverse speed

Fig. 17 Tafel curves acquired from the corrosion test of NZ and HAZ of CFSW joints of AA2024 produced at (a) different traverse speeds,
and (b) different rotational speeds

Table 7 Corrosion potential (mV) of NZ and HAZ of conventional FSW joints of AA2024 at different speed parameters

Parameters

Traverse speed, mm/min Rotational speed, rpm

13 90 386 1216

Nugget zone, mV � 695 � 657 � 690 � 681
Heat-affected zone, mV � 701 � 664 � 704 � 685
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low tool tilt angles during variations of the tool tilt angles
described in the literature (Ref 28). The upper surface of the
SSFSW welds was found to be smooth without arc corrugation.
Transverse cross-sections of SSFSW joints exhibited minor
asymmetry in NZ as compared to the CFSW joints.

The stationary shoulder tool generates less heat during
welding than the CFSW tool. An increase in the width of the
NZ at reduced traverse speed can be credited to the augmented
heat input as well as the high strain rate. Fine grains in the NZ
of SSFSW joints were attributed to the low heat input (Ref 29).
The major strengthening precipitate in AA2024 was Al2CuMg.
The dislocation density also affects the mechanical properties
of the joint, and SSFSW reduced the dislocation density, as
reported in the literature (Ref 30). The comparative effect of
SSFSW with conventional FSWon dislocation density needs to
be studied in future. Microhardness profiles confirmed the
reduction in the low-hardness region in SSFSW joints com-
pared to CFSW joints. A major motive to develop the present
stationary shoulder tool was achieved through the reduction in
the width of HAZ. The SSFSW tool reduced the low-hardness
band by almost half as compared to the CFSW tool. The overall
microhardness of the SSFSW joint was also improved. High
traverse as well as rotational speeds were found to be effective
in improving the microhardness of SSFSW joints.

The SSFSW tool resulted in high UTS at all the speed
parameters used in the current study. The increase in traverse
speed reduced the width of HAZ, which in turn improved the
tensile strength of the SSFSW joints, as reported in the
literature (Ref 31). The decrease in ductility of SSFSW joints
can be attributed to the reduction in the soft region in HAZ. The
CFSW tool was not capable of producing a sound weld joint at
90 mm/min (931 rpm), whereas the stationary shoulder tool
resulted in higher strength at 90 mm/min than the other

parameters. In the literature, the change in UTS was found to be
more sensitive to variation in traverse speed than the rotational
speed for the SSFSW joint of 6xxx series aluminum alloy, and
the results of the present study also show a similar trend (Ref
32). The fracture locations of tensile samples are in agreement
with microhardness profiles. In both the cases, fracture location
of FSW joints shifted according to the low-hardness region in
both cases. It was shifted far away from the NZ in the case of
the CFSW joint. The refined microstructure resulted in
improved hardness as well as tensile strength in the case of
the SSFSW joint. The coarsening and dissolution of the
precipitates in the HAZ drastically reduced the strength and
hardness of the region. Therefore, the change in microstructure
due to the plastic deformation and thermal cycle significantly
affected the strength and microhardness of the joint (Ref 33).

The electrochemical behavior of the AA2024 aluminum alloy
becomes complex due to the presence of copper. Pitting corrosion
is the major electrochemical phenomenon associated with alu-
minum alloys that contain precipitates in their microstructure. The
nature of the second-phase particles strongly affects the corrosion
resistance of the aluminum alloy (Ref 34). The aluminum matrix
and the S-phase (Al2CuMg) exhibit different electrochemical
behavior. The potential difference between thematrix and S-phase
is a key reason to initiate the corrosion process. The potential of the
Al2CuMg precipitate was found to be negative as compared to the
aluminum matrix, which indicated the anodic behavior of
Al2CuMg precipitates (Ref 35). The presence of magnesium in
the S-phase resulted in more negative potential. Thus, preferably,
the precipitate was dissolved during the corrosion and resulted in
pit formation. No trenchingwas observed on the corroded surface.
Most of the time, trenching occurs when precipitate acts as a
cathode with respect to surroundings. Aluminum is a highly
reactive material, and it forms a layer of oxide film by reacting

Fig. 18 Corroded surfaces of CFSW joints obtained from (a) NZ at low traverse speed, (b) NZ at high traverse speed, (c) HAZ at low traverse
speed, and (d) HAZ at high traverse speed

Journal of Materials Engineering and Performance



with the environment (Ref 36). Fine grain size favors the
formation of a passive oxide layer and, hence, helps to reduce
the corrosion attack (Ref 37). A direct relationship between grain
size and corrosion attack has been reported, where fine grain
structure was found to be more corrosion resistant in the friction
stir-processed region (Ref 38). The SSFSW weld exhibited fine
grains in comparisonwith theCFSWweld, which in turn helped to
improve the corrosion resistance. Therefore, the tool with a
stationary shoulder enhanced the corrosion resistance and reduced
the corrosion-sensitized region (i.e., HAZ) as compared to the
CFSW tool.

4. Conclusions

The stationary shoulder FSWof AA2024 aluminum alloys is
executed at numerous speed parameters using an indigenously
designed SSFSW tool. The influence of the SSFSW tool on the
microstructure, microhardness, tensile strength, and corrosion
resistance of weld joints could be concluded as follows:

(1) The SSFSW tool is capable of producing a sound weld
joint at a wide range of speed parameters (386-
1216 rpm and 13-90 mm/min.) with a near-symmetrical
shape of the nugget zone.

(2) A significant change in the width of the nugget zone of
the SSFSW joint is observed with variations in traverse
speed. The reduction of 16% in the width of the nugget
zone is attained at a change in traverse speed from 13 to
90 mm/min.

(3) The nugget zone exhibits equiaxed grains due to plastic
deformation and dynamic recrystallization. The matrix
grain size in the nugget zone is increased from
1.03 ± 13 to 1.91 ± 0.15 lm with an increase in rota-
tional speed from 386 to 1216 rpm.

(4) The microhardness significantly decreases in HAZ than in
NZ. The low-hardness region (HAZ) is shifted toward NZ
in the SSFSW joint. The highest hardness is obtained at
90 mm/min in NZ (122 HV), while the lowest is obtained
by the sample produced at 386 rpm in HAZ (84 HV).

(5) UTS increases with an increase in traverse speed from
13 to 90 mm/min. The tensile strength exhibits an
increasing trend with an increase in rotational speed, fol-
lowed by a decreasing trend with a further increase in
rotational speed. The fracture location is the HAZ and
moves as the soft region changes with the variation in
parameters.

(6) The HAZ is observed as the most severely corrosion-
prone region in the SSFSW joints. The SSFSW tool
successfully reduces the width of this region and, hence,
improves the corrosion resistance of the joint.

(7) The HAZ is noticed as the region that degrades the per-
formance of the SSFSW joint, and the results obtained
from microhardness, tensile, and corrosion tests confirm
this observation.
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