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The weldability of the interlocked-end friction stir welding (IFSW) of aluminum
plates was studied via the use of single and double-sided welding procedures.
The abutting ends of the Al plates were milled into equidistant slots (with 5 mm
rise and 10 mm span) and an interlocked/meshed end profile was formed when
two slotted plates were brought together. The friction stir welding of the
interlocked end of the plates was carried out at different tool rotational (700 -
1120 rpm) and traverse (21 - 63 mm/min) speeds while the structure, tensile
strength, and fracture behaviors of the resultant welds were examined. The

results showed the presence of flow-induced defects in the welds irrespective of
the adopted welding procedure. Relative to the single-sided welds, the severity
of the weld defect was significantly reduced in the double-sided welds due to
dual material plasticization, material consolidation, and twofold
recrystallization advantages. Improved tensile strength (from 39.6 to 69.1 MPa),
reduced area fraction of flow-induced defect, and a large area with ductile
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1. Introduction

Aluminum alloys are used in automotive, aerospace, marine applications, and high-speed
train manufacturing because of their high strength, corrosion resistance, and high ductility
[1]. Welding of Al alloy with fusion and other means always introduces challenges like
distortion, porosity and blowholes, hot cracking, and excess heat to aluminum welds [2].
Solid-state friction stir welding (FSW) of Al alloy can effectively remove these challenges
as the FSW process takes place at a temperature below the melting point of Al alloys [3][4].
Tool design modifications [5][6], process parameter optimization [7-10], and variance of
the FSW/FSSW process [11-15] have been successfully utilized in improving the
mechanical properties of friction stir welds of Al alloys in literature. Meanwhile,
modification of joint-line/configuration is adjudged as a worthy alternative/route for
improving the performance of dissimilar and similar friction stir welds, which is yet to
receive concerted efforts in literature. Limited studies have been carried out on the
alteration of joint-line/configuration for the improvement of weld strength [5][16][17].
Thus, this paper attempts to modify/change the abutting line of the conventional friction
stir welding process to an interlocked end and studies the weld strength and fracture
behavior of the resultant joints under varied process parameters.

Some of the existing works in the literature on the modifications of joint-line /configuration
have shown good prospects while improvements are still pertinent via continuous studies.
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For instance, cuboid-shaped grooves were machined at the abutting ends of the Ti-6Al-4V
and aluminum alloys before the lap-butt friction stir welding of the alloys in the studies of
Lietal. [18]. It was reported that up to 92 % of the Al alloy’s tensile strength was achieved
as the tensile fracture resistance of the joint. Kumar et al. [11] also utilized the same lap-
butt joint configuration (cuboid-shaped grooves) to join AA6061-T6 and AZ31B
magnesium alloys, and a joint efficiency of 61% was obtained. Acharya et al [19]
investigated the double-butt-lap (DBL) joint configuration of the AA6061-T6 Al alloy and
the obtained result was compared with that of the single-square-butt (SSB) joints. The DBL
joints showed better tensile strength as compared to the SSB joints. Pankul et al. [5]
investigated the friction stir welding of the AA6063 aluminum alloy by changing the
conventional butt geometry to an inclined butt (scarf configuration). This welding
approach was reported to be susceptible to undesirable flow defects such as tunnel,
hooking, kissing, and zigzag line due to the inherent low inclined angle of 26° to the vertical.
In addition, the scarf configuration-produced joint was acknowledged to have low
loadbearing resistance in comparison to the butt/conventional friction stir welded
counterparts. In the search for better strength in scarf configuration, Sethi et al. [20]
increased the angle of inclination to 60° using AA6061-T6 Al alloy as the base material. The
increase in the angle of inclination improved the tensile strength of the joint by 13.5% over
the sample produced by the square butt configuration. Similarly, Reza-E-Rabby et al. [16]
also investigated the dovetail (head-tail) FSW of the rolled homogeneous armor steel (as
the head) and AA6061 Al (as the tail) alloys. An improvement in tensile strength (4000
N/mm) was obtained via this welding approach.

Recently, Zhang et al [21] conducted tooth-shaped joint configuration-based friction stir
welding on dissimilar copper and aluminum alloy. The tooth was designed to have equal
width and height of 3 mm. It was reported that the disparity in the properties of the base
materials negatively affected the flowability and the resultant metallurgical bonding of the
joint. The impact of tooth-shaped joint configuration on the properties of similar alloys is
yet to be explicated in the literature. This study utilizes a somewhat similar joining
approach, otherwise referred to as the interlock-end friction stir welding process to join
Al alloy sheets having equal thicknesses to unravel the gap in literature. Rises and spans
were machined along the abutting ends of the Al plates in such a manner that when the
plates were brought together, they formed an interlocked end. The rise of the interlocked
end was designed to be higher than the span to form a symmetric profile after the
machined ends of the sheets were brought together in this study. The AA1050 aluminum
alloy has industrial applications in the fabrication of chemical process plant equipment,
architectural flashings, lamb reflectors, and food containers due to its high corrosion
resistance [22]. Thus, the AA1050 Al alloy was employed as the base material for this study.
This paper investigated the weldability of the interlock-end friction stir welding (IFSW) of
AA1050 Al alloy while areas such as the structure, tensile strength, and fracture behaviors
of the IFSW joints were covered.

2. Materials and Method

Commercial rolled AA1050 aluminum alloy plates having a thickness of 6 mm were utilized
as the base metal. Table 1 reveals the chemical composition of the base metal. The as-
received Al plates were cleaned with acetone to remove the inherent dirt and were
subsequently cut into the dimensions of 100 x 50 mm x 6 mm on a guillotine machine.
Before the interlocked-end friction stir welding (IFSW) process, the preliminary edge
preparation (or cutting of the rise and span) was performed on the abutting ends of the Al
plates on a milling machine. Fig. 1 shows the equidistant slots (having a rise of 5 mm and
a span of 10 mm) that were milled out along the 100 mm length of the cut Al samples.
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Table 1. Chemical Composition of base metal (Wt %)

Element Mg Si Mn Ni Zn Fe Ti Ga Al
Wt% 0.011 0.065 0.003 0.004 0.003 0.336 0.026 0.018 Bal

Fig. 1 Interlock-end configuration for the welding process: (a) schematic of the milled
ends showing rises and spans, (b) schematic of the meshed/interlocked ends (c) actual
meshed/interlocked-ends

The interlocked-end friction stir welding (IFSW) process was then carried out along the
interlocked/meshed end of the plates. A 20 mm diameter HSS tool steel was selected for
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the welding process. Pin and pinless tools were fabricated from the HSS tool for the
welding process. Meanwhile, the design of the pin tool was based on the joint
configurations. Since the rise in the interlock-end was 5 mm (see Fig.1), the pin diameter
of 7 mm was fabricated to accommodate the interlocked zone and ensure proper
intermixing when the pin is plunged into the setup of the workpiece. Fig. 2 shows the
welding tools (pin and pinless) that were utilized for the IFSW process. The application of
the pin tool in welding the setup (shown in Fig.1c) at one side is referred to as a single-
sided IFSW welding while the welding of both Al sides with a pin tool (upper side) and
pinless tool (bottom side) is referred to double-sided IFSW welding in this paper. The
single and double-sided IFSW processes were performed at varied tool rotational speeds
(710, 900, and 1120 rpm) and traverse speeds (21, 40, and 63 mm/min) based on the
outcomes of the preliminary study. The preliminary studies were based on the visual
assessment of the stirred paths and the hammer impact-knock-off (HIKO) assessment.
First, the process parameters of the welds having no surface flow-induced discontinuities
or defects were accepted and the resultant/accepted weld samples were subjected to
hammer impact-knock off (HIKO) processing. Before the HIKO test, an accepted weld
sample was clamped to a bench vice in a manner that the weld line /path was left above the
jaws of the vice. Repeated hammer impact loads were progressively employed to bend the
weld sample to the righthand side and the reverse/opposite side of the vice respectively
until the knockoff of the unclamped section of the weld sample ensued. The weld samples
that could not bear up to 3 side-bends were rejected. Based on this, the process parameters
were selected for this study. The plates in the single-sided welds were first welded together
using a pin tool as shown in Fig.3a and 3b. The double-sided IFSW welding was carried out
in a step-wise manner under the same welding conditions except that the pin tool was
replaced with the pinless tool for the welding of the bottom side of the Al plates. It should
be noted that the plate was turned over in such a way that the advancing side (AS) during
the single-sided IFSW welding became the retreating side (RS) during the pinless welding
of the opposite/bottom side.

1

L‘”,"“ “"“‘4

Fig. 2 Welding tool used for the IFSW process: (a) Pin tool with collet, (b) Schematic of
the pin tool (c) Pinless tool with collect, (d) Schematic of the pinless tool (All
dimensions are in mm)

The single- and double-sided IFSW’ed samples were cut perpendicular to the welding
direction, ground, polished, and etched in Keller’s reagent (1 ml HF + 1.5 ml HCL + 2.5
mINHO3 + 95 ml H20). The microstructure of the etched samples was examined under an
OMAX computerized optical microscope (OM). The tensile samples were obtained
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according to the illustration shown in Fig.4a. The samples for the tensile test were cut in
triplicates perpendicular to the welding direction (see Fig.4b) and subsequently wet milled
to the dimensions provided in Fig.4a. For the preparation of the tensile samples, the start
and stop (keyhole) ends of the weld sample were cut off via the use of a guillotine machine,
and additional 3 cut samples were obtained for the wet milling process. The obtained 3 cut
samples were stacked together with two (2) unwelded Al plates. The unwelded plates were
placed above and below the weld samples and rigidly clamped before the start of the
machining process. The stacked samples were gradually milled to the dimensions provided
in Fig.4a under the continuous flow of the soluble oil cutting fluid. The removal of the heat
generated (by friction and metal shearing) during the cutting process was aided by the
cutting fluid to mitigate the impact of the cutting zone temperature on the samples. The
INSTRON 5582 model Universal Testing Machine (UTM) was used to determine the tensile
properties of the joint at a strain rate of 5 mm/s according to the ASTM E8M/B557
standard. Scanning Electron Microscope (SEM) was then used to examine the fracture
surfaces of the joints.

Fig. 3 Schematic representation of the IFSW processes: (a) single-sided IFSW welding
(welding of the first side), (b) schematic illustration of the single-sided IFSW, (c)
double-sided IFSW welding

3. Results and Discussion
3.1 Surface Appearance and Structure of Welds

The front and back views of the single- and double-sided IFSW welds are shown in Fig.5.
The front views of the single and double-sided welds appear to be the same in Fig.5a and

739



Ojo and John / Research on Engineering Structures & Materials 8(4) (2022) 735-749

5c due to the processing of the welds with the same pin tool. Deformation/plasticization
and tool travel-induced onion rings, exit pinholes, and shearing-induced weld flashes are
present on the top surface of the welds in Fig.5a and 5c. The high strain and strain rates
attributable to the welding process aid the extrusion of the deformed/plasticized material
as the weld flash at the retreating side (RS) of the weld. The interlocking profile remains at
the back of the single-sided IFSW weld (see Fig.5b) while the pinless friction stir welding
process eliminates this profile in the double-sided IFSW weld (see Fig.5d).
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Fig. 4 Tensile test samples: (a) Schematic representation of the tensile sample (b)
regions where the tensile samples were taken from on the welded plate (c) sample of
the actual tensile sample

traverse speed of 40 mm/min and different rotational speeds (710, 900, and 1120 rpm)
are shown in Fig. 6. It is obvious that a change in the tool rotational speed and welding
choice (single and double-sided welding) significantly influences the level of flow-induced
defects in the IFSW welds (see Fig.6). A similar defect was referred to as a cavity defect in
the studies of Du et al. [23] and it was reported that the defect was material flow-related
due to the inherent material flow’s converging line. The flow-induced defect owing to the
new joint configuration shows up as a crack-like defect in the double-sided IFSW weld (see
Fig.6d) and as twin crack-like paths along the rise of the joint configuration in the single-
sided IFSW welds (see Fig.6a) at 710 rpm. The least area fraction of flow-induced defect is
obtained in the IFSW welds produced at 710 rpm in both single and double-sided welds.
The increase in the tool rotational speed (from 710 to 900 rpm) caused an increase in the
area fraction of the inherent flow-induced defect in the IFSW welds while a decrease in the
area fraction of the flow-induced defect ensued as the tool rotational speed was further
increased to 1120 rpm (see Fig.6). This behavior could be linked to the non-traditional
joint-line morphology (new configuration), variance in heat input, and complex material
flow at the interlocked ends of the IFSW welds. To a certain degree, a better inter-material
flow (at the joint-lines) and bonding between the interlocked ends of the welds are

740



Ojo and John / Research on Engineering Structures & Materials 8(4) (2022) 735-749

obtained in Fig.6a and 6d in relation to the other welds due to satisfactory plasticization at
low heat input (at 710 rpm). A further increase in the heat input (at 900 rpm) caused an
unsatisfactory flow and a wider flow-defect or flow-induced unbonded span and partly
bonded rise (in the single-sided weld in Fig.6b) while tunnel-like flow defects at the
corners of the rise were found in the double-sided weld in Fig.6c. The highest heat input
(at 1120 rpm) further reduced the inherent flow-induced defect at the joint-
line/interlocked end of the joint relative to the samples welded at 900 rpm. It can be
affirmed that the increase in the tool rotational speed (from 710 to 1120 rpm) does not
have a direct relationship with the area fraction of the inherent flow-induced defect in the
IFSW welds owing to the joint configuration.

Fig. 5 Surface appearances of IFSW welds: (a) front view of the single-sided IFSW weld
(b) Back view of the single-side weld (c) front view of the double-sided IFSW weld (d)
Back view of double-sided IFSW weld.

The macrographs of the interlocked friction stir welded (IFSW) joints made at a constant.
Meanwhile, some degree of flow defect is found along the interlocked-ends/joint-lines of
all the IFSW weld samples (both single and double-sided welds) but the severity of the
defect is to some extent reduced in the double-sided welds as compared to the single-sided
weld counterparts fabricated under the same process parameters. The double-sided IFSW
process is considered to have provided a synergetic combination of pin and pinless-
assisted (dual) material plasticization, consolidation of material flow, and twofold
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recrystallization effects on the IFSW joint. These phenomena are reckoned to have favored
the reduction in the area fraction (level) of the flow-induced defect in the double-sided
[FSW welds as compared to their single-sided counterparts in Fig. 6.

Single Sided Weld Double Sided Weld

\ Flow|defect /

P Flowddefect — -

Fig. 6 Macrographs of IFSW welds obtained at constant 40 mm/min and different
rotational speeds: single-sided welds at (a) 710 rpm, (b) 900 rpm, (c) 1120 rpm, and
double-sided welds at (d) 710 rpm, (e) 900 rpm, and (f) 1120 rpm

Overcoming flow-defect is important for the integrity of the IFSW welds. There are many
strategies for lessening or eliminating flow defects such as flash, void, and tunnels in
literature [24]. Optimization studies and parameter settings that eliminate abnormal
stirring, and excessive or insufficient heat input are required for the prevention of defects
in FSW welds [25] [26]. As a result, the flow defect found in this study could be further
mitigated via process parameter optimization with appropriate tool designs. It has been
reported that optimized heat input and flow behavior, effective selection of FSW
parameters, and relatively large tool shoulder with sufficient pin length are necessary for
the mitigation of flow defects in FSW Welds [27]. Flow enhancing features such as
threading was also acknowledged to aid the elimination of void defect in the studies of
Mohammadi-pour et al. [28].

3.2 Tensile Strength of IFSW Welds

Fig. 7 shows the average tensile strengths of the single and double-sided IFSW joints
obtained at different processing parameters. The stress-strain curves obtained from the
tensile tests are presented in the appendix (Fig. A1 and A2). It is obvious from the plot that
the double-sided welds have better tensile strengths compared to that of the single-sided
counterparts. The maximum tensile strengths of the single and double-sided IFSW welds
are 39.6 and 69.1 MPa respectively (at 700 rpm and 40 mm/min). This is due to the lesser
area fraction of flow-induced defect together with the additional pinless tool-induced
material consolidation and twofold recrystallization effects in the double-sided IFSW
welds. This phenomenon favors a better loadbearing resistance of the double-sided IFSW
welds compared to the single-sided IFSW welds having profound and larger area fractions
of flow-induced defects along the joint-line/interlocked ends of the IFSW welds. Also, the
strengthened welding interface has been reported as a factor responsible for strength
improvement in the double-sided friction stir spot welded joints in the studies of Wang et
al. [29].
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Fig. 7 Effect of varying welding parameters of the tensile strength of single and double-
sided IFSW welds of Al-alloy

The assessment of the plot (see Fig.7) reveals that the welds fabricated at 40 mm/min
irrespective of the levels (700, 900, and 1120 rpm) of the tool rotational speed show an
improvement in the weld strength. The traverse speed of 40 mm/min produced the
maximum tensile strength at different tool rotational speeds (see Fig.7) owing to
ideal/sufficient material stirring, and heat input required for good metallurgical bonding
in the IFSW joints. The tensile strength of the IFSW welds increases as the traverse speed
increases from 21 to 40 mm/min and a further increase in the traverse speed to 63
mm/min causes the strength of the welds to decrease. A decline in the tensile strength of
the IFSW joints is obtained at traverse speeds below and beyond 40 mm/min due to the
prolonged tool stirring (excessive heat input) and insufficient stirring (low heat input)
effects respectively.

The increase in tool rotational speed beyond 710 rpm also caused a decline in the tensile
strength of the IFSW welds. This occurrence might be attributed to the direct correlation
between heat input and tool rotational speed. Elevated temperature or heat input at higher
tool rotational speed has been reported to aid thermal softening, and grain coarsening
effects in Al alloys [30][31]. This attribute is adjudged to have impaired the tensile strength
of the IFSW welds as the tool rotational speed of the weld was increased. Also, the area
fraction of the flow-induced defect has been revealed to increase as the tool rotational
speed was increased to 900 rpm. These stress-raisers (flow defects) are crack initiation
sites in welds and the coalescence of the inherent defects in the samples having profound
flow-induced defects leads to quicker weld failure and reduced tensile strength.

3.3 Weld Fracture Behavior

The fracture paths and their equivalent illustrations for the single and double-sided IFSW
welds are studied in Fig.8 to understand the fracture behavior of the IFSW welds. The role
of the advancing side (AS) and the retreating side (RS) on the weld failure/fracture of the
[FSW welds (single and double-sided welds) cannot be ascertained in Fig.8. This might be
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due to the dominant influence of the inherent flow defects (at the joint lines) on the failure
mode of the IFSW welds.
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Fig. 8 Fracture paths and their equivalent illustrations for the IFSW welds: (a) single-
sided weld at 1120 rpm/40 mm/min, (b) single-sided weld at 710 rpm/40 mm/min,
(c) double-sided weld at 1120 rpm/40 mm/min, (d) double-sided weld at 710 rpm/40
mm/min

The fracture path of the single and double-sided IFSW welds takes place along the stirred
zone of the joints in Fig.8. However, it is important to note as observed in Fig.8a that the
fracture path of the single-sided joint (1120 rpm/40 mm/min) occurred along the joint-
line or interlocked ends of the IFSW weld. This is a confirmation of the presence of stress-
concentration along the interlocked ends of the weld, and this also provides evidence that
the weld offers little loadbearing resistance before its eventual failure upon tensile
loading/test. Tang et al. [32] reported that the micro-void features (of the zigzag line
defect) in the FSW weld promoted crack propagation under loading. Meanwhile, the single-
sided IFSW weld fabricated at 710 rpm/40 mm/min (see Fig.8b) shows a fracture path
across the bonded joint-line of the weld, which is contrary to that of Fig.8a. The deviation
of the fracture path away from the interlocked ends/paths (see Fig.8b) confirms that the
tensile strength of the single-sided weld (obtained at 710 rpm/40 mm/min) to be better
than that of Fig.8a. On the other hand, the fracture paths of the double-sided IFSW welds
(see Fig.8c and d) are close to that of the single-sided one in Fig.8b, which also confirms
that the weld failure is not significantly influenced by the bonded joint-line (interlocked
ends). The inherent flow defect in the double-sided IFSW weld produced at 1120 rpm/40
mm/min (see Fig.8c) aids the failure across the joint whereas some level of ductility is
experienced by its counterpart welded at 710 rpm/40 mm/min.

Fig. 9 shows and compares the fracture surfaces of the failed IFSW samples after the tensile
tests. Flow-induced macro/micro-defects and mixed fracture (brittle and ductile)
characterized the fracture surfaces of the single-sided welds in Fig.9a-c whereas the
surfaces of the double-sided welds were predominated by ductile fractures in Fig.9d-f. The
single-sided weld fabricated at 710 rpm and 40 mm/min had a flow defect (tunnel-like)
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surrounded by uneven fracture layers having large dimples and brittle-like appearances in
Fig.9a. Apart from the stress raiser (flow defect) in Fig.9a, the fracture features of the weld
confirm that mixed fracture (with a large area fraction of ductile mode) ensued in the
single-sided IFSW weld. This occurrence justifies the improved tensile strength of the
single-sided joint fabricated at 710 rpm and 40 mm/min as compared to the other single-
sided welds having brittle/mixed fracture appearances in Fig.9b and c. Flow-induced
cavities with minimal ductile features are present in the single-sided weld produced at 900
rpm and 40 mm/min (see Fig.9b) while the presence of brittle facets and a few dimple
appearances are found in the single-sided weld produced at 1120 rpm and 40 mm/min
(see Fig.9¢). It can be concluded that mixed fracture mode occurs in Fig.9b and c. On the
other hand, the double-sided welding process significantly improved the IFSW welds (see
Fig.9d-f) by significantly reducing the flow defects and making the welds exhibit some level
of ductility and loadbearing attributes. For instance, the double-sided welds produced at
710 rpm and 40 mm/min (see Fig.9d) and at 900 rpm and 40 mm/min (see Fig.9e) have
predominantly shallow and some large dimples. This observation is a confirmation of
ductile fracture modes in the welds. This is in agreement with the studies of Xu et al [33]
as large dimples on the fracture sites were reported as evidence of ductile fracture mode.
Fig.9f also confirms the presence of some fine dimples and a flow defect (see the enclosed
orange circle in Fig.9f) in the double-sided weld produced at 1120 rpm and 40 mm/min.
This occurrence validates that the double-sided welding process improves the weld
strength of the IFSW joints via attributes such as reduction in flow-induced defects,
improved plasticization/material flow, and twofold recrystallization phenomena.

4. Conclusion

Weldability of the interlock-end friction stir welding (IFSW) of the AA1050 aluminum alloy
was successfully investigated by employing single- and double-sided welding procedures.
The structure, tensile strength, and fracture patterns of the single- and double-sided IFSW
welds fabricated at different process parameters were studied and compared. The
following findings were observed from this investigation:

e The joint lines of the interlocked friction stir welded (IFSW) joint have flow-
induced defects in both weld categories (single- and double-sided IFSW welds)
owing to the interlocked morphology.

e The severity of the inherent flow defect in the [FSW welds is significantly reduced
in the double-sided IFSW welds as compared to the single-sided counterparts due
to the advantage of dual material plasticization, material consolidation, and
twofold recrystallization effects in the double-sided IFSW welds.

e The increase in the tool rotational speed (from 710 -1120 rpm) does not have a
direct correlation with the area fraction of the inherent flow-induced defect in the
[FSW joint.

e The double-sided welds have better tensile strengths compared to the single-
sided weld counterparts due to the lesser area fraction of flow-induced defect or
stress raiser. The maximum tensile strengths of the single and double-sided [FSW
welds were 39.6 and 69.1 MPa respectively.

e The tensile strength of the IFSW welds increases as the traverse speed increases
from 21 to 40 mm/min and a further increase in the traverse speed to 63 mm/min
causes the strength of the welds to decrease.

e The fracture path/location of the single and double-sided IFSW welds takes place
along the stir zone. The rotating tool-aided advancing and retreating sides do not
influence the weld fracture location of the IFSW welds owing to the dominant
influence of flow defect on the weld failure.
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e Alarge expanse of ductile fracture features and brittle appearances characterized
the fracture surfaces of the single and double-sided IFSW welds respectively.

Single Sided Weld Double Sided Weld

y

! I‘.l;'}"w

-
19KV: Mao X9800: 15MM

Fig. 12. Fracture surfaces of the IFSW welds: the single-sided welds at (a) 710 rpm/40
mm/min, (b) 900 rpm/40 mm/min, (c) 1120 rpm/40 mm/min; and double-sided
welds at (d) 710 rpm/40 mm/min, (e) 900 rpm/40 mm/min, (f) 1120 rpm/40
mm/min
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Fig. A2. Stress-strain curves of the double-sided IFSW welds
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