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under air (normal) and underwater (submerged) with room temperature conditions. The
joints produced through these two distinct conditions were studied comparatively. The
microstructural analysis revealed that due to the water rapid cooling system the grain sizes
received were finer compared to the normal friction stir processing ones. The microstruc-
tural grain refinement contributed immensely toward the joint tensile properties. The
submerged friction stir processed joints were found to be more ductile compared to the
normal friction stir processed ones. The positioning of the harder alloy (AA6082) on the
advancing side and the soft alloy (AA8011) on the retreating side yielded better results for
both normal and submerged conditions. The sampling position was also found to have an
impact on the results. This was observed when the specimens cut in the beginning of the

joint were studied comparatively with those cut from other locations of the joint.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

properties of friction stir welded similar and dissimilar alu-
minium alloy joints [9,10]. The FSP technique continues to
evolve and has also variated to submerged friction stir pro-

The friction stir processing (FSP) technique is a microstruc-
tural modification technique derived from friction stir welding
principle [1,2]. The FSP technique was developed by Mishra
et al. [3] during the year 2000. Ever since then a lot of research
work has been produced where FSP was applied on a single
surface for different materials and composites [4-8]. Recently
the FSP technique has been used to improve the mechanical
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cessing. The submerged friction stir processing (SFSP) works
the same way as the FSP, but the whole process takes place
with the workpiece immersed under liquid environment [11].
The SFSP is known for its effective cooling which results
in ultrafine microstructural grains [12,13]. There are several
studies where SFSP was successfully used to modify the
microstructure and mechanical properties of aluminium alloy
single surfaces.

Sakurada et al. [14] were the first to perform a study on
underwater friction joining process for AA6061 proving that
enough heat input could be generated to produce sound welds

2238-7854/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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underwater. Since then a lot of work has been reported in
the literature under both submerged friction stir welding
and submerged friction stir processing. Pang et al. [7] con-
ducted a comparative analysis on-air and underwater FSP
using AA7075-T6 plates. The underwater FSP joints had better
mechanical properties and the grain sizes were significantly
reduced due to the high cooling rate. Similar behavior was
noted when comparing the mechanical properties and grain
sizes of the normal and submerged conditions on literature
[15-20].

Aluminium alloys are mostly preferred as structural
materials especially for automotive, marine and aerospace
industries. The considered aluminium alloys in this study
AAB8011 and AA6082-T6 are both applicable in the aerospace
industry. There is a big possibility of joining of dissimilar
aluminium alloys in the aerospace industry to improve per-
formance. Aluminium alloys remain the most preferred due to
a number of reasons like cost-effective and lightweight with
outstanding strength.

SFSPis still an emerging technique, although thereis alot of
research work done on the topic, however, there are still exten-
sive research areas that still need to be covered. The reason
being is that it has been noted that all the literature available
only presents SFSP as an ultrafine grain technique to single
surface rather than on the prior welded joints. There is no
searchable or available literature where SFSP is used on simi-
lar or dissimilar friction stir welded joints. This paper reports
on the effect of material and specimen positioning of the
submerged friction stir processing in comparison to normal
friction stir processing of the friction stir welded dissimilar
aluminium alloy joints.

2. Experimental setup

The materials used were the dissimilar aluminium alloys
AA8011 and AA6082-T6 plates with a thickness of 6 mm.
The chemical compositions of the materials are presented in
Table 1. Table 2 shows the nominal mechanical properties of
the aluminium alloys. The dissimilar joints were fabricated
using friction stir welding prior to friction stir processing (FSP).
Different material positioning used in this study was as pre-
sented in Table 3. The dimensions of the friction stir welded
(FSWed) plates (four pairs) were 260 mm x 52 mm. Two pairs
of the FSWed plates were fiction stir processed under nor-
mal conditions (NFSP) and the other two were friction stir
processed underwater or submerged conditions (SFSP). The

Table 3 — Material positioning.

Joints Material positioning
NFSP FSWed AA6082-AA8011 AA8011-AA6082
SFSP FSWed AA6082-AA8011 AA8011-AA6082

Table 4 — FSP parameters.

Parameter Condition
Tool shoulder diameter 20 mm

Tool probe diameter 7 mm

Tool pin length 5.9mm
Rotating speed 1100 rpm
Traverse speed 60 mm/min
Dwell time 10s

Tool plunge depth 5.9mm

Tool tilt 2°

processing parameters used for NFSP are presented in Table 4.
The FSP tool used was made of high-speed steel (HSS) AISI
4140, see Fig. 1(a). The chemical composition of the tool is
shown in Table 5.

The submerged friction stir processing fixture was filled
with tap water (room temperature). The water head was main-
tained at 40 mm throughout the whole process. Fig. 1(b) shows
the SFSP view. The process parameters used were similar to
the NFSP except that the traverse speed of 35 mm/min. The
change in traverse speed was due to the observation dur-
ing trial and error tests, in which a higher traversing speed
resulted in a joint with visible defects on the surface. The
normal and submerged friction stir processed plates were cut
for different tests using the waterjet cutting technology. The
cutting method chosen does not temper with the mechanical
properties of the specimens.

The tests conducted were the tensile test, microhardness
and metallographic analysis. The tensile test specimens were
further analyzed for the nature of fracture using a scanning
electron microscopy (SEM). The tensile tests were performed
using the Instron 8801 with maximum 100kN load cell. The
ASTM-E8M-04 standard was used for the tensile specimen
geometry and operating parameters. Fig. 1(c) shows the tensile
specimen with dimensions in mm. Data was logged using the
Bluehill 3 software. The InnovaTest Falcon 500 machine was
used for microhardness testing. The ASTM E384-11 standard
was used for Vickers microhardness testing. The 190 HV stan-
dard was used for setup. The 0.3kg load, objective 10x and
20x were used. The 2mm interval was used from the edge

Table 1 - Chemical compositions [21,22].

Mg Zn Ti Cr Si Mn Fe Cu Al
AA8011 0.28 0.084 0.016 0.028 0.52 0.46 0.74 0.13 Bal
AA6082-T6 0.6-1.2 0.0-0.2 0.0-0.10 0.0-0.20 0.7-1.3 0.0-1.0 0.0-0.5 0.0-0.1 Bal

Table 2 - Mechanical properties of the base materials.

Ultimate tensile strength (MPa)

Yield strength (MPa)

Elongation (%) Microhardness (HV)

AA8011 94.1 76
AA6082 308 270

40.17 335
25.42 89.6
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Weld zone

(d)

Fig. 1 - (a) FSP tool, (b) SFSP view, (c) tensile test specimen, (d) microhardness specimen and (e) 3-line pattern.

Table 5 - Tool chemical composition [23].

C P Cr

AISI 4140 0.38-0.43 0.035 0.80-1.10

0.15-0.25

Mn Fe Si S
0.75-1.0 96.79-97.77 0.15-0.30 0.040

(a)

Fig. 2 - Specimen positioning, (a) NFSPed plate and (b) SFSPed plate, (RS - retreating side, AS - advancing side).

to edge (advancing to retreating). The tests were performed
along the horizontal section of the welded joint specimen
shown in Fig. 1(d). The 3-line pattern format as depicted in
Fig. 1(e) was used for all the specimens tested, where A stands
for the line at the top, B for the line in the middle and C for
the line at the bottom of the specimen. The metallographic
analysis was performed using the Motic AE2000 microscope.
The cross-sections surface of the welds were grinded, polished
then etched using the modified Keller’s reagent (10 ml HNOs,
1.5ml HCL, 1.0ml HF and 87.5ml distilled H,0) and Weck’s
reagents (1 g NaOH, 4 g KMnO,4 and 100 ml distilled H,0). Fig. 2
shows the locations where the specimens were extracted. The
labels S, M and E were used to mark the start, middle and the
end weld respectively.

3. Results and discussion
3.1.  Metallographic analysis

Fig. 3.1 (a) and (b) show the macrographs for the friction stir
welded joints before the processing. The normal friction stir
processed macrographs are shown in Fig. 3.1(c) to (h), with
(c) to (e) for AA6082 on the advancing side and (f) to (h) for
AAB8011 on the advancing side. Fig. 3.1(i) to (k) show the macro-
graphs for the submerged friction stir processed joints where
AA6082 was positioned on the advancing side and (1) to (n)
for AA8011 on the advancing side. There are defects that were
observed in some stir zones [(c), (d), (f), (g) and(l)] and these
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Fig. 3.1 - Macrographs; (a) FSW-AA6082 on AS, (b) FSW-AA8011 on AS; NFSP-AA6082 on AS: (c) Start, (d) Middle, (e) End;
AAB8011 on AS: (f) Start, (g) Middle, (h) End; SFSP-AA6082 on AS: (i) Start, (j) Middle, (k) End; SFSP AA8011 on AS: (]) Start, (m)

Middle and (n) End.

defects are normally attributed toward insufficient material
flow which originates from an inadequate heat input [24-27].
The rest of the macrographs showed structures with onion
rings with no defects which means that the joint experienced
adequate heat input which resulted to sufficient material flow
[28-30]. The heat experienced during the processing differed
for each region (start, middle and toward the end of the joint).
It was also observed that defects dominate on the joints that
were produced from NFSP and mostly specimens that were
extracted from the beginning of the weld. There is no trace
of such defects with samples produced from SFSP beside one
that was extracted at the beginning of the weld when AA8011
was placed on the advancing side. These macrograph results
do depict the impact of SFSP on joint quality.

The microscopic view of the joints and their respective base
materials are presented in Fig. 3.2 . Fig. 3.2(a) presents the

AA6082 base material with and average grain size of 33.3 pm
and (b) shows the AA8011 base material with an average grain
size 0f 22.93 pm. The microstructural grain arrangement of the
joint produced by varying the material positioning during FSW
isillustrated in Fig. 3.2(c) and (d). The positioning of AA6082 on
the advancing side resulted in FSWed joint having mean grain
diameter of about 8.25pum whereas the mean grain diame-
ter of 9.97 pm was measured on all specimens where AA8011
was placed on the advancing side. Fig. 3.2(e) to (g) shows the
NFSP-AA6082 on the advancing side and (h) to (j) shows the
NFSP-AA8011 on the advancing side. The SFSP micrographs
with AA6082 on the advancing side are shown in Fig. 3.2(k) to
(m). Fig. 3.2 (n) to (p) presents the joint micrographs produced
when AA8011 was placed on the advancing side.

The average grain size for NFSP joint with AA8011 posi-
tioned on the advancing side (AA8011A) was about 6.18 um
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Fig. 3.2 - Micrographs at objective 5x (a) AA6082 base material, (b) AA8011 base material; at objective 50x, (c) FSW-AA6082
on AS, (d) FSW-AA8011 on AS; NFSP-AA6082 on AS: (e) Start, (f) Middle, (g) End; AA8011 on AS: (h) Start, (i) Middle, (j) End;
SFSP-AA6082 on AS: (k) Start, (I) Middle, (m) End; SFSP AA8011 on AS: (n) Start, (o) Middle and (p) End.
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Fig. 4.1 - Post tensile specimens, (a) NFSP and (b) SFSP.

100 4

(

14
'

Engineering Stress (MPa)

—m=— NFSP-AAG082 on AS (Start)
—e— NFSP-AAG082 on AS (Middle)
4 NFSP-AAB082 on AS (End)

—v— NFSP-AA8011 on AS (Start)
NFSP-AA8011 on AS (Middle)
—<— NFSP-AA8011 on AS (End)

f T T —T—T—
0.00 0.03 0.06 0.09 0.12 0.15

Engineering Stress (MPa)

—
018 021 024 027
Engineering Strain

—=— SFSP-AAB082 on AS (Start)
— e« SFSP-AAB082 on AS (Middle)
4 SFSP-AAG082 on AS (End)

—v— SFSP-AA8011 on AS (Start)
SFSP-AA8011 on AS (Middle)
—<— SFSP-AA8011 on AS (End)

Engineering strain

T L] T ] 1§ ] T ] T L2 T % T 23 T 2 T
0.00 0.03 0.06 0.09 0.12 0.15 0.18 0.21 024 0.27

Fig. 4.2 - Tensile stress-strain curves, (a) NFSP and (b) SFSP.

whereas placing AA6082 on the advancing side yielded an
average grain size of about 5.15pum. The average grain size
for SFSP joint when AA8011 was positioned on the advanc-
ing side was 3.22 pm whereas an average grain size of 2.76 pm
was obtained when AA6082 was positioned on the advancing
side. The grain refinement during both SFSP/NFSP is due to the
re-stirring and dynamic re-recrystallization which occurred
during both conditions on the FSWed joints [9,10]. The results
distinctively revealed that placing AA6082 on the advancing
side and AA8011 on the retreating side yielded finer grains
compared to when AA8011 was on the advancing side. This
reaction was due to the materials being properly mixed and
the joint experiencing adequate heat and material flow which
occurs mostly when the harder alloy is placed on the advanc-

ing side [33,34]. Additionally, in both said conditions it was
noted that when it comes to the specimen positioning, the
specimens cut toward the middle and the end had better
results in comparison to the ones cut at the beginning of
the joints. This behavior is influenced by the quality of the
weld in which in the case of specimens’ M and E showed no
defects. The microscopic behavior observed in this study is
very consistent with the behavior reported in the literature
[7,10,12,29,31,32].

3.2. Tensile tests

Fig. 4.1 (a) shows the post tensile specimens for NFSP and (b)
for SFSP with visible fracture locations. In both conditions, the
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Fig. 4.3 - Ultimate tensile stress-elongation bar charts, (a) NFSP and (b) SFSP.

failure occurred on the AA8011 (weaker alloy) side regardless
of heat-affected zone (HAZ) and stir zone (SZ). The specimens
that were cut at the starting position of the joint where AA8011
was positioned at the advancing and AA6082 at the retreating
side had defects in both NFSP and SFSP. This behavior was due
toinadequate heat generation [24,25]. The same phenomenon
was noted on the macrographs of the same position. This
defect weakens the joint hence these specimens failed toward
the center of the SZ. The specimens cut at the middle and
end of the joint consistently failed at the HAZ when AA6082
was positioned on the advancing side. All other specimens
failed at thermos-mechanically affected zone (TMAZ) when
AAB011 was positioned on the advancing side. This behavior
was observed for both NFSP and SFSP specimens.

The FSWed joints prior NFSP/SFSP had a maximum
ultimate tensile stress (UTS) of 92.9MPa and percentage
elongation of 26.68% when AA6082 was positioned on the
advancing side. The maximum UTS of 60.9 MPa and percent-
age elongation of 24.54% were attained when AA8011 was
placed on the advancing side. Fig. 4.2 (a) and (b) illustrates the
stress-strain curves of the NFSP and SFSP, respectively. The
difference in processing conditions had a notable effect on the
tensile strength of the specimens. Fig. 4.3 (a) and (b) presents
the UTS-elongation bars charts of the joints being compared.
The specimens at the start of the joint all have lower strengths
and the ones toward the end have the maximum strengths.
This is strength variation is attributed to heat experienced by
the joint during both SFSP/NFSP as well as the grain structure

associated with the respective positions [35]. The SFSP had
the maximum tensile strength of 91.1MPa and 89.2MPa for
AA6082 on the advancing side and AA8011 on the advancing
side, respectively. The NFSP had a maximum tensile strength
of 90 MPa for AA6082 on the advancing side and 87.3MPa for
AA8011 on the advancing side.

The SFSP joints possessed higher UTS compared to NFSP.
The UTS enhancement observed in this work is similar to
the one reported in the literature [36-38|. The NFSP had a
maximum percentage elongation of 24.62% when AA6082 was
positioned on the advancing side and 21.65% when AA8011
was positioned on the advancing side. The highest percentage
elongation of 28.7% was achieved when AA6082 was posi-
tioned on the advancing side during SFSP whereas 22.5% was
achieved when AA8011 was positioned on the advancing side.
In most case, the increase in UTS results in decrease in per-
centage elongation and the visa versa [9,10]. The results shown
in Fig. 4.3 (b) has shown the opposite to this normalcy. This
behavior suggests that SFSP can be used in the enhancement
of both UTS and percentage elongation of the joint.

3.3. Fracture surface morphology

Fig. 5.1 shows the fractured surface morphologies of the
normal friction stir processed friction stir welded dissimi-
lar aluminium joints. The fractured surfaces presented in
Fig. 5.1(a)—(c) shows the specimens cut at the start, middle
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Fig. 5.1 — NFSP fractographs, AA6082 on AS (a) Start, (b) Middle, (c) End; AA8011 on AS (d) Start, () Middle and (f) End.

and the end of the weld where AA6082 was positioned on
the advancing side during NFSP. All the mentioned specimens
revealed a ductile failure morphology which is characterized
by the presence of the microvoids, quasi-cleavages and dim-
ples [39,40]. Fig. 5(d)-(f) show specimens cut at the start,
middle and the end of the weld where AA8011 was posi-
tioned on the advancing side. Fig. 5.1(d) shows a ductile failure
morphology with microvoids, cleavages and matrix crack.
Fig. 5.1(e) and (f) show dimples that are interlaced with quasi-
cleavage morphology [41]. This phenomenon shows that after
the re-heating and re-stirring during the NFSP the joint plas-
ticity was reduced [9,10].

The submerged friction stir processed friction stir
welded dissimilar aluminium joints surface morphologies are
depicted in Fig. 5.2 . Fig. 5.2(a), (b) and (c) shows the specimens

cut at the start, middle and end of the weld. All the speci-
mens consisted of similar ductile features like cleavage facets,
microvoids, and matrix cracks [9,40,41]. The specimens where
AA6082 was positioned on the advancing side consisted of fine
homogeneous dimples regardless of the specimen position.
The specimens with AA8011 on the advancing side showed
an irregular dimple pattern where the specimen cut at the
start had coarse dimples while the fine dimples were noted
on the specimen cut at the end of the weld. This behavior is
a result of the microstructural grains changes across the joint
which was depending on the heat and material flow experi-
enced during the SFSP process [35,39-42]. The SFSP and the
NFSP fractographs all showed ductile behavior with the SFSP
showing more uniform patterns, especially where the AA6082
was on the advancing side.
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3.4. Microhardness

The maximum microhardness of the FSWed joint where
AA6082 was positioned on the advancing side was ~74HV
whereas ~62 HV was measured when AA8011 on the advanc-
ing side. The Vickers microhardness profiles of the NFSP are
shown in Fig. 6.1 . An approximate microhardness of ~90 HV
was obtained when AA6082 was position on the advanc-
ing side during NFSP and this was higher compared to that
of the FSWed one. The increase in hardness was a result
of the complete solution and the new precipitation in the
stir zone [34]. The microhardness of ~55HV was obtained
with AA8011 on the advancing side which is lower than that

of the FSWed joint with same material positioning. During
the submerged friction stir processing, the positioning of
AA6082 on the advancing side resulted in the microhardness
of ~60HV as shown in Fig. 6.2 , which is lower compared to
the NFSP one and the FSWed one of the same material posi-
tioning. The microhardness of ~45HV was obtained when
AA8011 was positioned on the advancing side, also lower
than the NFSP and the FSWed one. This behavior in the
microhardness of the underwater conditions is due to strain
hardening of the low-density dislocations, precipitates distri-
bution and the reduced microstructural grain size [24,42-45].
When AA6082 was placed on the advancing side during both
NFSP and SFSP the microhardness decreased from the stir
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zone to the AA8011 side. Additionally, when AA8011 was
placed on the advancing side the microhardness increase to
the AA6082 side. Specimen positioning had a negligible impact
on the microhardness of the stir zone for both NFSP and SFSP
joints.

4. Conclusions

The friction stir welded dissimilar aluminium alloy joints were
successfully friction stir processed under two unique condi-
tions i.e. air (normal) and underwater (submerged). It should
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Fig. 6.2 — SFSP microhardness profiles, AA6082 on AS (a) Start, (b) Middle, (c) End; AA8011 on AS (d) Start, (e) Middle and (f)

End.

be noted due to no available literature on SFSP and NFSP of
friction stir welded dissimilar joints, the obtained results were
referenced to SFSP and NFSP of the single surface materials as
well as SFSW. Based on the results of this study, the following
conclusion can be drawn:

e The SFSP technique played a significant role in the grain
refinement compared to the NFSP technique and this is
linked to cooling rate that is facilitated by water.

e The submerged friction stir processed joints were found to
be more ductile than the normal friction stir processed ones.

o The SFSP technique produced joints with an improved ten-
sile properties than those produced by NFSP. It was also
observed that SFSP can be used as the mechanism of
enhancing the joint’s UTS and percentage elongation

e The fractographic analysis correlated with the tensile
results that both NFSP and SFSP of the friction stir welded
dissimilar joints results in a ductile fracture and the SFSP
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being the most ductile ones for the specimen cut toward
the end of the joint (AA6082 on the advancing side).

e The materials positioning also plays a significant role
toward the strength of the joint on both processing con-
ditions i.e. NFSP and SFSP.

o The specimen positioning was also found to have an impact
on the results and this was observed with lower proper-
ties of all the specimens cut at the start of the processed
joints against specimens cut from other locations on both
processing conditions.
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