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Abstract A 6061-T6 aluminum alloy was self-reacting fric-
tion stir welded by using the specially designed tool with
unequal shoulder diameters at a constant welding speed of
150 mm/min to investigate the effect of rotation speed on
microstructure and mechanical properties of the joints.
Excessive flash on the bottom surface of the joint and groove
defects on both surfaces of the joint were formed when the
lower shoulder diameter was much smaller. The suitable
shoulder sizes were determined as 16 and 18 mm in lower
shoulder diameter and upper shoulder diameter, respectively.
The grain size and the dislocation density in the weld nugget
zone (WNZ) increased with increasing rotation speed. The
tensile strength of joints first increased with increasing rotat-
ing speed and then decreased remarkably as a result of the
formation of void defect. The joints welded at lower rotation
speeds were fractured in the thermal mechanically affected
zone (TMAZ). However, the fracture locations of the defect-
free joints were changed to the heat affected zone (HAZ) at
higher rotation speeds.

Keywords Self-reacting friction stir welding - Shoulder
diameter - Rotation speed - Mechanical properties
1 Introduction

It is difficult to join heat-treatable aluminum alloys by using
fusion welding, i.e., arc welding and laser beam welding
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(LBW), owing to the occurrence of hot cracking and porosity
[1-3]. Additionally, for the electron beam welding (EBW)
process, the strengthening phases can be lost resulting from
the high temperature experienced in the fusion zone, and thus
the weld strength is dramatically decreased [4—6]. Friction stir
welding (FSW), as a solid state joining process, can be used to
produce sound joints in heat-treatable aluminum alloys [7-9].
However, conventional FSW technique is involved in the
restrictions such as the requirement for significant plunge
forces, the requirement for rigid clamping to prevent part
movement owing to huge traversing forces, the requirement
for a strong backing plate or anvil to react process loads into
the fixture, and the risk of producing root defect, and thus its
wide application in complex shaped large structures is limited.
One of the promising ways to avoid these disadvantages is to
use the self-reacting friction stir welding (SRFSW) tool which
provides a bottom shoulder to take the place of the backing
plate used in the conventional FSW [10-12].

Both shoulders rotate and produce frictional heat during the
SRFSW process. Accordingly, the additional torque and the
tension stress engaged on the pin by the lower shoulder may
cause the risk of breaking the pin. Published investigations
confirm that SRFSW developments are more difficult than
that of conventional FSW, and SRFSW technique is difficult
to increase welding speed owing to that the huge mechanical
loading is engaged on the pin [13-15]. To our knowledge,
little literature dealing with reducing the load on the tool to
avoid the tool fracturing has been reported. Generally, the
diameter of the upper shoulder is equal to that of the lower
shoulder. To reduce the load on the pin, the tool with the
diameter of the lower shoulder smaller than that of the upper
shoulder has been invented [16]. Regarding to the heat-
treatable alloys, the welding heat input can lead to the forma-
tion of soften (strength loss) zone in the FSW joints as a result
of'the dissolution or coarsening of the strengthening phases. In
order to reduce the deterioration level of the strengthening
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Table 1 Chemical composition and mechanical properties of 6061-T6 aluminum alloy

Chemical compositions (wt.%) Mechanical properties
Al Si Fe Cu Mn Mg Cr Zn Ti Tensile strength (MPa) Elongation (%)
Balance  04-0.8 <07 0.15-04  <0.15 0.8-1.2 0.04-0.35 <0.25 <0.15 284 14

phase, different methods have been developed, including the
parameters optimization, post-heat treatment, in-process
cooling using external refrigerants, submerged FSW. For in-
stance, Ipekoglu et al. [17, 18] concluded that the post weld
heat treatment could both restore the strength of the joint
welded in T6 and O conditions and the abnormal grain growth
occurred which were dependent on the welding parameters
and the prior temper condition. To our knowledge, only lim-
ited literatures are regarding to the microstructure and the
mechanical properties of the self-reacting friction stir welded
joints [19-21].

For the FSW process, the parameters including rotation
speed, welding speed, and plunging force have a significant
effect on the material flow behavior and the temperature
distribution which can determine the microstructure evolution
and the resulting mechanical properties [22-24]. ipekoglu
et al. [17] reported that the hardness loss of the AA 7075-T6
FSW joints obtained at the rotation speed of 1,000 rpm and the
welding speed of 150 mm/min was higher than that obtained
at the rotation speed of 1,500 rpm and the welding speed of
400 mm/min. Arora et al. [25] also concluded that the strength
of 2219-T87 FSW joints increased with increasing welding
speed and decreased with increasing rotation speed. The rea-
son for their results is that the increase of welding speed or the
decrease of rotation speed leads to the decrease of welding
heat input, and thus the deterioration level of the strengthening
phases is reduced in the heat affected zone (HAZ) and thermal
mechanically affected zone (TMAZ) of heat-treatable

Fig. 1 Visual appearance of the
joints welded by the lower
shoulders with different diameters
of: a top view, the diameter of
12 mm, b bottom view, the
diameter of 12 mm, ¢ top view,
the diameter of 14 mm, d bottom
view, the diameter of 14 mm, e
top view, the diameter of 16 mm,
and f bottom view, the diameter of
16 mm
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aluminum alloy joints. In this situation, the tensile strength
and the minimum hardness of the FSW joints should be
enhanced.

In this study, the tools with different diameters of the lower
shoulders are employed in the SRFSW experiments to deter-
mine the suitable dimension of the lower shoulder, and the
focus is placed on the effect of rotation speed on the micro-
structure and mechanical properties of the joints welded at a
fixed welding speed.

2 Experimental details

Commercial 6061-T6 aluminum alloy rolled plates are
adopted in the experiment with the thickness of 4 mm. The
nominal chemical composition and mechanical properties are
listed in Table 1. The SRFSW tool consists of two shoulders
and one pin. The shoulders are characterized by a combination
of cavity and fillet. The diameter of the upper shoulder is
18 mm, and the lower shoulders have three dimensions: 12,
14 and 16 mm in diameter. The pin design possesses a simple
cylindrical profile with the diameter of 8 mm. During the
welding, the whole plunge depth is 0.06 which is implement-
ed on the upper shoulder and the lower shoulder equally. An
indigenously designed and computer controlled FSW (FSW-
3LM-003) machine is applied to fabricate the joints.
According to the experience for welding the 4-mm-thick
6061-T6 aluminum alloy, process parameters with a rotation
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Fig. 2 Cross-sections of joints
welded at different rotation
speeds of a 400 rpm, b 600 rpm, ¢
700 rpm, and d 800 rpm

speed and welding speed of 600 rpm and 200 mm/min,
respectively, are chosen to evaluate the suitability of the
diameter of the lower shoulder in the welding. Then, the
SRFSW is performed at a constant welding speed of
150 mm/min together with different rotation speeds of 400,
500, 600, 700, 800 rpm.

All the joints are cross-sectioned perpendicularly to the
welding direction for microstructure and macrostructure anal-
ysis by using the electrical-discharge cutting machine.
Metallographic samples are polished by electrolytic polishing
with HCIOy, solution (5 % HClO, in ethanol at room temper-
ature, under 28 V) for 15 s and are etched by the Keller’s
reagent. Subsequently, the specimens are observed by an
optical microscope (OM; Olympus-MPG3). The average
grain size is determined by the mean liner intercept technique.
The Vickers hardness on the cross-section is measured at mid
thickness of the joints at a spacing of 1 mm using a load of
0.98 N for 10 s.

The dislocations and precipitates are examined on sections
parallel to the welding direction by using transmission elec-
tron microscopy (TEM). The TEM samples are polished on
the different grades of emery paper, and then are prepared by
twin-jet electropolishing using a solution of 70 % methanol
and 30 % nitric at —35 °C under 18 V.

The tensile test is conducted on universal testing machine
(Instron-1186) at room temperature by using a crosshead
speed of 1 mm/min. The fracture features are analyzed by
using the OM.

3 Results and discussion
3.1 Microstructural characteristics

Figure 1 shows the top and bottom views of the joints welded
by the tools with lower shoulders of 12, 14 and 16 mm in
diameter. The visible groove defect on both surfaces of the
joints and excessive flash on the bottom surface of the joint are
formed by using the lower shoulder of 12 mm in diameter. The
weld visual quality of both surfaces is improved as the diam-
eter of the lower shoulder is increased to 14 mm. Finally, the
joint with high quality surface appearance, exhibiting smooth

Voidgdefect

and defect free surfaces, is obtained as the lower shoulder is
increased to 16 mm in diameter. Thus, the appropriate diam-
eter of the lower shoulder is determined as 16 mm. If the
diameter of the lower shoulder is excessively smaller than that
of the upper shoulder, the plunge force introduced on the
lower shoulder will be significantly smaller than that of the
upper shoulder resulting in that the lower shoulder cannot
produce sufficient reacting force. Therefore, a large amount
of plasticized materials are extruded out, resulting in the
formation of the groove defect on the upper surface of the
joint, excessive flash and a groove defect on the bottom
surface of the joint.

Figure 2 shows cross-sections of the joints produced at
different rotation speeds. It can be seen that sound joints are
produced at lower rotation speed. On the contrary, much
higher rotation speed leads to the formation of the void defect.
All the joints are mainly comprised of four distinct zones, i.e.,
WNZ (weld nugget zone), TMAZ, HAZ and BM (base ma-
terial), as illustrated by the dot lines (see Fig. 2b). The geom-
etry of the weld nugget displays a saddle shape with a width
that extends from the stir zone diameter at the mid-thickness to
almost the shoulder width (the actual width of plastic metal
contacted with the shoulder) at the bottom and upper surfaces.
In case of SRFSW, the material flow in the root region and
crown region of the WNZ is mainly caused by the shoulders,
while the material flow in the region of the mid thickness of
the WNZ is governed by the tool pin. Consequently, the flow
patter of the material near the top and bottom surface of the
SRFSW joints must be different from that gained in the lower
part of the WNZ resulting in the symmetric saddle shaped
WNZ. As the frontier between WNZ and the TMAZ on the
advance side (AS) is clear enough, it is possible to measure a

Table 2 Width of WNZ

at the mid thickness of Rotation speed Width of WNZ
the joints formed at dif- (rpm) (mm)
ferent rotation speeds

400 10.10

600 10.63

700 8

800 8
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Fig. 3 Microstructrure of BM of
a optical macrograph and b
bright-field TEM

Fig. 4 Bright-field TEM of the
WNZ obtained at different
rotation speeds of a 400 rpm, b
500 rpm, ¢ 600 rpm; d, e, f
magnified view of a, b, ¢,
respectively
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half of the width at mid thickness of the WNZ. Meanwhile, the
frontier between WNZ and TMAZ on the retreating side (RS)
is not clear. To better understand the effect of rotation speed on
the width of the WNZ, the weld center and the radius of the
tool pin are given (see Fig. 2). The width at mid thickness of
the WNZ is listed in Table 2, which indicates that the width is
first increased with the rotation speed, and then is decreased
with the increasing rotation speed. Moreover, the void defects
are formed as the width of the WNZ is no bigger than the
diameter of the tool pin. The demarcation between the TMAZ
and WNZ obtained at lower rotation speed is sharper than that
obtained at higher rotation speed. A similar profile develop-
ment trend is gained with the increasing rotation speed at
constant welding speed [26].

The microstructure of BM is shown in Fig. 3. The BM is
characterized by coarse and elongated grains typical of hot-
rolled structure. In Fig. 3b, high density fine needle-shaped
precipitates and low density coarse block-shaped precipitates
distributed in the BM are considered to be 3" and ' according
to previous investigations [27, 28]. In addition, higher density
of 3" phase showing peek aging strengthening condition
results in good mechanical properties for this alloy.

In contrast to BM, the WNZ exhibits fine equiaxed grains
as a result of re-crystallization (see Fig. 4a—c). Much finer
grains (approximately 1 pm) are seen in the specimens ob-
tained at the lower rotation speed of 400 rpm. As the rotation
speed increases, the grains in the WNZ tend to grow dramat-
ically, which is attributed to higher heat exposure. Moreover, it
is more difficult to dissipate heat from the welding tool owing
to that the lower shoulder also produce much frictional heat
and no heat sink is available just like the backing plate for the
conventional FSW during SRFSW.

Meanwhile, a deep observation can be made (see Fig. 4d—f)
under a higher magnification. First, all metastable phases 3"
and ' are diminished in the WNZ, but some block-shaped
equilibrium phases are randomly distributed in WNZ irrespec-
tive of the rotation speed. This implies that the peak temper-
ature incurred in the WNZ has surpassed the solves of 3’ (the
solves of 3’ is higher than that of 3"). It is well known that the
mechanical properties of the heat-treated aluminium alloy
depend slightly on equilibrium phase as a result of lack of
coherency with the matrix. Thus, the softened region is
formed in WNZ of the weld. Second, the dislocation densities
increase with increasing rotation speed.

3.2 Hardness profile across the joints

The Vickers hardness distribution profiles on the transverse
section of the joint are exhibited in Fig. 5. It can be inferred
that all the joints have a softened region consisting of WNZ,
TMAZ and HAZ irrespective of rotation speed which is
attributed to precipitation evolution caused by the thermal
cycle during the SRFSW. Compared to the other hardness
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Fig. 5 Hardness distribution of the joints welded at different rotation
speeds

profile in the WNZ of the joint produced at higher rotation
speed, the profile in the WNZ appears very uniform at a
rotation speed of 400 rpm. Additionally, the hardness in the
WNZ increased with increasing rotation speed. No meta-
stable phases are retained in the WNZ, Which means that
the aging precipitate strengthening effect has diminished. As
the grain size in the WNZ increases with higher rotation
speed, the hardness should be decreased according to the
hall-patch equation. In previous studies [29, 30], limited dis-
location density can lead to much higher contribution to the
tensile strength than that of the effect of grain size strengthen-
ing contributed to the joint in FSW. Thus, the increase of the
dislocation density should be account for the hardness im-
provement. The lowest hardness is located in the TMAZ on
the AS of the joint at the lower rotation speed (e.g., 400 rpm),
which is attributed to the inadequate material flow induced in
the SRFSW. Meanwhile, the lowest micro-hardness is located
in the HAZ on the AS acquired at the higher rotation speed.
The lowest hardness is increased with increasing rotation
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Fig. 6 Tensile properties of the joints welded at different rotation speeds
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Fig. 7 Fraction features of the
joints welded at different rotation
speeds: a tensile specimens and b
cross-sections

700rpm

7-6(00rpm" 3

" 400rpm

speed ranging from 400 to 600 rpm. Generally, dissolution
and coarsening of the precipitation phases in the HAZ of the
precipitation hardened aluminium alloys SRFSW joints are
dramatically worsened with the higher heat exposure at the
higher rotation speed. Consequently, the lowest hardness is
decreased with the increasing rotation speed.

3.3 Tensile properties

The transverse tensile properties of the joints are evaluated
with the results displayed in Fig. 6. From the figure, it can be
seen that the tensile strength increases with increasing rotation
speed when the rotation speeds are lower. Additionally, the
maximum value 188 MPa is obtained with the joint efficiency
equal to 66 %. The tensile strength evidently decreases as the
rotation speed is reached to higher value (e.g., 700 and
800 rpm) as a result of the formation of the void defect.

Clearly, the FSW joint is a heterogeneous composite and is
composed of different component parts, including their inter-
faces. Moreover, the low global elongations obtained for the
SRFSW joint is attributed to that the plasticity is confined in
the very narrow soften area. As for the 6061 SRFSW joint in
the present study, the WNZ/TMAZ interface on the AS be-
comes smoother as the rotation speed increases. The shaper
interface gained at lower rotation speed causes a mismatch
material deformation in the WNZ and the TMAZ, decreasing
the plastic deformation ability of the joint, and thus the elon-
gation increases with increasing rotation speed in the range of
400-600 rpm as shown in Fig. 6.

The fracture locations vary significantly with the rotation
speeds as shown in Fig. 7. For the defect-free joint, the joint
are fractured in the TMAZ at the lower rotation speed of
400 rpm consistent with the lowest hardness region of the
joint. Moreover, the WNZ/TMAZ interface on the AS tends to
be sharper at the lower rotation speed. At the higher rotation
speed of 600 rpm, the tensile fracture location shifts from
TMAZ to the HAZ on the AS, corresponding to the weakest
hardness region in the joint. When the rotation speed further

@ Springer

increases up to 700 and 800 rpm, the void defects are formed
resulting in that the fracture location moves to the WNZ.

All in all, the rotation speed should be chosen in a
reasonable range to produce high quality joints via
SRFSW technique. Increasing rotation speed can introduce
sufficient material flow in the WNZ, and increase the
harden strain in the WNZ and TMAZ. In this case, the
tensile fracture shifts from TMAZ to the HAZ on the AS.
However, the mechanical properties of the joints decrease
to a considerably low level owing to the formation of the
void defects when the rotation speed is increased exces-
sively (e.g., 700 and 800 rpm).

4 Conclusions

In this study, the effect of rotation speed on the microstructure
and mechanical properties of the joints is investigated by
using self-reacting FSW tool with different lower and upper
shoulder diameters. From the results and discussion men-
tioned above, the following conclusions can be drawn.

1. When the upper shoulder diameter is fixed as 18 mm, the
weld visual quality is improved with increasing lower
shoulder diameter up to 16 mm. At a constant welding
speed of 150 mm/min, defect-free joints are produced
when the rotation speed is in the range of 400-600 rpm.
Much higher rotation speeds (e.g., 700 and 800 rpm) can
lead to the formation of the void defects.

2. The grain size and dislocation density in the WNZ of the
joint increase with increasing rotation speed. All meta-
stable precipitates are diminished in WNZ of the joint.
The hardness increases with increasing rotation speed
because the dislocation density plays much more impor-
tant role than the grain size.

3. The tensile strength increases with the increase of rotation
speed in the range of 400—600 rpm, and the maximum
joint efficiency is obtained at 600 rpm. When the rotation
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speed further increases, the tensile strength decreases
sharply as a result of the formation of void defects.

The joints welded at lower rotation speeds are fractured in
the TMAZ as a result of the sharper WNZ/TMAZ inter-
face and the lowest hardness value. As the rotation speed
increases, the fracture location shifts to HAZ correspond-
ing to the lowest hardness location.
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