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Abstract: In order to improve joint integrity and reduce
the amount of intermetallic compounds (IMCs), 6061-T6
Al and AZ31B Mg alloys were successfully joined by sta-
tionary shoulder friction stir welding (SSFSW). The sta-
tionary shoulder effectively enhanced the joint surface in-
tegrity and reduced the thickness reduction of the Al/Mg
joint. The elimination of pin adhesion was beneficial to in-
creasing material transfer and then improving interfacial
joining length of Al/Mg joint. Extremely thin IMCs layer
could be achieved because of the heat sink induced by
the stationary shoulder. The maximum tensile strength of
the Al/Mg joint reached 137 MPa at a welding speed of 60
mm/min, rotating velocity of 1000 rpm and offset to Mg
sheet of 0.3 mm, which was 130% higher than that of con-
ventional joint. SSFSW is feasible and has the potential to
join dissimilar materials with the formation of IMCs, such
as Al/Mg alloys, Al/copper alloys, Al/titanium alloys and
so on.

Keywords: Friction stir welding; Stationary shoulder; Alu-
minum/magnesium alloys; Material flow; Intermetallic
compounds; Mechanical properties

1 Introduction
Aluminum (Al) and Al alloys have the advantages of the
high strength, good formability, excellent corrosion re-
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sistance and weight savings, thereby widely applying in
aerospace, automotive, electronics, shipbuilding and so
on [1–6]. As the one of lightest structural metals, Magne-
sium (Mg) alloys have been applied in transportation and
electronic industries because of the high specific strength,
rigidity and good damping capacities [7–9]. The welding
technologies of Al and Mg alloys have been brought into
focus in order to utilize the excellent performances of the
both materials and optimize structural configuration. It is
difficult to join dissimilar materials of Al and Mg alloys
by conventional fusion welding techniques because of the
coarse grains, hot cracks, pores, especially amounts of
hard and brittle intermetallic compounds (IMCs) [10].

As a solid state welding technique, friction stir weld-
ing (FSW) can effectively avoid the welding defects asso-
ciated with conventional fusion welding because of the
higher joint quality, smaller distortion, lower residual
stress and pollution-free and so on, which has potential
to join dissimilar Al/Mg alloys [11–13]. Currently, FSW has
successfully achieved high-quality joints of similar Al al-
loys. However, conventional FSW is difficult to obtain dis-
similarAl/Mg jointswith acceptable joint integrity, such as
surface finishing, thickness reduction, mechanical prop-
erties and so on [14, 15]. Yan et al. [14] proved that the
adhesion materials featured by the IMCs of Al3Mg2 and
Al12Mg17 on the surface of the rotating pin easily resulted
in bad joint formation. Yan et al. [15] expounded that
welding temperature reached eutectic temperature under
a rotating velocity of 1000 rpm and welding speed of 30
mm/min, thereby resulting in the crack defects on the joint
surface. Furthermore, Sato et al. [16] welded 6 mm thick
sheets of 1050 Al and AZ31 Mg alloys under 90 mm/min
and 2450 rpm and found that the cracks appeared in the
stir zone (SZ) when the peak temperature was higher than
460 °C. Mofid et al. [17, 18], Zhao et al. [19], Wu et al. [20]
and Ji et al. [11, 12, 21] used underwater FSW, stationary
shoulder FSW (SSFSW) and ultrasonic assisted SSFSW to
join Al/Mg dissimilar materials, respectively. Zhao et al.
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[19] performed underwater FSW of Al and Mg alloys and
found that the layer of IMCs was thinner than that in air.
Mofid et al. [17, 18] studied effects of water, air and nitro-
gen on dissimilar FSW joint of Al and Mg alloys and found
that large number of IMCs appeared in SZ under air, while
water and nitrogen cooling were propitious to decreasing
the number of IMCs. In our pre-experiment, SSFSW was
beneficial to improving cooling rate, thereby reducing the
amounts of IMCs [22]. Wu et al. [20] pointed out that ultra-
sonic could exert a little preheating effect on the welded
workpieces, and did not influence the peak temperature.
Meanwhile, Ji et al. [11, 12, 21] reported that ultrasonic
could break the IMCs into small particles and then address
these problems according to the acoustic streaming of ul-
trasonic based on the stationary shoulder tool.

Optimization of welding parameters in SSFSW of
Al/Mg alloys is the key to dominate the joint integrity and
mechanical properties. In this study, the effect of weld-
ing speed on SSFSW joint was mainly investigated in de-
tail from the aspects of joint integrity, material flow, mi-
crostructure and mechanical properties.

2 Experimental procedure
The base materials (BMs) used in this experiment were 3
mm thick 6061-T6 Al and AZ31B Mg alloys sheets. Welding
tool system included a stationary shoulder and a rotating
tool. The inside and outside diameters of the stationary
shoulder toolwere 11mmand 16mm, correspondingly. The
diameters of the shoulder, pin bottom and top of the rotat-
ing tool featured by right tapered-and-threaded were 10, 5
and 3 mm, correspondingly. The length of the rotating pin
was 2.8 mm. A tilt angle relative to Z-axis was 2.5∘. A rotat-
ing velocity of 1000 rpmwas constant.Welding speeds var-
ied from 30 mm/min to 80 mm/min and the interval was
10 mm/min. The welding tool offset 0.3 mm to advancing
side (AS). The welding direction was parallel to the rolling
direction of sheets. Figure 1 exhibits the schematic during
SSFSW of Al/Mg alloys.

The specimens were cut perpendicular to the weld-
ing direction using an electrical discharge machine to
conduct the microstructural and mechanical characteri-

Figure 1: Schematic during SSFSW of Al/Mg alloys

zations. The microstructural specimens were respectively
etched by the two reagents (2 ml HF, 3 ml HCl, 5 ml HNO3
and 190 ml H2O for the Al alloy; 5 ml CH3COOH + 5 g
C6H2OH(NO2)3 + 10 ml H2O + 100 ml C2H5OH for the Mg
alloy) and then observed using an optical microscope. Par-
tial smashedparticlewaspresentedby a scanning electron
microscopy (SEM) with an energy dispersive spectrome-
ter. Microhardness of a typical Al/Mg joint was measured
using a micro-hardness tester at a load of 200 g and a
dwelling time of 10 s along the thickness direction. The
interval between the both adjacent points was 0.5 mm.
Three tensile specimens were prepared with reference to
ISO 9018 [23]. Tensile tests were carried out at a crosshead
speed of 2 mm/min. The fracture surfaces of the tensile
specimen were also observed by SEM.

3 Results and discussion

3.1 Material transfer

Figure 2 exhibits the pin adhesion morphologies of the ro-
tating tools at typical welding speeds. The severe pin ad-
hesion was formed at a high heat input induced by a low
welding speed of 30 mm/min, thereby making a tapered-
and-threaded pin into a tapered pin without thread. The
material transfer induced by the tapered pin was worse
than that of the tapered-and-threaded pin [24]. The fric-
tional heat decreased and the adhesion phenomenon was
eliminated with increasing welding speed to 60 mm/min,
as displayed in Figure 2b. The shape of the tapered-and-
threaded pin remained unchanged under the welding
speeds of 60 mm/min and 80 mm/min. The ability of the
tapered-and-threaded pin to drive the plasticized materi-
als was enhanced compared with the tapered pin with-
out thread because of the elimination of the adhesion phe-
nomenon. Meanwhile, the volume of the driven materials
increased and the material transfers through the vertical
and horizontal directions were improved, thereby trans-
forming much more materials from the bottom to the top
of the rotating pin. Meanwhile, the material transfer mod-
els under conventional FSW and SSFSW processes are dis-
played in Figure 3. Moreover, the stationary shoulder effec-
tively prevents the plasticizedmaterials overflowing out of
the SZ and then reduces the size of flashes, while much
more materials can flow into the SZ [25, 26]. The instanta-
neous cavity can be filled with the abundant plasticized
materials. The welding defects, such as flashes and cavi-
ties, are prone to be reduced or even eliminated under the
synergistic effects.
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Figure 2:Morphologies of rotational tool after welding based on stationary shoulder process at typical welding speeds: (a) 30 mm/min, (b)
60 mm/min and (c) 80 mm/min

Figure 3:Material flow behaviors using different welding processes:
(a) conventional FSW and (b) SSFSW

3.2 Surface integrity

Figure 4 displays the surface integrity of the SSFSW joints
under different welding speeds. The high frictional heat
leaded to the severe rotating tool adhesion when welding
speed was 30 mm/min or 40 mm/min. This phenomenon
caused the surface of the rotating shoulder to be higher
than that of the stationary shoulder, thereby leading to
the deep shoulder marks (Figures 4a and 4b). As the weld-
ing speed increased to 50 mm/min, 60 mm/min and 70
mm/min, the size of the shoulder marks drastically re-
duced, as displayed in Figures 4c-4e. One of the most im-
portant reasons is that increasing welding speed leads to
the reductions in the heat input and the pin adhesion. This
problemof pin adhesion can be solved by reducing heat in-
put under ahighwelding speed, thereby improving the ver-
tical material flow and reducing the outflowing ofmaterial
from the SZ. The good surface integrity of the joint could be
obtained by regulating and controlling welding speed. In
themeantime, the elimination of the flash defects resulted
in the micro thickness reduction, which was propitious to
improving the ability of load bearing. The frictional heat

further reduced with further increasing the welding speed
to 80 mm/min, thereby resulting in the more discontinu-
ous groove defect on the joint surface (Figure 4f).

3.3 Macrostructure

The macrostructures of the joints under different welding
speeds are displayed in Figure 5. The welding speed had
an important influence on the macrostructures in cross-
section. The severe adhesion phenomenon occurred on
the surface of the rotating tool at a welding speed of 30
mm/min. This phenomenon was difficult to increase the
vertical transfer of the plasticized materials, thereby lead-
ing to a cavity defect with large size, as exhibited in Fig-
ure 5a. With increasing welding speeds to 40mm/min and
50 mm/min, the size of the cavity defects gradually re-
duced due to the reduction of the pin adhesion. As the
welding speed further reached 60 mm/min, the sound
jointwas attained (Figure 5d). This is because that the clear
thread in Figure 2b is observed on the surface of the ro-
tating tool because of the elimination of the pin adhesion.
However, when the welding speed was 70 mm/min, the
cavity defect appeared again because of the insufficient
material flow induced by the low frictional heat under the
condition without the pin adhesion, as indicated in Fig-
ure 5e. For FSW of Al/Mg alloys, the low welding speed
leads to the longer time of stir action and the higher heat
input, thereby resulting in the pin adhesion phenomenon
and deteriorating the joint formation. Although increasing
welding speed is beneficial to reducing the pin adhesion
and excessively increasing welding speed may cause the
insufficient material transfer, forming the cavity defects.
Therefore, the welding speed of 60 mm/min was optimum
for the improvement of the joint integrity for the 3 mm
thick 6061-T6 and AZ31B alloys sheets.
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Figure 4: Surface integrity of the SSFSW joints at different welding speeds: (a) 30 mm/min, (b) 40 mm/min, (c) 50 mm/min, (d) 60 mm/min,
(e) 70 mm/min and (f) 80 mm/min

3.4 Microstructure

The typical Al/Mg joint was divided into four regions: BM,
heat affected zone (HAZ), thermo-mechanically affected
zone (TMAZ) and SZ, as displayed in Figure 5d. Figure 6
exhibits the microstructures at different positions marked
in Figure 5d. The strength is dominated by the microstruc-
tures of the SZ for the Al/Mg joint, especially the Al/Mg
joining interface. There was no crack at the interface of
Al/Mg joint at different positions, while the interlayer in SZ
was complex. The mechanical interlocking was beneficial
to improving the tensile properties. Importantly, the white
bands appeared at the Al/Mg joining interfaces at the both
AS and retracting side (RS) (Figures 6g and 6h). The white

bands were corresponding to elements of the IMCs, which
had been reported by Zhao et al. [19]. Moreover, the Al/Mg
joining interface at the RS was far longer and more com-
plex than that at the AS. Firouzdor et al. [27] and Huang et
al. [28] found that the longer interfacial length and the in-
terpenetrating feature thickness were beneficial to improv-
ingmechanical interlocking. Therefore, the strength of the
joining interface at the RSmay be stronger than that at the
AS.
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Figure 5:Macrostructures in cross-section of the Al/Mg joints at different welding speeds: (a) 30 mm/min, (b) 40 mm/min, (c) 50 mm/min,
(d) 60 mm/min and (e) 70 mm/min

3.5 Mechanical properties

Microhardness distribution of the dissimilar Al/Mg joint is
displayed in Figure 7. The hardness of the dissimilar Al/Mg
joint exhibited an uneven distribution, which was closely
related to strengthening phase distribution and grain size.
Especially, size and distribution of the IMCs easily leaded
to the non-uniform distribution of hardness [21]. The max-
imum hardness value in Figure 7 is 128 Hv, which is higher
than those of both BMs. The IMCs can improve the micro-
hardness. The hardness variations of other locations in the
SZ were dominated by the interlayer microstructures and
grain size induced by the degree of dynamic recrystalliza-
tion.

Figure 8 displays the tensile test results of the Al/Mg
joints at different welding speeds. The tensile properties
firstly increased and then slightly decreased with the in-
crease of welding speed. The maximum tensile strength
and elongation respectively reached 137 MPa and 1.6%
under the welding speed of 60 mm/min, which were far
higher than those of conventional joint [13]. As mentioned
above, the cavity defects induced by the pin adhesion
formed in the SZ under the welding speeds lower than 60
mm/min. This defect often leaded the stress concentration

and the reduction of loading area, thereby reducing the
tensile properties of the Al/Mg joint. The defect-free joint
with the longer interface joining layer at the Al/Mg joint
interface of the SZ was attained under a welding speed of
60 mm/min, which could bear big load and then enhance
the tensile properties. The cavity defects induced by the in-
adequate material transfer appeared in the SZ again at the
welding speeds of 70 mm/min and 80 mm/min, thereby
reducing the tensile properties. Liu et al. [29] stated that
an introduction of ultrasonic into SSFSW of Al/Mg alloys
could material flow behavior and eliminate welding de-
fects, which further expanded the welding speed ranges
from 60 mm/min to 80 mm/min.

Figure 9 displays the fracture locations of the SSFSW
Al/Mg joints at different welding speeds. Obviously, there
were two fracture mechanisms, which were the fracture
along the welding defects and the fracture along the con-
tinuous IMCs layer at the SZ, respectively. When the weld-
ing speed varied from 30mm/min to 50mm/min, theweld-
ing defect appears at the SZ, which leaded to the initiation
of the cracks and then further propagates along the Al/Mg
joining interface during tensile test (Figures 9a-9c). The
continuous IMCs layer occurred at the Al/Mg joining inter-
face of the sound joint at the welding speed of 60mm/min.
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Figure 6:Microstructures at different locations marked in Figure 5d of joint at the welding speed of 60 mm/min and rotational speed of
1000 rpm
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Figure 7: Hardness of the typical Al/Mg joint

Figure 8: Tensile properties of the Al/Mg joints based on SSFSW

The incompatible deformation appeared at the Al/Mg join-
ing interface because of the hard and brittle IMCs during
the bigger tensile load, which easily leaded to the stress
concentration and the initiation of the cracks. In this study,
the interfacial joining length of the RS was bigger than
that of the AS, thereby resulting in the joint fracture at
the joining interface between the SZ and the TMAZ of AS
(Figure 9d). As the welding speed further increased to 70
mm/min, the fracture location occurred at the cavity de-
fect (Figure 9e). Therefore, the welding defects induced by
the adhesion phenomenon and the reduction of heat input
were the prominent reason of the joint fracture, while the
IMCs layer was the main factor for the sound joint.

Fracture surface morphologies of the typical Al/Mg
joint at the welding speed of 60 mm/min were shown in
Figure 10. All the fracture surface morphologies through
the thickness direction were featured by the cleavage fea-
ture (Figures 10b-10d), illustrating the typical brittle frac-
ture because of the occurrence of the IMCs. The fracture
morphologies in Figure 10 were consistent with the frac-
ture location of the Al/Mg joint in Figure 10d.



564 | B.Wu et al.

Figure 9: Fracture locations of the joints by different welding speeds: (a) 30 mm/min, (b) 40 mm/min, (c) 50 mm/min, (d) 60 mm/min and
(e) 70 mm/min

4 Conclusions
In order to improve joint integrity and reduce thickness re-
duction and IMCs, 6061-T6 Al and AZ31B Mg alloys were
joined by SSFSW. Meanwhile, surface integrity, material
transfer, microstructure and mechanical properties of the
Al/Mg jointweremainly investigated. Based on the present
investigations, the following conclusions can be drawn:

(1) Defect-free joint with good surface integrity and mi-
cro thickness reduction could be obtained based on
SSFSW under the optimum welding parameter.

(2) The stationary shoulder tool could eliminate the pin
adhesion and then enhancematerial transfer,which
was propitious to increasing the mixture degree of
the Al/Mg alloys and then improving mechanical in-
terlocking and interface joining length. Meanwhile,
the extremely thin IMCs layer formed at the Al/Mg
joining interface because of the fast cooling rate in-
duced by the stationary shoulder.

(3) The tensile properties firstly increased and then de-
creasedwith the increase ofwelding speed. Themax-
imum tensile strength of 137 MPa was achieved un-
der the welding speed of 60 mm/min, which was far
higher than that of conventional joint.
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Figure 10: Fracture surface morphologies at the welding speed of 60 mm/min: (a) macroscopic of fracture surface; micro fracture surfaces at
different locations in Figure 10a: (b) position b, (c) position c and (d) position d

(4) The SSFSWhaspotential to join dissimilarmaterials,
such as Al/Mg alloys, Al/copper alloys, Al/titanium
alloys and so on, from the viewpoints of good sur-
face integrity, no pin adhesion, micro thickness re-
duction and extremely thin IMCs layer.
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