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Abstract
The effects of rotational and welding speeds on the microstructure and mechanical properties of
bobbin-tool friction-stir welded (BT-FSW) Mg AZ31 were investigated. The results indicated that the
thermo-mechanically affected zone (TMAZ) consisted of equiaxed grains, which were inconsistent
with the deformed, rotated and elongated grains found in the TMAZs of BT-FSWed Al alloys and
friction-stir welded Al and Mg alloys. The average grain size increased as the ratio of the rotational
speed to welding speed increased. Excellent welds with no degradation in hardness were produced
using a low heat input. Tensile tests revealed that the ultimate tensile strengths gradually increased with
increasing welding speed while keeping the rotational speed constant while the rotational and welding
speeds had only slight influences on the yield stresses and fracture elongations.
Keywords: Bobbin-tool friction-stir welding; AZ31 Mg alloy; Microstructure; Mechanical property

1. Introduction
Recently, the increasing demand to reduce fuel consumption and associated costs has led to the
replacement of heavy components with lighter alloys in the automotive and aerospace industries. Mg
alloys have become a lucrative option for replacing heavier components due to their low densities, high
mechanical stiffnesses and environmental friendliness [1]. However, Mg alloys have a very strong
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affinity for oxygen and other chemical oxidants and can readily oxidize in the weld zone during fusion
welding [2]. Other problems associated with conventional fusion welding of Mg alloys are related to
defects that form during solidification, such as porosity, hot cracking, and partial melting, which
degrade the mechanical properties of the joint. Therefore, a reliable joining technique is required to
support the implementation of Mg alloys in the transportation industry.
Friction-stir welding (FSW) is a solid-state joining technique which was invented by TWI Ltd. in
1991 [3]. This welding technique avoids problems related to solidification when welding Mg alloys
because of the avoidance of bulk melting during the welding process. Residual stresses and associated
distortion can be notably reduced because the welding temperatures are significantly lower compared to
those used in conventional fusion welding techniques [2]. To date, FSW has been widely applied to join
various Mg alloys, such as Mg-Al-Zn [4], Mg-Zn-Y [5] and Mg-Al-Ca alloys [6].
To enable welding of closed sections without the need of a backing bar, which is required in
conventional FSW to accommodate the loads applied during welding, an alternative tool configuration
has been proposed [3] named bobbin-tool friction-stir welding (BT-FSW), as shown in Fig. 1. This
process configuration employs two rotating shoulders which are connected by a probe: upper (acting on
the upper surface of the parent material) and lower (acting on the lower surface of the parent material)
shoulders. Due to the presence of the lower shoulder, the process loads are confined within the tool.
To date, the available literature concerning BT-FSW is still considerably less compared to
conventional FSW. Lally et al. [7] studied FSWed and BT-FSWed AA6056 joints and observed that the
microstructures of the joints were identical for both welding techniques but that the tensile strength and
elongation were slightly lower for the BT-FSW joints than for the FSWed joints. Wan et al. [8] reported
that the weld shape of the BT-FSWed joint differed from that of the weld produced using conventional
FSW and has been reported to be similar to an hourglass shape. Liu et al. [9] investigated BT-FSWed
6061-T6 joints and observed that the strengthening meta-stable precipitates diminished in the stir zone
(SZ) and TMAZ. However, such efforts primarily focused on Al alloys; attempts to use BT-FSW for
Mg alloys are rather limited, particularly regarding the effects of the processing parameters on the
microstructure and properties of the joint. Therefore, this work aims to investigate the effects of the tool
rotational speed (ω) and welding speed (ν) on the microstructure and mechanical properties of the
BT-FSWed joint in the Mg alloy AZ31.
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2. Materials and experimental procedures
2.1. Materials and welding parameters
In the present study, 2-mm-thick rolled AZ31B-O Mg alloy sheets were used. The nominal chemical
composition of the as-received material is presented in Table 1. The processing parameters used to
produce the various joints are shown in Table 2. The ratio (δ=ω2/(ν×104)), shown in Table 2, is used in
to discuss the effects of heat input on the microstructure and mechanical properties as δ is the main
influential factor of the resulting temperature [10]. The welding direction was perpendicular to the
rolling direction.

2.2 Analysis and testing
The specimens for metallographic examination were sectioned perpendicular to the welding direction.
Polished samples were obtained using standard metallographic procedures and were etched with a
reagent consisting of 100 ml of a 2 wt% oxalate solution and 2 ml of concentrated nitric acid to reveal
the micro- and macrostructures. Microstructure analysis was performed using an optical microscope
(OM: OLYMPUS GX51) and the Image-Pro Plus software was used to measure the grain size.
The microhardness profiles were obtained using a Vickers hardness tester (Duramin-A300) with a
load of 0.2 kg and a dwell time of 10 s. The space between indentations was 0.25 mm along the
mid-thickness of the weld region.
Tensile tests were performed on the as-welded specimens at room temperature using a screw-driven
tensile testing machine. A testing speed of 0.2 mm/min and an extensometer base length of L0=50 mm
were used. The tensile properties of each joint were evaluated using three tensile specimens cut from
the same joint.

3. Results and discussion
3.1 Microstructure analysis
Fig. 2 shows the microstructure of the parent material (PM). The PM exhibits a typical rolled
structure with inhomogeneous equiaxed grains [11, 12]. The average grain size was determined to be
6.8 µm.
A typical macrograph of the cross-section of the BT-FSWed weld (sample D) is shown in Fig. 3. The
SZ, TMAZ and heat-affected zone (HAZ) can be clearly identified in the joint. The shape of the SZ
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differs from that found in BT-FSW Al alloys. Monica at al. [13] reported that a discernable pattern
similar to “fingers” appeared in the central region of the SZ in BT-FSW 6061-T651. However, the SZ
in this study is dumbbell shaped, as indicated by the dashed line in Fig. 3. Similar hourglass shapes of
the SZ are observed in BT-FSWed AA6061-T6 [9] and AA6082-T6 [8].
High-magnification images of the three observed zones of Fig. 3 are presented in Fig. 4. The SZ
consists of equiaxed grains, which can be attributed to the dynamic recrystallization (DRX) that
resulted from the combination of frictional heating, intense plastic deformation and viscous dissipation
due to the rotation of the tool during welding. Similar results have been reported in in the literaure [12,
14]. The grains in the upper and lower zones of all the SZs (Figs. 4b and 4c) are larger than those in the
center zone of the SZ (Fig. 4a). The reason for the larger grains in these zones is that the temperature in
the zones near the shoulders is higher. Padmanaban et al. [15] also found that the grains in the SZ near
shoulders were coarser than other grains in FSWed AZ31B joints. Fig. 4(d) shows the grains in the
TMAZ, which are primarily equiaxed grains. It should be noted, that such a phenomenon has not been
observed in the TMAZs of BT-FSWed Al alloys and FSWed Al and Mg alloys. For BT-FSWed Al
alloys [7, 8, 13], the grains in the TMAZ have been reported to be severely deformed, rotated and
elongated due to plastic deformation caused by interaction with the tool, and these grains generally do
not recrystallize. The equiaxed grains in the TMAZ indicate that recrystallization has in fact occurred.
DRX occurs more easily in Mg alloys than in Al alloys [16] because of its low stacking fault energy,
few slip systems and low recrystallization temperature [17]. Thus, the TMAZ has microstructural
features similar to those of the SZ, and therefore, the boundary lines between the TMAZ and SZ are not
as obvious as those in Al alloy joints. However, in the FSWed AZ61A joints investigated by Rajakumar
et al. [18], elongated and deformed grains were observed in the TMAZ. These observations were
explained by insufficient deformation strain and thermal exposure within this region. Compared to
FSW, DRX during BT-FSW occurs more easily outside of the SZ due to the additional heat source
represented by the second shoulder. In the HAZ (Fig. 4e), the microstructure appears similar to the PM.
This result is consistent with a previous report [1].
Moreover, Fig. 5 clearly shows that the grains are smaller and more homogeneous in the TMAZ of
the advancing side (AS) compared to that of the retreating side (RS). This observation is similar to the
results obtained by Forcellese et al. [19] in FSWed AZ31B joints. The main reason for this result is that
the relative speed in the AS is larger than that in the RS because the rotation and displacement are in
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the same direction in the AS. Thus, the localized frictional heat could be greater in the AS, resulting in
a fuller DRX and a faster nucleation rate [20].
Fig. 6 shows the microstructures in and near the flash for sample D. Coarse grains can be observed in
these locations. These zones correspond to a larger shear force and higher heat input, which lead to the
acceleration of grain growth.
The OM images of SZs at different δ are shown in Fig. 7. In addition, the average grain sizes of the
SZs generated at different δ were measured and are plotted in Fig. 8a. It is clear that the average grain
size increases with increasing δ, except for sample A (δ=1.93).
The heat input during BT-FSW is crucial to the joint properties and is affected by welding conditions
such as the rotational and welding speeds. Chang et al. [21] developed the following relations to
calculate the peak temperature in the SZ:

ln d = 9.0 − 0.27 ln Z

T=

(1)

Q
⎛
ωπRSZ
R⎜⎜ ln Z − ln
H SZ
⎝

⎞
⎟⎟
⎠

(2)

where d represents the grain size of the SZ, Z is the Zener-Hollomon parameter, ω is the tool rotational
speed, Q is the activation energy for lattice diffusion (135 kJ/mol [22] ), R is the gas constant, T is the
absolute temperature in the SZ, and RSZ and LSZ are the average radius and depth of the SZ,
respectively. In this study, RSZ and LSZ are estimated to be approximately 6 mm and 2 mm,
respectively.
The SZ temperatures calculated using equations (1) and (2) at different δ are plotted in Fig. 8b. It is
observed that the SZ temperature could be described by the ratio δ and that it increases with increasing
δ.
A larger heat input during welding provides more energy for grain growth [4]. Furthermore, higher
welding speeds will lead to higher strain rates [23], which in turn activate more strain-free nucleation
sites [24]. The faster the nucleation rate is, the finer the grain size will become [24]. Hence, the grain
size increases as δ increases. For the AZ31B Mg alloy used in this study, the grain growth or
refinement corresponds to a critical δ (i.e., 2.5). Compared to the grain size in PM, the grains in the SZ
will be coarsened if δ >2.5, but on the contrary, the grains will be refined if δ <2.5.
Notably, sample B (δ=2.45) exhibits a tunnel defect in the SZ, as shown in Fig. 9. The voids are
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generally found close to the TMAZ in FSW welds [25]. There are two mechanisms for the formation of
voids [11]: (i) volume deficiency and (ii) inadequate material flow and mixing. The poor stirring or
mixing may be caused by low heat input; however, the voids in this work were only observed in sample
B (δ=2.45), which does not correspond to the low heat input (Fig. 8b). Additionally, there is no obvious
volume deficiency during welding. Therefore, further research may be necessary to determine the
reasons for the void formation observed in this study.

3.2 Microhardness
Fig. 10 shows the microhardness profiles along the mid-thickness of the joints welded at different δ.
It is observed that the PM exhibits hardness values of 60-65 HV. Compared to the PM, an increase in
hardness of the SZ is clearly observed at low δ (e.g., 1.93 and 2.45), as shown in Fig. 10. At high δ
(larger than 2.5), on the other hand, the harnesses of all joints show little variation, and the hardness
values fluctuate between 50 HV and 75 HV. The above results are similar to the observations in FSWed
AZ31 [22] and AZ91D [26] joints.
The changes in hardness are mainly related to the grain size variation, dislocation density and
distribution of small particles of intermetallic compounds [27, 28, 29]. The AZ31B used in this study is
not a particle-strengthened material; thus, according to the Hall-Petch equation, grain refinement plays
an important role in strengthening [22]. At low δ, the hardness in the SZ is larger than that in the PM
due to the finer grains, which is consistent with many previously reported findings in the FSW of Mg
alloys [18, 27, 25].
As indicated in Fig. 8a, the grain size in the SZ is larger than that in the PM when δ>2.5. Hence
according to the Hall-Petch relationship, the hardness in these SZs should be smaller than that in the
PM, but the hardness values in the SZ and PM are almost identical. This result may be related to other
strengthening factors, such as dislocation density and residual stress [22]. Esparza et al. [27] reported
that there was a slight increase in hardness in the SZs of FSWed Al or Mg alloy joints in which no
reprecipitation or related aging/annealing effects occurred due to the relatively high dislocation density.
In FSW AZ31 welds [30], the hardness profiles also showed slight variation and fluctuation (50~60 HV)
as the rotational speed increased from 800 to 3500 rpm.
The hardness values in the AS are slightly larger than those in the RS (Fig. 10). This result can be
attributed to the finer grains in the AS than in the RS. This observation agrees with the findings in
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FSWed AZ31 joints generated using a ‘pinless’ tool [19] and in FSWed Al-Mg-Sc alloy joints [31].
There are some differences in the microhardness profiles of the BT-FSWed joints in Al and Mg
alloys. In BT-FSWed 6061-T651 welds, Monica [13] observed that the hardness values were inferior to
those in the PM, exhibiting a “w”-shaped profile. This phenomenon has also been observed by other
researchers in FSWed and BT-FSWed Al alloys [7, 32]. They stated that the changing profile shape is
closely associated with the distribution of the precipitation phase because the Al alloys used are
precipitation-hardened alloys. In this study, however, the intermetallic phases in AZ31 are small and
AZ31 is not a particle-strengthened material.

3.3 Tensile properties
To investigate the strengths of the welds, tensile tests were conducted. The stress-strain curve of
sample A is presented in Fig. 11. All of the tensile test results are summarized in Fig. 12. It is clearly
observed from Fig. 12 that the ultimate tensile strengths (UTS) of all joints are lower than that of the
PM. In addition, the yield stresses (YS) of almost all of the joints are approximately 90.0 MPa, which
are significantly lower compared to the YS (268.0 MPa) of the PM. This result indicates that the
rotational and welding speeds have only a slight impact on the YS of the joint. The yield strength for
Az31 should be in the regime between 150 and 180 MPa. Please check your data.
With increasing welding speed, the UTS gradually increases when the rotational speed is held
constant. However, with increasing rotational speed, the UTS remains almost constant when the
welding speed is held constant (see Fig. 12b). As shown in Fig. 8b, a higher welding speed generates
lower heat, leading to a smaller grain size of the BT-FSWed joints. Materials with a smaller grain size
would impose more restrictions to dislocation movement and have a higher resistance to localized
plastic deformation due to a greater number of grain boundaries [33, 34]. Therefore, the UTS gradually
increases at higher welding speeds when the rotational speed is held constant, which is consistent with
the finding in BT-FSW 6061 joints [9].
Sample I exhibits the highest YS (97.3 MPa) and UTS (231.9 MPa) but presents a relatively small
fracture elongation (FE) of ~1.61%. The FEs of all joints are remarkably lower: approximately
one-tenth of the FE of the PM. The above results demonstrate that the welding speeds remarkably
impact the UTS of BT-FSWed AZ31 joints. The tensile properties of the BT-FSWed joints in this study
are lower than those of FSWed AZ31 joints [30, 35, 36] because of the larger heat input caused by the
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two shoulders. This phenomenon was also observed by Lally et al. [7] in FSWed and BT-FSWed joints
in Al alloys, and they stated that the loss in UTS reaches 20% for BT-FSWed joints in Al alloys. Yang
et al. reported that the joint efficiency of FSWed AZ31 joints could reach 95.2% [30], but the
maximum joint efficiency is only 81% in this study. Pleaes check your data once you have corrected for
the right yield strength.

4. Conclusions (what you have written is a summary of the results, not a conclusion)
(1) The TMAZ consists of equiaxed grains rather than the rotated and elongated grains present in the
TMAZs of BT-FSWed Al alloys and FSWed Al and Mg alloys. The grains in the upper and lower
zones of the SZ are coarser than those in the central zone of the SZ.
(2) Compared to the grain size in the PM, the grains in the SZ are coarsened if δ >2.5, but on the
contrary, the grains are refined if δ <2.5. In addition, the hardness in the SZ is slightly greater than that
in the PM when δ <2.5, but there are little variations in hardness throughout the joint when δ >2.5.
(3) The tensile test results demonstrate that the UTS gradually increases with increasing welding speed
when the rotational speed is held constant, but the rotational and welding speeds have only a slight
impact on the YS and FE of the joint. An excellent joint with the highest YS (97.3 MPa) and UTS
(231.9 MPa) is obtained, but this joint exhibits an FE as low as 1.61%. I am not cetain if this needs to
be said so explicitly within the conlusions.
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Figure and Table captions
Table 1. Chemical composition (wt.%) of the AZ31B Mg alloy.
Table 2. Processing parameters for producing the BT-FSWed joints.
Fig. 1. Schematic of BT-FSW.
Fig. 2. Microstructure of the parent material.
Fig. 3. A typical macroscopic image of the BT-FSWed joint.
Fig. 4. Typical microscopy images of sample D: (a) central zone of the SZ, (b) upper layer of the SZ, (c)
lower layer of the SZ, (d) TMAZ and (e) HAZ.
Fig. 5. Microstructure of TMAZ (a: at advancing side, b: at retreating side).
Fig. 6. Microstructures in (a) and near (b) the flash in sample D.
Fig. 7. Microstructures of the SZs at different values of δ: (a) 1.93, (b) 2.45,(c) 2.63, (d) 3.34, (e) 3.38
and (f) 4.59.
Fig. 8. Effects of δ on (a) grain size and (b) temperature in the SZ.
Fig. 9. Tunnel defect in the SZ of sample B.
Fig. 10. Hardness profiles along the mid-thickness of joints welded under different δ.
Fig. 11. Example stress-strain curves of sample A.
Fig. 12. Tensile test results for the PM and of all joints: (a) YS, (b) UTS and (C) FE
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Table 1. Chemical composition (wt.%) of the AZ31B Mg alloy.
Al

Zn

Mn

Si

Ni

Fe

Mg

3.01

0.9

0.5

0.04

0.005

0.005

bal.

Table 2. Processing parameters for producing the BT-FSWed joints.
No.

ω (rpm)

ν (mm/min)

δ

A

900

24

3.38

B

900

33

2.45

C

900

42

1.93

D

1050

24

4.59

E

1050

33

3.34

F

1050

42

2.63

G

1200

24

6.00

H

1200

33

4.36

I

1200

42

3.43

Fig. 1. Schematic of BT-FSW.

Fig. 2. Microstructure of the parent material.
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Fig. 3. A typical macroscopic image of BT-FSWed joint

Fig. 4. Typical microscopy images of sample D: (a) central zone of the SZ, (b) upper layer of the
SZ, (c) lower layer of the SZ, (d) TMAZ and (e) HAZ.

Fig. 5. Microstructure of TMAZ (a: at advancing side, b: at retreating side).
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Fig. 6. Microstructures in (a) and near (b) the flash in sample D.

Fig. 7. Microstructures of the SZs at different values of δ: (a) 1.93, (b) 2.45,(c) 2.63, (d) 3.34, (e) 3.38
and (f) 4.59.
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Fig. 12. Tensile results for the PM and of all joints: (a) YS, (b) UTS and (C) FE
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