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Abstract

Weight reduction is one of the most concerning issues of automotive and aircraft industries in reducing fuel consumption. Magnesium
(Mg) alloys are the lightest alloys which can be used in the structure due to low density and high strength to weight ratio. Developing a
reliable joining process of magnesium alloys is required due to limited ductility and low workability at room temperature. Friction stir
welding (FSW) is a solid-state welding process that can be performed to produce sound joints in magnesium alloys. Researchers have
performed investigations on the effect of rotation and travel speeds in FSW of AZ31B magnesium alloy. However, there is lack of study
on the FSW parameters, i.e. travel speed below 50 mm/min and rotation speed lower than 1000 rpm. In this research, FSW of AZ31B
magnesium alloy was performed at a constant rotation speed of 700 rpm and varied travel speeds below 50 mm/min. The results showed
the development of finer grain size in stir zone with increasing of welding travel speed from 20 mm/min to 40 mm/min. It was found that
the finer grain size improved the mechanical properties while maintaining the elongation at different welding parameters.
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1. Introduction

Nowadays, weight reduction is one of the most concerning issues
in the automotive industry which can significantly reduce fuel
consumption and CO2 emission [1-4]. The challenges in manufac-
turing to reduce vehicle weight are; application of lightweight
materials such as high strength steels, aluminium and magnesium
alloys, and plastic materials; new structural lightweight construc-
tion; and optimizing the design and production processes [4].
Among the challenges, use of lightweight materials is one of the
key factors considered for car manufactures, and magnesium al-
loys are on the list [1, 3]. Magnesium (Mg) alloys are the lightest
alloys which can be used for different parts of the body structure
and components due to low density and high strength to weight
ratio [2]. Furthermore, good castability, excellent machinability,
electromagnetic interference shielding properties, good sound
damping capability and recyclability are other advantages of mag-
nesium alloys. However, Mg alloys have limited ductility and low
workability at room temperature because of their hexagonal closed
packed (HCP) crystal structure which resulted in the lack of slip
planes in their structures. Therefore, developing a reliable joining
process for these applications is required. However, there are still
many difficulties in joining Mg alloys to other materials, especial-
ly in fusion welding processes such as cracks, oxide inclusions,
distortions, and porosity which is common in the welding zone.

Friction stir welding (FSW) is a solid-state welding process in-
vented by TWI in 1991 that can be performed to produce sound
joints in magnesium alloys [5-7]. During the FSW process, the
complex thermo-mechanical input results in microstructure

modification in the weld zone and generates distinct microstruc-
tural areas: the nugget, the thermo-mechanically affected zone
(TMAZ), the heat affected zone (HAZ) and the base metal. Vari-
ous researches has been performed to investigate the effect of
FSW parameters such as rotation speed, travel speed and applied
force on microstructures and mechanical properties such as hard-
ness and tensile properties [8-12]. Abbasi et al. [8] mentioned the
effect of rotation and travel speed as ratio parameter of on the
microstructure and mechanical properties of the AZ31 alloy where
the mechanical properties will slightly decrease with the increase
of the /v ratio. Afrin et al. [9] reported that with the increase of
the welding speed, the smaller grain size of the AZ31 alloy has
been observed in the stir zone (SZ) and tensile properties i.e., ul-
timate and yield stress values increased due to lower heat input.
Besides that, increased in microhardness and grain refinement was
observed in the weld zone of the AZ31 alloy by Wang et al. [10],
although lower hardness and smaller grain size were reported by
Hirano et al. [11] for a dissimilar joint of magnesium and alumini-
um alloys. In addition, the effects of different FSW parameters on
the mechanical properties of the AZ31 alloy were reported by Lee
et al. [5], where they found that increases in travel speed of 87
mm/min to 507 mm/min caused the decreasing of tensile strength.
Meanwhile, Lim et al. [12] stated that there were no significant
effects of the processing parameters on the tensile properties of the
FSWed AZ31-H24 magnesium alloy.

Welding rotation and travel speed are considered as main sources
of the heat input in FSW. From the above literature reviews, low
heat input results in higher mechanical properties due to finer
grain size in the microstructure of welding zone. Most of the re-
searches done on FSW of AZ31B were in the high travel speed
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between 60 mm/min and 507 mm/min. However, Abbasi et al. [8]
have performed FSW of AZ31 in the range lower than 60 mm/min
with the welding rotation speed varies between 950 rpm to 1400
rpm. To the best of authors” knowledge, there is no study on the
effect of low heat input under the welding travel speed below 50
mm/min and rotation speed lower than 1000 rpm on welding effi-
ciency of AZ31B magnesium alloy. In this study, the effect of low
travel speed conditions was investigated through microstructure
observation, microhardness, and tensile properties of friction stir
welding of AZ31B magnesium alloy.

2. Experimental Procedure

An AZ31B magnesium alloy sheet with a dimension of 150x50%4
mma3 is used in this research as the base metal with the alloy com-
position mentioned in Table 1 which was measured by X-ray fluo-
rescence (XRF) spectroscopy. Prior to FSW, the surface oxides
were removed by steel brush and then the surface was cleaned
using ethanol. Fig.1 shows the joint configuration and welding
direction.

Table 1: Chemical compositions of as-rolled AZ31B Mg alloy. (wt%)
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Fig. 1: Joint design and dimensions. (millimetre)

The welding direction is perpendicular to the rolling direction of
the AZ31B alloy. The FSW tool with a cylindrical threaded M5
pin was made of heat treated H13 tool steel with a hardness of 53-
55 HRC. Fig. 2 shows the schematic view of the FSW tool pin
with 3-degree tilled angle of the tool axis during the welding pro-
cess. First, the tool was gradually pushed into the base metal sheet
at a constant rotation speed until the shoulder tip penetrated 0.2 -

0.3 mm to the base metal. Then, the tool was stirred along the joint.

Tool rotation speed was set at 700 rpm, and travel speeds of the
tool were varied from 20 to 40 mm/min to give a low heat input
during the FSW process. Microstructure observation was per-

formed on the cross-section perpendicular to the welding direction.

Then, samples were cold mounted, manually ground using #600 to
#2000 grit emery papers and polished by Al203 suspensions with
the particle size of 1, 0.3, and 0.05 micron, respectively. An etch-
ing solution consisting of 10 ml acetic acid, 6 g picric acid, 10 ml
distilled water and 100 ml ethanol was used to reveal the micro-
structure. Microstructures of the stir zone (SZ) and the thermo-
mechanically affected zone (TMAZ) were observed by an optical
microscope (OM). Average grain size was measured based on the
ASTM standard E112-10.
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Fig. 2: Schematic representation of welding tool. (millimetre)

Evaluations of the mechanical properties of FSWed AZ31B were
performed based on tensile and microhardness tests. The tensile
test was performed at ambient temperature (25 °C) with speed of
0.5 mm/min using a specimen with gauge length and width of 40
mm and 6 mm, respectively. The specimen was cut so that the
axial loading direction was perpendicular to the welding direction
as shown in Fig. 3. The tensile sample was cut according to
ASTM E8/E8M standard. The microstructure and fracture surface
of the tensile samples were investigated using a scanning electron
microscope (SEM) with a voltage of 15 kV equipped with an en-
ergy dispersive X-ray spectroscopy (EDS) system. A microhard-
ness test was performed in the middle of the thickness (refer Fig. 4)
using a Shimadzu microhardness tester with conditions of 100 g
and dwell time of 15 seconds.
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Fig. 3: Schematic representation of tensile test specimens. (millimetre)
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Fig. 4: Schematic representation of hardness test on welded specimens.

3. Results and Discussion

Figure 5 depicts the FSWed AZ31B samples’ surfaces. There was
no evidence of crack and porosity on the welded sample’s surface
and the samples possessed a flash size of less than 2 mm, termed
as a sound weld. Furthermore, the weld bead and flash adjacent to
the weld beads were reduced with greater welding travel speed of
20 to 40 mm/min. Fig. 6 shows the characteristic of the cross-
sectional profile of the stir zone (SZ) of FSWed AZ31B sample.
With varying welding travel speeds, joints without defects were
fabricated. Microstructures of various welding zones (TMAZ, SZ,
and base metal) were noted to be similar to prior studies by Afrin
etal. [9], Limetal. [12], and Yang et al. [13].

The microstructure of AZ31B base metal is exhibited in Fig. 7(a).
The base metal microstructure showed the Mg alloys’ characteris-
tic rolled microstructure with non-uniform grains and multiple
twins. The average grain size of base metal was noted to be
around 78 um. Fig. 7(b)-(d) demonstrates the stir zone microstruc-
tures of FSWed AZ31B along with different welding travel speeds.
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Fig. 5: Digital image of weld surfaces in 700 rpm constant rotation speed:
(a) sample 1 - 20 mm/min, (b) sample 2 - 30 mm/min, and (c) sample 3 -
40 mm/min.

2 mm

Fig. 6: Typical cross-section photograph of FSWed AZ31B sample (700
rpm, 40 mm/min).

The heat input within the weld area was observed to be impacted
by welding conditions such as welding travel speed, rotational
speed, and axial force. Usually, low frictional heat input is pro-
duced at a lower rotational speed, greater welding travel speed,
and lower axial force compared to the opposite circumstance [14].
It assumed that severe plastic deformation and frictional heating in
the course of FSW drive creation of fine crystallized grains. When
dynamic recrystallization is taking place, either increasing the
strain rate or reducing the temperature would generate a finer
grain structure. The SZs were recognised on the basis of their even
and equiaxed grains, suggesting the incidence of dynamic recrys-
tallization.
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Fig. 7: Microstructure of FSWed AZ31B: (a) base metal, (b) sample 1 - 20
mm/min, (c) sample 2 - 30 mm/min, and (d) sample 3 - 40 mm/min.

For the heat input that was the lowest, along with a welding travel
speed of 40 m/min, the SZ grain was the finest at around 10 pm.
Reducing the welding travel speed to 30 and 20 mm /min exhibit-
ed that the high heat input caused a rise in the average SZ grain
size to around 12 and 14 um (see Table 2). Furthermore, the twins
were hardly noted in the SZs. When the heat input reduces, it is
clear that the average grain size would reduce as well. In previous
studies, the researchers [10, 15-19] stated that the temperature was
greater than the recrystallization temperature revealed to the SZ
but lesser than the melting point. Accordingly, the SZ underwent
dynamic recrystallization under the tool’s stirring effects, brought
about fine and equiaxed grains, and triggered the fading of the

Table 2: Welding travel speed used in this study and the average grain
size in different zones of FSWed AZ31B.

Sample Rotation Welding Travel Gr?m Szlze Q@;Rﬂ'\zze
No. Speed (rpm) | Speed (mm/min) 1S in
(Hm) (Hm)
1 20 14.1 17.3
2 700 30 11.8 16.6
3 40 10.6 15.9

twins. A rise in the heat input impacted the greater welding tem-
perature in the SZ in the course of welding. This triggered a rise in
the recrystallized grain size because of the coarsening of the newly
nucleated grains at greater temperature.

Figure 8 shows the microstructures of TMAZ on the advancing
side of the FSWed AZ31B. The TMAZs exhibited roughly equi-
axed grains that are extremely similar to the study carried out by
Padmanaban and Balasubramanian for the FSW AZ31 magnesium
alloy, in which elongated grains besides the flow line were not
seen in TMAZs [20]. In the micrographs, the TMAZs’ microstruc-
ture was different and grainier compared to the base metal and stir
zones because of inadequate deformation and thermal exposure as
well as lower the recrystallization temperature [19, 21]. Moreover,
it was noted that the TMAZ grain size varied in three samples at
different welding travel speeds. For samples 1, 2, and 3, the aver-
age grain size varied from 17.3 to 15.9 um. It is believed that the
heat input triggered by welding travel speed did not cause much
impact on the TMAZ average grain size.
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Fig. 8: Microstructure of FSWed AZ31B in TMAZ of advancing side; (a)
sample 1 - 20 mm/min, (b) sample 2 - 30 mm/min, and (c) sample 3 - 40
mm/min.

A hardness profile of sample 1, 2, and 3 was performed along the
middle of the thickness as shown in Fig. 9. The hardness of the
base metal fluctuated due to the inhomogeneous grain microstruc-
ture of the as-rolled plate. The average hardness of the base metal
was 60 HV. The three FSWed samples showed similar hardness
profiles and the hardness value in the SZs was about 60 HV which
was corresponding to the base metal value. The AZ31B Mg alloy
used in this study does not have a main second phase to control
the grain size. Therefore, the hardness value is mainly governed
by dislocation density and grain size. However, the hardness pro-
file did not show any notable effect of the average grain size in the
different welding regions. This type of profile hardness has also
been reported in the previous studies [13, 17, 19]. The sample’s
post-FSW homogeneous hardness profile was ascribed to the lack
of substantial differences in the dislocation density all through the
weld [15]. Moreover, J. Yang et al. [13] pointed out that there was
no noteworthy difference of the dislocation densities; this is con-
sistent with the comparable hardness values attained in the SZs.

By increasing the distance from the middle line of the welding in
the direction of the TMAZs, the hardness reduced. In all three
samples, the lowest hardness values were measured in the TMAZs
at the advancing side, in line with the results accumulated from
other studies as mentioned by Yang et al., Park et al., and Lim et
al. in their reports [13, 18, 20]. The hardness values would be
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impacted by the crystal orientation. In the course of FSW, extreme
deformations took place in the welded joint. Consequently, a spe-

cial orientation distribution is generated in the FSWed samples [13,

15, 22]. Thus, the lowest hardness distribution noted in the TMAZ
of the FSW AZ31B joints in the current research can be linked to
crystal orientation.
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Fig. 9: Hardness profile of Sample 1, 2, and 3 along the middle of thick-
ness.

Furthermore, it was noted that certain compounds were different
from the base metal with macro hardness values of 90-125 HV in
the SZ of Sample 1 (see Fig. 10(a)). Fig. 10(b) exhibits EDS map-
ping analysis carried out on portions with high microhardness
values. This points out the elements disseminated, which are the
key ones for the AZ31B alloy. Elemental analysis by EDS indi-
cates that the point 1 in Fig. 10(a) has abundant Mg (1.5 % Al and
95% Mg) and point 2 possesses a constitution of 57.6% Mg and
39.9% Al. The constitution of the point 2 in the SZ almost corre-
sponds with the Al;;Mg;; intermetallic compound [23]. This in-
termetallic compound in the FSW of the AZ31B alloy has also
been reported in recent research [24, 25].

Table 3 shows the mechanical properties of the AZ31B magnesi-
um alloy. Yield stress, ultimate stress, and yang modulus of
AZ31B were 166 MPa, 229 MPa, and 41 GPa, respectively. Fur-
thermore, the elongation of the base metal was around 17 %. Also,
The AZ31B base metal demonstrates a strain hardening behaviour
along with a strain hardening coefficient of 0.29. Furthermore, the
mechanical properties of the FSWed sample along with various
welding travel speeds were assessed.

Table 3: Mechanical properties of as-rolled AZ31B Mg alloy.

Yield Stress Ultimate Stress Young’s Modulus Elongation
(MPa) (MPa) (GPa) (%)
166 229 41 17

Table 4 shows the average of the three results of three samples in
each condition. The results show that increasing the welding travel
speed of 20 mm/min to 40 mm/min enabled an ultimate increase
from 182 MPa to 207 MPa. Highest tensile strength (207 MPa),

7n

Fig. 10: SZ SEM photograph of sample 1; (a) EDS point analysis location,
and (b) EDS mapping.

elongation (10 %) and welding efficiency (91%) were exhibited in
the rotation speed of 700 rpm and a welding speed of 40 mm/min,
which was Sample 3. It can be observed that the ultimate stress of
the welded samples was lower than the for the FSWed AZ31 alloy
by other researchers [5, 8, 13, 26, 27]. Moreover, the ultimate
strength increase with the decrease of the ration of rotation speed
to the welding travel speed (w/v) is similar to results obtained by
previous researchers [7, 8]. In addition, the ductility level of the
welded samples was significantly less (40%) than the base metals.
A comparison of the tensile results of the AZ31B welded samples
showed that increasing the welding speed of 20 mm/min to 40
mm/min caused an increase of the ductility level from 7.5 % to
8 %. Although the elongation values were higher in FSWed
AZ31B, the elongation was not sensitive to low welding travel
speed [13, 20]. Furthermore, there was a little difference in the
yield stress of the FSWed AZ31B due to the altering of the weld-
ing travel speed which was about 1 %. The welding efficiency
which is a ratio of tensile strength of the welded sample to base
metal, varied from 83% in 20 mm/min to 91% in 30 mm/min, as
well.

The fracture locations were TMAZs for samples 2 and 3 wherein
plastic deformation was noted. The fracture locations in these two
samples had a sound agreement with the hardness tests, which
indicated that the weakest zones were the TMAZs for both. The
hardness result as shown in Sample 1 was contrary to the fracture
location. The lowest hardness was noted in the TMAZ; however,
the fracture took place in the SZ. This shows that hardness is not
the sole aspect to determine the AZ31B magnesium alloy’s me-
chanical properties.

Figure 11 shows an EDS analysis of the fracture initiation area at
the SZ of Sample 1. The results indicate the existence of an oxide
layer that weakened the mechanical strength of the joint [7].
Welding efficacy is the ratio of ultimate stress of the welded sam-
ple to the ultimate stress of the base metal.

Table 4: Mechanical properties of FSWed AZ31B under different welding parameters.

Sample Rotation Speed Travel Speed Ultimate Stress Elongation Welding Efficiency Fracture Loca-
No. (rpm) (mm/min) (MPa) (%) (%) tion
1 20 182 7.5 83 Sz
2 700 30 195 7.5 86 TMAZ
3 40 207 8 91 TMAZ
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Fig. 11: (a) SEM photograph of SZ in Sample 1, (b) EDS analysis of frac-
ture location in SZ of Sample 1.

Figure 12 shows the SEM micrographs of fracture surfaces of the
FSWed samples following the tensile tests. These surfaces com-
prised cleavage faces, dimples, and tear ridges for the base metal
as well as welded samples that were reported and scrutinised by
other studies on FSWed AZ31 [7, 13, 27]. For all samples, the tear
ridges were elongated on the fracture surfaces. However, the tear
ridges in the fracture surface of Sample 1 that failed from the SZ
were unlike the tear ridges of the base metal and fracture surfaces
of samples 2 and 3.

Fig. 12: Fracture surface of (a) base metal and welded samples: (b) sample
1 -20 mm/min, (c) sample 2 - 30 mm/min, and (d) sample 3 - 40 mm/min.

4. Conclusion

On raising the welding travel speed from 20 to 40 mm/minute, the
average grain size in the SZ reduced. Furthermore, the grains in
the TMAZ showed a slight growth in comparing to the SZs. The
three FSW samples exhibited identical hardness profiles alongside
the mid-thickness of the plates, with the advanced side showing
the lowest hardness in the TMAZ. By raising the welding travel
speed, the tensile strength of the joints showed a tendency to grow
to 207 MPa at a 40 mm/min welding travel speed. Moreover, the
elongation was not considerably different in all three circumstanc-

es which were around 8 %. Welding efficiency was raised from
83% to 91% with the rise in welding travel speed. Furthermore,
the fracture location was moved from the stir zone in 20 mm/min
to the TMAZ in 30 mm/min.
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