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Abstract

Friction stir welding is a relatively new joining technique particularly for aluminium and
magnesium alloys that are difficult to join with fusion welding methods. In this study, rolled
AZ31 magnesium alloy was joined by friction stir welding method in 960, 1964 and 2880 rpm
rotational speeds and in 10 and 20 mmmin−1 transverse speeds. During the welding process,
due to the low temperature occurring in low rotations, a coarser surface was obtained. Thanks
to the microstructural refinement, the hardness of the stir zone was observed lower compared
with the hardness of the parent material due to the temperature released by friction. The
fractures mostly occurred at the heat affected zone. The maximum tensile strength of joint
reached 93 % of that of base materials, at the 1964 rpm rotational speed and 20 mmmin−1

transverse speed.

K e y w o r d s: magnesium alloys, hardness, scanning electron microscopy, friction stir weld-
ing

1. Introduction

Magnesium alloys possess such characteristics as
low density, high specific resistance, weldability, casta-
bility, recycling, and abundance [1]. This is why mag-
nesium alloy practices will rapidly improve in near fu-
ture, and it is foreseen that it will increase especially
in automotive and transportation sectors [2, 3]. Today,
magnesium alloy parts are commonly manufactured
in casts, and its manufacturing by plastic moulding-
-rolling and welding is quite limited. Due to these lim-
itations, the application areas of magnesium (Mg) al-
loys are unable to develop. An effective and inexpens-
ive manufacturing or joining method would develop
the industrial utilisation of these materials. The weld-
ing is an effective and cheap method of industrial ap-
plications, and it can be applied on numerous metallic
materials. Friction stir welding (FSW) is a solid-state
welding method invented in 1991 (British TWI) [4–
7]. When compared with traditional welding methods,
this one bears various advantages. These do not neces-
sitate protective gas, additional wiring, and personal
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protective measures and are eco-friendly. Such negat-
ivities as porosity formation, gas cavities, inclusions,
etc. on the welding are not observed. This method
began to be applied on aluminium alloys [6, 8–11] and,
in recent years, on magnesium alloys. Studies were re-
ported specifically on AZ alloys (Mg-Al-Zn) and AM
(Mg-Al-Mn) [4, 12–14]. However, studies conducted on
AZ alloys are far from being sufficient. AZ alloys were
reported to produce better mechanical characteristics
compared with friction stir welding and TIG welding
[7, 15]. Satoshi et al. [14] reported a lower hardness
and smaller grain size in the weld zone of AZ31 mag-
nesium alloy compared to the base metal. In addition,
even though there are many studies on friction stir
welding, there still exists a need to study its effects
on surface quality, temperature change, mechanical
properties and microstructure. Additionally, the re-
lationship between the welding parameters and mech-
anical and microstructural characteristics in friction
stir welding has not yet been properly understood.
Determination of right parameters and their optim-
isation is of necessity.
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Ta b l e 1. The chemical composition (vol.%) of the AZ31 magnesium alloy from present study

Al Zn Mn Co Si Cu Ni Fe Other
(min) (max) (max) (max) (max) (max) (max)

2.5–3.5 0.6–1.4 0.20 0.04 0.10 0.05 0.05 0.005 0.30

Ta b l e 2. The selected properties of the AZ31 magnesium alloy from literature and the present study

Specimen (Base metal) Yield strength Ultimate strength Elongation Hardness, HV
(MPa) (MPa) (%)

AZ31(Literature ) ∼ 122 275 [4], 208 [5], 250 [17] 16 55–72
AZ31 (Present study) 97 197 4 82

Ta b l e 3. Welding parameters selected in the present
study for the friction stir welding of AZ31 magnesium alloy

butt joints

Sample No Rotational speed Welding speed
(rpm) (mmmin−1)

A1.1 960 10
A1.2 960 20
A2.1 1964 10
A2.2 1964 20
A3.1 2880 10
A3.2 2880 20

2. Experimental studies

AZ31 rolled magnesium alloy plate materials were
utilised in this study. The composition of this alloy
is given in Table 1 and some of its significant char-
acteristics are shown in Table 2. Samples were cut in
120 × 150 mm2 size of 4 mm thickness, placed in the
milling machine, and then joined through the weld-
ing parameters given in Table 3. At the time of weld-
ing, the rotational speeds of friction stir pins in the
milling machine were measured by utilising type laser
device. The changes of temperature during the weld-
ing process were measured with K-type thermocouple
and laser device for each cm. The temperatures meas-
ured were recorded and used as a data to draw graphs.
The pins used for the friction stir welding were

manufactured from 2344 H13 tool steel of which the
photograph is shown in Fig. 1. The welding pins have
shoulder and pin. The diameter of shoulder and pin
is 20 mm and M4, respectively. The length of pin is
3.8 mm. The hardness of pins was brought to 57 HRc
through heat treatment. Joining procedure was per-
formed by binding the samples to the plate of the
universal milling machine and in different speeds and
rotations of parameters given in Table 3.
Single pass welding procedure was used to fabric-

Fig. 1. The photograph of welding pin utilised in experi-
ments dimensions.

Fig. 2. Extraction of experimental samples from welded
samples cut by wire erosion.

ate the joints. Three welded samples were obtained
for each parameter. As seen in Fig. 2, three tensile
samples, two microhardness, and two optic-SEM mi-
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Fig. 3. The surface illustrates different rotational speed and welding speed parameters of welded samples: a) 960 rpm,
10 mmmin−1 (A1.1), b) 1964 rpm, 20 mmmin−1 (A2.2), c) 2880 rpm, 10 mm min−1 (A3.1).

croscope samples conforming to EN 895 standards
were extracted from each 240 × 150mm2 welded joint
by precisely cutting through wire erosion method.
Following the obtaining of optical and SEM speci-

men vertically to the cross-section of samples extrac-
ted by cutting via wire erosion method, mechanical
grounding and polishing processes were carried out.
After being mechanically ground and polished, speci-
mens were etched with 5 g picric acid + 5ml acetic
acid + 10ml water + 100ml ethanol reagent to reveal
the macrostructure and microstructure [4, 16–18]. Fi-
nal polishing was done using the diamond compound
0.03 µm particle size in the disc-polishing machine.
Macrostructure and microstructure analyses were car-
ried out using a light optical microscopy-Shimadzu
2000 and JEOL 6060 scanning electron microscopy.
Tensile tests were performed by Shimadzu AG-IS,
Autograph device at 4 mmmin−1 tensile speed. Vick-
ers hardness test was conducted using a 200 gf load for
10 s as Lee et al. [17] and Darras et al. [19] with Di-
gital microhardness tester HVL 1000 test machine. In
this paper, the effect of the transverse and rotational
speed on the surface roughness, microstructure, and
mechanical properties was studied.

3. Results and discussion

3.1. Effect of process parameters on weld
formation

The roughness of welded surfaces could not be
measured with surface roughness device since welded
surfaces obtained were very coarse. So the roughness of
welded surfaces was detected visually. Figure 3 shows
the surface views of plates joined by FSW. The sample
shown in Fig. 3a, which was obtained under 960 rpm,
has large defect with valley-like structures formed in
the friction stir welded zone (SZ) with a very rough
surface. Defect-free welds were successfully obtained in

Fig. 4. The changes of temperature with different welding
parameters during the friction stir welding of AZ31 Mg

alloy.

Fig. 3b with 1964 rpm and in Fig. 3c with 2880 rpm
samples. In addition, the surface morphology of the
SZ became smoother with an increase in the tool ro-
tational speed. These results demonstrate the presence
of optimum tool rotation and progress speed in order
to obtain the AZ31 magnesium alloy as a defect-free
joining [11]. Gharacheh et al. [10] obtained full pen-
etration welds in nugget zone at 1400/20 rotational
speed/transverse speed compared to 650/50 rotational
speed/transverse speed. In this study, it was observed
in macro photographs that the depth of welded stir
zone and surface smoothness improved and a total
permeable joining zone (Fig. 5) was obtained when
the rotational speed and progress speed of the tool
was increased. In these joints, the best joining is seen
in Figs. 3b and 5a, which were obtained with 1964 rpm
rotational speed and 20mmmin−1 transverse speed.
A deeper and smoother joining was obtained

thanks to the heat input formed by an increase in
the rotational speed at the time of welding. To put it
another way, the heat of welding metal increases with
increase in rotation/transverse speed rate [12].
Figure 4 shows the heat changes measured dur-
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Fig. 5. Transverse section of the two welded rolling plates
of AZ31: a) 1964 rpm – 20 mmmin−1 and b) 960 rpm –

10 mmmin−1.

ing the welding process. The graph demonstrates that,
among the welded specimens, a sufficient heat could
not be obtained in A1.1, and a higher heat was ac-
quired in A3.1. However, as it can also be seen in
Fig. 3, there was sporadic cracking and spinning par-
allel to a heat increase. In addition, as shown in the
heat graph, the specimen A2.2 had the heat necessary
for sufficient softening and a smoother surface was ac-
quired.
Figure 5 shows the typical cross-sectional macro-

graphs of FSWed AZ31 Mg alloys. In Fig. 5a, no weld-
ing defect was detected in the joint, indicating that
the FSW AZ31 Mg alloy joint can be achieved un-
der investigated welding parameter (rotational speed
of 1964 and transverse speed of 20 mm min−1). But
Fig. 5b shows welding defect was detected at the bot-
tom of the plate under investigated welding parameter
(rotational speed of 960 rpm and transverse speed of
10 mmmin−1). As identified in FSW aluminium alloys
[1, 12], three microstructural zones were nugget zone
(NZ), thermomechanically affected zone (TMAZ) and
heat-affected zone (HAZ). The nugget zone exhibited

a basin-like shape, which was similar to that observed
in FSW AZ31 [13]. Figure 5 shows typical optical mi-
crographs of (a) SZ, (b) TMAZ, (c) HAZ and (d) base
metal corresponding to the zones marked in Fig. 5a.

3.2. Microstructures

Figure 6 shows the cross-sectional scanning elec-
tron microstructure (SEM) of FSWed AZ31 mg al-
loys. In Fig. 6a, no welding defect was detected in
the joint, indicating that the FSW AZ31 Mg alloy
joint can be achieved under investigated welding para-
meter (rotational speed of 1964 and transverse speed
of 20mmmin−1). Figure 6b shows the porosity and
crack of the welded sample under the welding para-
meter (rotational speed of 960 rpm and transverse
speed of 10 mmmin−1). As seen in Figs. 5b and 6b,
there were porosities and cavities and cracks in upper
zones caused by spinning in low rotations in both optic
and SEM microstructures. The reason for this is the
inability to constitute softening, thus, infusion due to
the fact that enough heat could not be produced in
lower rotations and transverse speeds.
In Fig. 7, the parent material exhibited a typical

as-rolled structure, characterised by coarse strip-like
structures and large secondary phase particles with
the fine dynamic recrystallized grains being distrib-
uted between coarse strip-like structures (Fig. 7a).
The elongated grains in the base metal have be-
come equiaxed and recrystallized in the stir zone dur-
ing welding process. Besides, at the transition zone
between thermomechanically affected zone and stir
zone grains are in general equiaxed. The evaluation of
recrystallized grain structure in the stir zone is due to
the severe plastic deformation and frictional heat pro-
duced by the rotating tool pin and its shoulder in the
stir zone during welding. Intense plastic deformation
and frictional heating during FSW resulted in the gen-

Fig. 6. The SEM microstructures of the transverse section of the welded two rolling plates of AZ31: a) 1964 rpm –
20 mmmin−1 and b) 960 rpm – 10 mmmin−1.
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Fig. 7. Typical optical microstructures of a) AZ31 based
material, b) transition zone of BM/HAZ, and c) transition

zones of SZ/TMAZ/HAZ.

eration of fine recrystallized grains within the nugget
zone (NZ) (Fig. 7b,c). Similar observations have been
made in FSW AZ31B and Mg-Zn-Y-Zr alloy [5, 18].
The grain size of NZ was significantly smaller than
that of the parent material. The smaller grains pro-

Fig. 8. The stress-strain graphs of the different parameter
welded samples.

duced in the stir zone induced by the faster welding
speed are attributed to the relative lower heat input in
the weld [5]. The grain size in HAZ was coarser than
that in the NZ with the precipitates being coarsed
and/or dissolved into the matrix. Therefore, the HAZ
was usually the weakest zone of FSWed joint [18].
Darnas et al. [19] stated that, in this area, the finer and
more homogeneous grain structure produced by FSW
is expected to improve the ductility and formability of
the materials. Figure 7c shows the interface between
the TMAZ and SZ. In the TMAZ, the dynamic recrys-
tallization did not occur due to insufficient deforma-
tion strain and thermal exposure, and the elongated
grains with coarse secondary phase particles being dis-
tributed along flow line were observed (Fig. 7c).

3.3. Tensile test results

Figure 8 shows the tensile test results for speci-
mens having different rotational speeds and different
welding speeds. The base materials show a 210 MPa
tensile strength, which is consistent with the literature
[4, 5, 12, 17]. Figure 8 shows that the FSW joint ex-
hibited somewhat decreased ultimate tensile strength
when compared to the parent materials. As shown in
Fig. 8, the maximum tensile strength of 197 MPa, ob-
tained at a rotation speed of 1964 rpm and a welding
speed of 20 mmmin−1, was 93 % of that of the base
material. Similar results were reported by Xie et al.
[18] and Zhang et al. [1], 95 % and 91 %, respectively.
Notwithstanding, the lowest tensile resistance was ob-
tained from the sample coded as A1.1 via 960 rpm
and 10mmmin−1 due to the tunnel defect and poros-
ities (Figs. 5 and 6), which resulted in poor properties
of the joints. This shows that the welding paramet-
ers were effective on joining resistance in the welding
process of AZ31 alloy, and that a rotation and pro-
gress speed need to be ascertained. A sufficient fric-
tion heat did not come out in lower rotation and trans-
verse speeds in the sample coded A1.1, and as seen in
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Fig. 9. The macrographs of the fractured sample at the
1964 rpm and 20 mm min−1 conditions welded sample.

tensile test graph (Fig. 8), a brittle structure was not
formed. Thus, it produced a lower tensile resistance
value. Although the tensile resistance was higher in
high rotations and progress speeds in the sample coded
A3.2 compared with the one coded A1.1, it gave lower
tensile resistance than the sample A2.2. The reason
is, as known, that the lower rotational speed creates
smaller weld zone due to the lower heat input. The
reason for such a decrease in the tensile properties
could be explained by the grain growth in the bound-
ary between the TMAZ and the stir zone at advanced
side (AS), as reported by Lim et al. [20] and Ghar-
acheh et al. [10]. Another reason would be as follows:
Magnesium alloys having hcp crystal structure are re-
sponsible for this reduction in the tensile properties
due to the formation of new crystallographic texture
in the weld zone as reported by Park et al. [21].
The tensile test results showed that fracture loc-

ations were observed to be about 5–8mm from the
weld centre-line measured at the top surface of the
specimens (Fig. 9). The fracture occurred in the HAZ
on the retreating side, which was consistent with the
lowest hardness distribution in the HAZ. During the
FSW, the lower rotational speed creates smaller weld
zone due to the lower heat input, and the bound-
ary between the TMAZ and the SZ is as reported by
Zhang et al. [2].

3.4. Microhardness

Figure 10 shows a typical hardness profile of a spe-
cimen (welding parameters 1964 rpm, 20mmmin−1)
across the weld zone at the top surface, 2.5 mm from
the bottom surface. The left part of the hardness pro-
file is on the AS and the right part is on the retreating
side (RS). The results show that the average hardness
value of weld was lower than that of base materials.
The minimum hardness value appears near the SZ,
and there exists a peak value near the HAZ as re-
ported by Zhang et al. [1]. In average, the hardness
of A1.1 sample is higher compared to the A2.2 and
A3.1 samples. The reason for this is the lower temper-
ature produced during the friction stir. Similar result
was also observed in Denquin et al. [22]. Vilace et al.
[23] reported that if the ratio of the rotational speed

Fig. 10. Hardness profile of FSWed AZ31 alloy with differ-
ent welding parameters.

(rpm) to the transverse speed (mmmin−1) became
more than 4mmmin−1, it can be considered as a hot
welding condition and the resulting hardness exhibits
a lower value between TMAZ and HAZ. The hardness
drop at the stir zone is due to the fact that there is a
high temperature at that zone and the peak temper-
ature reached is enough to soften the material in the
nugget zone. The result is consistent with previously
reported results for different magnesium [1, 5, 18] and
aluminium alloys [24, 25]. The average HV values of
SZ and BM are 73 and 82, respectively. The effect of
rotational speed on the resulting hardness is shown
in Fig. 10, which indicates that increasing the rota-
tional speed tends to decrease the resulting hardness.
This result is also consistent with the reported results
for different magnesium [1, 5, 20, 21] and aluminium
alloys [24–26].

4. Conclusion

1. The preliminary results on FSW of AZ31 Mg al-
loy are promising; grain refinement and homogenisa-
tion of the microstructure are achieved with a single
pass process.
2. Under a rotation speed of 1964 rpm and a trans-

verse speed of 20 mm min−1, 4 mm thick rolled Mg-Al-
-Zn alloy plate was friction stir welded and defect-free
weld with basin-like nugget zone was successfully ob-
tained.
3. The surface morphology of the SZ became

smoother with an increase in the rotational speed.
4. The weld zone was divided into three regions

– SZ, TMAZ and HAZ – based on the microstruc-
ture. The SZ had fine and equiaxed grains because
of dynamic recrystallization. Compared with the BM,
Mg alloy grains in SZ were greatly refined because of
dynamic recrystallization during friction stir welding
process.
5. Microstructural examinations of AZ31 alloy

after friction stir welding revealed that smaller grain
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sizes were observed in the stir zone at a higher welding
speed due to a higher heat input, because faster rota-
tional speed and welding speed produce higher tem-
perature in the stir zone.
6. The strengths of the FSW joint were only

slightly lower than those at the parent material. The
joining efficiency was as high as 93 %.
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