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Abstract The conventional fusion welding of magnesium
alloys often produces porosity in the weld joint, which
deteriorates its mechanical properties. To solve this prob-
lem, friction stir welding (FSW), a solid-state welding
technique, can be applied for joining of magnesium alloys.
In this investigation, an attempt was made to understand the
effect of FSW process parameters such as tool rotational
speed, welding speed, and axial force on tensile properties
of AZ31B magnesium alloy. Fourteen joints were fabricat-
ed using different levels of tool rotational speed, welding
speed, and axial force. Tensile properties of the welded
joints were evaluated and correlated with the weld zone
microstructure and hardness. From this investigation, it is
found that the joints fabricated using a tool rotational speed
of 1,600 rpm, a welding speed of 0.67 mm/s, and an axial
force of 3 kN yielded superior tensile properties compared
to other joints. Optimum level of heat generation, formation
of finer grains, and higher hardness are the main reasons for
the superior tensile properties of these joints. Fatigue
properties of FSW joints were evaluated, and it was found
that fatigue properties of FSW joints were slightly lower
than the base metal.

Keywords Magnesium alloy . Friction stir welding . Tool
rotational speed .Welding speed . Axial force . Tensile
properties . Fatigue properties

1 Introduction

Magnesium alloys are potential candidates to replace
aluminium alloys in many structural applications owing to
some of their unique properties. Magnesium alloys exhibit
low density, high strength to weight ratio, and good
castability. These alloys have attracted the interest of
modern manufacturing such as the automobile, computer,
communication, and consumer electronic appliances indus-
tries [1]. They are also considered as advanced materials in
terms of energy conservation and environmental pollution
regulations. However, the joining of magnesium alloy parts,
which may be crucial for the above applications, is still
limited [2].

Conventional fusion welding methods for joining
magnesium alloys produce some defects such as porosity
and hot crack, which deteriorate their mechanical proper-
ties. The production of the defect-free weld requires
complete elimination of the surface oxide layer and
selection of suitable welding parameters. Magnesium
alloys are currently welded using techniques such as gas
tungsten arc welding (GTAW) and gas metal arc welding
(GMAW); while reasonable welding speeds can be
achieved, problems can be experienced such as high
welding residual stresses and changes in microstructure
resulting from melting and solidification. High purity
shielding gases are necessary to prevent weld contamina-
tion; magnesium alloys can readily oxidize in the weld
zone because of their high-chemical reactivity at high
temperatures [3]. Friction stir welding (FSW) is capable of
joining magnesium alloys without melting, and thus, it can
eliminate problems related to solidification. As FSW does
not require any filler material, the metallurgical problems
associated with it can also be eliminated, and good quality
weld can be obtained [4].
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Even though the process offers many advantages, very
limited numbers of investigations were carried out so far on
FSW of magnesium alloys. Grain growth and lower
hardness in the FSW zone of AZ31B-H24 magnesium
alloy were reported by Lee et al. [5]. Wang et al. [6]
observed grain refinement and higher microhardness in
FSW zone of AZ31 magnesium alloy. Esparza et al. [7]
found a recrystallized and equiaxed grain structure in the
FSW zone of AZ31B magnesium alloy. The relationship
between material flow and defects during friction stir
welding of AZ31 magnesium alloy was reported by Zhang
et al. [8]. The influence of different ratios of rotational
speed/traverse speed on mechanical properties of different
zones of friction stir welded AZ31 magnesium alloy was
studied by Abbasi Gharacheh et al. [9]. They found that
increasing the aforementioned ratio leads to a slight
decrease in yield and ultimate strength of the stir zone
and the transitional zone. It was also observed that
increasing rotational/traverse speed ratio increases the weld
nugget size and decreases the incomplete root penetration.
Pareek et al. [10] investigated the microstructural changes
due to friction stir welding of AZ31B-H24 magnesium
alloy and analysed their effect on mechanical properties and
corrosion behaviour of the joints. They found that the mean
grain size across all weld samples was coarser than the
mean grain size of the as-received magnesium alloy
samples. The effect of welding speed on the material flow
patterns was studied by Zhang Hua et al. [11]. They
suggested that there are two main material flows in the
nugget, one is from the advancing side (flow 1), and the
other is from the retreating side; flow 1 decides whether
the weld is defect-free or not. Cao et al. [12] investigated
the influence of welding speed on joint quality of friction
stir welded AZ31B-H24 magnesium alloy. They concluded
that the hardness decreased gradually from the base metal
through the heat-affected zone to the thermomechanically
affected zone and then to the stir zone where the lowest
hardness was obtained. Higher welding speed produced
slightly higher hardness in the stir zone.

The load carrying capacity of welded joints is generally
evaluated by tensile strength of the joints. The tensile
strength is controlled by the microstructure and hardness of

the weldment. The microstructure and hardness of the
weldment are influenced by the weld thermal cycle. The
weld thermal cycle is influenced by the welding process
parameters. However, there is no systematic investigation
reported so far to study the effect of FSW process
parameters, especially tool rotational speed, welding speed,
and axial force on tensile properties of AZ31B magnesium
alloy and fatigue properties of friction stir welded AZ31B
magnesium alloy joints. Hence, the present investigation
was carried out to study the effect of FSW process
parameters on tensile properties of AZ31B magnesium
alloy joints and evaluate the fatigue properties of friction
stir welded AZ31B magnesium alloy joints fabricated at
optimised condition.

2 Experimental work

The rolled plates of 6-mm-thick AZ31B magnesium alloy
were cut into the required size (220×75 mm) by machining
process. Square butt joint configuration was prepared to
fabricate FSW joints. The initial joint configuration was
obtained by securing the plates in position using mechan-
ical clamps. The direction of welding was normal to the
rolling direction. Single-pass welding procedure was used
to fabricate the joints. Nonconsumable tool made of high
carbon steel with threaded pin profile was used to fabricate
the joints. The chemical composition and mechanical
properties of base metal are presented in Tables 1 and 2.
The optical and scanning electron microscopic (SEM)
micrographs of base metal are shown in Fig. 1, and it
basically contains coarse grains along with appreciable
amount of subgrains (Fig. 1a). Figure 1b shows SEM image
of base metal. It contains coarser grains with Al12Mg17
intermetallic compounds. The Al12Mg17 intermetallic com-
pounds are quite coarse, and the distribution is nonuniform
in the base metal.

The tool nomenclature and process parameters used to
fabricate the joints are presented in Table 3. An indige-
nously designed and developed FSW machine (15 hp;
3,000 rpm; 25 kN) was used to fabricate the joints. In total,
14 joints were fabricated using different combination of
process parameters (Table 4).

The welded joints were sliced and then machined to the
required dimension, according to the American Society for
Testing and Materials (ASTM) E8M-04 standard for sheet

Al Mn Zn Mg

3.0 0.20 1.0 Balance

Table 1 Chemical composition
(weight percentage) of base
metal AZ31B magnesium alloy

Table 2 Mechanical properties of base metal AZ31B magnesium alloy

Yield strength
(MPa)

Ultimate tensile
strength (MPa)

Elongation
(%)

Reduction in cross-sectional
area (%)

Notch tensile strength
(MPa)

Notch strength ratio
(NSR)

Hardness
(Hv)

171 215 14.7 14.3 192 0.89 69.3
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type material (i.e., 50 mm gauge length and 12.5 mm gauge
width). Two different tensile specimens were prepared to
evaluate the transverse tensile properties of the welded
joints. The smooth (unnotched) tensile specimens were
prepared to evaluate yield strength, tensile strength, and
elongation of the joints. Notched specimens were prepared
to evaluate notch tensile strength and notch strength ratio of
the weld. Tensile test was carried out in a 100-kN
electromechanical-controlled universal testing machine
(maker: FIE-Bluestar, India; model: UNITEK-94100). The
0.2% offset yield strength was derived from the load-
displacement diagram. The percentage of elongation was
also evaluated, and the values are presented in Tables 5, 6
and 7. Vicker’s microhardness testing machine (maker:
SHIMADZU, Japan; model: HMV-2 T) was employed for
measuring the hardness across the weld cross section with
0.05 kg load for 20 s.

The S–N curve of the friction stir welded AZ31B
magnesium alloy joint, fabricated using optimised process
parameter, was obtained by using a servohydraulic-
controlled (maker: INSTRON; model: 8801) 100-kN capac-
ity fatigue testing machine with a frequency of 10 Hz under

constant amplitude loading (R=stress ratio=σmin/σmax=0.1).
Fatigue experiment was conducted at five different stress
levels (50, 75, 100, 125, and 150 MPa) for smooth specimen
and five different stress levels for (30, 40, 50, 60, and
70 MPa) for notched specimen. Hourglass-type (smooth)
specimens were prepared from FSW joints to evaluate the
fatigue life (S–N behaviour). Notched specimens were also
prepared from FSW joints to evaluate the fatigue notch
factor and notch sensitivity factor. Procedures prescribed by
the ASTM E 466-96 (reapproved 2002) standard were
followed for the preparation of the specimens.

The specimens for metallographic examination were
sectioned to the required size and then polished using
different grades of emery papers. A standard reagent made
of 4.2 g picric acid, 10 ml acetic acid, 10 ml diluted water,
and 70 ml ethanol was used to reveal the microstructure of
the welded joints. Microstructural analysis was carried out
using a light optical microscope (maker: MEIJI, Japan;
model: MIL-7100) incorporated with an image analysing
software (Metal Vision) and scanning electron microscope
(maker: JOEL, Japan; model: 5610 LV). Energy-dispersive
spectrum (EDS) analysis was carried out using scanning

(a) OM (b) SEM 

20 µm

Fig. 1 Optical and SEM micro-
graphs of base metal

Tool rotational speed (rpm) 1,000, 1,200, 1,400, 1,600, 1,800, 2,000

Welding speed (mm/s) 0.37, 0.67, 1.25, 1.76, 2.25

Axial force (kN) 2, 3, 4

Pin length, L (mm) 5.7

Tool shoulder diameter, D (mm) 18

Pin diameter, d (mm) 6

D/d ratio of tool 3.0

Tool inclined angle (deg) 0

Shoulder deepness inserted into the surface of base metal (mm) 0.2

Pitch (mm) and included angle (deg) of Threaded pin 1 and 60

Hardness of the tool (Rc) 70

Chemical composition of the tool (wt%) C 0.75, Si 0.25, Mn 0.32

Table 3 FSW process parame-
ters and tool nomenclature
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electron microscope (maker: JOEL; model: 5610LV) at high
magnification to estimate the weight percentage of elements.

3 Results

3.1 Tensile properties

The transverse tensile properties such as yield strength,
tensile strength, percentage of elongation, percentage of
reduction in cross-sectional area, notch tensile strength,
notch strength ratio, and joint efficiency of friction stir

welded AZ31B magnesium alloy joints were evaluated. In
each condition, three specimens were tested, and the
average of three results is presented in Tables 5, 6 and 7.
Of the fourteen joints fabricated, the joint fabricated with a
rotational speed of 1,600 rpm, welding speed of 0.67 mm/s,
and axial force of 3 kN exhibited higher yield strength
(166 MPa), tensile strength (208 MPa), elongation (7.3%),
and reduction in cross sectional area (5.5%).

Notch strength ratio is the ratio between the tensile
strength of notched specimen at maximum load to
ultimate tensile strength of unnotched specimen. Notch
strength ratio (NSR) is found to be less than unity (<1)
for all the joints. This suggests that the AZ31B
magnesium alloy is sensitive to notches, and they fall
in to the “notch brittle materials” category. The NSR is
0.89 for unwelded parent metal, and FSW causes
reduction in NSR of the weld metal. The joint fabricated
with a rotational speed of 1,600 rpm, welding speed of
0.67 mm/s, and axial force of 3 kN exhibited higher
notch strength ratio (0.77), which is 14% lower com-
pared to unwelded parent metal.

Joint efficiency is a ratio between tensile strength of
welded joint and tensile strength of unwelded parent metal.
The joint fabricated with a rotational speed of 1,600 rpm,
welding speed of 0.67 mm/s, and axial force of 3 kN
exhibited a maximum joint efficiency of 96.7%.

3.2 Microhardness and microstructure

The hardness was measured across the weld using Vicker’s
microhardness testing machine, and the values are pre-
sented in Figs. 2, 3, and 4. The hardness of base metal
(unwelded parent metal) is 69.3 Hv. Vicker’s microhardness
is measured along the midthickness line of cross section of
the joint. The joints fabricated with the rotational speed of
1,600 rpm, welding speed of 0.67 mm/s, axial force of 3 kN
recorded higher hardness (78 Hv) in the stir zone, and this
is also one of the reasons for superior tensile properties of
these joints compared to other joints. There are two main
reasons for the improved hardness of stir zone. Firstly, since

Table 4 FSW process parameters used to fabricate the joints

Joint
number

Rotational
speed (rpm)

Welding speed
(mm/s)

Axial
force (kN)

Heat inputa

(kJ/mm)

1 1,000 0.67 3 0.34

2 1,200 0.67 3 0.41

3 1,400 0.67 3 0.47

4 1,600 0.67 3 0.54

5 1,800 0.67 3 0.60

6 2,000 0.67 3 0.68

7 1,600 0.37 3 0.98

8 1,600 0.67 3 0.54

9 1,600 1.25 3 0.29

10 1,600 1.76 3 0.21

11 1,600 2.25 3 0.16

12 1,600 0.67 2 0.36

13 1,600 0.67 3 0.54

14 1,600 0.67 4 0.72

a The heat input for friction stir welding process was calculated using
the following expression [21] q ¼ 2p

3S � m� p� w� Rs� h

where:

μ coefficient of friction

p normal force in kN

ω rotational speed in rev/s

Rs shoulder radius in m

S welding speed in mm/s

Table 5 Effect of rotational speed on transverse tensile properties (welding speed=0.67 mm/s; axial force=3 kN)

Joint
number

Rotational
speed (rpm)

Yield
strength
(MPa)

Ultimate tensile
strength (MPa)

Elongation in 50mm
gauge length (%)

Reduction in cross -
sectional area (%)

Notch tensile
strength (MPa)

Notch
strength
ratio

Joint
efficiency
(%)

1 1,000 149 187 4.0 3.8 137 0.72 87.0

2 1,200 153 191 5.0 4.0 144 0.75 88.8

3 1,400 162 202 5.3 4.6 153 0.76 94.0

4 1,600 166 208 7.3 5.5 160 0.77 96.7

5 1,800 164 205 6.0 5.0 148 0.72 95.3

6 2,000 162 203 5.9 4.7 143 0.70 94.4
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the grain size of stir zone is much finer than that of base
metal, grain refinement plays an important role in material
strengthening. Secondly, the small particles of intermetallic
compounds are also a benefit to hardness improvement [6].
All the joints were nondestructively inspected using
ultrasonic testing, and no defect was detected in the joint,
indicating that the sound joint was achieved. The location
of failure in all the tensile specimen was invariably at the
thermomechanically affected zone (TMAZ) region on the
advancing side (Fig. 5), which is consistent with the lowest
hardness distribution in the TMAZ of advancing side.

The optical micrographs taken at FSW zone of all the
joints are displayed in Figs. 6, 7, and 8. From the
micrographs, it is understood that there is an appreciable
variation in average grain diameter of weld region in
AZ31B magnesium alloy. Due to FSW, the coarse grains of
base metal are changed in to fine grains in the weld region.
The joints fabricated with a rotational speed of 1,600 rpm,
welding speed of 0.67 mm/s, and axial force of 3 kN
contain finer grains in the weld region compared to other
joints. This is also one of the reasons for higher tensile
properties of these joints compared to other joints. To
identify, the reason for failure in TMAZ region, the detailed
microstructural analysis was carried out across the joint,
and the micrographs are displayed in Figs. 6, 7, and 8.
From the micrographs, it is inferred that there is an
appreciable variation in grain size (average grain diameter)
across the weld. The grain size of TMAZ is larger than the
nugget region, and this is because of insufficient plastic
flow and thermal exposure [6]. Grains are relatively smaller
in the retreating side of TMAZ compared to advancing side,
and this is caused by the greater straining in this location.

The similar observation was made by Pareek et al. [10] in
friction stir welding of AZ31B magnesium alloy. This may
be another reason for failure along the TMAZ region on the
advancing side. SEM micrograph of stir zone is shown in
Fig. 9. It reveals that the stir zone contains finer grains with
significantly refined Al12Mg17 intermetallic compounds
which are homogeneously distributed in the magnesium
matrix. During FSW process, magnesium grains plastically
deform with rotation of the tool, but the second phase, which
is a brittle phase, is hard to deform. This causes stress
concentration on the second phase. When applied stress is
higher than the fracture strength of the second phase, fracture
takes place, and large second phases change into smaller
ones gradually. The EDS analysis indicated that the
intermetallic compounds in both base metal and stir zone
are Al12Mg17. The similar result was observed by Wang et al.
[6] in friction stir welding of AZ31B magnesium alloy.

Transmission electron microscopic (TEM) micrographs
of base metal and FSW joint are shown in Fig. 10. From the
TEM micrographs, it is found that the FSW joint contains
finer magnesium grains with finer Al12Mg17 precipitates as
compared to base metal. The dislocation density is lower as
compared to base metal. SEM fractographs of fractured
tensile specimens of as-received and friction stir welded
AZ31B magnesium alloy are shown in Fig. 11. The base
metal exhibits elongated dimples and friction stir welded
joint exhibits finer dimples on the fractured surface.

3.3 Fatigue properties

Two types of fatigue test specimens such as (1) unnotched
specimens and (2) notched specimens were prepared to

Table 6 Effect of welding speed on transverse tensile properties (rotational speed=1,600 rpm; axial force=3 kN)

Joint
number

Welding
speed (mm/
s)

Yield
strength
(MPa)

Ultimate tensile
strength (MPa)

Elongation in 50mm
gauge length (%)

Reduction in cross-
sectional area (%)

Notch tensile
strength (MPa)

Notch
strength
ratio

Joint
efficiency
(%)

7 0.37 152 190 2 2.4 141 0.73 88.6

8 0.67 166 208 7.3 5.5 160 0.77 96.7

9 1.25 163 204 5.3 5.1 154 0.75 94.8

10 1.76 163 204 5.3 5.1 152 0.74 94.8

11 2.25 160 200 4.6 4.9 142 0.71 93.1

Table 7 Effect of axial force on transverse tensile properties (rotational speed=1,600 rpm; welding speed=0.67 mm/s)

Joint
number

Axial
force
(kN)

Yield
strength
(MPa)

Ultimate tensile
strength (MPa)

Elongation in 50mm
gauge length (%)

Reduction in cross -
sectional area (%)

Notch tensile
strength (MPa)

Notch
strength
ratio

Joint
efficiency
(%)

12 2 160 200 6.8 5.2 151 0.75 93

13 3 166 208 7.3 5.5 160 0.77 96.7

14 4 158 198 6.5 4.9 147 0.73 92.1
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evaluate the effect of notches on fatigue behaviour. The
fatigue testing experiments were conducted at different
stress levels, and all the experiments were conducted under
uniaxial tensile loading condition using servohydraulic
fatigue testing machine. From FSW joint, five specimens
were tested, and the test results are used to plot S–N curves.
Figure 12 shows the fatigue life of unnotched and notched
specimens in the form of S–N curves.

The S–N curve in the high cycle fatigue region is
represented by the Basquin equation [13]:

SnN¼A ð1Þ
where S is the stress amplitude, N is the number of cycles to
failure, and n and A are empirical constants. Each S–N
curves shown in Fig. 12 can be represented by the above
equation. From those equations, the empirical constants n
(slope of the curve) and A (intercept of the curve) have been
evaluated, and they are presented in Table 8.

The effect of notches on fatigue strength is determined by
comparing the S–N curves of notched and unnotched
specimens. The data for notched specimens are usually

plotted in terms of nominal stress based on the net section of
the specimen. The effectiveness of the notch in decreasing
the fatigue limit is expressed by the fatigue strength
reduction factor or fatigue notch factor, Kf. The fatigue
notch factor for FSW joints has been evaluated using the
following expression [14], and they are given in Table 8.

Kf ¼ Fatigue limit of
unnotched specimen=Fatigue limit of

notched specimen

ð2Þ

The notch sensitivity of a material in fatigue is expressed
by a notch sensitivity factor q, and it can be evaluated using
the following expression [15]:

q¼ Kf�1ð Þ= Kt�1ð Þ ð3Þ
where Kt is the theoretical stress concentration factor and is
the ratio of maximum stress to nominal stress. Using the
above expression, fatigue notch sensitivity factor q has been
evaluated for FSW joints, and they are presented in Table 8.

4 Discussion

The ultimate requirement for a FSW process is to create a
certain amount of friction heat, which can keep the welding
material in a well-plasticised state with a suitable temper-
ature, and to generate a high hydrostatic pressure along the
joint line so that a sound weld can be generated. The heat
generation in FSW is in direct proportion to deformation
and frictional energy created during the stirring process.
The latter depends on the friction factor and friction area
between the tool shoulder and work piece surface, as well
on the rotation speed of the welding head pin and the
pressure applied to the welding tool head shoulder [16].
The heat input in the weld area is affected by welding
conditions like rotational speed, welding speed, and axial
force. Generally, more frictional heat input is generated at a

 AS - Advancing side
   RS – Retreating side 

Fig. 2 Effect of rotational speed on hardness

AS - Advancing side
RS − Retreating side

Fig. 3 Effect of welding speed on hardness

AS - Advancing side
RS − Retreating side

Fig. 4 Effect of axial force on hardness
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lower welding speed, higher rotational speed, and at higher
axial force relative to opposite case.

Intense plastic deformation and frictional heating during
FSW resulted in the generation of fine recrystallized grains.
During dynamic recrystallization, either decreasing the
temperature or raising the strain rate will produce a finer
grain structure. In this investigation, relatively finer
magnesium grain structure is produced by FSW [6].

The tensile properties of the joints made with different
welding conditions resulted in lowest tensile strength and
ductility at lowest spindle speed (1,000 rpm) for a given
welding speed (0.67 mm/s). As the spindle speed increased
(1,600 rpm), both the strength and elongation improved,
reaching maximum before falling again at high rotational
speeds (2,000 rpm). Higher tool rotational speed usually
results in higher temperature and slower cooling rate in the
FSW zone. A higher rotational speed also causes excessive
release of stirred materials to the upper surface, which
resultantly produces microvoids in the FSW zone, and this
is one of the reasons for lower tensile properties of the

joints. Lower heat input condition due to lower rotational
speed results in lack of stirring, and this is one of the
reasons for lower tensile properties of the joints. [17]. Of
the six joints fabricated using six different tool rotational
speeds, the joint fabricated at a rotational speed of
1,600 rpm exhibited superior tensile properties, and this is
due to optimum heat generation under this condition.

Higher welding speed results in lower heat input per unit
length of the weld, causes lack of stirring in the friction stir
processing zone, which leads to lower tensile properties of
the joints. Lower welding speed results in higher temper-
ature, and slower cooling rate in the weld zone causes grain
growth, which subsequently leads to lower tensile proper-
ties of the joints [18]. Of the five joints fabricated using five
welding speeds, the joint fabricated at a welding speed of
0.67 mm/s exhibited superior tensile properties, and this is
also due to optimum heat generation under this condition.

Heat is generated by the rotating tool under the
application of axial force, and this heat is the primary
source for welding. This temperature at top portion of the

Fig. 6 Effect of rotational speed on microstructure

Top view

Cross- sectional view

Fig. 5 Failure location in
welded joint during tensile test
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V-shaped nugget clearly indicated that the major heat
source originated through the frictional heat generated by
shoulder of the tool by the application of axial force. Due to
high temperature at the top portion caused by higher axial

force, nugget zone is widened near the top of the surface
because of the close contact between the tool shoulder and
the upper surface of the plates to be joined [19]. The axial
force is directly responsible for the plunge depth of the tool

Fig. 8 Effect of axial force on microstructure

Fig. 7 Effect of welding speed on microstructure
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(a) Base metal (b) FSW joint 

Fig. 10 TEM Micrographs of
optimised joint

(a) SEM micrograph of stir zone (b) EDS result at the stir zone

Fig. 9 SEM micrograph and EDS results of optimised joint

(a) Base metal (b) FSW joint

Fig. 11 SEM Fractographs of
base metal and FSW joint
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pin into the workpiece and load characteristics associated
with linear friction stir weld. When the axial force is
relatively low, there is a possibility of insufficient stirring
(less mechanical working) at the bottom. While with higher
axial force, the weld is sound with full penetration. It shows

that sufficient axial force is required to form good weld.
This is because the temperature during friction stir welding
defining the amount of plasticised metal, and the temper-
ature is greatly dependent on the axial force [20]. Of the
three joints fabricated using three levels of axial force, the
joint fabricated at an axial force of 3 kN exhibited superior
tensile properties, and this is also due to optimum heat
generation under this condition.

The fatigue strength of unwelded AZ31B magnesium
alloy is 72 MPa. But the fatigue strength of FSW joint is
51 MPa. This indicates that there is a 29% reduction in
fatigue strength values due to friction stir welding. Similar
trend has been observed in notched specimens also. The
introduction of notch will alter the stress distribution at the
vicinity of notch, the stress value will be magnified nearer
to the tip of the notch, and this will have a definite effect on
fatigue life of the components. The fatigue notch factor of
unwelded AZ31B magnesium alloy is 2.25. But the fatigue
notch factor of FSW joint is 2.72. This indicates that there
is an 18% increase in fatigue notch factor value due to
friction stir welding. Generally, if the fatigue notch factor is
lower, then the fatigue life of the joints will be higher and
vice versa. Similar trend has been observed in notch
sensitivity factor values also since it is derived using
fatigue notch factor values.

Slope of the S–N curve is another measure to understand
the fatigue performance of welded joints. If the slope of the
S–N curve is larger, then the fatigue life will be higher and
vice versa. The unwelded parent metal shows highest slope,
the FSW joint shows lowest slope, and it is clearly
understood from Fig. 12.

5 Conclusions

In this investigation, an attempt was made to study the
effect of FSW process parameters on tensile properties of
friction stir welded AZ31B magnesium alloy. From this
investigation, the following important conclusions are
derived:

1. AZ31B magnesium alloy was successfully joined
without any macrolevel defects by friction stir
welding process under the following range of process
parameters: tool rotational speed of 1,000–2,000 rpm,

(a) S-N curves for unnotched (smooth) specimen

(b) S-N curves for notched specimen

Fig. 12 Effect of friction stir welding on S–N behaviour

Table 8 Fatigue properties of friction stir welded AZ31B magnesium alloy joints

Joint type Slope of the
S–N curve (n)

Intercept of the
S–N curve (A)

Fatigue limit of unnotched
specimens at 2×106

cycles (MPa)

Fatigue limit of notch
specimens at 2×106

cycles (MPa)

Fatigue notch
factor (Kf)

Notch
sensitivity
factor (q)

Base metal −0.32 7,176 72 32 2.25 0.051

FSW −0.38 12,629 51 18 2.72 0.070
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welding speed of 0.37–2.25 mm/s, and axial force of
2–4 kN.

2. Moreover, the joint fabricated with the rotational speed
of 1,600 rpm, welding speed of 0.67 mm/s, and axial
force of 3 kN showed higher tensile properties,
compared to their counterparts.

3. The above welding parameters could have generated
optimum heat that is exactly sufficient to cause the
material to flow plastically without excess or inade-
quate mechanical working. This is the main reason for
the formation of finer grains in the weld region and
subsequently led to higher tensile strength.
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