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Abstract

This study, aims to weld the 5.2 mm thick AZ31 magnesium alloy with conven-

tional friction stir welding at the highest joining efficiency. As a result of

the experiments, 88% joining efficiency in tensile strength has been obtained

at 1250 rpm, 400 mm.min�1 welding parameter. As a result of micro–
macrostructure photographic examinations of the samples joined with these

parameters, it is seen that the joining is fully realized. Samples joined with these

parameters have been used in fatigue tests. According to the strain-controlled

low cycle fatigue test results performed on welded and base metal samples, the

base metal samples have exceeded the 50,000-cycle limit without failure, with an

elongation rate of 0.3%, and the welded samples with an elongation rate of 0.2%.

Low cycle fatigue parameters of welded and base metal samples have been

obtained according to the Coffin-Manson-Basquin equation.
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Highlights

• In joining AZ31 alloy with FSW, a high joining efficiency of 88% was

achieved.

• Similar fatigue test results showed that the weld quality was retained along

the joint.

• Coffin-Manson-Basquin equation constants were determined.

1 | INTRODUCTION

Magnesium alloys offer a unique combination of proper-
ties such as lightness, strength, and rigidity when used as
materials for manufactured parts. Magnesium alloys,
with a density of 1.74 g/cm3, are approximately 80% and
35% lighter than steel (7.86 g/cm3) and aluminum alloys
(2.7 g/cm3), respectively.1 It is also the lightest of the

structural metals.2,3 Magnesium alloys rank third in use
as structural parts after steel and aluminum.4

Magnesium alloys with high strength-to-weight ratios
have significant potential for energy savings in the auto-
motive and aerospace industries.5–9 Magnesium alloys
have higher strength, hardness, thermal stability, and
thermal conductivity than plastic. They also have higher
specific strength, flexibility, and impact resistance than
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aluminum alloys.10 Additionally, magnesium alloys offer
excellent vibration-damping properties and heat dissipa-
tion properties, which is an important factor for the auto-
motive and aerospace industries.11

There are studies in the literature indicating that
pores occur in the weld metal when joining magnesium
alloys with traditional fusion welding techniques. These
pores negatively affect the mechanical properties of the
joints.12–17 In addition, the high expansion coefficient of
magnesium alloys causes large deformation-distortion
of the welded part.18 Magnesium alloys can be joined by
a wide variety of welding techniques, but various disad-
vantages such as wide heat-affected zone, alloying ele-
ment loss, high residual stresses, and cracks have been
reported to occur when using conventional methods.19–22

Friction stir welding (FSW) process, which is a solid-
state welding technique, includes the consideration of
temperature, mechanics, metallurgy, and interactions,23

and is a revolutionary welding technique in terms of
energy efficiency, environmental friendliness, and seam
quality. The advantages of the FSW process include
achieving good strength, toughness, and minimal distor-
tion in welded parts when joining magnesium alloys and
other light metals.24 In the traditional FSW process, a tool
consisting of a pin and shoulder, rotating around its own
axis and able to maintain its mechanical properties at high
temperatures is used. The tool plunges into the materials
by rotating to be welded and moves forward by rotating
along the welding direction.25 In this process, the base
material does not melt and the heat required for welding
is provided by the friction between the tool and the work-
piece and the plastic deformation of the base material.26,27

The side in the workpiece where the tool rotation direc-
tion is the same as the welding direction is called the
advancing side (AS), and the side where the tool rotation
direction is opposite to the welding direction is called the
retreating side (RS).28 As the tool rotating moves in the
welding direction, the material moves from AS to RS and
solid-state joining occurs.29 The absence of melting in this
welding method prevents defects caused by melting and
solidification, which are frequently encountered in the
welding of magnesium alloys.30 Uncontrolled melting-
solidification and high heat input cause problems in the
welding of magnesium alloys. For this reason, the FSW
process, which is a thermomechanical process in which
melting does not occur with low heat input, is a strong
alternative in joining magnesium alloys.

Applications using magnesium alloys inevitably
involve welded manufacturing. Since welded
manufacturing generally causes a decrease in the
strength of materials due to microstructural changes
and/or potential welding defects along the weld, examin-
ing the behavior of welded joints, especially under cyclic

loads, is very important to prevent major damage in
structural parts.31,32 In addition, Marsavina et al33 have
stated that obtaining some correlations between fatigue
strength, tensile strength, and hardness will be useful for
designers and manufacturers to predict the durability of
components. A commonly used classification in examin-
ing the fatigue behavior of metals is based on fatigue life.
In high cycle fatigue tests, the applied stress is low
enough to create elastic deformation in the material, but
plastic deformation may occur at the crack tip. In low
cycle fatigue tests, plastic deformation is more effective.

In this study, the low cycle fatigue behavior of welded
and base metal AZ31 magnesium alloy was investigated.
Welding operations were carried out with a conventional
FSW process. The micro–macrostructure and hardness
distribution of the samples joined at 1250 rpm, 400 mm.
min�1 welding parameters, where 88% joining efficiency
was achieved according to tensile strength, were exam-
ined to determine the structure of the welding region. As
a result of these examinations, it was understood that the
joining is defect-free, therefore welded samples joined at
this parameter were used in fatigue tests. Strain-
controlled low cycle fatigue tests were carried out on both
welded and base metal samples at 10 Hz with six differ-
ent strain values (0.2%, 0.3%, 0.35% 0.4%, 0.5%, 0.6%) and
three samples at each strain value. In addition, since low
cycle fatigue test data can be represented by the Coffin-
Manson-Basquin equation, the constants of this equation
were obtained for both welded and base metal samples.

2 | MATERIALS AND WELDING
TECHNOLOGY

AZ31 magnesium alloy sheets with a thickness of 5.2 mm
and dimensions of 600 � 900 mm were commercially
obtained for the experiments. The chemical composition
of the supplied AZ31 magnesium sheets is shown in
Table 1.

The FSW process was carried out on a conventional
semi-automatic milling machine. Mold design and pro-
duction were carried out to fix the workpieces during the
FSW process. This mold consists of three parts. These
parts were obtained by laser cutting from S420 quality
steel. Dimensional stability was achieved by removing
burrs from the surface by milling and grinding after laser
cutting. In addition, the materials to be welded were cut
into 100 � 200 mm dimensions with a water jet, as
tightly as possible from the side surfaces of the mold. In
this way, the movement of the material to be welded was
prevented by the mold side surfaces. Vertical movement
of the workpieces during welding was prevented by
clamps. A photograph of the assembled material holding
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mold at the end of a welding process is shown in
Figure 1.

Tool pin geometry is important during the FSW pro-
cess as intense material flow occurs. Tool pin geometry
directly affects the mechanical properties of the joints.
Chauhan and Kumar34 have stated that the joints using
the threaded pin among cylindrical, tapered, and
threaded pin profiles have shown the best impact
strength due to better stirring. Similarly, Rajakumar
et al35 have obtained the best tensile strength values from
samples joined with threaded cylindrical pin profiles in
their study made with AZ61A alloy. Patel et al36 in their
study with AZ91 alloy, the highest tensile strength was
obtained from the tool with threaded straight cylindrical
pin among threaded straight cylindrical pin, tapper cylin-
drical pin, and straight cylindrical pin. Similarly, Singh
et al37 in their study on the ZE41 alloy obtained better
results with threaded cylindrical pin geometry than with
straight cylindrical pin geometry. It can be said that the
presence of thread in the pin geometry facilitates the ver-
tical movement of the material. For this reason, a tool
with a cylindrical threaded pin was used. Tools with M5
threaded pins with a shoulder diameter of 21 mm and a
pin length of 5 mm were produced by machining. The
dimensions of the produced tools are shown in Figure 2.
During the FSW process, high temperatures are reached
and the tool must be able to maintain its mechanical
properties at these high temperatures. For this reason,
X40CrMoV5–1 (H13) hot work tool steel was chosen as
the tool material. In this steel, molybdenum and vana-
dium are used to increase strength. Chromium content
helps increase its resistance to softening when used at
high temperatures. This type of steel offers a very good
combination of impact and wear resistance by heat treat-
ment and has good hardness at red heat. Additionally,
this type of steel is resistant to rapid cooling. The tool
material in cylindrical section without heat treatment
was brought to its final dimensions with a CNC lathe.
After machining, the heat treatment was done in a pro-
fessional heat treatment factory. After heat treatment, a
hardness of 54 HRC was achieved on the outer surface of
tool. No wear or breakage occurred in the tools during
the experiments.

Another significant welding parameter is the tool tilt
angle relative to the workpiece surface and plunge depth.
A suitable tool tilt angle, which is reverse direction to the
direction of feed, enables the tool shoulder to hold
the material stirred with the pin and to direct effectively

the stirred material.18,38,39 Zhang et al40 stated that the
tool tilt angle must be between 1–3� to make properly
FSW. Tool tilt angle directly affects the joining quality
and defect formation. Long et al41 have studied the effect
of tool angle on weld properties in FSW with the finite
element method. Wormhole defects have occurred when

TABLE 1 Chemical composition of

AZ31 magnesium alloy (% weight).
Alloy Al Si Zn Fe Mn Cu Ni Mg

AZ31 2.5–3.5 ≤0.30 0.7–1.3 ≤0.005 ≥0.2 ≤0.05 ≤0.005 balance

FIGURE 1 Material holder mold. [Colour figure can be viewed

at wileyonlinelibrary.com]

FIGURE 2 Tool geometry. [Colour figure can be viewed at

wileyonlinelibrary.com]
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the tool tilt angle is 0�, whereas these defects have not
occurred when the tilt angle is 2�. In their study to
improve the surface properties of the cast ZK60 alloy,
Vigneshkumar et al42 stated the most appropriate tool
angle is 2� (range 0�–4�). This situation is related to the
optimization of heat generation and material flow at a 2�

tilt angle. Moreover, the tilt angle is 2� in a study in
which 100.8% joint efficiency is obtained.43 In a study
with AZ3144 tool tilt angle is 2.5�. Optimization of heat
generation, material flow, grain boundary strengthening,
and homogeneous particle distribution is achieved with
the 2� tool tilt angle. Therefore, 2� was used for the tool
tilt angle in all experiments.

The plunge depth of the pin in the workpiece is
another significant process parameter. Plunge depth has
a significant impact on tensile strength and notch impact
energy.45 The depth of the plunge is directly dependent
on the pin length. In addition, the shoulder surface of the
tool must be in constant contact with the surface of
the workpiece in order to effectively move the mixed
material during FSW. In two different studies where
three different values for the plunge depth (0.03 mm,
0.12 mm, and 0.21 mm) were used, the best mechanical
properties were obtained at the plunge depth of
0.12 mm.46,47 When the plunge depth is low, the tool
shoulder cannot make sufficient vertical pressure. In the
opposite case, when the plunge depth increases too
much, local thinning occurs. Additionally, defects may
occur due to increased heat input. As a result, when the
studies in the literature are examined, it is understood
that it is appropriate to use a tool penetration depth of
approximately 0.15 mm to ensure an effective joining
with FSW. Therefore, 0.15 mm plunge depth was used in
all experiments.

Pre-welding experiments were carried out with many
welding parameters. Based on these pre-welding experi-
ments, it was understood that the ratio of the tool rota-
tion speed to the tool feed speed should be between 2 and
3 with a 21 mm shoulder diameter tool. With a 21 mm
shoulder diameter tool, 1,250 rpm, 400 mm/min�1

parameter was determined as the most suitable parame-
ter. In order to determine this most suitable welding
parameter for fatigue tests, a parameter analysis was car-
ried out with reference to tensile tests.

3 | METHOD

Tensile test samples were obtained by laser cutting. Base
metal and welded tensile test specimens were produced
in the same dimensions, according to EN ISO 6892-1 and
EN ISO 4136 standards, respectively. The dimensions of
the tensile test samples are shown in Figure 3. Tensile

tests were carried out on the MTS CRITERION (Model
45) brand universal tensile test device.

ISO 12106:2017 (metallic materials - fatigue testing -
axial-strain-controlled method) standard is used to deter-
mine the fatigue behavior of uniaxial samples under
strain control at constant amplitude, constant tempera-
ture, and constant strain rates, including Rε=� 1. Here it
is defined as Rε ¼ εmin=εmax . Depending on this standard,
fatigue test samples from welded and base metal plates
were obtained by wire erosion machine. In fatigue test
samples, the wire erosion method was preferred so that
the cutting process did not affect the mechanical proper-
ties of the samples. Seven fatigue test specimens were
removed from each welded plate. The exact removal loca-
tions of these samples from the welded parts are shown
in Figure 4. Since the lengths of these samples were too
long for the working range of the device where the
fatigue test was performed, the samples were shortened
by machining. The final dimensions of the fatigue test
samples are shown in Figure 5 and their photographs are
shown in Figure 6.

FIGURE 3 Tensile test sample dimensions.1

FIGURE 4 Exact positions of fatigue test specimens removed

from a welded plate.1
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Fatigue tests were carried out on a SHIMADZU
(EHF-LV020K2–020) brand fatigue test device. Strain-
controlled low cycle fatigue tests were performed on both
welded and base metal samples at 10 Hz, with six differ-
ent strain values (0.2%, 0.3%, 0.35% 0.4%, 0.5%, 0.6%) and
three samples at each strain value.

Micro–macrostructure and hardness examinations
were carried out to determine the structure of the weld
area. For micro–macrostructure and hardness examina-
tions, cross-sectional samples were taken from the weld-
ing area by machining. Micro-macrostructure samples
were sanded from coarse to fine and then polished using
felt with diamond dust suspension poured on them. To
reveal the microstructure of the welded joints, the
polished samples were etched with a solution using 5 ml
acetic acid, 6 g picric acid, 10 ml water, 100 ml ethanol
until a brown film was formed on the sample surface.
Microstructure photographs were taken from the stir
zone (SZ), thermomechanical affected zone (TMAZ), heat
affected zone (HAZ), and base material (BM) through an
optical microscope with 20 times and 200 times magnifi-
cation. The macrostructure photograph was taken at five
times magnification.

Microhardness examinations were carried out by
applying a 500 g load for 10 s at 2 mm intervals on a

polished sample taken from the cross-section of the
welded part. Microhardness measurement points along
the cross section are shown schematically in Figure 7.

In addition, the welded samples damaged as a result
of the fatigue test were examined with a scanning elec-
tron microscope (SEM) to better understand the cause of
the failure.

4 | RESULTS AND DISCUSSION

4.1 | Tensile test

Tensile test results were taken as a reference to deter-
mine the most appropriate welding parameters for
fatigue tests. Preliminary experiments were conducted
with many different welding parameters. The highest
mechanical properties according to tensile strength were
obtained at 1250 rpm, 400 mm.min�1 welding parameter
with a joining efficiency of 88%. In this welding parame-
ter, very similar tensile strength values were obtained
from three samples removed from the joined plate. This
shows that continuity is achieved throughout the weld
seam. The comparison of the stress–strain diagram
obtained from the samples joined at this welding parame-
ter with the stress–strain diagram obtained from the base
material is shown in Figure 8. It is seen that the welding
process also reduces the ductility of the material. Photo-
graphs of the samples joined at 1250 rpm, 400 mm.min�1

parameter after the tensile test are shown in Figure 9. As
a result of tensile testing, fractures occurred in the weld
metal.

FIGURE 6 Base metal and welded fatigue test specimens.1

[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Final dimensions of the fatigue test sample.1

FIGURE 7 Microhardness measurement

points.1

FIGURE 8 Comparison of tensile diagrams of welded samples

at 1250 rpm 400 mm.min�1 welding parameter and base metal

samples.1 [Colour figure can be viewed at wileyonlinelibrary.com]
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4.2 | Micro–macrostructure

The top surface appearance of the plate joined at
1250 rpm, 400 mm.min�1 welding parameter, where 88%
joining efficiency was achieved according to tensile
strength, is shown in Figure 10A. It can be seen that a
smooth weld seam is formed on the upper surface and
there is no intense flash formation. The macrostructure
photograph of the cross-section of the plate joined at
1250 rpm, 400 mm.min�1 welding parameter is shown in
Figure 10B. When Figure 10B is examined, at the welding
parameter of 1250 rpm, 400 mm.min�1 it is seen that
joining occurs, and no defects take place at the macro
level. Although the SZ is clearly visible, other regions in
the macrostructure are not very prominent since a single-
phase α-Mg structure is formed in all regions. Addition-
ally, there is a thinning in the cross-section due to the
shoulder plunge depth. It is clear that in order for this
thinning to be compensated mechanically, the

mechanical properties in the weld area where the thin-
ning occurs must be higher than the BM mechanical
properties.

Microstructure photographs were taken at two differ-
ent scales with an optical microscope from the cross-
section of the joined plate at 1250 rpm, 400 mm.min�1

welding parameter. Microstructure photographs taken
from BM, HAZ, TMAZ, and SZ are shown in Figure 11. It
is seen that a single-phase α-Mg structure is formed in all
regions. It is seen that the grains are smaller in SZ and
BM compared to TMAZ and HAZ.

4.3 | Microhardness

The microhardness values measured from the cross-
section of the joined plate at the welding parameter of
1,250 rpm, 400 mm.min�1, where the highest joining effi-
ciency is achieved, are shown in Figure 12. It is seen that
the lowest hardness is obtained in the weld metal center,
the hardness is slightly higher in the TMAZ, which is
close to the SZ, and the hardness does not change signifi-
cantly in the HAZ and BM. Generally, when the hardness
distribution in the weld cross section is evaluated, no
large fluctuations in hardness are detected. It is consid-
ered normal that there are no large fluctuations in hard-
ness since the welding process is carried out with low
heat input in the FSW process and therefore a single-
phase α-Mg structure is formed in all regions.

4.4 | Fatigue test

Low cycle fatigue test results obtained from base metal
and welded samples are shown in Figure 13. Low cycle

FIGURE 9 Photograph of the samples joined at 1250 rpm

400 mm.min�1 parameter after the tensile test.1 [Colour figure can

be viewed at wileyonlinelibrary.com]

FIGURE 10 Macro view at 1250 rpm, 400 mm.min�1 welding parameter. (A) Upper surface view, (B) section view.1 [Colour figure can

be viewed at wileyonlinelibrary.com]
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fatigue limit was considered as 50,000 cycles. At 0.2%
elongation, all of the base metal and welded samples
passed this cycle limit without failure. At an elongation
rate of 0.3%, all of the base metal samples exceeded this

limit, but it was observed that the welded samples started
to fail at this elongation rate. With increasing elongation
rate, both base metal and welded samples suffered fail-
ure. The number of cycles to failure was very similar for

FIGURE 11
Microstructures (A-B)

BM, (C-D) HAZ, E-F) TMAZ,

G-H) SZ.1 [Colour figure can be

viewed at wileyonlinelibrary.

com]
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each strain rate in the welded samples. This showed that
the weld quality did not change along the weld seam.

Low cycle fatigue test data are represented by the
Coffin-Manson equation48,49:

FIGURE 12 Hardness distribution in the

weld cross-section.1 [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 13 Strain controlled low cycle fatigue test results (A)

base metal samples, (B) welded samples.1

FIGURE 14 Low cycle fatigue parameters according to the

Coffin-Manson-Basquin equation (A) base metal samples, (B)

welded samples.1
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εa ¼
σ0f
E

2Nf
� �bþ ε0f 2Nf

� �c ð1Þ

In this equation, σ0f is the axial fatigue strength coeffi-
cient and b is the axial fatigue strength exponent, Nf is
the number of fracture cycle. ε0f and c are the axial fatigue
ductility coefficient and axial fatigue ductility exponent,
respectively.

Low cycle fatigue parameters of welded and base
metal samples were obtained according to the
Coffin-Manson-Basquin equation. Figure 14 shows the
parameters obtained according to the elastic and plastic
elongation ratio. In Figure 14, for each number of frac-
ture cycles, round data defines the elastic strain and
rhombic data defines the plastic strain.

4.5 | SEM investigation

The fractured surfaces of the welded test specimens,
which were damaged as a result of the fatigue tests, were
examined with SEM. As seen in Figure 15, it is seen that
fatigue starts from the lower surface of the weld and pro-
gresses towards the upper surface. Weld toes are critical
areas in the fatigue behavior of welded joints.50 In the
traditional FSW process, the root of the weld is consid-
ered to be the critical region for fatigue damage. In prac-
tice, a distance of 0.05 mm was allowed between the tool
pin and the bottom plate during the welding process to
prevent the tool pin from contacting the bottom plate.
For this reason, there is a high probability of cold joining
occurring in the weld root section due to the nature of
the process.

5 | CONCLUSION

In joining 5.2 mm thick AZ31 magnesium alloy with
FSW, a joining efficiency of 88% according to tensile
strength has been achieved with a tool with a 21 mm
shoulder diameter M5 threaded pin and a pin length
of 5 mm, with a welding parameter of 1,250 rpm,
400 mm.min�1. When the micro and macrostructure
photograph of the cross-section of the welded plate at
1250 rpm, 400 mm.min�1 welding parameter was
examined, it was seen that the joining was performed
completely, and no defects occurred at the macro level.
In the macrostructure, the stirring zone is clearly visi-
ble, but since a single-phase α-Mg structure is formed
in all regions, other regions are not obvious. In addi-
tion, in this parameter, since the single-phase α-Mg
structure has formed in all regions of the joined sam-
ples, no large fluctuations in hardness have been
observed, and this is considered normal since welding
has been done with low heat input. According to the
low cycle fatigue test results performed on welded and
base metal samples, the base metal samples exceeded
the 50,000 cycle limit with an elongation rate of 0.3%
and the welded samples with an elongation rate of
0.2%. Very similar fatigue test results were obtained
from the welded samples for each unit elongation rate,
which showed that the weld quality was achieved
throughout the seam.
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