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In this study, we investigated the influence of process parameters on the mechanical properties
of AZ91C magnesium alloy joints produced by friction stir welding (FSW). A Taguchi L9
orthogonal array was employed to design the experimental matrix, and the input variables were
analyzed. Tensile strength and hardness values were measured for different input parameters,
and their interactions were assessed through interaction plots for ultimate tensile strength
(UTS) and Vickers hardness (HV). The signal-to-noise (S/N) ratios were calculated, and S/N
ratio plots were generated to further understand the effects of the input parameters on the
mechanical properties. Microstructural evaluations were carried out on the base metal and stir
zone (SZ) of the specimens produced under various process conditions. Additionally, the
appearances of the FSW samples with the minimum and maximum tensile strengths were
compared.

The results revealed complex relationships between the process parameters and mechanical
properties, with both main effects and interactions playing significant roles in determining the
performance of the FSW joints. Notably, an optimal combination of process parameters (tool
rotation speed of 1250 rpm, welding speed of 40 mm/min, and plunge depth of 0.3 mm)
resulted in the highest ultimate tensile strength (UTS) and hardness (HV) values.
Microstructural analysis showed that FSW significantly refined the grain size, contributing to
the improvement of mechanical properties.

© Shiraz University, Shiraz, Iran, 2023

1. Introduction

However, its use is limited by low mechanical

properties at moderate temperatures. To overcome this

In recent years, magnesium alloys have gained

limitation, researchers have employed various

significant attention due to their excellent strength-to-

techniques, such as alloy development, addition of

weight ratio and potential applications in various

reinforcements, and local materials engineering [1-5].

industries, particularly the automotive sector. Among

Friction stir welding (FSW) is a promising method

magnesium alloys, the AZ91C magnesium alloy has

for joining AZ91C magnesium alloy components and

been widely used for automotive applications.
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environmentally friendly, and versatile joining
technique.

The FSW process involves several parameters,
including tool rotation speed, welding speed, and
plunge depth, which significantly influences the
quality and mechanical properties of the welded joints
[6-8]. Previous research has investigated the effects of
welding parameters on microstructure, mechanical
properties, and residual stress profiles of FSW joints
[9-13]. Some researchers have also studied the joining
of dissimilar magnesium alloys and aluminum using
FSW [14, 15]. In the existing studies of Friction Stir
Welding [9, 10, 12, and 13], it's pointed out that the
resultant microstructure can be categorized into three
unique areas: the heat-affected zone (HAZ), thermo-
mechanically affected zone (TMAZ), and stirred zone
(SZ). The SZ is characterized by a uniformly
distributed recrystallized grain structure with small,
equiaxed grains. This is obtained through the process
of dynamic recrystallization (DRX) that occurs within
the deformed region [16].

The execution of friction stir welding involves a
number of key operational inputs [7], listed here in the
decreasing order of their impact: 1) speed of the tool
rotation, 2) welding speed, 3) design of the tool, 4) tilt
angle, 5) axial load, 6) plunge depth, and 7) backing
plate. The friction stir welding process mainly revolves
around two significant parameters: the rotation speed
of the tool and the speed of welding. These two factors
have a substantial effect on the quality and mechanical
attributes of the joints produced by friction stir
welding.

In this study, we aim to optimize the FSW process
parameters for AZ91C magnesium alloy and
investigate their impacts on ultimate tensile strength
(UTS) and hardness (HV) using the design of
experiments approach. To perform analyses and the
optimization, a series of experiments were designed
using the Taguchi L9 orthogonal array [17]. Tool
rotation speed, welding speed, and plunge depth were
considered as the input parameters. The main effects
and interactions of the process parameters were

analyzed, and the signal-to-noise (S/N) ratio was
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calculated to evaluate the performance characteristics.
An analysis of variance (ANOVA) was carried out to
evaluate the impact of each process parameter on the
mechanical attributes [17].

In addition to the primary focus of this study, it is
essential to acknowledge and build upon relevant
earlier works in the field. The study about thermo-
mechanically affected zone in friction stir welding
sheds light on the intricate thermal and mechanical
changes that occur in the welding process, impacting
the microstructure and mechanical properties of the
joints [18]. Moreover, studying about friction stir lap
welding of aluminum to brass contributes to the
understanding of joining dissimilar materials through
FSW, providing valuable insights into material mixing
and intermetallic formation [19]. By integrating and
expanding upon these findings, our research endeavors
to address the challenges faced in optimizing the FSW
process parameters for AZ91C magnesium alloy joints
and enhancing their mechanical properties for potential
applications in the automotive and aerospace

industries

2. Experimental Procedure

For this study, a commercially accessible cast ingot
of AZ91C magnesium alloy was selected. The
chemical composition of the alloy in its as-cast state is
detailed in Table 1, while Table 2 provides an
overview of its mechanical characteristics. To prepare
the specimens for friction stir welding (FSW), the
ingot was machined into rectangular plates with a
thickness of 8 mm. The friction stir welding (FSW)
process was conducted using a special designed fixture
to secure the workpieces during welding, as illustrated
in Figure 1(a). The FSW tool was constructed from the
AISI H13 hot-working tool steel and featured a square
pin shape. The tool had an 18 mm shoulder diameter
and a square pin with a cross-section of 4.25 x 4.25
mm? and a length of 5 mm, as shown in Figure 1(b).
The FSW tool was set to operate in a clockwise motion

with a 3° inclination.
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Table 1. Chemical composition of the AZ91C magnesium
alloy in its as-cast state

Element Mg Al Zn Mn Si Fe Cu Ni

Weight (%) Bal. 89 084 033 0.07 001 0.004 0.87

Table 2. Mechanical properties of the AZ91C magnesium
alloy in its as-cast state

Base ;l;f-zls)l;:h Elongation Hardness G;;:;“
0,

metal (N/mm?) (%) (HV) (um)
As-cast
AZ91C 140 6.74 81 90

b

DETAIL A
SCALE2:1
0425425 7]

Fig. 1. (a) Shows the experimental set-up of FSW machine
(b) dimensions of AISI H13 hot working tool steel used to in
preparing FSW joints in mm and used fixture in FSW joint.

Standard metallographic techniques were employed to
prepare the transverse sections of the specimens for
microstructural analysis. The prepared specimens were
then etched using a solution composed of 60 vol. %
ethylene glycol, 19 vol. % acetic acid, 1 vol. % HNO3,
and 20 vol. % H2O for a duration of 1 minute. The
microstructure of the base metal and stir zone (SZ) of the
specimens produced under various process conditions
was examined using optical microscopy. Tensile
examinations were carried out at room temperature using
a universal tensile testing apparatus at a rate of 1
mm/min. The specimens' dimensions for this test
complied with the ASTM EMOS standard, as illustrated
in Figure 2. The ultimate tensile strength (UTS) was
determined from the tensile test results.

Microhardness evaluations were conducted at
locations 1 mm beneath the top surface of the specimens

and were separated by 2.5 mm from one another.
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Vickers microhardness tester was used under a 100 g
load for a duration of 10 seconds to obtain hardness
values (HV).

To systematically investigate the effects of the
process parameters on the mechanical properties, a
series of experiments were designed using the Taguchi
L9 orthogonal array [17]. The main process parameters
considered were the tool rotation speed, welding
speed, and plunge depth. Table 3 shows the levels and
parameters of the process, and Table 4 presents the L9
orthogonal array used to define the experimental setup.
The friction stir welding was carried out for each of the
nine combinations of process parameters based on the
predefined input parameters, utilizing a modified
milling machine adapted for friction stir welding. The
welding direction was set perpendicular to the rolling
direction, and single-pass welding methods were
applied to create the joints. During the process, the
tool's rotation enabled the stirring and blending of
materials around the spinning pin, transporting
material from the pin's front to its back, thereby
finalizing the welding process. The welding speed, tool
rotation speed, and plunge depth were strictly
controlled during the welding process to ensure

consistent and accurate data collection.

1.5

Fig. 2. Schematic representation of the specimen used in the
tensile test.
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Table 3. Levels and parameters of the process

Parameter Range Level 1 Level 2 Level 3
Tool rotation
speed (rpm) 800-1600 800 1250 1600

Welding

speed 20-60 20 40 60

(mm/min)

Plunge
depth (mm) 0.2-0.4 0.2 0.3 0.4

Table 4. L9 orthogonal array or input variables

Experiment R(’)l;::ilon ‘Z;I;igg l:ll:;lt%le
no. speed X

(rpm) (mn/min) (mm)
1 800 20 02
2 1250 40 02
3 1600 60 02
4 800 60 03
5 1250 40 03
6 1600 20 03
7 800 60 0.4
8 1250 20 0.4
9 1600 40 0.4

After FSW, microstructural evaluations were
performed to examine the grained structure and other
microstructural features of the base metal and SZ for
each combination of process parameters. Additionally,
the appearances of the FSW samples, with the minimum
and maximum tensile strengths, were compared to
visually observe the surface quality and weld line

characteristics.
3. Results and Discussion

3.1. Statistical results from Taguchi method

The results of the ultimate tensile strength (UTS) and
hardness values for the designed experiments are
presented in Table 5. A wide range of UTS values were
observed, with a minimum value of 156.8 MPa in
experiment 1 and a maximum value of 245.6 MPa in
experiment 5. The hardness values also exhibited
noticeable variations, ranging from a low of 90 HV in
experiment 1 to a high of 113 HV in experiment 6. The
findings indicate that the diverse combinations of
process parameters utilized in the experiments
substantially influenced the mechanical attributes of the

joints created through friction stir welding. Notably,
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experiment 5 displayed the highest UTS and one of the
highest hardness values, indicating a possible optimal
combination of process parameters for achieving
improved  mechanical  properties.  Conversely,
experiment 1 resulted in the lowest UTS and hardness
values, suggesting that the specific set of parameters
used in this experiment may not be suitable for
obtaining desirable mechanical characteristics. The data
highlights the importance of selecting appropriate
welding process parameters to ensure the production of
high-quality joints with enhanced mechanical
properties. Further analysis and optimization of the
process parameters could provide valuable insights into
the underlying relationships between the input variables
and the mechanical performance of the resulting welded
joints.

Table 5. Tensile strength and hardness values corresponding

to varying input parameters

Tool

rotation ‘Welding Plunge Tensile Hardness
speed depth strength
el (mm/min) (mm) (MPa) )
(rpm)
1 1250 40 0.2 234.9 93
2 1600 60 0.2 163.3 102
3 800 60 0.3 185.6 105
4 1250 40 0.3 245.6 110
5 1600 20 0.3 210.3 113
6 800 60 0.4 177.6 99
7 1250 20 0.4 239.6 107
8 1600 40 0.4 191.3 109

The main effects represent the average change in the
response variable as the factor changes from one level to
another. A positive main effect indicates that an increase
in the factor level leads to an increase in the response.
Conversely, a negative main effect denotes that an
increase in the factor level results in a decrease in the
response.

Results of running a Matlab code, presented as step-
by-step as a text in Figure 3, written for the calculation
of the main effects of the parameters showed that

= For UTS, an increase in tool rotation speed and
plunge depth results in increasing UTS values,
with main effects of 7.4833 and 8.9167,

respectively. On the other hand, an increase in
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welding speed leads to a decrease in UTS, with
a main effect of -13.3667.

=  For HV, an increase in tool rotation speed and
plunge depth results in increased HV values,
with the main effects of 5.0000 for both factors.
Conversely, an increase in welding speed leads
to a slight decrease in HV, with a main effect of
-0.6667.

1. Start
2. Initiate Input Data which includes experiments matrix and UTS, HV vectors
3. Call the MainEffects function with experiments and UTS as inputs
3.1 Enter the function MainEffects

3.1.1 Setn_levels as 3

3.1.2 Set factors as number of columns in experiments matrix

3.1.3 Initialize mainEffects as a zero matrix with size n_levels x factors

3.1.4 Start loop for 'factor’ from 1 to 'factors'

3.1.4.1 Start loop for 'level' from 1 to 'n_levels'

3.1.4.1.1 Create a mask vector to find the corresponding rows with
the current factor and level in experiments matrix

3.1.4.1.2 Find the mean of elements in response vector where mask

vector is true, and assign it to the corresponding element in
mainEffects matrix

3.1.4.2 End "level loop 3.1.5 End "factor’ loop
3.2 Return from the function MainEffects with mainEffects matrix as output
4. Store the returned values from MamE(ffects function into mamn_effects UTS

5. Call the MainEffects function with experiments and HV as inputs 5.1 Repeat steps
from 3.1 to 3.2

6. Store the returned values from MainEffects function into main_effects HV

7. End

Fig. 3. Structure of the Matlab code step-by-step written for
calculation of main effect of parameters.

These results suggest that the welding speed has the
most significant impact on the UTS, while tool rotation
speed and plunge depth have a more substantial effect on
HV. Further analysis or experimentation may be
conducted to optimize the process parameters and
understand any interactive effects between the factors.

To investigate potential interactions between the
process parameters, 2D line plots (Figures 4 and 5) were
generated for each pair of parameters. The plots provide
a visual representation of the interaction effects,
enabling the identification of trends and patterns that
may warrant further investigation. From the interaction
plots (Figure 4), it was observed that the combinations

of tool rotation speed and welding speed, as well as
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welding speed and plunge depth, exhibited noticeable
interactions for UTS than the combination of tool
rotation speed and plunge depth. However, it is evident
that the combination of tool rotation speed and welding
speed exhibits a significant interaction effect on the
UTS. As it was shown in Figure 4, the combination for
each pair of three parameters show the interaction for
HV. Similarly for the case of UTS, the combination of
tool rotation speed and welding speed exhibits a

significant interaction effect on the HV.

250
= .
i
< 200 5 ~Welding speed (mm/min) =20
@ ; gsp
[ Welding speed (mm/min) =40
- T o it =Welding speed (mm/min) =60

150

800 1000 1200 1400 1600
Tool rotation speed (rpm)
250

UTS (MPa)
[ ]
=
=

P = = =Plunge depth (mm) =0.2 ~.
e - Plunge depth (mm) =0.3 =~
r Plunge depth (mm) =0.4
150 Caad
20 30 40 50 60
‘Welding speed (mm/min)
250

4
= = =Plunge depth (mm) =0.2

UTS (MPa)
b
=
=

Lr e Plunge depth (mm) =0.3 -
P Plunge depth (mm) =0.4 b
b
150
800 1000 1200 1400 1600

Tool rotation speed (rpm)

Fig. 4. Interaction plot for UTS.
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Fig. 5. Interaction plot for HV.

To evaluate the impact of factors on the response, it is
possible to calculate the means and signal-to-noise ratios
(S/N) for each control factor. In this research, the S/N
ratio was selected based on the 'larger-the-better'
criterion to maximize the response. The S/N ratio, a
logarithmic function of the desired output, functions as
the objective function for optimization. It aids in data
analysis and prediction of optimal outcomes. The S/N
ratio is calculated using the 'larger-the-better' criterion as
given by Eq. (1) [17], where Y represents the observed
data and n stands for the number of observations. The
measured tensile strength and hardness were converted
into S/N ratios. The experimental findings and computed

S/N ratio values are compiled in Table 6.

S/N = —-10*log (= (1/Y?)/n) (1)

IJMF, Iranian Journal of Materials Forming, Volume 10, Number 3

Table 6. Results of the experiments and their associated
signal-to-noise ratios

Input Parameter Response S/N Ratio
Tool  welding Plunge  Tensile
r::;:gn speedg depti strength oL uTsS HV
(rpm) (mm/min)  (mm) (MPa) (HV)
800 20 0.2 156.8 90 4391 39.08
1250 40 0.2 234.9 93 47.42 39.37
1600 60 0.2 163.3 102 44.26 40.17
800 60 0.3 185.6 105 47.6 40.42
1250 40 0.3 245.6 110 47.2 40.83
1600 20 0.3 2103 113 46.46 41.06
800 60 04 177.6 99 44.99 39.91
1250 20 04 239.6 107 47.32 40.59
1600 40 0.4 191.3 109 45.63 40.75

From the S/N ratio results for UTS (Table 6 and
Figure 6), it can be observed that the highest S/N ratio
of 47.60 was achieved at a tool rotation speed of 800
rpm, a welding speed of 60 mm/min, and a plunge depth
of 0.3 mm. This indicates that this combination of
parameters is the most favorable for obtaining the
highest UTS, as higher S/N ratios correspond to better
performance under the larger-the-better criterion.
Similarly, from the S/N ratio results for HV (Table 6
and Figure 7), the highest S/N ratio of 41.06 was
obtained at a tool rotation speed of 1600 rpm, a welding
speed of 20 mm/min, and a plunge depth of 0.3 mm.
This suggests that this combination of parameters is the
most favorable for achieving the highest HV.

The Taguchi method focuses on optimizing the S/N
ratio and finding the best parameter settings by
analyzing the main effects and interactions. It assumes
that the effect of each factor is independent of the other
factors. However, this assumption might not hold true
in all cases, as there could be significant interactions
between factors that affect the response variables. In
such situations, relying solely on the main effects and
S/N ratios might not provide a complete understanding
of the underlying relationships.

On the other hand, analysis of variance (ANOVA) is
a more general statistical method that accounts for the
interactions between factors and their effects on the
response variables. The ANOVA test checks the null
hypothesis, which asserts that there is no substantial
difference between the means of the various levels
associated with each factor. If the p-value is greater than

the significance level (usually 0.05), we fail to reject the
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null hypothesis and conclude that the factor does not
have a statistically significant effect on the response
variable. In this study, the ANOVA results suggest
that none of the factors have a statistically significant

effect on the response variables.

3.2. Microstructure observation and hardness test

The microstructural examinations of the
magnesium friction stir welds have provided valuable
insights into the grain structure within the stir zone
(SZ). This region typically exhibits an equiaxed grain
structure, often identified as recrystallized. Figure 8
offers a detailed depiction of the microstructure of
both the base metal and the SZ in the friction stir
welded (FSWed) specimens.

The base metal's microstructure, as illustrated in
Figure 8(a), comprises of coarse grains with sizes
varying between 200 to 320 pm. In contrast, the
FSWed samples display much smaller, recrystallized
equiaxed grains, typically around 16-20 um in size. A
noteworthy observation is the difference in grain
structure between the two FSWed samples. The
sample created with a rotation speed of 1250 rpm and
a welding speed of 40 mm/min exhibits a finer grain
structure compared to the one created with a rotation
speed of 800 rpm and a welding speed of 40 mm/min.
This observation underscores the pivotal role of
process parameters in shaping the microstructure and,
consequently, the properties of the weld.

The FSW process induces a disturbance that creates
conditions conducive to dynamic recrystallization,
leading to a reduction in grain size. Dynamic
recrystallization can be categorized into continuous
and discontinuous types. During the process, the
material undergoes severe plastic deformation,
resulting in the formation of numerous grain
boundaries with minor angle misalignments. The
transformation of low-angle grain boundaries to high-
angle grain boundaries is referred to as continuous
dynamic recrystallization.

The nucleation of new grains occurs in preferred

areas such as existing grain boundaries and regions
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with high stored energy, leading to a distinct type of
recrystallization known as discontinuous dynamic
recrystallization. Given sufficient time and heat, new
small grains begin to grow, driven by the reduction of
grain boundary surface area and the achievement of
the lowest energy state.

Therefore, an increase in the rotational speed
escalates the amount of heat produced and accelerates
the grain growth rate. At a rotation speed of 800 rpm,
the grain size is approximately 16 um, while at a
rotation speed of 1250 rpm, it is around 20 pm.
Despite the finer grains at 800 rpm compared to 1250
rpm, this can be attributed to the lower disturbance at
800 rpm, which prevents a significant rise in
temperature. Moreover, at 800 rpm, the temperature
required for the material to become semi-solid is
lower. Consequently, the material lacks the ability to
become semi-solid, and the welding tool acts more like
a machining tool, inhibiting the creation of a joint.

This detailed analysis of the microstructural
changes induced by the FSW process and the influence
of process parameters provides a deeper understanding
of the mechanisms underlying the observed variations
in grain structure and its mechanical properties.
Further research could explore the optimization of
process parameters to achieve desired microstructures
and mechanical properties, contributing to the
development of more efficient and effective FSW
processes.

Figure 9 presents a comparison between the welded
samples that achieved the highest (1250 rpm, 40
mm/min, 0.3 mm) and lowest ultimate tensile strength
(800 rpm, 20 mm/min, and 0.2 mm). The sample
produced at the highest rotation speed exhibits
superior surface quality, characterized by a smooth
and uniform appearance. In contrast, the sample
produced at the lowest rotational speed displays a less
desirable weld line, marked by voids and surface
irregularities.

This stark contrast between the two samples
underscores the profound influence of process
parameters on the macrostructure of the weld. The

specimen with the higher tensile strength demonstrates
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a more homogeneous and consistent structure, as
opposed to the one with the lower tensile strength (as
shown in Figure 8). These images serve as a powerful
visual representation of the correlation between
process parameters and their impact on the weld's
morphology. More specifically, they highlight how
variations in process parameters can lead to significant
changes in the weld's surface quality and structural
consistency, which in turn, directly affect its tensile
strength. It’s worth noting that the surface quality and
structural consistency of the weld are critical factors

that determine its mechanical performance. The

7
2O

tal, and the SZ in the

specimens produced with (b) rotational speed 800 rpm, (c)

rotational speed 1250 rpm and (d) rotational and traverse
speed 1600 rpm and 40 mm/min, respectively.

Fig. 8. Mic

KR T e

a

Fig. 9. Visual representation of friction stir welded samples
with the (a) lowest and (b) highest tensile strength.
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presence of voids and surface irregularities, as seen in
the sample produced at the lower rotational speed, can
act as stress concentrators, potentially leading to
premature failure under tensile loading.

On the other hand, the smooth and uniform surface
of the sample produced at the higher rotational speed
suggests a more efficient material flow during the
welding process, resulting in a weld with superior
mechanical properties. This observation reinforces the
importance of optimizing process parameters in
friction needed in stir welding to achieve high-quality
welds with enhanced mechanical performance.

Figure 10 provides a visual representation of the
hardness values distribution for the microstructure
depicted in Figure 8. The mechanical properties of the
samples are influenced by three fundamental factors,
as discussed below:

1. The Friction Stir Welding (FSW) process that
plays a crucial role in eliminating voids in the
casting alloy. Voids are known to contribute to
reduced mechanical properties, and their
elimination through FSW enhances the overall
mechanical performance of the samples [11].

2. The precipitation of Mgl7Al112 at the grain
boundaries is another significant factor. Grain
boundaries are favorable locations for crack
nucleation [11]. L. izek et al. [20] discovered
that in heat-treated samples, these precipitations
dissolve at high temperatures. Simultaneously,
as the samples cool, very fine Mgl7Al12 beta
particles precipitate within the grains. These
extremely fine particles act as reinforcements,
enhancing the mechanical properties of the
sample. G. Nussbaum et al. [21] reported that the
tensile properties of hot extruded samples could
be significantly improved by the fine-grained
alpha phase and the distribution of Mgl7Al12
precipitations.

3. The grain size of FSW-processed samples is
approximately twenty times smaller than that of
the base metal grain size. According to the Hall-
Petch relationship, which suggests an inverse

relationship between hardness and grain size, the
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hardness and strength of FSW-processed
samples increase [9, 10].

These factors collectively contribute to the
mechanical properties of the FSW-processed
samples. However, it's important to note that the
interplay between these factors is complex and
can vary depending on the specific process
parameters used in FSW. For instance, the rate
of cooling can influence the size and distribution
of Mgl7Al12 precipitations, which in turn can
affect the mechanical properties of the samples.
Similarly, the degree of plastic deformation
during FSW can impact the final grain size,
influencing the hardness and strength of the
samples according to the Hall-Petch

relationship.

120 g

FSW with 800 rpm
FSW with 1600 rpm
L——FSW with 1250 rp

Vickers hardness
o
S
T

| S oA

60 I N TN T I [N T N T T NI T T NI T
7-6-54-3-2-10123435%67
Distance from centerline(mm)

Fig. 10. Results of microhardness vs. distance from
centerline, evaluation for the base metal and FSW-processed
samples with different rotation speed and constant welding
speed of 40 mm/min.

4. Conclusion

In this study, we investigated the influence of
process parameters on the mechanical properties of
AZ91C magnesium alloy joints produced by friction
stir welding (FSW). The Taguchi L9 orthogonal array
was employed to design the experimental matrix, and
the input variables were systematically analyzed.
Through the design of the experiments approach, we
evaluated the ultimate tensile strength (UTS) and
hardness (HV) for different combinations of tool

rotation speed, welding speed, and plunge depth. The
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main effects and interactions of the process parameters

were analyzed to understand their individual and

combined impacts on the mechanical attributes of the

welded joints.

The results of the experiments revealed a wide
range of UTS and HV values, showcasing the
significant influence of the diverse combinations
of process parameters on the mechanical
properties of the joints. Notably, we identified the
optimal combination of process parameters for
achieving the highest UTS and HV values, which
were a tool rotation speed of 1250 rpm, welding
speed of 40 mm/min, and a plunge depth of 0.3
mm.

The interaction plots provided visual
representations of the interactions between the
process parameters, further highlighting the
complex relationships between the factors in
determining the mechanical properties of the
FSW joints. Additionally, the signal-to-noise
(S/N) ratio analysis was conducted, guiding us to
the combinations of process parameters that lead
to better mechanical performance.
Microstructural evaluations of the base metal and
stir zone (SZ) under various process conditions
revealed the significance of FSW in refining the
grain structure and improving the mechanical
properties of the joints. The SZ exhibited a
recrystallized equiaxed grain structure, resulting
from the dynamic recrystallization (DRX) process
occurring within the deformed region during
FSW.

The application of the Taguchi method enabled us
to systematically analyze the effects of the
process parameters on the mechanical properties
of the AZ91C magnesium alloy joints. By
considering the main effects and interactions of
the input variables, which helped us optimize the
FSW process parameters and identify the optimal
conditions for achieving enhanced mechanical
properties.

In conclusion, this study highlights the

importance of understanding and optimizing the

FSW process parameters in order to enhance the
mechanical properties of the AZ91C magnesium
alloy joints. The application of the Taguchi
method proved to be effective in systematically
evaluating the effects of the process parameters
and identifying the optimal conditions for
improving the mechanical performance of the
joints. The findings of this research provide
valuable insights for further research and
industrial applications of FSW in the automotive

and aerospace industries.
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