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In this research, friction stir welding (FSW), a solid-state joining process, was employed to 

weld 5 mm thick sheets of aluminum alloy Al2024 and magnesium alloy AZ91C. The 

Taguchi design of experiments method was utilized to optimize the FSW process parameters 

including tool rotational speed (800-1600 rpm), welding speed (8-20 mm/min), and plunge 

depth (0.2-0.4 mm) to achieve maximum hardness in the weld zone. Microstructural 

characterization was studied using optical and scanning electron microscopes. The optimum 

parameters were found to have a 1600 rpm rotational speed, 8 mm/min welding speed, and 

0.4 mm plunge depth, resulting in a maximum hardness of 148 HV in the stir zone (SZ). The 

layered or onion ring structure observed in the SZ was attributed to insufficient mixing and 

elemental diffusion between the dissimilar alloys due to the short interaction time during 

welding. Scanning electron microscopy revealed the formation of a continuous intermetallic 

layer at the aluminum-magnesium interface and the dispersion of magnesium particles in the 

aluminum matrix, contributing to the composite-like structure in certain regions. The 

hardness variation perpendicular to the weld line was correlated with the microstructural 

evolution, with the highest hardness observed in the fine-grained SZ due to grain refinement 

and precipitation hardening. The thermomechanically affected zone (TMAZ) exhibited lower 

hardness due to the presence of coarser precipitates and partially recrystallized grains. This 

research demonstrates the feasibility of joining Al2024 and AZ91C alloys using FSW and 

highlights the importance of optimizing process parameters to achieve desirable mechanical 

properties and microstructural characteristics in the dissimilar weld joint. 
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1. Introduction 

The welding of dissimilar alloys and metals poses 

significant challenges within the welding domain, due to 

their disparate physical and chemical properties. 

Conventional welding methods often struggle to 
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effectively join metals with distinct characteristics such 

as steel, aluminum, copper, and titanium, leading to 

issues like crack susceptibility and weak mechanical 

properties in the weld. Friction stir welding (FSW), 

introduced in 1991 at The Welding Institute of England, 
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emerged as a promising solution within the realm of 

solid-state welding processes [1]. In FSW, a non-

consumable tool with specialized design and rotational 

movement enters the welding area under defined 

conditions, generating friction and heat at the contact 

point with the workpiece [2, 3]. Fig. 1 shows the 

schematics of the FSW process. This, coupled with a 

compressive force, facilitates controlled plastic 

deformation of the material, enabling the mixing and 

joining of paste-like materials along the weld seam [4]. 

Various parameters govern the FSW process 

including tool design, workpiece fixture method, 

rotational and advancing speeds, tool position, applied 

pressure, and pin shape, all of which influence material 

flow patterns and temperature distribution. Material 

mixing and microstructure distribution play pivotal roles 

in determining the mechanical behavior of the final joint, 

with the formation of onion ring-shaped areas being 

particularly noteworthy [5]. Extensive research has been 

conducted on FSW technology, exploring the 

formability of welded dissimilar alloy sheets and 

examining the mechanical and metallurgical properties 

of friction stir welded aluminum and magnesium alloy 

sheets [6]. 

Aluminum alloy Al2024 and magnesium alloy 

AZ91C find widespread applications across aerospace, 

automotive, marine, and aviation industries owing to 

their favorable mechanical and physical properties [7]. 

However, welding these dissimilar alloys presents 

inherent challenges due to their divergent physical, 

chemical, and metallurgical properties. Previous studies 

have highlighted the limitations and challenges 

associated with conventional welding methods, such as 

gas metal arc welding, when welding Al2024 to AZ91C 

alloys [1-3]. 

The literature review presents several notable 

studies focusing on the optimization of friction stir 

welding parameters and the examination of dissimilar 

welds between various alloy combinations. These 

studies have investigated the effects of tool geometry, 

process parameters, and alloy compositions on the 

mechanical and metallurgical properties of friction stir 

welded joints [8]. 

 

Fig. 1. The schematics of FSW process.  

 

Notably, studies have been conducted on dissimilar 

welds between Al2024 and Al5052 aluminum alloys, 

AZ91C magnesium alloy and Al6063 aluminum alloy, 

as well as A383 aluminum alloy and AZ91 magnesium 

alloy [9-11]. 

Despite the increasing demand for welding dissimilar 

aluminum and magnesium alloys in industrial 

applications, limited research has been conducted on the 

weldability of alloys such as Al2024 and AZ91C. Given 

the potential of FSW to mitigate welding defects, 

minimize distortion and residual stresses, and induce 

minimal structural changes, the utilization of this process 

for welding dissimilar alloys holds promise. Hence, 

investigating the impact of process parameters and 

optimizing these conditions to enhance joint quality is of 

paramount interest to both academic and industrial 

researchers. This study fills a gap in the existing 

literature by examining the effect of parameters on the 

microstructure and mechanical behavior of dissimilar 

friction stir welded joints between the Al2024 and 

AZ91C alloys, underscoring the importance of precise 

parameter optimization to achieve defect-free welds with 

acceptable mechanical properties. Consequently, this 

research focuses on optimizing friction stir welding 

parameters using the Taguchi method to address this 

critical need. 

 

2. Materials and Methods 

Given the importance and existing limitations in welding 

dissimilar alloys, the need to conduct research in this 

area using two dissimilar materials was observed. The 
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Al2024 aluminum alloy and AZ91C magnesium alloy in 

5 mm sheets were selected for friction stir welding. 

These materials are among the most globally used 

materials in industry [14, 15]. The chemical composition 

and tensile test data are presented in Table 1 and Table 

2, respectively. 

 
Table 1. Chemical composition of base materials 

Chemical composition AZ91C (wt. %) 

Mg Al Zn Ni Cu Si Fe Mn 
88.97 8.9 0.84 0.87 0.004 0.07 0.01 0.336 

Chemical composition Al2024 (wt. %) 

Al Cr Cu Fe Mg Mn Si Zn 
92.08 0.01 4.94 0.46 1.76 0.51 0.23 0.01 

 

Table 2. Mechanical properties of base metals 

Sample Yield stress (N/mm2) UTS (N/mm2) Strain at fracture (%) Hardness (VHN) 

AZ91C 97 131 8.45 49.63 

Al2024 349 414 13.65 138.16 

 

The sheets were first machined with a milling 

machine to dimensions of 150×25×5 mm³ with 0.1 mm 

precision. By placing two samples next to each other, a 

welding specimen was prepared so that before welding, 

the edges were placed completely next to each other 

without any gap. Fig. 2 shows the dimensions of the 

workpieces used.   

The microstructures of the Al2024 and AZ91C alloys 

are shown in Fig. 3(a) and 3(b), respectively. As can be 

observed, the microstructure of Al2024 consists of 

elongated grains in the aluminum rolling direction with 

a random distribution of black-colored particles, which 

can be distinguished as precipitates [12]. The grains in 

the AZ91C magnesium alloy are slightly coarser and 

contain more particles compared to the 2024 aluminum 

alloy [13]. 

Fig. 2. Dimensions of the used workpieces. (Dimensions are 

in mm.) 

For welding, H13 steel tools were used. Different 

tool geometries can be employed depending on the type 

of sheet connection and their thickness. To achieve 

better material flow during friction and stir welding, the 

tool pin had a square shape and the tool rotated in a 

clockwise direction [16, 17]. 

 

  

 
Fig. 3. Base metal microstructures; (a) Al2024 aluminum 

alloy and (b) AZ91C magnesium alloy. 
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The forging direction was selected appropriately for 

material flow behind the tool during welding to achieve 

a defect-free joint. The tool angle relative to the 

perpendicular axis was three degrees [18, 19]. A 

suitable fixture was designed and built to rigidly hold 

the pieces (Fig. 4(a)). The shoulder diameter of the tool, 

pin diameter, and pin length are 18 mm, 6 mm 

(4.25×4.25 mm²), and 4 mm, respectively. To save on 

tool material, the design is double-sided, as shown in 

Fig. 4(b), and the pieces are held rigidly. Before 

welding, the surface was cleaned with an acid solution 

followed by mechanical abrasion to remove any surface 

oxides and impurities [20]. 

In this study, to conduct experiments and achieve the 

desired result, the Taguchi design of experiments 

approach was followed step-by-step. First, process 

parameters were studied then the response variable, 

which is hardness of the produced sheet, was 

determined. The studied parameters are presented in 

Table 3. The selection of parameters is based on their 

significance and ranges based on previous research and 

laboratory facilities, with 9 experiments chosen 

according to the L9 array shown in Table 4 [21]. 

 

Table 3. Process parameters and their levels 

Parameter Range Level 1 Level 2 Level 3 

Tool rotation speed (rpm) 800-1600 800 1250 1600 

Velocity (mm/min) 8-20 8 16 20 

Plunge depth (mm) 0.2-0.4 0.2 0.3 0.4 

 
Table 4. L9 orthogonal array or input variables 

Experiment No. Tool rotation speed (rpm) Velocity (mm/min) Plunge depth (mm) 

1 800 8   0.2 

0.3 2 800 16 

3 800 20 0.4 

4 1250 8 0.3 

5 1250 16 0.4 

6 1250 20 0.2 

7 1600 8 0.4 

8 1600 16 0.2 

9 1600 20 0.3 

 

Fig. 4. (a) Designed fixture for FSW process and (b) 

dimensions and shape of used tool and method of rigidly 

holding pieces in FSW process. (Dimensions are in mm.) 

After the process, to remove surface effects and 

irregularities, all pieces were milled to one millimeter. 

To study the hardness of cross section samples after 

mechanical polishing, the Vickers microhardness tester 

was used. Hardness measurement points were chosen at 

1 mm distance from the FSWed surface. The hardness of 

the sample was measured by applying a 100 gf load for 

10 seconds [18]. The hardness measurement location is 

shown in Fig. 5. Metallurgical images from the weld 

cross section after surface preparation including 

cutting, mounting, sanding (from #120 to #3000 grit) 

and polishing, were first etched in a solution containing 

HF, HNO3, HCl and H2O and then in a solution 

containing acetic acid, ethanol, picric acid and H2O 

before imaging [19].   
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Fig. 5. Microhardness measurement location. 

 

3. Results and Discussion 

3.1. Signal to noise ratio 

The specimen hardness stands out as the paramount 

characteristic under scrutiny in this study, serving to 

delineate the quality of friction stir welded joints through 

microstructural attributes. To assess the impact of 

various factors on the response, we computed the signal-

to-noise (S/N) ratios and means for each control factor. 

Signals denote the influence on mean responses, while 

noises gauge deviations from the experimental run's 

sensitivity to noise factors. The selection of an 

appropriate S/N ratio necessitates prior knowledge, 

expertise, and an understanding of the process. In cases 

where the objective remains fixed and signal factors are 

negligible or absent (static design), the choice of signal-

to-noise (S/N) ratio can be selected depending on the 

design goal [21, 22]. In the present study, S/N ratio was 

selected with respect to the larger-the-better criterion in 

order to maximize the response.   

The experimental results pertaining to microhardness 

were transformed into means and signal-to-noise ratios 

(S/N). Specifically, we computed 9 means and 9 S/N 

ratios, and the resultant hardness estimates, means, and 

signal-to-noise ratios are presented in Table 5. 

Table 5. Orthogonal array for L9 with response (raw data and S/N ratio) 

Signal (Input) Noise (Output) Ratio 

Tool rotation 

speed 

(rpm) 

Velocity 

(mm/min) 

Plunge depth 

(mm) 

Hardness 

(HV) 
S/N Ratio Mean value 

800 8 0.2 101 36.1618 75.95 

800 16 0.3 105 37.0646 81.25 

800 20 0.4 110 37.6918 86.15 

1250 8 0.3 131 38.9546 101.20 

1250 16 0.4 133 38.8697 101.60 

1250 20 0.2 110 38.3733 89.65 

1600 8 0.4 148 41.0728 121.55 

1600 16 0.2 137 39.3642 105.95 

1600 20 0.3 142 39.4610 108.6 

 

Table 6. Main effects of Vickers hardness (means and S/N ratio) 

                           For means                          For S/N ratios  

Plunge depth 

(mm) 

Velocity 

(mm/min) 

Tool rotation 

speed (rpm) 

Plunge depth 

(mm) 

Velocity 

(mm/min) 

Tool rotation 

speed (rpm) 
Level 

87.68 94.07 76.28 37.85 38.52 36.76 1 

89.68 89.27 87.32 38.22 38.16 38.32 2 

94.60 88.63 108.37 38.86 38.25 39.85 3 

6.92 5.43 32.08 1.01 0.35 3.09 Delta 

2 3 1 2 3 1 Rank 

Each experimental analysis furnishes the mean for 

the optimal combination of parameter levels ensuring a 

high weld zone hardness based on the experimental 

dataset. The mean response delineates the average 

performance characteristic value for each parameter 

across different levels. Computation of the mean for a 

given level involves deriving the overall average of all 

responses at that level. The raw data for mean response 

and S/N ratio of weld zone hardness for each parameter 

at levels 1, 2, and 3 were calculated and are summarized 

in Table 6. Furthermore, Table 6 provides insights into 

the means and S/N ratios for different process 

parameters as they transition from lower to higher levels, 

with higher S/N ratios indicating superior quality 

characteristics. Consequently, the optimal level of a 

welding parameter corresponds to the level with the 

highest S/N ratio. A visual representation comparing 

mean effect and S/N ratio is depicted in Fig. 6. Utilizing 

statistical software, we computed the mean effect and 

S/N ratio for weld zone hardness, revealing that the weld  
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                 Fig. 6. Comparison of mean effect and S/N ratio. 

 

zone hardness is maximized at rotational speeds of 1600 

rpm, Velocity of 8 mm/min, and a depth of penetration of 

0.4 mm. 

An analysis of variance (ANOVA) was conducted to 

identify welding parameters that bear statistical 

significance. The ANOVA test aimed to scrutinize the 

significance of process parameters impacting friction 

stir weld hardness [21]. The results of variance analysis 

for hardness means and S/N ratios are summarized in 

Table 7. 

 

Table 7. Analysis of variance for Vickers hardness (S/N ratio) 

Source DF Seq SS Adj SS Adj MS F P 

Tool rotation speed 2 14.3546 14.3546 7.1773 16.85 0.056 

Velocity 2 0.2072 0.2072 0.1036 0.24 0.804 

Plunge depth 2 1.5804 1.5804 0.7902 1.86 0.350 

Residual error 2 0.8519 0.8519 0.4259   

Total 8 16.9941     

 

Where DF is degree of freedom, Adj SS is adjusted 

sum of square, Adj MS is adjusted mean square, F is 

Fisher ratio and P is Probability that exceeds the 95% 

confidence level. 

Additionally, an F-test, named after Fisher, was 

employed to discern which processes exert a significant 

effect on weld zone hardness. Generally, a high F-value 

indicates that changes in the process parameter 

significantly influence quality characteristics. The 

ANOVA outcomes underscore the pivotal role played by 

the welding parameters considered, in order of 

significance: rotational speed, depth, and welding speed. 

Consequently, the optimal values for these parameters 

are provided in Table 8. 

Table 8. Optimum welding conditions 

Optimum parameter 

Tool rotational 

speed (rpm) 

Velocity 

 (mm/min) 

Plunge depth 

 (mm) 

1600 8 0.4 

 

3.2. Macrostructure analysis 

First, macroscopic images were taken from the cross-

section of all samples, which can be observed in Table 9. 

As seen in Table 9, samples at high traverse speeds have 

defects that are eliminated with decreasing traverse speed. 

On the other hand, with increasing heat input, at high 

rotational and traverse speeds, defects are observed in the 

magnesium metal matrix. It can be said that among these 

samples, the highest visual quality belongs to sample 7  
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Table 9. Final dissimilar FSW profile and macrostructure of Al2024 and AZ91C alloys 

Sample                                      Joint appearance              Cross-sectional macrostructures 

 

 

 

1 

 

 

 

 

 

 

 

 

2 

 

 

 

 

 

 

 

3 

 

 

 

 

 

 

 

 

4 

 

 

 

 

 

 

 

 

5 

 

 

 

 

 

 

6 

 

 

 

 

 

 

 

 

 

Al2024 AZ91C 

1mm 

Crack 

 

Kissing bond 

 

Grove 

 

Tunneling 

 

Cavity 
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Table 9. (continued) 

 

 

 

 

7 

 

 

 

 

 

 

 

 

8 

  

 

 

 

9 

  

 

with rotational speed, velocity and plunge depth of 1600  

rpm, 8 mm/min and 0.4 mm, respectively (Table 9). 

 

3.3. Microstructure analysis 

Sample 7 in Table 9 depicts the surface of the friction 

stir welded joint between aluminum 2024 and AZ91C 

metals, welded at a rotational speed of 1600 rpm and a 

Velocity of 8 mm/min. The joint surface exhibits slight 

unevenness and some flash around the joint area, 

attributable to deviation of the shoulder tool relative to 

the normal vector of the sheets.  

Irrespective of the rotational speed, the tool shape 

influences heat input and weld quality, alongside the 

downward force applied by the tool. These factors 

collectively impact heat input and the attainment of 

defect-free joints. Initially, in this study, the downward 

force was set such that the back surface of the shoulder 

depressed approximately 0.2 mm into the sheets upon 

contact, persisting until the commencement of welding. 

The resulting microstructure, as illustrated in Fig. 7, 

reveals tunnel defects within the joint area, stemming 

from inadequate heat and improper stirring due to 

insufficient penetration depth of the tool. Within these 

tunnel-shaped voids, insufficient process temperature 

impedes proper stirring, resulting in unmixed materials. 

Consequently, a 0.2 mm penetration depth is deemed 

unsuitable. To rectify these voids, a penetration depth of 

0.4 mm was selected to eliminate such defects in 

subsequent joints. 

Studies have shown that process parameters (rotation 

speed of tool, advance speed of tool, tool geometry) 

affect the microstructure and mechanical properties of 

the resulting friction stir weld. In order to obtain a proper 

weld quality, the heat input of the weld must have an 

optimum value. In this regard, the rotation and traverse 

speeds of the tool are among the parameters controlling 

the heat input of the weld. Insufficient heat input due to 

poor material flow causes defects such as lack of fusion 

and tunnel [22, 23].  

Rotational and traversal speed are two main 

parameters of FSW process. The material is stirred and 

mixed by rotation and forward movement of tool. The 

thermal cycle’s contribution has higher importance 

compared to material flow for the precipitation evolution  

No Defect Sample 7 (W=1600 rpm, v=8 mm/min a=0.4 mm) 

Tunneling 

 

Tunneling 
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Fig. 7. Presence of tunnel defects in the weld joint due to 

improper penetration depth; (a) tunnel voids and (b) cavity at 

higher magnification. 

 

of second phase particles. 

Mishra et al. [3] proposed to estimate the heat input 

of FSW by using the following formula, Eq. (1): 

Q=
4

3
𝜋2α𝜇𝑃𝑅3

ω

𝑉
             (1) 

Where Q is the heat input per unit of length and α, P, 

R and μ stand for heat input efficiency, pressure of tool 

on the joint, shoulder radius and friction coefficient, 

respectively while ω and v are the rotation and traverse 

speeds, respectively. It can be concluded that a relatively 

higher ω/v ratio can increase heat input so that more 

metal around the pin can reach plastic state, flow and 

deform with the pin rotation, and then recrystallize. 

Therefore, the areas of the stir zone and HAZ are 

relatively wider with higher ratio of ω/v [24]. 

Friction stir welding (FSW) is fundamentally based 

on thermodynamic changes, and the process temperature 

directly affects the microstructure of the welded area and 

the resulting mechanical properties. The magnitude of 

this temperature and its distribution in the workpiece are 

of particular importance. Depending on the process 

parameters such as rotational speed and traverse speed, 

this temperature will vary. However, in general, these 

parameters in FSW are set so that the temperature in the 

weld zone reaches about 80% to 90% of the metal's 

melting point. For friction stir welding, there is an 

empirical relationship that defines the correlation 

between the weld nugget temperature and process 

parameters [27, 30]:   

  
𝑇

𝑇𝑚
= 𝐾 ((

ω2

𝑉.104
)𝑎)                         (2) 

In this equation, Tm is the alloy melting temperature, 

T is the temperature in the weld nugget, ω is the tool 

rotational speed, v is the traverse speed, a and K are 

constant values that depend on the base metal material. 

Higher heat input compared to the optimal joint, i.e., 

lower traverse speeds or higher rotational speeds, leads 

to the formation of thicker intermetallic compounds in 

the surface areas, which act as the origin of brittle 

fracture during tensile testing. At lower heat inputs, 

defects such as gaps are reasons for lower tensile 

strength and ductility of joints. However, the fracture of 

the optimal joint occurs from thin intermetallic 

compounds formed between magnesium particles and 

the aluminum matrix with a ductile mode by creating 

dimples. In fact, the formation of a defect-free joint, a 

surface area without high strength/intermetallic 

compounds with a serrated structure, and thin 

intermetallic compounds around aluminum pieces 

increase the strength and ductility of joints. The 

mechanism of microstructure formation in the stir zone 

(SZ) of the optimal joint includes dynamic 

recrystallization on the aluminum and magnesium sides, 

leading to the formation of fine and equiaxed grains, the 

formation of micro-cracks in aluminum, and their filling 

with magnesium. 

The microstructure of the joint obtained from 

welding at 800 rpm rotational speed and 20 mm/min 

Velocity is shown in Fig. 8(a). As observed in the micro 

images, a layered structure has been formed in the stirred 

zone. This structure, which often occurs in dissimilar 
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alloy welds, is caused by insufficient mixing of the two 

materials due to low heat input. Layered or onion ring 

structures indicate differences in chemical composition 

and also differences in grain sizes [25]. In fact, in friction 

stir welding of dissimilar alloys, due to the fact that there 

is not enough time for element diffusion during welding, 

this structure is more commonly observed. In addition, 

if the heat input is low, the driving force required for 

element diffusion is lower and the layered structure 

occurs more intensely.

 

 

Fig. 8. The microstructure of the joint; (a) stir zone welding at 800 rpm rotational speed and 20 mm/min, (b) and (c) grain size and 

shape in the TMAZ region, (d) and (e) stir zone obtained with the parameters of 1600 rpm rotational speed and 8 mm/min, (f) and 

(g) stir zone area on both advancing and retreating sides. 
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The bright areas in Fig. 8(a) represent the Al2024 and 

the dark areas indicate the magnesium alloy AZ91C, 

which has been etched more intensely. In Fig. 8(b) and 

8(c), the grain size and shape in the TMAZ region can 

be seen. As shown in these figures, the grains have been 

pulled down from the top of the stirred zone due to the 

tool pin rotation. Grain refinement does not occur in this 

region due to lack of sufficient strain and heat. The 

precipitates in the TMAZ region are relatively coarser 

than the stirred zone and more undissolved precipitates 

can be seen compared to the stirred zone. This type of 

grain structure in the TMAZ can be justified by 

considering the pin situation and tool rotation direction, 

in the sense that the material flows upwards in a square 

shape. In addition, during the process, the pin rotation 

causes the material to be transferred from the advancing 

side to the retreating side. Another point that is evident 

from the figures is the shape and size of the grains in the 

upper part of the TMAZ and the lower part of this region. 

As can be seen, due to the heat sink that exists in the 

lower part of the joint, the cooling rate is higher in this 

section, so recrystallization occurs to a lesser extent, 

hence more aligned and smaller grains are formed 

compared to the upper section [26]. In Fig. 8(d) and 8(e), 

the microstructure images of the stirred zone obtained 

with the parameters of 1600 rpm rotational speed and 8 

mm/min linear speed on the advancing and retreating 

sides are shown, respectively. As can be seen in these 

figures, with increased heat input and concurrent severe 

plastic deformation, dynamic recrystallization has 

occurred in the stirred zone, which has led to grain 

refinement. Additionally, as evident, the grain size on 

the retreating side is smaller than on the advancing side. 

This is because during welding, the advancing side of the 

stirred zone experiences higher temperatures [27]. 

Moreover, with increased heat input, the existing 

alloying elements gain more driving force to diffuse, and 

the layered structure occurs less at high heat input, but 

due to the relatively high cooling rate this structure has 

not completely disappeared. In Fig. 8(f) and 8(g), the 

grain structures in the stirred zone area on both 

advancing and retreating sides are shown, respectively. 

As can be seen, the grains have been pulled down from 

top to bottom, grain refinement has occurred in this 

region and the grain size is much finer compared to the 

HAZ region. In the lower sections where the cooling rate 

is higher, recrystallization occurs to a lesser extent and 

aligned grains are also observed. According to the 

images, the pulled-down grains from top to bottom are 

evident in this region [28].  

Fig. 8 clearly demonstrates how FSW process 

parameters (rotational and traverse speeds) influence the 

weld's microstructural evolution. Increasing the ratio of 

rotational speed to traverse speed leads to finer grain 

structures and more complex material flow patterns. 

These microstructural changes directly affect the joint's 

mechanical properties, corrosion resistance, and fatigue 

performance. Moreover, the notable differences between 

the advancing and retreating sides in terms of material 

flow and microstructural changes highlight the 

importance of optimizing process parameters to achieve 

a uniform and defect-free joint. This comprehensive 

microstructural analysis not only provides deep insights 

into the mechanisms governing the FSW process but also 

lays the groundwork for optimizing process parameters 

to achieve high-quality joints. This analysis provides a 

thorough understanding of the FSW process's 

microstructural aspects, serving as a foundation for 

further research and process optimization in the field of 

friction stir welding [21-29].  

Microstructural analysis of the weld was also 

investigated using SEM. In order to accurately analyze 

the type of material flow in the weld zone, SEM images 

of the weld cross section surface were taken, the details 

of which are shown in Fig. 9. Fig. 9(a) shows the layered 

structure created in the central zone of the weld due to 

the flow of aluminum in the upper part of the weld zone 

which leads to the diffusion of magnesium towards 

aluminum from the advancing side due to the rotation of 

the tool pin. Fig. 9(b) shows a continuous and thin 

intermetallic layer at the junction of aluminum and 

magnesium. Furthermore, by carefully looking at Fig. 

9(c), the dispersion of magnesium particles separated 

under the influence of heat and plastic deformations and 

their movement towards aluminum can be clearly seen, 

which indicates a composite structure of magnesium 
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Fig. 9. (a) Cross section surface of welded sample, (b) continuous and thin intermetallic layer at the junction of aluminum and 

magnesium, and (c) dispersion of separated magnesium particles. 

 

particles in an aluminum matrix in this region. The 

formation of intermetallic compounds in this region can 

be clearly seen. In addition, by carefully observing the 

image contrast and considering the proximity to 

aluminum and darker color, it can be inferred that it is 

the strengthening compound Al2Cu. 

 

3.4. Microhardness test 

The microhardness data obtained from the weld 

centerline is depicted in Fig. 10. Generally, a material's 

hardness is characterized by its resistance to 

deformation. Microhardness, a form of sectional 

hardness measurement, is particularly sensitive to metal 

phases, work hardening, and measurement location, each 

of which can vary and thereby influence the measured 

hardness [29]. Given the segmented nature of the welded 

metals in this study, the microhardness at the junction 

between aluminum 2024 and magnesium AZ91C is 

divided into eight distinct parts, with corresponding 

bands delineated in Fig. 10. 

Predominantly, the hardness of the joint is affected 

by process parameters. Variations in these parameters 

alter heat input and the size of the microstructure within 

the joint, consequently influencing joint hardness [29]. 

The hardness test results revealed that the highest 

hardness was attained in joints welded at a linear speed 

of 8 mm/min and a rotational speed of 1600 rpm, 

registering approximately 148 HV. This phenomenon is 

attributed to the fine-grained structure of the base metals 

within the stirred zone. 

Moreover, the arrangement of the two metals 

influences mechanical work rate and heat generation, 

particularly evident at low rotational speeds and high 

linear speeds. Under these conditions, dispersed 

magnesium particles become embedded in the aluminum 

base, enhancing joint hardness. Fig. 11(a) illustrates an 

instance of finely dispersed magnesium particles formed 

at 1250 rpm and 16 mm/min. 

Conversely, simultaneous increases in rotational 

speed and reductions in linear speed result in a decrease 

in the microstructure size of the joint, facilitating the 

incorporation of larger magnesium particles into the 

stirred zone, as depicted in Fig. 11(b). Moreover, the 

heightened formation of intermetallic layers and layered 

composite structures at elevated rotational speeds and 

decreased linear speeds further contribute to increased 

hardness within the stirred zone and its surroundings. 

Ultimately, the highest joint hardness was achieved 

through welding at a rotational speed of 1600 rpm and a 

Velocity of 8 mm/min, yielding a hardness measurement 

of approximately 148 HV. 

The highest microhardness within the advancing side 

is notably concentrated at the center, attributable to the 

presence of Mg17 Al12 and Al2Cu precipitates within the 

weld zone [30]. This observation holds true across 

various samples, indicating a consistent trend. Notably, 

microhardness within the weld zone demonstrates a 

slight enhancement as the tool pin position shifts towards 
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Fig. 10. Microhardness of the sample welded by FSW method. 

 

 
Fig. 11. (a) Sample welded at 1250 rpm and 16 mm/min traverse speed and (b) sample welded at 1600 rpm and 8 mm/min traverse 

speed. 

 

the advancing side. Conversely, when the tool position 

leans towards the retreating side, microhardness in the 

weld zone diminishes, aligning with findings from the 

microstructural analysis. The formation of onion-shaped 

rings accompanied by a fine-grained structure notably 

contributes to heightened microhardness compared to 

the other samples. 

 

4. Conclusion 

In this study, we successfully performed dissimilar 

friction stir welding (FSW) on 5 mm thick aluminum 

alloy Al2024 and magnesium alloy AZ91C sheets. Using 

the Taguchi design of experiments, we optimized the 

FSW process parameters tool rotational speed, welding 

speed, and plunge depth to maximize hardness within the 

weld zone. The optimal parameters were identified at a 

rotational speed of 1600 rpm, Velocity of 8 mm/min, and 

plunge depth of 0.4 mm, achieving a maximum hardness 

of 148 HV in the stir zone. 

Microstructural analysis revealed a layered structure 

typical of dissimilar FSW joints due to limited elemental 

diffusion between the alloys. SEM analysis showed a 

continuous intermetallic layer at the interface and the 

dispersion of magnesium particles within the aluminum 

matrix, forming a composite-like structure in parts of the 

stir zone. Hardness distribution across the weld joint 

100μm 

 

(b) (a) 

Al2Cu 

β (Mg17 Al12) 
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corresponded to microstructural changes, with the 

highest hardness in the fine-grained stir zone, followed 

by the thermomechanically affected zone (TMAZ) and 

heat-affected zone (HAZ). Our findings highlight the 

effectiveness of FSW in joining Al2024 and AZ91C 

alloys, emphasizing the importance of optimizing 

process parameters to achieve desirable mechanical 

properties and microstructural features. The study 

provides insights into the microstructural characteristics 

and microhardness variations in FSW joints of 

aluminum and magnesium alloys. The increased 

microhardness within the weld zone with the tool pin 

position towards the advancing side (AS) was linked to 

the formation of fine-grained onion-shaped rings, 

whereas a decrease in microhardness was observed when 

the tool position shifted towards the retreating side (RS). 

These results enhance the understanding of 

dissimilar FSW processes and underscore the necessity 

of precise parameter optimization for superior weld 

quality and mechanical performance. This research 

offers valuable guidance for aerospace and automotive 

industries, which use lightweight aluminum and 

magnesium alloys. Future research should further 

explore the relationships between microstructural 

features, mechanical properties, and welding parameters 

to advance the field of friction stir welding. 
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