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Abstract  

 

In this work, the effect of high tool rotation speed (ω) and forward velocity (V) in dissimilar friction stir welding (FSW) of AZ31-

AZ61 magnesium alloys thin plates on microstructural and mechanical properties was studied. The results reveal a continuous dynamic 

recrystallization and grain refinement in the stir zone (SZ) with formation of precipitates particles Al8Mn5 and some undissolved 

intergranular compounds β-Al12Mg17. Also, the microstructures of both thermo-mechanically affected zones TMAZAZ31 and TMAZAZ61 

consist of elongated restored grains generally coarser than those found in SZ. The heat affected zone (HAZ) exhibits the same grains 

appearance as those of base metals (BMs). The stir zone displays the highest microhardness with 60 HV and 68 HV for both sides of 

the weld joint AZ31 and AZ61, respectively. The ultimate tensile strength (UTS) of the welded joint improves, reaching values of 

75.77% for AZ31 base materials and 63.55% for AZ61 base materials.  
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1. Introduction 

 

The pursuit of weight reduction, aimed at saving energy and mitigating environmental impact by curbing fuel emissions, is a major 

research focus in many industries. Lightweight structural materials have great potential for weight saving applications and make them 

highly sought-after raw material for numerous applications including aerospace, aeronautics, automotive, electronics and various other 

industries. Magnesium and its alloys are considered among the most important light metals due to their numerous distinctive 

advantages. These include having two-thirds (2/3) the density of aluminum, ease of recyclability, and high mechanical properties. 

However, its crystalline structure compromises its ductility, formability, and ability to withstand room temperature [1-3]. In most cases, 

magnesium alloys exhibit ternary behavior, with major alloying elements including aluminum, zinc, thorium and rare earths. Aluminum 

plays a primary role in the ternary Mg–Al series, which includes AZ (Mg–Al–Zn), AM (Mg–Al–Mn) and AS (Mg–Al–Si) alloys [4, 

5]. The addition of zinc improves castability and slightly enhances corrosion resistance, but also leads to increased microporosity and 

hot cracking, limiting thereby its content to a maximum of 3 % [6]. Hence, cutting and joining are an imperative technical requirement 

to prevent deformation of these alloys, which results in a reduction in formability when producing mechanical designs. For this reason, 

welding is considered the best solution. 

A variety of welding methods have been employed to join magnesium alloy components, including tungsten inert gas (TIG), metal 

inert gas (MIG) and plasma arc processes, laser [7], electron, friction [8], explosion, adhesive [9], stud, ultrasonic [10], and spot welding 

[11]. Currently, TIG and MIG processes are the main techniques for magnesium alloys, particularly for the removal and repair of 

casting defects [12]. However, these techniques pose several challenges, including cracks, porosity, high oxidation rates, low welding 

speeds, large heat affected zone (HAZ) and weld zone (WZ), poor microstructural and mechanical properties, evaporative loss of 

alloying elements, as well as high residual stress and deformation of welded joints [13-15]. Moreover, the welding defects caused by 

conventional welding greatly reduce the performance especially for dissimilar welding of magnesium alloys [16]. This is why numerous 

studies have shown that the FSW process is the most recommended for this type of welding due to its numerous advantages. 

Friction stir welding (FSW) is a relatively new solid-state joining process invented and patented in 1991 by Wayne Thomas, at The 

Welding Institute (TWI). Its primary objective was to eliminate the defects inherent in fusion welding processes, particularly in 

aluminum and magnesium alloy assemblies [17]. Currently, a number of research projects have been carried out using this technique 

(FSW) to investigate the welding of magnesium alloys. For instance, Patel et al. [18] and Kumar and Vanitha [19] reported that FSW 

modifies the microstructure of the base material and leads to the formation of weld nugget/stir zone (SZ), thermo-mechanically affected 

zone (TMAZ) and heat affected zone (HAZ). Singh et al. [5] and Çam [20] reported that each zone of the FSW joint has distinct 

microstructural characteristics, such as grain shape, grain size, dislocation density, precipitate shape and residual stress distribution. 

Ahmed et al. [21] and Mironov et al. [22] clarified that the SZ area undergoes a thermomechanical cycle that allows the dynamic 

recrystallization process to occur, resulting in the formation of a new equiaxed fine-grained structure. TMAZ also undergoes a 

https://www.sciencedirect.com/science/article/pii/S221395671830046X#bib0014
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thermomechanical cycle, but this does not allow recrystallization and produces only geometrically deformed grains, mainly due to the 

passage of the tool with a high density of substructures. Singh et al. [5] and Esparza et al. [23] demonstrated that HAZ does not undergo 

recrystallization; instead, it experiences thermal cycling, affecting existing precipitates and exhibiting an elongated shape depending 

on the initial tempered state of the base metal. This region remains unaffected by the rubbing of the shoulder or the stirring of the pin 

during the welding process. Lee et al. [24] reported that the ultimate tensile strength of the AZ31B -H24 alloy joint increased with 

increasing tool rotation speed and with decreasing welding speed. However, the maximum joint strength reached 85 % of that of the 

base metal. Singh et al. [25] found that the grains of the AZ61 base metal were recrystallized in the mixing zone and in the transition 

zone during welding. Thimmaiah et al. [26] found that the ZK60 alloy joint exhibited excellent tensile properties after compression 

perpendicular to the welding direction and ageing treatment. Zhang et al. [27] reported that in dissimilar welding of AZ31-AM60 

magnesium alloys, the grains size of AZ31 was smaller than that of AM60 in the SZ with a high localized texture. In their study, Zhou 

et al. [28] used the FSW process to weld two magnesium alloys AZ40M and AZ61A and found that the SZ had an equiaxed fine-

grained microstructure with formation of Al8Mn5 and Mg17Al12 type precipitate. This region displayed improved corrosion resistance 

compared to the base metal (BM). Conversely, Singh and Dubey [29] demonstrated, under well-defined FSW dissimilar welding 

conditions of AZ31-AZ91 alloys, that SZ exhibited a granular microstructure. The latter was coarser on the AZ91 side compared to 

AZ31 side.  Additionally, Yu et al. [30] noted that grains formed through dynamic recrystallization in this region. Second-phase 

particles observed in this region were small. The ultimate tensile strength of the AZ31/AZ61 weld seam reached 96.1% of that of the 

AZ31 base metal BM. Finally, Singh et al. [31] assessed the effects of post-weld heat treatment PWHT on AZ61 alloy FSW joints. 

After post-weld heat-treatment (PWHT), they observed a slight improvement in tensile strength, accompanied by an approximately 

18.5 % increase in weld joint elongation. 

AZ31 and AZ61 magnesium alloys find extensive use in various fields due to their low density, high strength, and good corrosion 

resistance. Unfortunately, they pose significant challenges when used in fusion welding processes. Therefore, it is imperative to 

investigate the FSW characteristics of these alloys particularly given the limited research on this subject. In this paper, we are interested 

in studying the effect of high tool rotation speed (ω) and forward velocity (V) in FSW dissimilar welding of AZ31-AZ61 magnesium 

alloys on the microstructural and mechanical behavior. 

 

2. Materials and methods 

 

The base materials used are AZ31 and AZ61 type magnesium alloy sheets with dimensions of 150 x 150 x 2 mm. These alloys 

possess good rolling properties. They are typically hot-rolled in several passes, then adjusted and annealed at 300 °C (AZ31) and 250 

°C (AZ61). Chemical analyses of the materials used were carried out by spark erosion spectrometer brand: OXFORD model: 

FOUNDRY MASTER PRO, and summarizes in Table 1. The sheets to be welded were cleaned with a stainless-steel wire brush to 

remove the oxide layer (MgO) and stripped with acetone to eliminate any grease. As shown in Figure 1, welding was carried out along 

the rolling direction of the BMs. FSW equipment (EADS-IWF MTS Istir PDS) was used for the welding joint. The FSW tool consisted 

of a shoulder with a diameter of 10 mm and a cylindrical stirring pin with a diameter and length of 4 and 1.8 mm, respectively. The 

shoulder plunge depth was 0.2 mm. The parts were butt-jointed using a clamping system and assembled using the welding parameters 

shown in Table 2. 

 

Table 1 Chemical composition of base materials 

 

Chemical Composition (Wt %) 

Material Al Zn Mn Si Cu Ni Fe Mg 

AZ31 3.46 0.43 0.17 0.022 0.012 0.005 0.045 Bal. 

AZ61 5.95 0.43 0.32 0.006 <0.002 0.002 0.002 Bal. 

 

 
 

Figure 1 (a) FSW process graphical representation, (b) Physical photos of pin 

 

Table 2 Welding parameters 

 

Pin diameter  

(mm) 

Shoulder diameter  

(mm) 

Rotation speed ω  

(rpm) 

Forward velocity V  

(mm/min) 

4 10 1600 600 

 

(a) (b) 
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Samples for metallographic observations were cut on the cross-section perpendicular to the welding direction. They were then 

embedding with cold acrylic resin (VersoCit-2 Powder mixed with VersoCit-2 Liquid) and polished using a series of abrasive papers 

ranging from 220 to 4000, and finally finished with felt paper and a diamond suspension of 3 and 1 µm. To reveal the microstructures 

of the different zones within the weld joint, we utilized a reagent consisting of an acetic glycol solution with the following composition: 

19 (ml) water, 60 (ml) ethylene glycol, 20 (ml) acetic acid and 1 (ml) HNO3. Microstructural observations were performed using Nikon-

type optical microscopy and a scanning electron microscope SEM (ZEISS.EVO-MA 25) equipped with a microanalysis system (EDS). 

The grains size was measured using image J software and Line intercept method in accordance with ASTM E112–10. The X-ray 

diffraction (XRD) technique was employed to evaluate the phases present in the BM. The diffractometer used was a BRUKER D2 

PHASER 2G mark equipped with a copper (Cu) anticathode delivering an X-ray wavelength of 1.5406 nm, an acquisition step of     

0.02 °, a voltage V = 30kV and an intensity I = 10mA. Mechanical behavior was primarily assessed through tensile and micro-hardness 

tests. The tensile test was performed at room temperature using an MTS Criterion Model 45 hydraulic test machine with a tensile speed 

of 0.05 mm/s. Tensile test specimens machined in accordance with ASTM E8-04 standard. The micro-hardness test was conducted 

using an automatic BUEHLER WILSON VH3300 machine with a 300 g loading force and a 300 µm pitch. 

 

3. Results and discussion 

 

3.1 Macro examination 

 

Figure 2 shows the visual appearance of the weldment of AZ31-AZ61 magnesium alloys produced by FSW process, with distinct 

high and down sides: AZ31 on the advancing side (AS), and AZ61 on the retreating side (RS). It can be noted that the weld joint 

exhibits a satisfactory appearance, characterized by good superposition of the shoulder streaks and uniform width along the joint. 

 

 
 

Figure 2 Visual appearance of the AZ31-AZ61 FSW weld joint: (a) top side, (b) bottom side 

 

Figure 3 illustrates a macroscopic cross-section of the weld seam. It can be seen that the joint has a highly heterogeneous 

microstructure, with four distinct main zones: the stir zone (SZ), the thermos-mechanically affected zone (TMAZ), the heat affected 

zone (HAZ), and finally the unaffected base metal (BM). The SZ is composed of two distinct sub-regions from AS to RS, namely 

SZAZ31 and SZAZ61. This microstructural modification is generally associated with the temperature gradients and mechanical effect of 

the tool mixing characteristic of the FSW process. SZ undergoes a reduction in grain size due to a very high rate of plastic deformation 

with a temperature rise of up to 500 °C. The microstructures of TMAZ undergo significant plastic deformation at temperatures of 

around 400-450 °C. The HAZ experiences a thermal cycle without mechanical deformation with temperatures ranging from 20 to      

400 °C [16, 18]. 

 

 
 

Figure 3 Optical macrograph of the weld joint 
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S 
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3.2 Microstructure examination 

 

The microstructures of AZ31 and AZ61 base metals are depicted in the optical micrographs of Figure 4. These microstructures 

consist primarily of an α-Mg phase matrix with fine polyhydric structure, and two types of intermetallic compound particles (Al8Mn5, 

and β-Al12Mg17) which are clearly visible either at the grain boundaries or within the grains, and are less than 1μm. The Al8Mn5 

intermetallic phases are generally formed in most commercial Mg-Al alloys [32-34], as revealed by the XRD analysis (Figure 5) and 

EDS analysis (Figure 6). It can also be seen that the microstructure of AZ31 base metal has a larger average grain size (17.791 µm) 

than that of the AZ61 base metal (16.424 µm), as calculated from the diagrams in Figure 7. This difference in grain size can be attributed 

to the heat treatment they have undergone and their respective chemical compositions. The varying values of grain size for different 

regions of the weldment are summarized in Table 3. 

 

 
 

Figure 4 Optical micrographs of base metal: (a) AZ31, (b) AZ61 

 

 
 

Figure 5 X-ray diffraction (XRD) spectra of base metals: (a) AZ31, (b) AZ61 
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Figure 6 SEM/EDS images shows BM of both Mg alloys: (a) AZ31, (b) AZ61 

 

 
 

Figure 7 Typical estimate of the grain size for various regions of the joint: (a) AZ31, (b) AZ61 

   

 

 

 
 

 (a)  (b) 
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Table 3 Average grain size in various regions of the welded joint 

 

 AZ31 AZ61 

 BM HAZ TMAZ SZ BM HAZ TMAZ SZ 

Grain size (µm) 17.791 17.905 16.194 3.070 16.424 16.904 17.529 3.002 

 

 
 

Figure 8 Optical micrographs of stir zones SZAZ61-SZAZ31 

 

The microstructures of the stir zones SZAZ61-SZAZ31 at different scales are shown in Figure 8(a-e). It can be clearly seen that the 

stir zone of both alloys AZ61 (Figure 8(a, b)), and AZ31 (Figure 8(d, e)) are characterized by a uniform and very fine equiaxed grains 

morphology with an average size of 3 µm. Notably, this grain size is significantly smaller than that of base metals. This reduction is 

attributable to the a very high rate of plastic deformation with a temperature rise of up to 500 °C [35]. Furthermore, the combined 

effects of temperature and plastic deformation in FSW produce recrystallization, precipitation and texture evolution. Small, weakly 

disoriented sub-grains are formed by a rearrangement of dislocations with an increase in temperature. The continuous introduction of 

dislocations into these sub-grains leads to dynamic recrystallization, resulting in grain refinement. Grain refinement associated with 

recrystallization depends on several parameters, including tool rotation speed (ω) and forward velocity (V). These parameters influence 

temperature, strain rate and then the size of recrystallized grains, particularly in the SZ zone where the maximum temperature was 

recorded. Decreasing the tool rotation speed at a constant forward velocity or decreasing ω/V resulted in a reduction in SZ grain size 

[36-38]. Figure 8c shows the interface between SZAZ31 and SZAZ61, demonstrating that the grain size on the AZ31 side is greater than 

that on the AZ61 side due to the higher temperature of the AS than the RS [30, 39]. It is also noted that formation of precipitates 

particles Al8Mn5 and intergranular compounds β-Al12Mg17 with a high rate on the AZ61 side as shown in EDS analysis (Figure 9). 

Figure 10 illustrates the microstructures of thermo-mechanically affected zones TMAZ for both parts of the weld joint, where these 

regions undergo insufficient plastic deformation at temperatures in the range 400-450 °C. The microstructures of both TMAZAZ31 

(Figure 10a) and TMAZAZ61 (Figure 10b) undergo a restoration process with low-angle disorientation joints and high density of 

dislocations. This is due to the partial recrystallization occurring in the bonded regions directly from the stir zone, where thermal 

exposure and plastic deformation are insufficient [36, 40]. Its grains shape is elongated due to plastic deformation generated by the 

material flow created by the tool, which can go up to 90° next to the core [36]. The grain size in the TMAZ is coarser than that in SZ 

area [5]. It can be observed that the grains size in TMAZ range from 2 to 20 µm for both sides. However, it is noteworthy that the grain 

size of TMAZAZ61 is coarser than that of TMAZAZ31. This variation is due to the grain restoration and tool rotation direction during 

welding operation [41]. 

The heat affected zones HAZs are shown in Figure 11. These zones experience a thermal cycle without mechanical deformation 

with temperatures ranging from 20 to 400 °C. In contrast, the matrix only undergoes over-tempering characterized by a continuous 

change in the precipitation state from one end of the HAZ to the other [42, 43]. It can be seen that the grains retain the same appearance 

as those of the base metals. This can be explained by the history of these alloys, as they have previously undergone a 300 °C heat 

treatment. 
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Figure 9 SEM/EDS images shows SZ of both Mg alloys: (a) AZ61, (b) AZ31 
 

 
 

Figure 10 Optical micrograph of thermos-mechanically affected zones: (a) TMAZAZ31, (b) TMAZAZ61 

    

 

 

  

(a) (b) 
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Figure 11 Optical micrograph of heat-affected zones: (a) HAZAZ31, (b) HAZAZ61 

 

3.3 Mechanical properties 

 

3.3.1 Micro-hardness testing 

 

The micro-hardness profiles of the AZ31-AZ61 FSW weld joint is illustrated in Figure 12. High values are recorded in the stir zone 

(SZ) of about 70 HV relative of the base metal and other zones. This is attributable to the fine grain structure which can result in the 

presence of a large number of grain boundaries, high dislocation density and the presence of hard Mg17Al12 phase [5, 35, 44]. Also, 

there is a clear difference between the SZ near the AZ31 and the SZ near the AZ61 due to the influence of grains size, dislocation 

density, residual stress variations and presence of the crystallographic texture [5, 30]. It has been reported that the micro-hardness in 

the thermos-mechanically affected zones TMAZs and in the HAZs of the joint decreased gradually, in the TMAZAZ61 ≈ 64 and in the 

TMAZAZ31 ≈ 56 HV. The decrease in the hardness was due to the larger grain size [5, 16, 30]. The micro-hardness in the HAZ, near to 

the TMAZ for AZ61 side is the same as the base metal and sometimes slightly higher, which is due to the presence of precipitates. 

  

 
 

Figure 12 Micro-hardness profile in different zones of the weld joint 

 

3.3.2 Tensile testing 

 

The tensile behavior of magnesium alloys AZ31 and AZ61, as well as the dissimilar FSW joint between them, is illustrated in 

Figure 13. The detailed characteristics of ultimate tensile strength (UTS), yield strength (YS) and elongation are provided in Table 4. 

The results show that both the AZ31 and AZ61 alloys exhibit good elongation and almost identical, high tensile strength (310 MPa). 

These results indicate that both types of alloys exhibit virtually the same plastic deformability, as evidenced by their shear fractures at 

45° [45-47]. The dissimilar joint obtained by FSW has poor overall tensile properties, due to the grain structure and brittleness of the 

intermetallics compounds (IMCs) [16, 48, 49]. Tensile tests show 36 % and 24 % reduction in the strength of the welded joint compared 

to the AZ61 and AZ31 base metals, respectively. Figure 14 presents the tensile specimen both before and after the test. It can be clearly 

seen that the tensile fracture occurred on the AZ31-SZ side, which is logical considering the higher UTS of AZ61 compared to AZ31. 

Clear dimples were detected in Figures 15a and b, indicating that both the weld and the AZ31 tensile samples exhibited ductile fractures. 

The dimples observed on the AZ31 tensile sample were of greater size compared to those found on the AZ31-AZ61 welded sample. 

The reason for this phenomena is the significantly greater grain size of the AZ31 BM in comparison to that of the SZ [30, 48, 50]. 

 

(a) (b) 

https://www.sciencedirect.com/topics/materials-science/crystal-microstructure
https://www.sciencedirect.com/science/article/pii/S221395671830046X#bib0129
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Figure 13 Stress–strain curves of Mg samples at room temperature 

 

 
 

Figure 14 Tensile tested samples 

 

Figure 15 SEM images showing fracture surfaces of the tensile samples: (a) AZ31-AZ61 welded joint, (b) AZ31BM. 

 

Table 4 Mechanical properties of tensile tests 

 

Specimen 

 

Ultimate tensile strength  

(MPa) 

Yield strength 0.2%  

(MPa) 

Elongation 

 (%) 

AZ31 260 200 15 

AZ61 310 230 16 

AZ31-AZ61 197 92 4.93 
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4. Conclusion 

 

The main following conclusions of this work can be made:  

1. In FSW dissimilar welding of AZ31-AZ61 magnesium alloy thin plates, high tool rotation speed and forward velocity play an 

essential role in fabricating good welds without defects. 

2. The tool pin diameter and geometry, and shoulder diameter significantly affected the joint properties. The friction induced 

among the work piece & tool shoulder is the prime factor responsible for heat produced in FSW.  

3. During FSW process, base metal microstructure is modified and lead to the formation of SZ, TMAZ and HAZ. Every zone 

contains different microstructure, grain size, and precipitate shape and rate. SZ has a uniform and very fine equiaxed grains 

morphology (~3μm) with a redistributed intergranular precipitation formed β-Al12Mg17 after its broken operation throughout 

the matrix due to the tool rotation. The microstructure of TMAZ consist of elongated restored grains generally coarser than 

those found in SZ. The HAZ exhibits the same grains appearance as those of BM. 

4. The micro-hardness of the joint fluctuated between 50 and 75 HV. The higher hardness in the stir zone is due to the fine grain 

structure which can result in the presence of a large number of grain boundaries, high dislocation density and the presence of 

hard Mg17Al12 phase. 

5. The UTS of the weld joint reached 75.77 % of the AZ31, and 63.55 % of the AZ61 base materials. The tensile joints fractured 

on the AZ31-SZ side due to the higher UTS of the AZ61 compared with the AZ31. 
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