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INTRODUCTION 
High specific strength, ductility, and low density of magnesium (Mg) alloys enhance its importance as a lightweight 

material in construction [1], transportation [2] and aerospace industries [3]. But, the scarcity of potential welding 
techniques is an obstacle in using Mg alloys for the industries [4]. The broad application and subsequent scopes 
encouraged researchers to explore the welding feasibility of such alloys. Mg alloys can be welded using arc welding [5], 
resistance spot welding [6], electron beam welding (EBW) [7] and laser welding [8]. However, the joints fabricated by 
these conventional welding processes were of poor quality and had some defects like-hot cracks, residual stress, partial 
melting, porosity [9]. Such inferior joints obstructed the applications of these alloys in the industries [10]. To avoid these 
associated issues, FSW seems the best alternative for welding the lightweight alloys, including Mg alloys [11].  

FSW was invented by The Welding Institute, United Kingdom in 1991 as a solid-state welding process, and it has 
been found more appropriate to weld Mg alloys [12, 13]. Initially, FSW was used to weld aluminium alloys, but nowadays, 
it is also used to weld Mg alloys, steels, and other lightweight metals [14, 15]. FSW is capable of fabricating Mg alloys 
joint in solid-state and also eliminates the associated metallurgical problems [16]. FSW has many metallurgical, 
environmental, energy, safety advantages, along with better mechanical characteristics than the other welding technique 
[17]. It is used in shipbuilding, construction, aerospace, automobile, railway and many more industries [18–20]. In FSW, 
the rotating tool having specially designed pin [21] inserted into the abutting edges of workpiece and traversed to produce 
the joint [22]. During welding, the frictional heat, produced between the rotating tool surface and the surface of the metal 
sheet, is responsible for the plastic deformation of the workpiece material [22, 23]. This localised heat softens the material 
around the tool pin. At the earlier stage of this soften material, the combined role of tool rotation and transverse lead made 
the materials to move toward the back of the tool pin from the front of the tool pin [24]. In this way, the joint is fabricated 
in solid-state [25]. In FSW, tool rotation speed, tool transverse speed, welding direction, applied axial force, the material 
of tool, and tool design/geometry are key process parameters that affect the quality of the weld joint [26].  

Many researchers have been reported FSW of magnesium alloys and tried to make a good attempt to explore the 
applications of magnesium alloys in industries. In this work, AZ91 magnesium alloys have chosen due to its better 
industrial importance. Earlier, Kadigithala and Vanitha [27], Lee et al. [28], and Kouadri-Henni and Barrallier [29] have 
studied friction stir welded joint of AZ91D magnesium alloy and observed mechanical and microstructural modifications 
in the various zones of the weld joint whereas, Rouhi et al. [30] and  Sevvel and Jaiganesh [23] have reported the FSW 
joining of AZ91C Mg alloys. Some researchers including Patel et al. [31], Zhang and Wan [32] and Nakata [33] also 

ABSTRACT – The weight reduction concept is most effective to reduce the emissions of 
greenhouse gases from vehicles, which also improves fuel efficiency. Amongst lightweight 
materials, magnesium alloys are attractive to the automotive sector as a structural material. 
Welding feasibility of magnesium alloys acts as an influential role in its usage for lightweight 
prospects. Friction stir welding (FSW) is an appropriate technique as compared to other welding 
techniques to join magnesium alloys. Field of friction stir welding is emerging in the current 
scenario. The friction stir welding technique has been selected to weld AZ91 magnesium alloys in 
the current research work. The microstructure and mechanical characteristics of the produced FSW 
butt joints have been investigated. Further, the influence of post welding heat treatment (at 260 °C 
for 1 h) on these properties has also been examined. Post welding heat treatment (PWHT) resulted 
in the improvement of the grain structure of weld zones which affected the mechanical performance 
of the joints. After heat treatment, the tensile strength and elongation of the joint increased by  
12.6 % and 31.9 % respectively. It is proven that after PWHT, the microhardness of the stir zone 
reduced and a comparatively smoothened microhardness profile of the FSW joint obtained. No 
considerable variation in the location of the tensile fracture was witnessed after PWHT. The results 
show that the impact toughness of the weld joints further decreases after post welding heat 
treatment.  
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investigated on FSW joint of AZ91 Mg alloys and inferred the influences of various process parameters on quality as 
well as properties of joints. Though FSW joints are of good quality with low-distortion, Singh et al. [34] reported that 
during the fabrication of joint, certain residual stresses might be induced in the joint. These residual stress induced in 
FSW joint due to large deformation of material that affects the properties of the joint [35, 36]. These induced stress and 
variations in the microstructure of weld reduce the strength of the joint. These losses can be reduced or recovered to some 
extent by following means: 1) selection of proper welding method, 2) welding process parameters, 3) controlling of the 
tool penetration ratio and, 4) post welding heat treatment. Post welding heat treatment (PWHT) is more appropriate to 
restore the strength and enhance the performance of the joints [37]. The critical review of the existing literature revealed 
that Mg alloys have a broad scope in automotive industries and FSW is comparatively suitable to weld these alloys. 
Furthermore, PWHT process might be capable to improve the FSW joint performance, and information on PWHT of 
FSW joints of Mg alloys is still inadequate. Therefore, FSW was selected to weld AZ91 Mg alloy further PWHT of weld 
joints was carried out. The aim of the investigation was identification of the effects of post welding heat treatment on 
FSW joints of AZ91 Mg alloy via destructive and nondestructive testing methods and microstructural analysis. 

EXPERIMENTAL PROCEDURE 
The Mg-Al-Zn alloy (AZ91) sheets of 4 mm thickness were used. The chemical compositions of the substrate metal 

are listed in Table 1. The plates (150 mm × 50 mm) of base material (BM) AZ91 Mg alloy were cut for butt joint 
configuration, see Figure 1(a) and 1(b). The workpieces were cleaned with acetone to remove surface contamination. A 
fixture in Figure 2 was used to fix the workpieces on the machine bed.  

Table 1. Chemical composition of AZ91 Mg alloy base metal. 

Element Al Mn Zn Mg 
mass fraction, % 8.91 0.42 0.69 Bal. 

 
In FSW, the tool material and design have a vital role in attaining superior microstructure and mechanical properties 

[38]. The quality and appearance of the joint are highly influenced by the tool material [39]. The porosity can be 
eliminated by the left-hand threaded tool pin with clockwise turning [40]. For material flow during FSW, a tri-fluted or 
triangular tool pin is better than a cylindrical pin [41]. Therefore, a tool of H13 steel having a tri-fluted pin with the left-
hand threaded was used to produce the joint, see Figure 1(c). H13 is a hot worked chromium tool steel, can be used at 
higher temperatures. Tool pin with 6 mm diameter and 3.8 mm length was prepared for experimentation, and special 
design with straight tri-flutes also provided. The shoulder diameter was kept at 18 mm (D/d=3; where D is shoulder 
diameter, d is pin diameter). In FSW procedure, single-pass welding was performed, and the optimised values of process 
parameters reported by Ratna Sunil et al. [42] were taken (i.e., tool rotational speed of 1400 rpm and 25 mm/min 
transverse feed rate). A CNC milling centre was used to perform the FSW process. The fabricated joint is represented in 
Figure 1(d).   
 

 
Figure 1. (a) A schematic diagram with plate dimensions used in FSW, (b) Mg alloy plates used for preparing joint,  

(c) tri-fluted FSW Tool, (d) joint prepared using FSW technique. 
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Figure 2. The fixture arrangement of workpieces on machine. 

Post Welding Heat Treatment 
Post welding heat treatment is a controlled practice in which a welded joint is reheated to a temperature (i.e., below 

its lower critical transformation temperature) and then kept at the same temperature for the specified holding time and 
followed by a specific cooling process [43]. The welded plates of AZ91 Mg alloys were reheated in an electric oven to a 
temperature of 260 oC for a soaking time of 60 minutes. After that, the plates were remained in the oven to cool down to 
room temperature. The temperature range and span for PWHT were taken from the ASM handbook [44]. No heat 
treatment was applied to as-welded samples, and characterisations were evaluated directly. 

Microstructural Evaluation 
The metallurgical specimens were prepared using a specific process. The specimens were prepared on a rotating disc 

machine using various grades of SiC papers in the sequence of 400, 600, 1000, 1500 and 2000 and followed by the 
diamond paste polishing with ethanol as a lubricant. The etching was conducted by immersing the polished specimens in 
Acetic-picral solution (50 ml ethanol, 5 ml water, 2.5 ml acetic acid, 3 g picric acid) for 15–20 s. Microstructural 
characterisation of specimens has been performed using optical microscope. 

Mechanical Property Evaluation  
Tensile test samples were cut with a gauge length of 25 mm and a width of 6 mm as per ASTM E-8M specifications. 

The tensile specimen with standard dimensions is shown in Figure 3. An electro-mechanical controlled universal testing 
machine (UTM) was used to carry out the tensile testing. The crosshead speed was set at 1.5 mm/min to carry out the 
tensile tests. Three specimens in each condition of base metal, heat-treated base metal, as-welded joint and PWHT joint 
were used for tensile tests; the average results were taken for discussion. 
 

 
Figure 3. ASTM E-8M specifications of the tensile specimen. 

Microhardness test was carried out by Vickers indentation method on Wilson Instruments Minuteman microhardness 
tester by applying 100 g load for 10 seconds as per ASTM E-384 along the mid-thickness line of the cross-section of the 
weld. Charpy toughness test was performed on a pendulum-type impact testing machine at room temperature. The Charpy 
specimen, prepared as per the ASTM E23-06 specification, is shown in Figure 4. The impact toughness of the weld joint 
was evaluated at the stir zone (the centre of the joint).  

 

 
Figure 4. Charpy test specimen prepared as per the ASTM E23-06. 
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RESULTS AND DISCUSSION 
Microstructure 

Welds joint of good quality and free from any defect were obtained. The weld joints prepared by FSW consist of stir 
zone (SZ), thermo-mechanically affected zone (TMAZ), and heat-affected zone (HAZ), see Figure 5 and 6. In the weld 
zone, abrupt and relatively smooth transitions were found towards the advancing side (AS) and retreating side (RS) of 
the joint, respectively. The upper surface of welds was little wider than the lower surface. The upper surface faced severe 
deformation and frictional heat during the welding process, due to the direct contact of FSW tool shoulder and workpiece 
[45, 46]. The microstructure of BM consisted of elongated shaped grains with little varying in sizes. The deformation of 
the metal sheet and partial dynamic recrystallisation caused heterogeneity in BM grain structure [47]. A complex mixture 
of microstructure observed because each zone experienced a difference of thermal cycles during the welding process and 
SZ, as well as TMAZ, experienced the deformation as reported by Sullivan and Robson [48]. The variation in grains’ 
shape and size were observed. The change in grains is illustrated in Figure 6(c) by the red dotted line where the grains in 
the base metal were not affected by the welding. The grains in SZ were observed to be fine equiaxed. 
 

 
(a) 

 
(b) 

Figure 5. (a) The weld joint showing interfaces of BM, HAZ and SZ; (b) zoom-in views of the red box marked in (a). 

The dynamic recrystallisation during the welding process is responsible for the refinement of grains in this zone. Mg 
alloys experienced dynamic recrystallisation more easily compared to aluminium alloys because of the lower 
recrystallisation temperature of Mg alloys (about 523 K) as reported by Xunhong and Kuaishe [49]. The TMAZ was 
mostly composed of equiaxed grains which indicate that complete recrystallisation occurred in this zone during FSW. In 
the heat-affected zone, equiaxed as well as elongated grains were observed. The existence of the equiaxed grains in this 
zone indicated that partial recrystallisation of grains had taken place in the zone during the welding process. This was in 
agreement with the previous results reported by Kulekci [47] and Afrin et al. [50]. 

 

 
(a) 

 
(b) 

 

  
(c) (d) 
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(e) 

 
(f) 

Figure 6. Different zones of as-welded joint microstructure: (a) BM, (b) SZ, (c) transition zone (AS), (d) transition zone 
(RS), (e) HAZ (AS) and (f) HAZ (RS). 

Figure 7 shows the microstructure of BM, HAZ and SZ of post-weld heat treatment samples of AZ91 Mg alloy. 
PWHT have influences on the weld joint performance. Mainly, HAZ of the advancing side was taken into consideration 
for microstructural variation. This zone was the tensile fracture location of the joint. During the PWHT process, static 
recrystallisation has been accomplished, and the grain size became more homogeneous after PWHT, as reported by Wang 
et al. [51]. But it has been observed that after post-weld heat treatment, the grain structure in HAZ changed and new 
grains developed, see Figure 7(b). The variation in grain structure influences the strength of the joint. The formation of 
new grain in weld zones soften the joint material, which improves the ductility of the joint. This means that the ductile 
behaviour of the joint increased after PWHT. Similar results of material behaviour after PWHT have been reported for 
AA2195-T8 Al-Li alloy by Zhang et al. [52]. 
 

  
(a) (b) 

 
(c) 

Figure 7. Optical micrographs of (a) BM, (b) HAZ and (c) SZ of PWHT joint. 

Tensile Properties 
The tensile properties of base metal, heat-treated base metal, as-welded joint and PWHT joint of AZ91 Mg alloys 

were examined. The tensile samples failed at HAZ of the advancing side in case of the weld and BM specimens failed 
almost at the centre, see Figures 8(c) and 8(a). Similar observations for the FSW joint were reported by Oztoprak et al. 
[53] that the as-welded FSW joint was fractured near or at the interface HAZ (AS). 

Figure 9 represents the strain-stress curves of BM, as-welded, and PWHT weld joints. Average tensile strength of as-
received base metal was 220.2 MPa, and joint fabricated showed a tensile strength of 127.27 MPa. Elongation of the joint 
was about 6.76 % whereas base material exhibited elongation about 15.76 %. Tensile strength of the joint was 57.79 % 
of the tensile strength of the base metal. Tensile strength of the as-welded joint was improved by 12.59 % (127.27 MPa 
to 143.3 MPa) after PWHT, see Figure 10(a). Elongation of the joint was also improved by 31.95 % (6.76% to 8.92%) 
after heat treatment; Figure 10(b). The heat-treated base metal has a tensile strength of 220.8 MPa which was almost the 
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same as the tensile strength of as-received base metal, but the elongation of base metal was improved about 10% after 
heat treatment. These results revealed that the heat treatment process enhanced tensile strength and elongation percentage 
(ductility) of the weld joint as well as the base metal. This improvement in tensile behaviour could be credited to 
enhancement in the microstructure of joint during PWHT. Similar results have been reported by Singh et al. [34]. For the 
PWHT specimens, the failure of a tensile specimen of the joints also occurred in the weld zone towards the advancing 
side; Figure 8(d).   
 

 
Figure 8. Tensile specimen after testing (a) base metal, (b) base metal heat treated, (c) as-welded joint and (d) PWHT 

joint. 

 
Figure 9. The strain-stress curves of the AZ91 Mg alloy, as-welded and PWHT joint specimens. HT- heat treated. 

   
          (a)             (b) 

Figure 10. (a) Tensile strength and (b) elongation of base metal and FSW joint of AZ91 Mg alloy (before and after heat 
treatment). 

The SEM images of tensile fracture surfaces were represented in Figure 11. The fractured surfaces of BM, FSW joint, 
and PWHT joint exhibited with dimples. The dimple containing surfaces confirms that the failure mode was ductile. As 
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reported by Wang et al. [51] that the interface HAZ has a lower strength, so, the joint was failed at this HAZ interface of 
advancing side during tensile testing. The failure of PWHT tensile specimen in HAZ zone confirmed that PWHT had not 
any influence related to the location of the joint fracture. 
 

  
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 11. Fractographs of the tensile fracture surface of (a) BM AZ91 Mg alloy, (b) heat-treated BM AZ91 Mg alloy, 
(c) as-welded joint and (d) PWHT joint. 

Microhardness 
The as-received BM AZ91 Mg alloy was 66 Hv. SZ exhibited the highest microhardness of about 78 Hv. Advancing 

side of joint exhibited the lowest microhardness about 60 Hv in HAZ. HAZs have microhardness lower as compared to 
stir zone and base material. SZ has undergone mechanical deformation and grains were refined and recrystallised during 
the welding process. Refinement of grains increases the microhardness of joint in SZ [54]. In HAZ, grains became soft 
due to the influence of heat and microhardness in this zone was reduced. In the advancing side, the spot in HAZ having 
lowest microhardness was failure location during the tensile test. Similar results have been reported by Han et al. [55]. 
SZ of PWHT joint has the highest microhardness of about 70 Hv. Advancing side of weld joint exhibited the lowest 
microhardness about 61 Hv in HAZ. Microhardness of SZ decreased by about 11.11 % (78 Hv to 70 Hv) after heat 
treatment. Microhardness profile of as-welded and PWHT joint of AZ91 Mg alloy is shown in Figure 12. 
 

 
Figure 12. Microhardness profile of FSW joint of AZ91 Mg alloy (as-welded and PWHT). 

Impact Toughness 
Average impact toughness of FSW joint of AZ91 magnesium alloy was 4.5 J which was 75 % of average toughness 

of BM. Impact toughness of PWHT joint was 4.2 J. PWHT reduced toughness of FSW joint by 6.6 % (4.5 J to 4.2 J). 
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Impact toughness of base material AZ91 magnesium alloy was 6 J, which was declined by about 8.3 % after heat 
treatment. Charpy impact toughness of base metal and FSW joint is presented in Figure 13. 

 

 
Figure 13. Impact toughness of base metal and FSW joint of AZ91 Mg alloy (as-welded and PWHT). 

These results revealed that impact toughness of base metals and friction stir welded joints was reduced after heat 
treatment. According to Singh et al. [34], ductility (% elongation) of base metal and weld joint was improved after heat 
treatment, which may be the key reason for the reduction of impact toughness. These results are in contrast with results 
(for steel) reported by Lu et al. [56] and Wu et al. [57].   

CONCLUSION 
Based on findings of present work, it can be concluded that friction stir welding can be effectively used to join AZ91 

Mg alloys, and further performance of joint can be enhanced by choosing appropriate post welding heat-treatment process. 
The conclusions are: 

i. Mg alloy (AZ91) was welded with FSW, and a quality joint was produced. In a transversal cross-sectional view, 
the upper surface of the weld appeared wider than the lower surface. 

ii. The produced FSW joint has average tensile strength and elongation about 127.27 MPa and 6.76 %, respectively, 
and the efficiency of the weld joint was 57.7 %. 

iii. Post welding heat treatment influenced the microstructure along with the tensile strength of the joint. The tensile 
strength and elongation improved by about 12.6 % and 31.9 %, respectively after PWHT. PWHT has no effect 
on the location of the tensile fracture. 

iv. Microhardness of SZ was decreased about 11.11 % after PWHT, and relatively smoothened microhardness 
profile of the FSW joint was obtained. 

v. PWHT reduced toughness of FSW joint by 6.6 % whereas toughness of BM was reduced by about 8.3 % after 
heat treatment. 

FUTURE SCOPE 
The need in the automotive industries for sophisticated materials tailored to accommodate demands for lightweight 

structures is an effective driver for further development in the field of FSW and Mg alloys. Some future recommendations 
are as follows: 

i. The material flow, wear of welding tool and microstructural stability are key aspects to commercialise the 
FSW technology which can be explored for more understanding. 

ii. It may also be worthwhile to examine elastic modulus, fatigue strength, corrosion and residual stress in future 
researches.  

iii. Lastly, other post welding heat treatment method could be beneficial attempts. It may be another area of future 
investigation in order to improve or eliminate the losses of strength and performance of weld joints. 
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