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A B S T R A C T   

Present work demonstrates high speed friction stir welding (HSFSW) of light weight battery trays assembly in 
electric vehicle (EV). Despite of solid-state and green nature of FSW, it suffers from the relatively low welding 
speed. With the help of suitable tool design and machine tool parameters, we successfully achieved defect-free 
welds at high welding speed of 4.0 and 4.5 m/min. Good quality welds are produced in 3 mm thick AA6063-T6 
extruded aluminium alloy at such a high welding speeds by implementing violent material mixing i.e., higher 
tool rotation speeds (3500–4500 rpm) and plunge force (8.5–10.5 kN). The HSFSW cross-section registered 
curious hardness profile of ‘U’ shape. HSFSW resulted softening of weld stir zone (~60 HV) along with HAZ (~50 
HV). The highest joint efficiency of 72 % was found for the weld produced at 4.0 m/min and 3500 rpm.   

1. Introduction 

During the past decade, the automotive industry had undergone 
major makeovers to reduce the carbon footprint, and car makers are 
continuously in the search of lightweight materials which can provide 
the required strength without compromising passenger safety. The use 
of aluminium alloys in the cars as a lightweight material is forecasted to 
increase around 260 kg in next 10 years [1]. Battery operated electric 
vehicle (EV) development is driving the usage of aluminium due to the 
large structural assembly of battery trays structure. Most of the EV 
manufacturers use aluminium to fabricate their battery trays, ensuring a 
leak-proof as well as waterproof battery tray for safety reason. 

For the fabrication of these battery trays, friction stir welding (FSW) 
is a recent promising welding technology. As FSW is being praised for its 
carbon–neutral joining technique, where weld is produced by devel-
oping thermo-mechanical deformation at the joint line using rotating 
FSW tool [2,3]. FSW has already proved its superiority for joining 
aluminium alloys over fusion welding processes because of its solid-state 
nature [4–6]. However, FSW suffers from the low welding speed (around 
1.0 to 1.5 m/min) for high production volume in EV industry. Hence, the 

technological advancement in high speed FSW (HSFSW) is indeed to 
increase the welding speed for provide sustainable solution to EV 
manufacturers. In early research, FSW demonstrated welding speed 
around 1 m/min in aluminium alloys [7]. Afterwards, FSW exhibited 
welding speed of 1.5 m/min alloy conducted, and they obtained joint 
strength near to BM [8,9]. Further increase in the welding speed to 2.5 
m/min for AA6082-T6 alloy reported this HSFSW fractured from the stir 
zone (SZ) [10]. Later, Hovanski et al. [11] achieved significant high 
welding speed at 3 m/min to create tailor-welded blanks. Similarly 
HSFSW was achieved at 3 m/min in AA7075-T6 alloy by varying tool 
rotation speed [12]. Also, Liu et al. [13] reported defect free joint at 2.4 
m/min, having good joint strength of 74% with fracture location in HAZ. 
The present study aims to increase the welding speed up to 4.5 m/min, 
contributing into higher production volume for producing lightweight 
crash-resistant battery trays in EV industry. 

2. Materials and method 

AA6063-T6 extruded aluminium sheets in 3 mm thickness (300 mm 
long and 150 mm wide) were welded in butt joint configuration. Prior to 
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the welding, extruded plates were machined in length of 300 mm and 
the width of 150 mm. A conventional FSW tool with shoulder diameter 
of 12 mm with scrolled groove feature to minimize the flash generation 
during the welding. Tri-flat conical shape probe with a diameter of 6 mm 
at the root, 4.3 mm at tip, and a pin length of 2.8 mm was used. The 
HSFSW was conducted at two different high welding speed of 4.0 and 
4.5 m/min under three rotation speeds of 4500, 4000, and 3500 rpm 
using force control. The different value of downward axial force 
(8.5–10.5 kN) was used for each of the experiments in order to ensure 
the full penetration based on out previous study [14]. After HSFSW, the 
weld cross sections were cut, ground, polished and etched. The macro 
and microstructural characterizations were conducted by an optical 
microscope (OM, Zeiss). Micro-hardness distributions across the weld 
cross section were acquired using a Struers automated Vickers hardness 
tester, with 200 gms for 10 s at distance of 0.3 mm. Three tensile 
specimens were cut in accordance with ASTM E8 sub-size specimens, 
followed by tensile testing at a constant cross-head speed of 1 mm/min, 

position controlled on a Zwik Roell tensile testing machine. 

3. Results and discussion 

The key challenge in HSFSW is to obtain defect free welds, especially 
complete weld penetration in butt joint configuration without any 
excessive flash generation. Fig. 1 shows typical basin shaped weld cross- 
sections having good and uniform material mixing on advancing side 
(AS) and retreating side (RS) of the joint. The HSFSW joint at 4.5 m/min 
and low rotation speed (3500 rpm) developed under cutting at the top of 
weld nugget (refer Fig. 1) because of the higher amount of plunge force. 
The higher amount of plunge force was used to ensure the complete 
penetration at lower rotation speed, since the better trade-off between 
tool rotation and plunge force is very crucial at such a high welding 
speed. 

HSFSW joints are expected to develop softening effect in the weld 
zones due to the high heat generation (higher tool rotation speeds) and 

 4.0 m/min 4.5 m/min 
 

 
4500 
rpm 

  
 

 
4000 
rpm 

 

 

 

 
 

 
3500 
rpm 

 

 

 

 

Fig. 1. Optical micrograph of the weld cross sections at different high welding and rotation speeds.  

Fig. 2. Hardness distribution along the mid-thickness of weld cross-section at different welding speeds: (a) 4.0 m/min and (b) 4.5 m/min.  
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excessive sliding action under the large amount of downward plunge 
force at such high welding speeds. Since AA6063-T6 is a precipitate 
strengthening alloy, the effect of precipitation is weak because of higher 
tool rotation speed. For understanding softening effect, hardness dis-
tributions across the weld cross-sections are presented in Fig. 2. The 
hardness in SZ is reduced to around 55–60 HV at both welding speeds. 
This reduction in hardness is attributed to use of higher tool rotation 
speeds. The lowest hardness around 50 HV is measured in HAZ for both 
high speed welds. It is very important to notice that hardness distribu-
tion curves in all high speed weld cross sections are ‘U-shaped’ instead of 
‘W-shaped’ in lower welding speed conventional FSW. It suggests that 
high speed joints have not significant difference of hardness between SZ 
and HAZ, whereas sudden rise of hardness while moving from HAZ to 
BM. For 4.5 m/min of welding speed, the similar hardness distribution in 
SZ regardless of tool rotation speeds. Where as for 4.0 m/min welding 
speed, slight increase in the hardness was found at 3500 rpm rotation 
speed, with increasing trends of hardness with decreasing rotation 
speed. The joint strength was also analysed by tensile testing as 

presented in Fig. 3. The weld produced at 4500 rpm and 4.0 m/min 
reported around 70 % of joint efficiency, while slight reduction in joint 
efficiency found at 4.5 m/min. The highest joint efficiency of 72% re-
ported by joint produced at 4 m/min and 3500 rpm. In contrast to this, 
the lowest joint efficiency (~65%) found for the joint produced at 4.5 
m/min and 3500 rpm. Irrespective of welding speeds, the similar joint 
strength obtained for the welds developed at 4000 rpm. In order to 
understand the failure behaviour of the joints, the exact failure location 
was studied by preparing cross-section of the fractured specimens after 
tensile testing as shown in Fig. 4. The frailer location of all high speed 
welds was found very much similar regardless of the welding and 
rotation speeds. Tensile specimens are fractured from the TMAZ/HAZ 
interface on RS of the welds. Moreover, failure location along the weld 
cross-section means in the weld thickness. The fracture behaviour based 
on its location cane be categorised in two modes. The first mode where 
fracture starts from the weld top surface, and fracture location is 
observed on the shoulder surface very near to RS. This could be attrib-
uted to the aggressive nature of shoulder action at such an unusual 
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Fig. 3. Tensile behaviour: (a) stress–strain curve and (b) comparison of tensile properties at different welding and rotation speeds along with BM.  
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Fig. 4. Optical micrograph representing fracture location of the weld produced at different welding and rotation speeds.  
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combination of very high rotation as well as welding speeds. Whereas in 
the second mode, the fracture is further progress towards the bottom of 
the weld via lower hardness zone i.e., TMAZ/HAZ interface in which the 
hardness values is around 50 HV (as shown in Fig. 2). Lowest joint 
strength for weld produced at 4.5 m/min and 3500 rpm is resulted 
mainly due to first mode of failure i.e., poor weld surface due to over 
plunging or undercutting as shown in Fig. 4. This over plunging could 
have resulted from the maximum amount of plunge force used to 
compensate lower tool rotation of 3500 rpm in comparison to other 
welds. 

4. Conclusions 

In present study, defect free HSFSW of 3 mm thick AA6063-T6 alloys 
was achieved at high welding speeds of 4 and 4.45 m/min at different 
rotation speeds. The HSFSW produced at 4 m/min and 3500 rpm ach-
ieved 72% of joint strength, exhibiting tensile failure from the TMAZ/ 
HAZ interface, coinciding with the location of lowest hardness, i.e. 50 
HV. The development of this HSFSW is expected to scale up as well as 
strengthen the production of lightweight battery tray for EVs. Moreover, 
the outcome of this study will expect to increase the welding speed 
beyond 4 m/min by improving the weld surface and hence joint quality. 
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