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ABSTRACT 
In the present work, an investigation had been made to study the mechanical and microstructural behavior of friction stir welded 

(FSW) aluminium alloy 6063-O and pure copper joints. AISI H13 tool steel (heat treated to 52 HRC)was used for all the 

experimental runs. The input parameters were tool rotational speed (560,710 and 900 rpm), weld traverse speed (16,20,25 

mm/min),tool tilt angle (0°,1°,2°). The number of experimental runs had been reduced from 27 to 9 using Taguchi L9 orthogonal 

array.The study revealed three different zones such as Stir Zone (SZ), Thermo Mechanically Affected Zone (TMAZ), and Heat 

Affected Zone (HAZ).  Vicker’s micro-hardness was taken at weld nugget for each specimen. The maximum microhardness value 

had been obtained for the weld formed by 900 rpm tool rotational speed, 25mm/min weld traverse speed, 1° tool tilt angle. The 

grey relational analysis was used to optimize the weld parameters. 

 

KEYWORDS:  Aluminium alloy, Pure Copper, FSW, Taguchi L9 orthogonal array, Micro-hardness, Microstructure. 
    

INTRODUCTION 
 

Friction stir welding is a solid state joining process where the joining between the two faying surfaces is 
achieved by the relative motion between the tool and the work piece. During the welding, materials can reach 
temperature upto 80% of their melting point. It’s an environment friendly process due to low emission of fumes 
during the process when compared to that of other fusion welding processes. Aluminium copper joints were 
applicable in electric power industries, transportation and aerospace. The joining of dissimilar materials is 
generally used in engineering applications due to their practical and beneficial advantages [1]. Rajiv.et al., [1] 
studies revealed that the presence of voids at the cross section when joining aluminium and copper dissimilar 
plates. Barekatain et al, [2]] study revealed that the effect of annealing of coppercreates grain refinement andthis 
resulted in better hardness value at stir zone when compared to base metal. Xue et al [1] study exposes that the 
defect free joints were obtained when placing harder copper on the advancing side of the weld. LI Xia-wei et al 
[1] joined the aluminium alloy 1350 plates with pure copper and found that no intermetallic compounds were 
present in the weld nugget. The selection and geometry of tool materials used for friction stir welding was 
successfully identified in Rai.et al., [1]. Muthu et al [1] studied the effect of tool traverse speed on the 
mechanical properties of the weld. Bhattacharya et al [1] had successfully joined the aluminium- copper 3mm 
thick plates without providing tool offset. Ouyang et al [1] study showed that the poor weldability behaviour 
occurs due to development of complex microstructure in the weld nugget. zhang et al[10] had successfully 
joined the annealed pure copper with the aluminium plate with providing tool offset mostly on the aluminium 
side. The surface finish and brittle nature of the weld were related to tool geometry which was studied in Galvão 
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et al [11]. Taguchi method to optimize the experimental runs were successfully implemented in both friction stir 
welded similar and dissimilar materials [12,13,14,15]. 

 
II. Experimental Details: 

The friction stir welding process was carried out on aluminium alloy 6063-O and pure copper plates using 
the modified vertical milling machine. The plates were of size 100mm X 100mm X 6mm.Before welding, pure 
copper plates had been annealed at 630°C for 1 hourfollowed bycleansing their surfaces with acetone. 
PureCopper was placed on the advancing side of the weld whereas Aluminium plate was placed on the 
retreating side. No tool pin offset was provided during welding. AISI H13 tool steel was used to join the two 
materials. The tool had a shoulder diameter of 25mm and a pin diameter of 6mm and pin length of 5.6mm. The 
chemical composition of Aluminium alloy plate and AISI H13 tool steel has been shown in Table 1.   

 
Table 1: The chemical composition of AA 6063-O and AISI H13 tool steel 

ALLOY Al Mg Si Mn Zn Fe Cu Cr Ti C Mo V 
6063-O Balance 0.70 0.40 0.10 0.10 0.35 0.10 0.10 0.10 - - - 
H13 - - 1.00 0.38 - Balance - 5.15 - 0.39 1.35 1.0 

 
According to Taguchi L9 orthogonal array, experimental trails were reduced into 9. Micro-hardness was 

taken at weld nugget for 9 experimental runs are shown in Table 3.The weld surface of all the specimens were 
shown in the figure 1. 
 
Table 2: Micro-hardness Results 

Experimental Runs Rotational Speed 
(rpm) 

Traverse Speed 
(mm/min) 

Tool tilt angle 
(deg) 

Microhardness (MHV) 

L1 560 16 0 52.2 
L2 560 20 1 48.7 
L3 560 25 2 43.5 
L4 710 16 1 56 
L5 710 20 2 54 
L6 710 25 0 58.5 
L7 900 16 2 70.3 
L8 900 20 0 63.8 
L9 900 25 1 82.6 

 
 

 
                L1                L2             L3              L4              L5             L6                L7              L8             L9 
 

 
Fig. 1: Photograph of welded Samples 

 
The welded samples were cut for further optical and electron microscopy for microstructural investigation. 

In order to conduct microstructural study, the specimen was smoothened using emery sheets of different grades. 
Then the material was polished using disk polisher.Keller’s reagent was applied on the Al alloy side of the 
specimen and Ferric chloride was applied on the Cu Side. The Minitab software was used to optimize the 
process parameters. 

The Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) analysis were taken 
at the stir zone for further study. 
 

RESULTS AND DISCUSSION 
 
The weld formed by 560 rpm rotational speed, 16mm/min traverse speed, 0°tilt angle had the groove like 

defecton the weld surface.This is due to the insufficient heat generation on the weld. This indicates that 
sufficient heat was not generated during welding when all the parameters are minimum. All other welds are 
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defect free on the weld surface. The microhardness was taken from the advancing side to retreating side of
welded specimen. The variation of micro
advancing side to the retreating side.
have relatively higher hardness value at the weld nugget. 

Fig. 2: Microhardness Results 
 
The base metal microstructures

alloy plates indicate that the strength and hardness are relatively 
 

Fig. 3: Microstructure of AA 6063-O
 
Stir zone which indicate the intermetallic region which is shown in the figure 4(a)

were present in the aluminium side of the weld nugget
copper. The aluminium was surrounded by copper in fusion zone which was shown in the figure 4(b).

 

Fig. 4: Optical microstructure images: a) Stir Zone b) Fusion Zone

Cu 
particles 
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The microhardness was taken from the advancing side to retreating side of
The variation of microhardness isshown in Fig 2 which is found to

advancing side to the retreating side. The weld formed from the 9th experimental run specimen was found to 
dness value at the weld nugget.  

s was shown in Fig 3. The coarse grains in the base metal of the aluminum 
alloy plates indicate that the strength and hardness are relatively lower. 

O and Pure Copper (Annealed) 

Stir zone which indicate the intermetallic region which is shown in the figure 4(a)
uminium side of the weld nugget. Fusion zone indicates the mixing of the aluminium 

copper. The aluminium was surrounded by copper in fusion zone which was shown in the figure 4(b).

 
Optical microstructure images: a) Stir Zone b) Fusion Zone 
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The microhardness was taken from the advancing side to retreating side of the 
found to be decreasing from 

experimental run specimen was found to 

 

se grains in the base metal of the aluminum 

 

Stir zone which indicate the intermetallic region which is shown in the figure 4(a).The copper particles 
the mixing of the aluminium – 

copper. The aluminium was surrounded by copper in fusion zone which was shown in the figure 4(b). 
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Thermo mechanically affected 
due to the mechanical deformations
large grains but not deformed during welding.
affected zone and thermo mechanically affected zone was shown in figure 5.

 

Fig. 5: TMAZ and HAZ at Copper side
 
By using Minitab Software the process parameters were optimized

parameter with the larger signal to noise ratio has more influence. From the response table shown in tables 4 and 
5, it had been found that tool rotational s
optimized process parameters were�

The effect of rotational speed was very hig
 
Table 4: Response table for mean 

Level 
 

Tool rotational speed
(A) 

1 48.13 
2 56.17 
3 72.23 
Delta 24.10 
Rank 1 

 
Table 5: Response table for signal to noise ratio

Level 
 

Tool rotational speed
(A) 

1 33.62 
2 34.98 
3 37.13 
Delta 3.50 
Rank 1 

 
 

 
Fig. 6: Main effects plot for mean and SN ratio
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 zone was found in copper side, after the stir zone. The 
mechanical deformations in the advancing side (copper) of the TMAZ. The heat affected zone ha

large grains but not deformed during welding.This is due to the effect of stirring effect of the tool. 
affected zone and thermo mechanically affected zone was shown in figure 5. 

and HAZ at Copper side 

By using Minitab Software the process parameters were optimized. Approach was 
parameter with the larger signal to noise ratio has more influence. From the response table shown in tables 4 and 

otational speed had more influence than other process parameters and the 
������. Main effects plot for mean and SN ratio were shown in the Fig 6.

The effect of rotational speed was very high compared to other parameters. 

Tool rotational speed Weld Traverse speed 
(B) 

Tool tilt angle
(C)

59.50 58.17
55.50 62.43
61.53 55.93
6.03 6.50
3 2 

Response table for signal to noise ratio 
Tool rotational speed Weld Traverse speed 

(B) 
Tool tilt angle
(C) 

35.42 35.26
34.83 35.68
35.48 34.79
0.65 0.90 
3 2 

and SN ratio 
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after the stir zone. The grains got elongated 
The heat affected zone had 

This is due to the effect of stirring effect of the tool. The heat 

 

was chosen such that the 
parameter with the larger signal to noise ratio has more influence. From the response table shown in tables 4 and 

e than other process parameters and the 
. Main effects plot for mean and SN ratio were shown in the Fig 6. 

Tool tilt angle 
(C) 
58.17 
62.43 
55.93 
6.50 
 

Tool tilt angle 

35.26 
35.68 
34.79 
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SEM Analysis were used to understand the intermetallic region of the weld.The SEM result revealed that 
many copper particles were clearly found on the aluminium side. TMAZ in aluminium which contains copper 
particles. The SEM images was shown in the figure 7. 

 

 
 
Fig. 7: SEM images at aluminium- copper interface 

 
The EDS was used to study the composition. The results showed that the aluminium-copper interface 

contains major peaks of aluminium and minor peaks of copper. The EDS results was shown in the figure 8.  
 

 
 

Fig. 8: EDS Results at stir zone 
 
Conclusion: 

Aluminium alloy 6063-O and annealed pure copper were successfully joined by FSW without providing 
tool offset. After performing an astute analysis it has been concluded that weld formed by 900 rpm rotational 
speed, 25 mm/min traverse speed, 1° Tool tilt angle has maximum microhardness value of 82.6 HV. Thermo-
mechanically affected zone in the aluminium side had Cu particles scattered in it. From the optimization results, 
it has been observed that,tool rotational speed plays a major role in the influence of microhardness than Tool tilt 
angle which in turn had more influence when compared to weld traverse speed. 
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