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Abstract—This study demonstrates the feasibility of joining 
the commercial pure copper plates by friction stir welding 
(FSW). Microstructure, microhardness and tensile properties 
in terms of the joint efficiency were found 94.03 % compare 
to as receive base material (BM). The average hardness at the 
top was higher than bottom. Hardness of weld zone was higher 
than the base material. Different microstructure zones were 
revealed by optical microscopy and scanning electron 
microscopy. The stirred zone (SZ) exhibited primary two 
phases namely, recrystallized grains and fine precipitates in 
matrix of copper. 
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I. INTRODUCTION 
RICTION stir welding (FSW) is a new solid state welding 
process, where the weld is produced by softening, plastic 

deformation combined with forging action caused by tool 
rotation of base metal (Fig. 1) [1-3]. Absence of melting of 
base metal in FSW reduces oxidation, residual stress, 
solidification related defects. The microstructure of the weld 
generally shows a central weld nugget with onion ring 
structure, a thermo-mechanically affected zone (TMAZ) close 
to the nugget, and a very small heat affected zone (HAZ) [4].  

Recently many reports on friction stir welding of various 
metal system such as aluminium [5-10], magnesium [11-12], 
mild steel [13], stainless steel [14], and dissimilar systems 
such as aluminium to stainless steel [15], aluminium to steel 
[16], aluminium to copper [17], aluminium to magnesium 
[18], have been published. Preliminary studies on the FSW for 
copper to copper [19-21] and brass [22-23] have also been 
reported. Copper and its alloys are widely used in industrial 
applications due to their excellent electrical and thermal 
conductivities, good strength, and corrosion and fatigue 
resistances.  
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However, welding of copper is usually difficult by 
conventional fusion welding techniques because of its high 
thermal diffusivity, which is 10–100 times higher than that of 
steels. Hence, the heat input required for welding of copper 
alloys is much higher, resulting in quite low welding speeds. 
Higher thermal conductivity and thermal expansion of copper 
result in greater weld distortion than steel [24-26]. 

During arc welding of copper and copper alloys, oxygen 
segregates on grain boundaries of metal. This can lead to 
embrittlement of the weld joint. Precipitation hardenable 
copper alloys may lose their alloying elements (Zn) through 
oxidation during fusion welding, compromising their strength. 
Copper welds frequently suffer from lack of fusion because of 
the high thermal conductivity of copper as it reduces the 
concentration of heat needed to melt a critical mass of metal 
and ensures complete filling of the weld cavity. 

Recently for few industrial applications, FSW has been 
successfully used for joining copper e.g. fabrication of the 
copper containment canister for nuclear waste [27] and the 
backing plate for sputtering equipment [28].  

In view of huge commercial importance of copper alloys 
and required for joining for fabrication of engineering 
components in this study, attempts were made to study the 
effect of friction stir welding of copper on microstructure of 
the copper weld joints using optical microscope and scanning 
electron microscopy (SEM), mechanical properties such as 
microhardness and tensile strength. Further, effort was made 
to establish the structure Properties relationship. 
 

II. EXPERIMENTAL PROCEDURE 

In this study, commercial pure copper sheet of 100 mm 
length, 40 mm width and 6 mm thickness in heat treated 
condition were welded by friction stir welding process. 
Nominal composition of copper plate is shown in Table 1. For 
heat treatment copper plates were kept in furnace at 600ºC for 
30 min and followed by water quenching at room temperature. 

F
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The welds were developed in square butt joint configuration. 
Faying surfaces of Copper sheet were first machined then 
cleaned by acetone before fixing on backing plate with help of 
indigenously designed and fabricated fixture. Geometry of die 

steel tool used for friction stir welding is shown in Fig. 2 
(Table 2). Tool rotational speed was kept constant at 635 rpm 
in clockwise direction and welding speed was varied.

Fig.1 Friction Stir Welding 

 

Fig. 2 Schematic diagram showing geometry of Die steel FSW 
tool 

 
TABLE I 

CHEMICAL COMPOSITION OF BASE METAL 

Elements Mg Al Si Cr Mn Cu 

Weight % 0.29 0.42 0.24 0.54 0.47 98.05 

  
TABLE II 

DIMENSION OF TOOL 

Tool Material Die steel 

Shoulder diameter (D) 15 mm (right hand) 

Pin maximum diameter (D1) 6 mm 

Pin minimum diameter (D2) 4 mm 

Pin length (L) 5.6 mm 

Thread Pitch 1 mm (Right Hand) 

Welds were developed using two welding speeds i.e. 8 and 
19 mm/min. The tool axis was tilted by 3º from normal to 
surface of base plate. The stirrer pin was positioned at centre 
line along the line of weld. 

 
Fig. 3 Schematic diagram showing geometry of tensile test 

Specimen 
 

TABLE III 
DIMENSION OF TENSILE TEST SAMPLE 

Gage length (G) 20 mm 
Diameter (D) 4 mm 
Radius of fillet (R) 4 mm 
Length of reduced section (A) 24 mm 

 
Welded plates were cut from transverse direction using 

power saw to prepare samples for microstructural and 
mechanical examination. For microstructural examination 
samples were polished using standard metallographic 
procedures and then polished samples are etched with the 
nitric acid. Etched samples were then examined using optical 
microscope and scanning electron microscope.  

The Vickers microhardness of base material in as received 
and heat treated condition that of weldments was measured at 
a load of 200 grams for a dwell time of 30 second. Hardness 
was measured both in transverse direction of weld and in 
thickness direction from top to bottom at centre of weld 
nugget. The tensile tests on the joint were performed using 
samples prepared according to ASTM E8M-04 specifications 
having 4 mm gauge diameter and 20 mm gauge length (Fig. 
3). Table 3 shows the dimensions of tensile test sample. 
Scanning electron microscopy was used for factography of 
tensile fracture surfaces. 

 
III. RESULTS AND DISCUSSION 

3.1 Microstructure 
Heat treated copper sheets were successfully welded in the 

butt joint configuration by friction stir welding. Defect-free 
weld joint was obtained at tool rotational speed of 635 rpm 
and travel speed of 19 mm/min (Fig. 4a). While few weld 
defects such as voids, cavities were observed in weld 
produced at 8 mm/min welding speed (Fig. 4b). The 
microstructure of the weld joint of copper revealed different 
zones namely (a) weld nugget (WN), (b) thermo- 
mechanically affected zone (TMAZ), (c) heat-affected zone 
(HAZ) and (d) Base material (BM).  
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Fig. 4 (a) Defect in weld producing with 8 mm/min welding 
speed, (b) defect free weld producing at 19 mm/min welding 

speed 
 
3.1.1 Optical Microscopy  

The microstructures of copper alloy sheets under study in 
as-received and heat-treated condition are shown in Fig. 5 (a, 
b) respectively. It can be observed that there are certain 
precipitates in matrix of copper in both as-received and heat-
treated condition. Image analysis of micrographs exhibited 
that heat treatment of base metal increases average size of 
precipitates from 22.14 µm to 30.91 µm as compared to that 
of as-received base metal. Microstructures of weld joint of 
copper base metal at different zone are shown in Fig. 5 (c-f). 

Micrographs of weld joints showed precipitates of different 
sizes in different regions. In weld nugget zone precipitates 
were finer as compared to base material because dynamic 
stirring force of tool pin breaks the precipitates to smaller size. 
At 8 mm welding speed, the average precipitate size was 
lower (12.59 µm) than that obtained at 19 mm welding speed 

(15.62 µm). Finer precipitates size at low welding speed than 
high welding speed is mainly due to the fact that at low 
welding speed tool have more time to stir the material. Slow 
stirring action more effect in breaking of precipitates takes 
that of at high speed. Thermo-mechanically affected zone on 
advancing side showed larger precipitates (average precipitate 
size was 43.42 µm) as compared to retreating side (average 
precipitate size was 26.96 µm) in weld joint produced using 8 
mm/min welding speed. Weld joint produced using 19 
mm/min welding speed precipitates size in weld joint in both 
side (advancing/retreating) were marginally different. The 
average precipitate size in advancing side was 34.38 µm while 
that in retreating side was 30.37 µm.  

 
3.1.2 Scanning Electron Microscopy 

Nugget zone showed very fine and recrystallized grains. 
Microstructures of different zone of friction stir welded 
copper are shown in Fig. 6 (a–d). It can be seen that thermo-
mechanically affected zone is plastically deformed and 
thermally affected. The elongated grains were observed at 
thermo-mechanically affected zone on both advancing and 
retreating side of the weld produced at both welding speed 
(Fig 6 a-d). The advancing side of thermo-mechanically 
affected zone than the retreating side showed longer and 
elongated grains were observed at the advancing side of 
thermo-mechanically affected zone, which is roughly 
transverse to the parent metal grains. Clear boundary exhibits 
both advancing and retreating side with the weld nugget. 
Mukhopadhyay et al., (2006) and Colligan, (1999) found the 
same type of micrographs during friction stir welding [29-30]. 
Adjacent to the thermo-mechanically affected zone coarse 
grains were observed in heat affected zone as shown in Fig. 
6(b, c). Fig. 7 illustrates the onion ring flow pattern in the 
weld zone at 8 mm/min welding speed.  
 
3.2 Hardness 

Hardness of base metal, weld nugget in transverse and in 
thickness direction is shown in Fig. 8 (a-c). It can be observed 
that heat treatment decreases hardness of base metal from 97 
to 61HV200. Hardness of nugget was found to vary 
significantly because of nonuniform plastic deformation of 
material in different zone. The hardness in weld nugget was in 
general higher than the base material due to the two effects a) 
Grain refinement in weld nugget follows the Hall-Petch 
equation and b) Work hardening due 

weld defect a

b
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Fig. 5 Micrographs of weld by optical microscopy, (a) Base Material, (b) Heat treated base material, (c) Interface in advancing side (8 

mm/min welding speed), (d) Interface in retreating side (8 mm/min welding speed), (e) Interface in advancing side (19 mm/min welding 
speed), (f) Interface in retreating side (19 mm/min WS) 

 

dc

   200µm 

f

a

   200µm 

   200µm 

   200µm 
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Fig. 6 SEM micrograph of weld joint showing weld nugget, thermo-mechanically affected zone and heat affected zone in 
(a) weld produced using 8 mm/min welding speed in advancing side (b) weld produced using 8 mm/min welding speed 

in retreating side, (c) weld produced using 19 mm/min welding speed in advancing side, (d) weld produced using 19 
mm/min welding speed in retreating side 

 

to plastic deformation. The maximum hardness was found in 
retreating side of weld nugget at both welding speeds. The 
hardness of weld nugget produced using lower welding speed 
(8 mm/min) was found be more than that produced using 
higher welding speed (19 mm/min) because at lower welding 
speed material mixing is non-uniform.  The distribution of 
hardness of weld produced using high welding speed on 
retreating side of the weld nugget is more uniform at higher 
welding speed than at lower welding speed. Lower hardness 
of thermo-mechanically affected zone than weld nugget can 
be due to the partial annealing effect and more work 
hardening effect in weld nugget zone.  

The variation of the hardness from top to bottom at centre of 
weld nugget is shown in Fig. 8 (c). It can be seen that hardness 
of weld nugget (produced using both the welding speeds) at 
top is higher than bottom. The variation in hardness from top 
to bottom of the weld nugget can be attributed at variation in 
grain size and work hardening effects. Similar results were 
also reported by Won-Bae Lee during welding of copper 
plates [31]. Grain size of weld nugget is primarily determined 
by shape and tilt angle of tool which causes considerable 
microstructural refinement in the top region of the stir zone as 
compare to the centre and bottom region. The work piece 
material which is closest to the tool shoulder is subjected to 

ba

c d
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greater deformation compared to material away from the tool 
shoulder.  
 
3.3 Tensile Properties 

Average tensile properties of friction stir weld joints of 
commercial copper are given in Table IV. Engineering stress-
strain diagram for as received and heat treated base metal and 
friction stir welded sample are shown in Fig. 9. Heat 
treatments of base metal decreases yield strength and ultimate 
tensile strength but increases ductility. Yield strength 
decreases from 240.7 MPa to 168.2 MPa while ultimate 
tensile strength decreases from 273.2 MPa to 239.3 Mpa. 
Ductility increases from 33.54 to 34.04%. FSW decreases 
yield strength and ultimate tensile strength significantly for 
weld producing lower welding speed (8 mm/min). 

The yield strength decreases from 168.2 MPa to 93.8 MPa 
while ultimate tensile strength decreases from 239.3 MPa to 
138.8 MPa. The tensile strength of weld joint produced using 
19 mm/min welding speed was found higher than that of base 
material. At high welding speed the yield strength marginally 
decreases from 168.2 MPa to 165.4 MPa while ultimate 
tensile strength increases from 239.3 MPa to 256.9 MPa. Thus 
the maximum joint efficiency was found to be 107%.  

 

 
Fig. 7 SEM micrograph of weld nugget showing onion ring 

pattern 
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Fig. 8 Hardness, (a) Hardness of as received and heat treated base 
material (b) Hardness variation in across the weld nugget from 

weld centre (c) Hardness variation from to bottom of weld nugget 
at weld centre 
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It can be observed that increase in welding speed increases 
the tensile strength of the joint. Sundaram [32] found that low 
welding speed encourages the metallurgical transformations in 
the weld zone due to high heat input per unit length which 
lowers tensile strength of the friction stir welded joints.  

The higher welding speeds are associated with low heat 
inputs and higher cooling rates of the welded joint. Reduced 
heat input decreases grain size and extent of unfavorable 
metallurgical transformations during welding (such as 
solutionization, re-precipitation and coarsening of 
precipitates); and hence, the local strength of individual 
regions across the weld zone is less affected. Ductility of weld 
joints was found to be lower than the base metal. Ductility of 
joint produced using 19 mm/min welding speed is found to be 
higher than that produced using 8 mm/min welding speed. 
Increase in the welding speed lowers the clustering effect of 
strengthening precipitates, plastic flow of materials and 
localization of strain. Low heat input results in improved 
tensile properties. 

3.4 SEM Study Of Tensile Fracture Surfaces  
Scanning electron microscopy was used to characterize the 

fracture surfaces of the tensile tested specimens to understand 
the mode of failure. SEM micrographs of tensile fractured 
surfaces invariably showed of dimples of varying size and 
shape, indicating that mode of fracture is ductile (Fig 10 a-d). 
In tensile testing of ductile materials; voids generally form 
after necking. However, if a neck occurs relatively earlier, 
then the void formation becomes much more prominent, 
coarse with elongated dimples. The fracture surface of as 
received base material shows coarse and elongated dimples 
while after heat treatment tensile fracture surface exhibited 
fine dimples (Fig. 10 a & b). The SEM micrographs of tensile 
fracture surfaces of weld joints produced using low welding 
speed showed river like pattern and flat fracture surface 
suggesting lower ductility & brittle fracture (Fig. 10 c) while 
that of weld joint produced using higher welding speed 
showed coarse and elongated dimples (Fig. 10 d). These 
observations are in agreement of mechanical properties (Table 
5). 

In weldments, the hardness of heat affected zone was the 
maximum; therefore the joint should fracture from lower 
hardness zones, i.e. thermo-mechanically affected zone, 
nugget and base metal if the joint is free from defect otherwise 
voids / cracks will be originated from the defect location 
causes failure. 
 
 

IV. CONCLUSIONS 
1. Weld nugget showed finer precipitates than the base 

metal in both as received and heat treated condition. 
Advancing side exhibited larger precipitates than the 
retreating side. 

2. Hardness of base metal in as received condition was 
higher than that in heat treated conditions. Hardness in weld 
nugget was found higher than the base metal. The hardness in 
upper part of nugget at weld center is higher than that at the 
bottom side.  

 
TABLE IV 

TENSILE PROPERTIES OF AS-RECEIVED AND HEAT-TREATED 
BASE METAL AND WELD JOINT PRODUCED USING 8 AND 19 

MM/MIN WELDING SPEEDS 

Material 
Condition 

Yield 
Strengt

h 
(MPa) 

Ultimat
e 

Tensile 
Strengt

h 
(MPa)  

% 
Elongatio

n 

E. 
Modulu

s 
(MPa) 

Joint 
Efficienc

y 
(%) 

Base 
Meta

l 

As 
Receive
d 

240.7 273.2  33.54 9318 - 

Heat 
Treated  

168.2 239.3  34.04 8020 - 

Weld 
Joint 

8 
mm/min 
W.S. 

93.8 138.8  5.51 9342 58.0 

19 
mm/min 
W.S. 

165.4 256.9  24.44 9704 107.35 

0 7 14 21 28 35
0

35
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105

140
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210

245

280

St
re

ss
 (M

Pa
)

Strain (%)

 8 mm/min Welding Speed  
 19 mm/min Welding Speed
 Base Material
 Heat Treated Base Material

Fig. 9 Engineering stress-strain diagram of as-received and heat-
treated base metal and weld joint produced using 8 and 19 mm/min 

welding speeds 
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Fig. 10 Fracture surface of tensile test samples (a) as-received base metal, (b) heat-treated base metal, (c) tested sample produced using 8 

mm/min welding speed and (d) tested sample produced using 19 mm/min welding speed 
 

TABLE V 
FRACTURE PROPERTIES OF AS-RECEIVED AND HEAT-TREATED BASE METAL AND WELD JOINT PRODUCED USING 8 AND 19 MM/MIN 

WELDING SPEEDS 
Material Condition Fracture Location Fracture Characteristics Fracture Mechanism Tested Samples 

Base 
Metal 

As Recived - Dimples 
Microvoid 

coalescence 

Heat Treated - Dimples 
Microvoid 

coalescence 

Weld 
Joint 

8 mm/min  
Interference of NZ and 

TMAZ 
River like pattern Cleavage 

19 mm/min  Base material Dimples 
Microvoid 

coalescence 

dc

ba

World Academy of Science, Engineering and Technology
International Journal of Mechanical and Mechatronics Engineering

 Vol:5, No:2, 2011 

343International Scholarly and Scientific Research & Innovation 5(2) 2011 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 M
ec

ha
ni

ca
l a

nd
 M

ec
ha

tr
on

ic
s 

E
ng

in
ee

ri
ng

 V
ol

:5
, N

o:
2,

 2
01

1 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/1
52

01
/p

df



3. Tensile strength and ductility of joints produced 
using 19mm/min welding speed were found to be 
higher than that produced using 8mm/min welding 
speed.  

4. Maximum joint efficiency was 107% in case of the 
weld produced using 19mm/min welding speed at 
635 rpm.   
 

Research Limitations/Implications  
In this study, the limited FSW parameters were employed. 

Further studies are needed to evaluate the effects of welding 
parameters on the joining properties to establish the optimal 
weld parameters. 
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