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Abstract
The effect of different geometries of tool pin on mechanical 
properties of friction stir welded joints has been studied in the 
present paper. The process was carried out on aluminium alloy 
AA3003 plates of 5 mm thickness. The four studied welding tool 
differed from pin profile with straight cylinder, threaded, triangular 
and square. The rotational speed of the tools and transverse feed 
has been kept constant as 1100 rpm and 20 mm/min respectively. 
The effect of four geometries has been analysed by microhardness 
and tensile test.    
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I. Introduction
Welding is a process of permanent joining of two materials 
(usually metals) through localized coalescence resulting from a 
suitable combination of temperature, pressure and metallurgical 
conditions. Depending upon the combination of temperature 
and pressure from a high temperature and no pressure to a high 
pressure with low temperature, a wide range of welding processes 
has been developed. Mainly, there are two types of welding i.e. 
fusion welding and solid state welding. In fusion welding, usually, 
no pressure is applied but a filler metal is used. In solid state 
welding, pressure is applied along with heat without any filler 
metal. Friction Stir Welding (FSW) is also a type of solid state 
welding although it is very different from main solid state welding. 
In FSW heat is not supplied by external source but it is generated by 
the application of pressure and movement of the tool i.e. rotational 
speed and transverse feed. 

Fig. 1: Principle of FSW

Friction welding is a form of solid state welding process, which 
relies on the formation of molten bridge, deformation and on the 
flow of metal. Friction is an efficient thermal energy source for 
the welding of materials. The basic principle of friction welding is 
simultaneous application of pressure and relative motion, generally 

in a rotational mode, between the components to be joined as 
shown in figure 1. The frictional heat thus generated raises the 
interface temperature of the components to their melting points 
while the applied pressure perpendicular to the plane of motion 
serves to extrude the heated material, bringing the components to 
be joined into intimate contact. Compared to many of the fusion 
welding processes that are routinely used for joining aluminum 
alloy, Friction Stir Welding (FSW) is an emerging solid state 
joining process in which the material that is being welded does 
not melt and recast. The welding parameters and tool pin profile 
play a major role in deciding the weld quality.

II. Experimental Procedure
A universal milling machine has been used to weld aluminium 
alloy plates, graded AA3003, with a tool of high carbon high 
chromium steel. Four tools having different tool geometry viz. 
straight cylinder, threaded, triangular and square have been 
used to fabricate the joints. The rotational speed of the tools and 
transverse feed has been kept constant as 1100 rpm and 20 mm/
min respectively. A UTM has been used for tensile testing of the 
specimens and ultimate tensile strength, percentage elongation and 
joint efficiency has been observed. Micro hardness at different 
positions from the weld centre has been analyzed.
Two plates of aluminium alloy are joined to produce one specimen. 
The size of a single plate to be joined is given in the Table 1.
                      
Table 1:

Material Grade Length
(mm)

Width
(mm)

Thickness
(mm)

Aluminium AA3003 200 100 5

The material selected for welding tool is high carbon high chromium 
steel having hardness 42 HRC. Four different shapes of tool probe 
are used to fabricate the welding joints. The specifications of the 
tool are given in Table 2

Table 2:

Tool material High carbon high chromium 
steel

Length of tool 40 mm
Tool shoulder diameter 18 mm
Pin diameter 6 mm
Length of probe(single pass) 4.7 to 4.8 mm
Length of tool (double pass) 2.7 to 2.8 mm

The tool material is available in 20 mm diameter rod. Straight 
cylindrical and threaded tool geometries were processed on the 
lathe machine and central grinding machine according to the 
dimensions specified in Table 2. Triangular and square pin profiles 
were processed on the milling machine by indexing. It has the 
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maximum size of square pin profiles tool 4.2 mm obtained from 
circumferential diameter 6 mm and for triangular, it is 5.2 mm 
sides.
A power press was used to cut a 5 mm thick aluminium alloy , 
grade AA3003, rolled sheet into 204 mm x 104 mm sizes. The 
final dimensions 200 mm x 100 mm was prepared by conventional 
milling machine. Two such plates were butted together to fabricate 
the joint. A fixture was used to hold the plates in position and 
mechanical clamping was done to bear the welding forces. The 
fixture was fixed on to the bed of the milling machine and the 
clamping is done in such a way not to obstruct the spindle during 
process. Four specimens were welded by single pass welding 
with four different probe shaped tools while another four were 
welded by double pass welding. The various process parameters 
are given in Table 3.  

Table 3:
Parameters Single Pass Double Pass
Rotational speed 1100 rpm 1100 rpm
Welding speed 20 mm/min 20 mm/min
Tool inclination 
angle 0 0

Shoulder deepness .08 mm .06 mm
Probe length 4.7 to 4.8 2.7 to 2.8
Time taken 10 min apprx. 20 min apprx.

The tensile test specimens were prepared according to the 
guidelines of American Society for Testing of Materials 
(ASTM) as shown in fig. 2.Tensile test was carried out in 60 
KN, electro-mechanical controlled Universal Testing Machine 
at room temperature. The specimen was loaded as per ASTM 
specifications, so that tensile specimen undergoes deformation. 
The specimen finally failed after necking and the ultimate tensile 
strength, percentage elongation and joint efficiency were evaluated.  

Fig. 2: Tensile Test Specimen

Cross sectional area of specimen =5 x 15 =75 mm2
Gauge length = 50 mm
The welding specimen are named as in Table 4  

Table 4:
Sr.
No. Specimen Type of pass Tool Pin Profile

1 S-1 Single Pass Straight Cylindrical
2 S-2 Double Pass Straight Cylindrical
3 S-3 Single Pass Square
4 S-4 Double Pass Square
5 S-5 Single Pass Threaded
6 S-6 Double Pass Threaded
7 S-7 Single Pass Triangular
8 S-8 Double Pass Triangular

Micro hardness test has been done on Micro Vickers Hardness 
Tester. Micro hardness tester is based upon indentation method 
of testing. A diamond pyramid was used to create a permanent 
deformation in the surface of test sample and then the hardness of 
the test sample was determined from the load required to create 
the deformation and dimensions of permanent deformation. 
The load used in Vickers hardness testing was  500g for a period of 
15 seconds. After the indentation, the dimensions of the diamond 
impression were recorded. The tester was calibrated to directly 
give the values of micro hardness.

III. Results and Discussions
Tensile test were performed on various welded specimens and 
ultimate tensile strength, percentage elongation and joint efficiency 
has been noted. The results of tensile test of the base metal and 
welded specimens in single and double pass are shown in Table 
5, 6 and 7 respectively. 

Table 5:
UTS

 Load 
(KN)

Stress (N/
mm2)

Elongated 
Length 
(mm)

% Elongation

9.2 122.66 60.4 20.8

                                 
Table 6:

Specimen 
No.

UTS %  Elongation
Joint 
Efficiency
    (%)

Load 
(KN)

Stress 
N/mm2

Elongated 
Length 
(mm)

%  
Elongation

S-1 8.7 116 57.35 14.7 94.6
S-3 8.8 117.3    62.65 25.3 95.6
S-5 9.4 125.3 55.8 11.6 102.1
S-7 9.9 132 60.8 21.6 107.6

Table 7:

Specimen 
No.

UTS %  Elongation
Joint 
Efficiency
    (%)

Load 
(KN)

Stress 
N/mm2

Elongated 
Length 
(mm)

%  
Elongation

S-2 9.3 124 63.70 27.4 101.09
S-4 9.4 125.2 65.65 31.3 102.07
S-6 10.8 144 59.30 18.6 117.39
S-8 9.9 132 64.85 29.7 107.61

The variation of ultimate tensile strength, percentage elongation 
and joint efficiency are shown in fig. 3, 4 and 5 respectively.
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Fig. 3: Variation of Ultimate Tensile Strength
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Fig. 4: Variation of Percentage Elongation
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Fig. 5: Variation of Joint Efficency

Transverse tensile properties of FSW joints i.e. ultimate tensile 
strength, percentage elongation and joint efficiency were measured. 
It is clear from the graphs plotted from the measured data that 
geometry of tool and depth through which tool is being inserted 
into the specimen i.e. full depth in single pass and half in double 
pass, are having influence on tensile properties of the FSW joints. 
The ultimate tensile strength of the base metal is 122.66 N/mm2. 
The maximum and minimum ultimate tensile strength in this 
experimental run is 132 N/mm2 and 116N/mm2 respectively in 
single pass. The maximum and minimum ultimate tensile strength 
is 144 N/mm2 and 124N/mm2 respectively in double pass. 
In single pass, the highest tensile strength of the joints has been 
obtained by using the triangular pin profile tool. The triangular 
pin profiles tool is best and tensile strength significantly decreases 
for threaded, square and cylindrical pin profile tool due to defect 
formation. In double pass, threaded  pin profile tool exhibited 
superior tensile properties compared to other joints. The joints 
fabricated by single pass have shown lower tensile strength and 
percentage of elongation compared to the joints fabricated by 
double pass and this trend is common for all the tool profiles.    
Hardness of the FSW joints were measured by a Vickers micro-
hardness tester using diamond indenter at a load of  500g. The 
microhardness of base metal is 28 HV. The micro hardness result 
of welded specimens in single pass is shown in Table 8. A plot 
of micro hardness data as a function of position from the weld 
centre-line in single pass is shown in fig. 6-9.

Table 8:

S.N.

Distance 
from the 
Weld Centre 
(mm)

Specimen No.

S-1 S-3 S-5 S-7

1 A6 28.3 29 29.5 28.7
2 A4 29 28.3 29.8 28.8
3 A2 29 28.4 31.6 29
4 0 28.9 29.1 32 29.2
5 R2 28.9 28.8 31.5 29.1
6 R4 28.4 29 29.7 28.7
7 R6 28.1 28.8 29.1 28.8

Variation of Micro Hardness of Sample S-1
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Fig. 6: Variation of Micro Hardness of Sample S-1

Variation of Micro Hardness of sample S-3
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Fig. 7: Variation of Micro Hardness of Sample S-3

Variation of Micro Hardness of sample S-5
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Fig. 8: Variation of Micro Hardness of Sample S-5
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Variation of Micro Hardness of sample S-7
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Fig. 9: Variation of Micro Hardness of Sample S-7

Micro hardness results of welded specimens in double pass is 
shown in Table 9. A plot of micro hardness data as a function of 
position from the weld centre-line is shown in fig. 10-13.

Table 9:
Sr. 
No.

Distance from the 
Weld Centre (mm)

Specimen No.
S-2 S-4 S-6 S-8

1 A6 28.5 29.2 29.7 28.8
2 A4 28.9 28.5 30 28.8
3 A2 29.1 28.7 31.9 29.2
4 0 29.1 29.3 32.3 29.7
5 R2 29 29.1 31.8 29.3
6 R4 28.7 29.2 30 28.9
7 R6 28.1 29.1 29.4 29

Variation of Micro Hardness of Sample S-2
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Fig. 10: Variation of Micro Hardness of Sample S-2

Variation of Micro Hardness of Sample S-4

25

26

27

28

29

30

-8 -6 -4 -2 0 2 4 6 8

Distance from the weld center (mm)

M
ic

ro
 H

ar
dn

es
s 

(H
V

)

Series1

Fig. 11: Variation of Micro Hardness of Sample S-4

Variation of Micro Hardness of Sample S-6
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Fig. 12: Variation of Micro Hardness of Sample S-6

Variation of Micro Hardness of Sample S-8
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Fig. 13: Variation of Micro Hardness of Sample S-8

The hardness of the base metal has been approximately 30 HV. 
The hardness of the stir zone varied with position related to center 
line, ranging from 28.1 HV to 32.3 HV. Hardness decreases with 
increasing distance from the center of stir zone. Maximum value 
of hardness has been recorded in double pass welds formed by 
threaded pin profile tool at the centre of the weld. 
It has been observed that hardness value of friction stir zone is 
higher than the base metal. Since the grain size of friction stir 
zone is much finer than that of base metal due to recrystallization. 
Grain refinement plays an important role in material strengthening. 
Moreover, the grain refinement significantly should contribute to 
the hardness increase.

IV. Conclusion
The joints fabricated by double passes have shown higher ultimate 
tensile strength and percentage elongation as compared to single 
pass joints. Study found that similar trend is followed by all the 
tool profiles. Micro hardness analysis of the welded specimen 
shows an increase in hardness in the welded region. Double pass 
welded joints shows higher value of hardness as compared to 
single pass in weld nugget as well as in HAZs.
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