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ABSTRACT 
Friction welding is a solid state welding process where in coalescence is produces by the heat obtained from mechanically induced 

sliding motion between rubbing surfaces. FSW/FSP is emerging as a very effective solid-state joining/processing technique. A 

large number of trial runs were carried out using AA1100 alloy (6 mm thick) to find out feasible working limits of FSW process 

parameters. Working range of each parameter was decided upon by inspecting the joint for a smooth appearance without any 

visible defects (tunnel defect, pinhole, crack, etc.). From above inspection, following observations has been made. When the tool 

rotation speed was lower than 500 rpm, tunnel defect was at the middle of retreating side of weld region. It may be due to 

insufficient heat generation and insufficient metal transportation. When tool rotation speed was higher than 1000 rpm piping 

defect was observed at the top of retreating side. It may be due to excess turbulence caused by higher tool rotation speed. When 

welding speed was lower than 30 mm/min, tunnel defect was observed at retreating side due to excess heat input per unit length 

of weld. When welding speed was higher than 60 mm/min, tunnel at retreating side and middle of weld region was observed. The 

AA1100 aluminum alloy plate was successfully friction stir welded by varying the three primary process parameters rotational 

speed, welding speed, and axial force. 

 

KEYWORDS:  Friction stir processing, Friction stir welding, Base metal, rotation speed (N), welding speed (S), axial force 

(A) 
  

INTRODUCTION 
 

Friction welding is a solid state welding process where in coalescence is produces by the heat obtained from 
mechanically induced sliding motion between rubbing surfaces. FSW/FSP is emerging as a very effective solid-
state joining/processing technique. [5] Proposed that microstructures in friction stir welds between monolithic 
AA2024 and AA2014 reinforced with 20 vol% particulate Al2O3 reveal that the narrowest layers of each 
material are about 0.1 mm thick.  

Ling, [6], proposed that the mechanical properties of the weld mainly depended on the materials fixed at the 
retreating side because the microstructure of the stir zone was mainly composed of the materials fixed at the 
retreating side.  

Saeid, [8] proposed  that  the grain structure, dislocation density and second phase particles in various 
regions including the dynamically recrystallized zone (DXZ), thermo mechanically affected zone (TMAZ), and 
heat affected zone (HAZ) of a friction stir weld aluminum alloy 7050-T651 were investigated and compared 
with the unaffected base metal, Sato, [9]. The various regions were studied in detail to better understand the 
microstructural evolution during friction stir welding (FSW).  

It revealed that the high-temperature tool steel with a parallel profile could be used to join 3 mm thick 
copper plate, but was unsuitable for FSW of 10 mm thick, Ozekcin, [1], Won, [2]. Furthermore, they tried a new 
pin design and used different high temperature tool materials. The tool was strong enough to weld the copper 
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plates of more than 30 mm thickness. 
from fine equiaxed ferrite with a small amount pearlite in the base HSLA
Widmanstatten ferrite, and pockets of ferrite/carbide aggregate in the stirred zone
Furthermore, fine equiaxed ferrite grain structure with fine and randomly distributed pearlite packets was 
revealed in the HAZ between the stirred zone and the base metal.

 
2. Experimental set-up: 
2.1. Conducting experiment: 

Two 6 mm thick, rectangular p
width were welded. The 100 mm long faying surface of each plate 
mounted in a jig to make a butt joint. 

 

                                                                              
Fig. 1: (a) Schematic of a rotating tool and job position

 
The heat-treated FSW tool is made of

diameter and a pin of 6 mm diamet
thickness, AA1100 aluminum alloy, was cut into the required size (100 × 50 mm) by hacksaw cutting
operations. Rectangular butt joint configuration (100 × 50 mm) was prepared to fabricate 
joint configuration was obtained by securing the plates in position using mechanical clamps as shown in Fig
4. The direction of welding was normal to the rolling direction. The single pass welding procedure was followed 
to fabricate the joints. An indigenously designed and developed machine (15 HP; 3000 RPM; 25 KN) was used 
to fabricate the joints. Square tool pin profile, as shown in Fig 
The specimens were fabricated as per the Ame
to evaluate the tensile strength of the joints. Tensile strength of the FSW joints 
tensile test.  

 

Fig. 2: Tool designs for FSW 
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30 mm thickness. Konkol et al. [7] reported that FSW resulted in a microstructural change 
from fine equiaxed ferrite with a small amount pearlite in the base HSLA-65 steel to coarse blocky ferrite,
Widmanstatten ferrite, and pockets of ferrite/carbide aggregate in the stirred zone, Cao, 
Furthermore, fine equiaxed ferrite grain structure with fine and randomly distributed pearlite packets was 
revealed in the HAZ between the stirred zone and the base metal. 

plates of AA1100 aluminum alloy of size 100 mm in
. The 100 mm long faying surface of each plate was polished with 400

mounted in a jig to make a butt joint.  

 
                             

(a) Schematic of a rotating tool and job position. 

made of high carbon high chromium steel. The tool has a
a pin of 6 mm diameter and 5.7 mm long, as shown in Figures 2 and 3

thickness, AA1100 aluminum alloy, was cut into the required size (100 × 50 mm) by hacksaw cutting
operations. Rectangular butt joint configuration (100 × 50 mm) was prepared to fabricate 
joint configuration was obtained by securing the plates in position using mechanical clamps as shown in Fig
. The direction of welding was normal to the rolling direction. The single pass welding procedure was followed 

ate the joints. An indigenously designed and developed machine (15 HP; 3000 RPM; 25 KN) was used 
to fabricate the joints. Square tool pin profile, as shown in Fig 3 was prepared and used to fabricate the joi

fabricated as per the American Society for Testing of Materials (ASTM E8M
to evaluate the tensile strength of the joints. Tensile strength of the FSW joints was evalu
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reported that FSW resulted in a microstructural change 
65 steel to coarse blocky ferrite, 

, Cao, [3], Hwang, [4]. 
Furthermore, fine equiaxed ferrite grain structure with fine and randomly distributed pearlite packets was 

mm in length and 50mm in 
with 400-grit emery paper, and 

has a shoulder of 18 mm 
3.  The plate of 6 mm 

thickness, AA1100 aluminum alloy, was cut into the required size (100 × 50 mm) by hacksaw cutting 
operations. Rectangular butt joint configuration (100 × 50 mm) was prepared to fabricate FSW joints. The initial 
joint configuration was obtained by securing the plates in position using mechanical clamps as shown in Figure 
. The direction of welding was normal to the rolling direction. The single pass welding procedure was followed 

ate the joints. An indigenously designed and developed machine (15 HP; 3000 RPM; 25 KN) was used 
prepared and used to fabricate the joints. 

rican Society for Testing of Materials (ASTM E8M-04) standards 
evaluated by conducting 
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Fig. 3: Square tool pin profiles for friction stir welding (High carbon high chromium steel)

 

 
Fig. 4: Tool and job contact on FSW

 
2.2 Determination of working parameters

Three primary parameters   rotation speed (N), welding speed (S), and axial force (A) which contribute to 
heat input subsequently influence tensile strength variation in friction stir welded aluminum alloys, were 
selected for this study.  

A large number of trial runs were carried out using AA1100 alloy (6 mm thick) to find out feasible working 
limits of FSW process parameters. Working range of each parameter was decided upon by inspecting
for a smooth appearance without any visible defects (tunnel defect, pinhole, crack, etc
following observations has been made
was at the middle of retreating side 
metal transportation. When tool rotation speed was higher than 1000 rpm piping defect was observed at the top 
of retreating side. It may be due to excess turbulence caused by hi
welding speed was lower than 30 mm/min, tunnel defect was observed at retreating 
per unit length of weld. When welding speed was higher than 60 mm/min, tunnel at retreating side an
of weld region was observed. It is due to inadequate flow of material caused by insufficient heat input 
5). All these observation were made for an axial force of 8KN.  
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Square tool pin profiles for friction stir welding (High carbon high chromium steel)

 

Tool and job contact on FSW 

Determination of working parameters 
Three primary parameters   rotation speed (N), welding speed (S), and axial force (A) which contribute to 

heat input subsequently influence tensile strength variation in friction stir welded aluminum alloys, were 

trial runs were carried out using AA1100 alloy (6 mm thick) to find out feasible working 
limits of FSW process parameters. Working range of each parameter was decided upon by inspecting

a smooth appearance without any visible defects (tunnel defect, pinhole, crack, etc.). From above inspection, 
has been made. a) When the tool rotation speed was lower than 500 rpm, tunnel defect 

ing side of weld region. It may be due to insufficient heat generation and insufficient 
metal transportation. When tool rotation speed was higher than 1000 rpm piping defect was observed at the top 
of retreating side. It may be due to excess turbulence caused by higher tool rotation speed Fig.
welding speed was lower than 30 mm/min, tunnel defect was observed at retreating side due

of weld. When welding speed was higher than 60 mm/min, tunnel at retreating side an
of weld region was observed. It is due to inadequate flow of material caused by insufficient heat input 

. All these observation were made for an axial force of 8KN.   
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Square tool pin profiles for friction stir welding (High carbon high chromium steel) 

Three primary parameters   rotation speed (N), welding speed (S), and axial force (A) which contribute to 
heat input subsequently influence tensile strength variation in friction stir welded aluminum alloys, were 

trial runs were carried out using AA1100 alloy (6 mm thick) to find out feasible working 
limits of FSW process parameters. Working range of each parameter was decided upon by inspecting the joint 

. From above inspection, 
tool rotation speed was lower than 500 rpm, tunnel defect 

It may be due to insufficient heat generation and insufficient 
metal transportation. When tool rotation speed was higher than 1000 rpm piping defect was observed at the top 

gher tool rotation speed Fig.8. Mode: b) When 
side due to excess heat input 

of weld. When welding speed was higher than 60 mm/min, tunnel at retreating side and middle 
of weld region was observed. It is due to inadequate flow of material caused by insufficient heat input (Figure 
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Fig. 5: Microstructure of AA1100 Aluminum alloy joint
 
Hence, the following ranges of process parameters are suitable for the present study 
 
Process parameters                   range            
Tool rotation speed (rpm)          500
Transverse speed (mm/min)       30
Axial force (KN)                            8
 
Finally 12 specimens were welded for  different process parameters. Table 1 represents the working 

conditions on this study. These welded plates were tested by tensile test, hardness and impact strength. 
 

Table 1: Friction Stir Welding Conditions 

Test  Plate thickness (mm) 

1 6 
2 6 
3 6 
4 6 
5 6 
6 6 
7 6 
8 6 
9 6 
10 6 
11 6 
12 6 

 

 
Fig. 6: Initially tool plugged on the work pieces
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Microstructure of AA1100 Aluminum alloy joint 

ollowing ranges of process parameters are suitable for the present study  

Process parameters                   range             
Tool rotation speed (rpm)          500-900 
Transverse speed (mm/min)       30-60 
Axial force (KN)                            8 

Finally 12 specimens were welded for  different process parameters. Table 1 represents the working 
conditions on this study. These welded plates were tested by tensile test, hardness and impact strength. 

Rotation speed (rpm) Transverse speed(mm/min) 

500 30 
500 40 
500 50 
500 60 
700 30 
700 40 
700 50 
700 60 
900 30 
900 40 
900 50 
900 60 

 

Initially tool plugged on the work pieces 
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Finally 12 specimens were welded for  different process parameters. Table 1 represents the working 
conditions on this study. These welded plates were tested by tensile test, hardness and impact strength.  

Axial 
Load (kN) 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
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Fig. 7: Welded plate on AA1100 aluminum alloy plate

 
2.3. Mechanical testing: 
2.3.1Tensile Test: 

Twelve joints (1 base metal _ 3 tool rotation speeds) were fabricated to study the effect of tool rotation 
speed on the weld region quality. Tensile tests were 
welded plate.  

 

 
Fig. 8: Dimension of tensile specimen (ASTM) (

 
This was performed on a Lloyd universal tensile testing machine. The samples were mounted in the jaw

and then pulled until broken for a load.
is calculated as the change in the length compared to the original length.

  
Ultimate tensile strength: The maximum engineering stress before rupture of specimen is calculated from 

the expression  
SU = Pmax/A0 
Where  
Pmax  is  Maximum load before failure of specimen (N)
Ao is Original area of cross-section at gauge length (mm)
The calculated tensile strength for all twelve specimens were tabulated in Table 2.
 

2.3.2 Brinell Hardness Test: 
Brinell hardness of the welded pla

Brinell hardness test. The following 

[ ]22

2 dDDD

P
HB

−−
=  

Where  
HB = the Brinell hardness number
P = the imposed load in kg   
D = the diameter of the spherical indenter in mm
d = diameter of the resulting indenter impression in mm

 
2.3.3 Impact Test: 

Impact testing ascertains the fracture characteristics of materials. It is used when laboratory tensile test 
results cannot be used to predict fracture behaviour. One of the most common impact testing techniques is the 
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Welded plate on AA1100 aluminum alloy plate 

Twelve joints (1 base metal _ 3 tool rotation speeds) were fabricated to study the effect of tool rotation 
Tensile tests were conducted with ASTM E8M samples 

Dimension of tensile specimen (ASTM) (All dimensions are in ‘mm’) 

This was performed on a Lloyd universal tensile testing machine. The samples were mounted in the jaw
and then pulled until broken for a load. The force is reported in pounds and displacement in inches. Elongation 
is calculated as the change in the length compared to the original length. 

: The maximum engineering stress before rupture of specimen is calculated from 

is  Maximum load before failure of specimen (N) 
section at gauge length (mm) 

The calculated tensile strength for all twelve specimens were tabulated in Table 2. 

of the welded plate was calculated from the formulas and experimental conducted on a 
hardness test. The following equation has been used for finding the Brinell hardness.

HB = the Brinell hardness number  

= the diameter of the spherical indenter in mm  
= diameter of the resulting indenter impression in mm 

Impact testing ascertains the fracture characteristics of materials. It is used when laboratory tensile test 
results cannot be used to predict fracture behaviour. One of the most common impact testing techniques is the 
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Twelve joints (1 base metal _ 3 tool rotation speeds) were fabricated to study the effect of tool rotation 
ASTM E8M samples Figure 9 from the 

 

This was performed on a Lloyd universal tensile testing machine. The samples were mounted in the jaws 
ent in inches. Elongation 

: The maximum engineering stress before rupture of specimen is calculated from 

calculated from the formulas and experimental conducted on a 
hardness. 

Impact testing ascertains the fracture characteristics of materials. It is used when laboratory tensile test 
results cannot be used to predict fracture behaviour. One of the most common impact testing techniques is the 
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Charpy method, designed to measure im
specimen is placed in the test machine where it is struck by a weighted pendulum hammer that 
and fractures the specimen at the notch. Present work has been taken as three rot
rpm,900 rpm, and four welding speed (30,40,50,60, mm/min) and the axial force were keep constant  
was conducted at  load and for 30 sec

 

 
In fusion welding of aluminium a

are predominant.. Usually, friction stir welded joints are free from these defects
the solid state itself due to the heat generated by the 

 
3.1.1 Tensile Strength: 

The BM has a 110 MPa ultimate tensile strength and 105 MPa yield strength, respectively. 
(1base metals _ 4 welding speeds) were analysed to study the effect of weldin
welding speed and axial force were kept constant. 
weld zone will decrease. Figures 10 to 12 show the variation of tensile strength with the speed. 
fabricated with a tool rotation speed of 500 rpm
(97.8Mpa) in AA1100 aluminium alloy

Twelve joints (1base metals _ 4
weld quality. The tool rotation speed and axial force were kept constant. Of the four welding speeds used, the 
joint fabricated with a welding speed of 50 mm/min produced a defect free weld with higher tensile s
AA1100 cast aluminium alloy. It is also shown in Figure 13.

 
Table 2: Tensile Strength Of Friction Stir Welded Specimens

Test  Plate thickness (mm) 

1 6 
2 6 
3 6 
4 6 
5 6 
6 6 
7 6 
8 6 
9 6 
10 6 
11 6 
12 6 

       
 
Fig. 9: Tensile strength at 500rpm 
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Charpy method, designed to measure impact energy, or the toughness of the metal. The V
specimen is placed in the test machine where it is struck by a weighted pendulum hammer that 
and fractures the specimen at the notch. Present work has been taken as three rotation speed 500 rpm,700 
rpm,900 rpm, and four welding speed (30,40,50,60, mm/min) and the axial force were keep constant  
was conducted at  load and for 30 second impact test was conducted. 

RESULTS AND DISCUSSION 

In fusion welding of aluminium alloys, the defects like porosity, slag inclusion, solidification on cracks
. Usually, friction stir welded joints are free from these defects, since the 

the solid state itself due to the heat generated by the friction and flow of metal by the stirring action.

The BM has a 110 MPa ultimate tensile strength and 105 MPa yield strength, respectively. 
(1base metals _ 4 welding speeds) were analysed to study the effect of welding speed on the weld quality. 
welding speed and axial force were kept constant. When the rotation speed is increased,

. Figures 10 to 12 show the variation of tensile strength with the speed. 
icated with a tool rotation speed of 500 rpm has produced a defect free weld with higher tensile strength 

(97.8Mpa) in AA1100 aluminium alloy, which is presented in Figure 13. 
Twelve joints (1base metals _ 4 welding speeds) were analysed to study the effect of w
quality. The tool rotation speed and axial force were kept constant. Of the four welding speeds used, the 

joint fabricated with a welding speed of 50 mm/min produced a defect free weld with higher tensile s
It is also shown in Figure 13. 

Tensile Strength Of Friction Stir Welded Specimens 
Rotation speed 
(rpm) 

Transverse 
speed(mm/min) 

Axial 
Load (kn) 

500 30 8 
500 40 8 
500 50 8 
500 60 8 
700 30 8 
700 40 8 
700 50 8 
700 60 8 
900 30 8 
900 40 8 
900 50 8 
900 60 8 
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pact energy, or the toughness of the metal. The V-notch bar-shaped 
specimen is placed in the test machine where it is struck by a weighted pendulum hammer that deforms cracks 

ation speed 500 rpm,700 
rpm,900 rpm, and four welding speed (30,40,50,60, mm/min) and the axial force were keep constant  The test 

lloys, the defects like porosity, slag inclusion, solidification on cracks, etc 
since the metals are joined in 

friction and flow of metal by the stirring action. 

The BM has a 110 MPa ultimate tensile strength and 105 MPa yield strength, respectively. Twelve joints 
g speed on the weld quality. The 

, tensile strength of the 
. Figures 10 to 12 show the variation of tensile strength with the speed. The joint 

defect free weld with higher tensile strength 

to study the effect of welding speed on the 
quality. The tool rotation speed and axial force were kept constant. Of the four welding speeds used, the 

joint fabricated with a welding speed of 50 mm/min produced a defect free weld with higher tensile strength in 

Tensile strength 
(mpa)  
93.5 
82.9 
97.8 
75 
88.6 
51.1 
87.5 
94.8 
82.4 
48 
92.4 
59.6 
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Fig. 10: Tensile strength on 700rpm

        
 

Fig. 11: Tensile strength on 900rpm

        
 

Fig. 12: Comparison on tensile strength
 
The Fig. 13 shows the maximum tensile strength obtained at rotation speed 500rpm, welding speed 

50mm/min.  
 

3.1.2 Hardness Result: 
Figure 13 shows the variation of Brinell’s hardness number across the weld zone. It ca

the hardness number first increases and then decreases across the weld zone. Higher hardness value occurred at 
maximum temperature point due to the formation of new grains.
the hardness value decreases with increasing rotation speed. No obviou
and AS is observed because there is no obvious microstructure difference between the RS and AS. The mean 
hardness value of the WZ is lower than the BM for all the joints. It is well
softened during recovery or recrystallization. 
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700rpm 
 

 

900rpm 
         

omparison on tensile strength 

shows the maximum tensile strength obtained at rotation speed 500rpm, welding speed 

ariation of Brinell’s hardness number across the weld zone. It ca
ases and then decreases across the weld zone. Higher hardness value occurred at 

maximum temperature point due to the formation of new grains. The WZ has a lower hardness than the BM and 
the hardness value decreases with increasing rotation speed. No obvious hardness difference between the RS 
and AS is observed because there is no obvious microstructure difference between the RS and AS. The mean 
hardness value of the WZ is lower than the BM for all the joints. It is well-known that deformed material will be 
softened during recovery or recrystallization.  
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shows the maximum tensile strength obtained at rotation speed 500rpm, welding speed 

ariation of Brinell’s hardness number across the weld zone. It can be observed that 
ases and then decreases across the weld zone. Higher hardness value occurred at 

The WZ has a lower hardness than the BM and 
s hardness difference between the RS 

and AS is observed because there is no obvious microstructure difference between the RS and AS. The mean 
known that deformed material will be 
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Fig. 13: Birnell’s Hardness on weld joint

 
3.1.3 Impact Strength: 

The impact strength of a metal is then determined by measuring the amount of energy absorbed in the 
fracture. Table 3 present the test results of impact test

 
Table 3: Results Of Impact Test On Aa1100 Aluminium Alloy Plate

Test  
Plate thickness 
(mm) 

Rotation speed (rpm)

1 6 500 
2 6 500 
3 6 500 
4 6 500 
5 6 700 
6 6 700 
7 6 700 
8 6 700 
9 6 900 
10 6 900 
11 6 900 
12 6 900 

 

 
Fig. 14: Absorbed energy during impact test 
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on weld joint 

The impact strength of a metal is then determined by measuring the amount of energy absorbed in the 
results of impact test.  

Results Of Impact Test On Aa1100 Aluminium Alloy Plate 

Rotation speed (rpm) 
Transverse 
speed(mm/min) 

Axial 
Load (kN) 

30 8 
40 8 
50 8 
60 8 
30 8 
40 8 
50 8 
60 8 
30 8 
40 8 
50 8 
60 8 

during impact test at 500rpm 
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The impact strength of a metal is then determined by measuring the amount of energy absorbed in the 

Absorbed energy 
J 
18.6 
12.9 
10.3 
9.2 
12.4 
15.3 
14.3 
24.6 
17.1 
12.9 
14.1 
2.6 
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Fig. 15: Absorbed energy during impact test at

 

 
Fig. 16: Absorbed energy during impact test at

 
Figures 15 to 17 present the effect tool rotational speed on the absorbed energy. 

rotation speed, the toughness or of the weld part will
shown in Fig.16. Comparing all these condition maximum absorbed energy (factures toughness) 24.4J is 
obtained at welding speed of 60 mm/min and rotation speed of 700 rpm

 

 
Fig. 17: Comparison graph on absorbed energy

 
Conclusion: 

The AA1100 aluminum alloy plate was successfully friction stir welded by varying the three primary 
process parameters rotational speed, welding speed, and axial force. 

� The rotational speed has 
welding speed and axial force keep as constant.

� A higher tensile strength 97.8 Mpa is obtained at rotation speed of 500 rpm, welding speed 50mm/min, 
and axial force 8 KN. 
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during impact test at 700rpm 

during impact test at 900rpm 

Figures 15 to 17 present the effect tool rotational speed on the absorbed energy. 
ness or of the weld part will decrease. It does indicate the fracture occurred quickly 

. Comparing all these condition maximum absorbed energy (factures toughness) 24.4J is 
mm/min and rotation speed of 700 rpm, which is seen in Fig.

Comparison graph on absorbed energy  

The AA1100 aluminum alloy plate was successfully friction stir welded by varying the three primary 
process parameters rotational speed, welding speed, and axial force.  

The rotational speed has been found to the dominate parameters for tensile strength followed by 
welding speed and axial force keep as constant. 

A higher tensile strength 97.8 Mpa is obtained at rotation speed of 500 rpm, welding speed 50mm/min, 
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Figures 15 to 17 present the effect tool rotational speed on the absorbed energy. When increasing the 
the fracture occurred quickly 

. Comparing all these condition maximum absorbed energy (factures toughness) 24.4J is 
in Fig.17. 

 

The AA1100 aluminum alloy plate was successfully friction stir welded by varying the three primary 

been found to the dominate parameters for tensile strength followed by 

A higher tensile strength 97.8 Mpa is obtained at rotation speed of 500 rpm, welding speed 50mm/min, 
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�  Hardness number first increases and then decreases across the weld zone. Higher hardness value 
occurred at maximum temperature point due to the formation of new grains. 

� The maximum impact strength of a metal is then determined by measuring the amount of energy 
absorbed (24.4J) in the fracture is obtained at rotational speed of 700rpm, welding speed 60mm/min, and axial 
force 8KN.   
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