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Abstract - The effect of welding parameters (rotation speed and welding speed) on the mechanical properties of 3003-H12 
aluminum alloy joints produced by friction stir welding. The mechanical performances of the joints were evaluated using 
tensile tests and the relationships between welding parameters and joint performances were investigated. The weld strength 
increased with increasing the welding speed or decreasing the rotation speed. The location of tensile fractures of the joints is 
base metal at welding parameter combinations of 1070 rpm and 40 mm/min or 2140 rpm and 224 mm/min. All other joints 
were failed at heat affected zone. The yield and ultimate tensile strengths of the joints decreased almost linearly with 
increasing rotation speed at a constant welding speed, while these strengths of the joints increased almost linearly with 
increasing welding speed at a constant rotation speed. But, a significant correlation could not be established between welding 
parameters and elongation of the joints. However, the elongation values of FSW joints is relatively lower at higher rotation 
speed or lower welding speed.  
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I. INTRODUCTION  
 
Aluminum alloys find a wide variety of applications 
in many important manufacturing areas, such as the 
automobile industry, aeronautics and the military 
because of its remarkable combination of 
characteristics, such as good strength to weight ratio, 
high corrosion resistance, easy workability and high 
electrical and heat conductivity [1,2]. However, the 
welding of aluminum and its alloys has always 
represented a great challenge for designers and 
technologists [3]. The conventional techniques, such 
as fusion welding, often lead to significant strength 
deterioration in the joint because of a dendritic 
structure formed in the fusion zone [4]. Friction stir 
welding (FSW) is a solid-state joining process 
invented by The Welding Institute (TWI) in 1991 that 
is presently attracting considerable interest and has 
been extensively developed for aluminum alloys, as 
well as for magnesium, copper, titanium and steel [5–
8]. FSW offers several advantages over conventional 
fusion welding processes, such as less distortion, 
lower residual stresses and fewer weld defects, due to 
its low heat input and absence of melting and 
solidification process [7,8]. FSW uses a rotating and 
traversing non-consumable tool to generate frictional 
heat and cause mechanical deformation at the joint 
[3,9]. The heat is generated by friction between the 
surface of the plates and the contact surface of a 
special tool, composed of two main parts: shoulder 
and pin [10]. The FSW process generates four distinct 
microstructural zones: the stir zone (SZ) in the centre 
of the weld where the pin has passed; the thermo-
mechanically affected zones (TMAZ) that are 
immediately on each side of the SZ; and the heat-
affected zones (HAZ) adjacent to the TMAZ that 
experiences a thermal cycle but does not undergo any 
plastic deformation, and the unaffected base metal 

(BM) [3,4,11,12]. This complicated microstructure 
around the weld zone strongly governs the 
mechanical properties of FSW joints [13]. The 
welding parameters are the key art of FSW process 
[14]. The main parameters which characterize the 
FSW process are the rotation speed and the welding 
speed. To produce the best weld quality, these 
parameters have to be determined for each 
component and alloy. Finding the most effective 
parameters on properties of friction stir welds as well 
as realizing their influence on the weld properties has 
been major topics for researchers [11,15–17]. A great 
number of studies have been focused on the 
determine the microstructural and mechanical 
properties of the joints of heat treatable aluminum 
alloys [3,4,10–12, 16,18–20]. However, there are 
only a few of studies on the mechanical properties of 
FS welded non-heat-treatable 3XXX aluminum alloys 
[21–23]. Among the Al-Mn system, also known as 
the 3XXX alloys series, the most widely used is the 
3003 alloy which has been widely used general 
purpose alloys for moderate-strength applications 
requiring good workability, such as stampings, spun 
and drawn parts and products, chemical equipment, 
storage tanks, fan blades, walk ways, flooring, and 
truck and trailer components [23]. For the mechanical 
properties of the FS welds, the welding parameters 
represent critical issues. The purpose of this research 
is to determine the effect of the welding parameters 
(rotation speed and welding speed) on the mechanical 
properties of FS butt-welded joints of the non-heat-
treatable 3003-H12 aluminum alloy. Considerable 
correlations were established in between welding 
parameters and mechanical properties of FSW 3003-
H12 joints under the investigated welding parameters.  
 
II. EXPERIMENTAL PROCEDURE  
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The material used in this work was a 3003 
commercial aluminum alloy in H12 condition, in the 
form of rolled plates of 3 mm thickness. The 
aluminum plates, 360 mm x 100 mm, were 
longitudinally friction stir butt-welded perpendicular 
to the rolling direction using a universal vertical 
milling machine. A properly designed clamping 
fixture was utilized in order to fix the specimens to be 
welded on the working table and a stainless steel 
backing plate was placed under the two butted parent 
metals to be welded. Single pass welding procedure 
was used to fabricate the joints. The welding 
parameters used in this investigation are listed in 
Table 1. A non-consumable tool consisting of 
shoulder and pin made of 1.2367 (X38CrMoV5-3) 
hot work tool steel having a service hardness of about 
52–56 HRC was employed to fabricate the joints. The 
diameter of tool shoulder for the welds was 12 mm 
and the pin was 2.9 mm long and of conical shape 
with a large diameter of 5 mm and small diameter of 
4 mm. The welding tool was rotated in a clockwise 
direction and the tool rotation axis, normal to the 
plane of the plate, was tilted by 2.5° in order to 
facilitate consolidation of the weld. The penetration 
depth was adapted to fully penetrated butt joint in a 
material of 3 mm thickness. For all joints a 30 s 
preheat time was applied in order to increase the 

plasticity of the material and decrease the bending 
loads on the pin. 

 
Table 1. The welding parameters employed to join the 3003-

H12 plates. 
 
In order to evaluate the overall mechanical properties 
of the joints, transverse tensile tests were carried out 
on a UTEST-7014 tensile testing machine, at room 
temperature and with a crosshead speed of 10 
mm/min. The configuration and size of the transverse 
tensile specimens of the joints were prepared with 
reference to TS 138 EN 10002-1 [24] (Fig. 1). 

 
Figure 1. Tensile test specimens used in the present study. 

 
III. RESULTS AND DISCUSSION  
 
The tensile test performance of FS welded joints is a 
significant factor in design stage. The obtained results 
of the tensile tests can be seen in Table 2. The 
fracture locations of tensile specimens of the friction 
stir welded joints are also shown in Fig. 2. The 
highest weld strength was obtained at samples 1 and 
7 (Table 2). Sample 1 has the lowest rotation speed 
and welding speed (1070 rpm and 40 mm/min), while 
the highest rotation speed and welding speed (2140 
rpm and 224 mm/min) was used at sample 7. The 
fracture location of these joints is base metal (BM). 
This is entirely attributed to the heat input during 
FSW process. In this context, the fracture location of 
FSWed 3003-H12 aluminum joints (a non-heat 
treatable aluminium alloys) is at BM in relatively low 
heat input during FSW process. On the other hand, 
higher heat input leads to the fracture occurring at 
HAZ on the retreating side (RS) or advancing side 
(AS). However, any relationship has not 

beenestablished as to which side (RS or AS) the 
fracture of the FSWed joints will be on.  

 
Table 2. The tensile properties of BM and FSW joints. (YS: 
Yield Strength; UTS: Ultimate Tensile Strength; BM: Base 
Metal; HAZ: Heat Affected Zone; RS: Retreating Side; AS: 

Advancing Side) 
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The relationship between the rotation speed and weld 
strength of FSWed 3003-H12 aluminum joints can be 
seen in Figs. 3 and 4. The ultimate tensile strength 
(UTS) and yield strength (YS) decreases almost 
linearly with increasing rotation speed: The 
coefficients of determination (R2) for the correlation 
between the UTS, YS and the rotation speed are 0.99 
and 0.96, respectively, by fitting a linear model using 
regression analysis to the obtained results, as shown 
in Figs. 3 and 4. When the rotation speed was 
increased from 1070 rpm to 2140 rpm, the UTS and 
YS of the FSW joints decreased approximately 4.5% 
and 13.2%, respectively. This may be attributed to the 
coarser grain structure in HAZ, resulting in the lower 
hardness owing to higher heat input with the increase 
of rotation speed. The increase in YS with increasing 
rotation speed is more effective than that in UTS. The 
increase in UTS with increasing rotation speed is 
relatively limited. 
 

 
Figure 2. The fracture locations of tensile specimens of the 

friction stir welded joints. (RS: Retreating Side; AS: 
Advancing Side; WZ: Weld Zone). 

 
The relationship between the welding speed and weld 
strength of FSWed 3003-H12 aluminum joints is 
shown in Figs. 5 and 6. The UTS and YS increases 
almost linearly with increasing welding speed: The 
coefficients of determination (R2) for the correlation 
between the UTS, YS and the welding speed are 0.78 
and 0.89, respectively, by fitting a linear model using 
regression analysis to the obtained results, as shown 
in Figs. 5 and 6. When the welding speed was 
increased from 40 mm/min to 224 mm/min, the UTS 
and YS of the FSW joints increased approximately 
4% and 13.6%, respectively. This may be attributed 
to the relatively finer grain structure in HAZ, 
resulting in the higher hardness owing to lower heat 
input with the increase of welding speed. Similar to 
the rotation speed, the increase in YS with increasing 
welding speed is more effective than that in UTS.  

On the other hand, the relationship between the 
welding parameters (rotation speed and welding 
speed) and elongation of FSWed 3003-H12 
aluminum joints is shown in Figs. 7 and 8. There is 
no clear relationship between the welding parameters 
(rotation speed and welding speed) and elongation. 
However, from these figures, it can be said that the 
elongation values of the joints is relatively lower at 
higher rotation speed or lower welding speed. This 
could be attributed to the increase of grain size in the 
HAZ owing to the higher heat input with increasing 
of rotation speed or with decreasing of welding 
speed. 
 

 
Figure 3. Ultimate tensile strength (UTS) of FSW joints versus 

rotation speed. 
 

 
Figure 4. Yield strength (YS) of FSW joints versus rotation 

speed. 
 

 
Figure 5. Ultimate tensile strength (UTS) of FSW joints versus 

welding speed. 
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Figure 6. Yield strength (YS) of FSW joints versus welding 

speed. 

 
Figure 7. Elongation of FSW joints versus rotation speed. 

 
Figure 8. Elongation of FSW joints versus welding speed. 

 
CONCLUSIONS  
 
The present study was focused to examine the effect 
of welding parameters (rotation speed and welding 
speed) on mechanical properties of 3003-H12 
aluminum alloy joints produced by friction stir 
welding  Based on the obtained experimental results, 
the conclusions derived from this study can be given 
as follows:  
 
1. The peak weld strength was obtained with the 
following combination of welding parameters: 1070 
rpm-40 mm/min and 2140-224 mm/min. So, the 
fracture of these joints occurred at BM.  
2. The fracture of the FSW joints with higher heat 
input during process occurred at HAZ. However, any 
relationship between welding parameters and fracture 
side (RS or AS) could not be established.  

3. The UTS and YS decreased almost linearly with 
increasing rotation speed or decreasing welding 
speed. However, this decrease or increase in UTS 
with welding parameters was relatively limited.  
4. There was no clear relationship between the 
welding parameters and elongation. However, the 
elongation values of FSW joints is relatively lower at 
higher rotation speed or lower welding speed.  
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