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Effect of Microstructure and Mechanical Properties of Al 3003 Alloy Weld  
by Stationary Shoulder Friction Stir Welding Process

The lap joint welding of Al 3003 alloy by stationary shoulder friction stir welding (SSFSW) was performed under the condi-
tions of tool rotation and welding speed, and it was confirmed that the welding was performed under all conditions. The tunnel 
defects and pores were formed in the weld zone at the lowest tool rotation and welding speed, and it is increased, the weld surface 
has been improved. At the same tool rotation speed at the welding speed is increased, the grain size was refined in the stir zone 
(SZ) and thus the hardness increased by about 14% compared to the base metal. The tensile shear strength is measured to be 10 kN 
or more under most conditions, and in the 4000 rpm with high heat input, the shear tensile strength was measured relatively lower 
than other conditions due to excessive heat input of the material.
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1. Introduction

Aluminum alloy is widely used material in industry such 
as IT convergence, mobile and electronic devices due to its light 
weight and high corrosion resistance [1]. However, Aluminum 
products that require welding have high thermal conductivity, 
it is not easy to control the amount of heat input with general 
welding, and the low strength at high temperatures and cracks 
are easy to form during welding, which can cause defects in the 
welded [2,3]. For this reason, friction stir welding (FSW) process 
developed by the Welding Institute of UK in 1991 was applied 
to aluminum alloy welding. 

The FSW is a welding technology used in various industries 
because it can weld materials that cannot be welded by conven-
tional welding methods as a novle solid-state joining process. 
In particular, stationary shoulder friction stir welding(SSFSW) 
process can give low and uniform heat input in the welded zone 
because the shoulder part does not rotate compared to fsw process 
[4,5]. For this reason, researches on welding of various Al alloys 
such as Al 7xxx, Al 6xxx, and Al 2xxx have been conducted us-
ing SSFSW process, but the researches on SSFSW welding of 
Al 3xxx series are rare [6,7]. Al 3003 alloy requires high-quality 
welding such as chemical equipment, fuel tanks, automobile 
filler tubes, and cooling blocks of batteries due to its moderate 
strength, excellent machining and corrosion resistance [8]. 

In this study, the mechanical properties and microstructure 
of Al 3003 lap joint welding by SSFSW were observed under 
the conditions of tool rotation speed and welding speed. After 
SSFSW at welding speeds of 800, 1000, and 2000 mm/min and 
tool rotation speeds of 2500, 3500, and 4000 rpm, the effects 
of SSFSW parameters on formability of weld, microstructure, 
hardness and tensile shear strength properties were investigated. 
This research will provide the basis for the lap joint SSFSW 
process of Al 3003 alloys.

2. Experimental

The base material was 3003-H12 Aluminum alloy plate 
with 3mm thickness. During welding, the Al 3003 alloy plate 
was lapped by 50 mm and the welding range was set to 200 mm 
including the initial acceleration section. The used tool employs 
a conical-threaded probe with a bottom diameter of 3.0 mm, top 
diameter of 4.2 mm, and 3.7 mm in height and during the weld-
ing process, the tool was operated with a tilt angle of 3 degree 
and load of tool was 6.1 kN. The welding parameters used in 
this study are summarized in Table 1. 

After welding, the specimens were prepared in the order of 
welding cutting, mounting, grinding, and etching according to 
the general preparation process. After etching, the microstructure 
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was observed with an optical microscope (OM, Nikon, ECLIPSE 
MA100, Japan), scanning electron microscope (SEM, Tescan, 
MIRA3 LMH, Czech Republic) and the grain size of the stirring 
zone was analyzed with electron backscatter diffraction (EBSD, 
AMETEK, Velocity Super, USA). After SEM analysis, the size 
of the precipitate in the specimen was analyzed using the Image J 
software. The tensile shear test according to KS B 0801 by making 
a specimen, and tested by universal test machine (UTM, MTS 
Sintech 30/G, USA) at a speed of 2 mm/min. The vickers hardness 
tests (MATSUZAWA, MMT-3, Japan) were performed at intervals 
of 0.4 mm from the center of the joint under a load of 100 gf. 

TABLE 1
SSFSW parameters of Al 3003 alloy

Sample Tool rotation speed
(rpm)

Welding speed
(mm/min)

1 2500 800
2 2500 1000
3 2500 2000
4 3500 800
5 3500 1000
6 3500 2000
7 4000 800
8 4000 1000
9 4000 2000

3. Results and discussion

Fig. 1 shows the cross section of the specimen after SSFSW 
welding. The faster tool speed and the slower welding speed, 

the welded surface had an excellent surface as a result of visual 
inspection. The fixed shoulder, a characteristic of SSFSW, mini-
mizes the formation of burrs on both surfaces of the welded part, 
and the fast welding speed is expected to form relatively more 
burrs compared to the slow welding speed because the shoulder 
stays in the welded area for a short time. Therefore, SSFSW 
under suitable weld conditions can obtain a smooth and fine 
surface that does not require additional surface treatment. Under 
all conditions, the nugget had a bowl shape due to the conical-
threaded probe profile and onion ring shape formed typically in 
friction welding.

As the amount of heat input increases, the width of the nug-
get was increased. And tunnel defects and pores were observed 
in conditions of 2500 rpm-2000 mm/min with the lowest heat 
input. This means that the frictional heat is not completely trans-
ferred to the joint due to the low heat input, so the weld zone is 
not completely stirred, and tunnel defects and micropores are 
formed inside.

Fig. 2 shows the microstructure of high heat input (4000 rpm 
-800 mm/min), medium heat input (3500 rpm-1000 mm/min), 
and low heat input (2500 rpm-2000 mm/min) conditions.  
According to the heat input conditions, deformed microstructure 
was observed at SZ and it was confirmed that the precipitates 
of Al6(Mn, Fe) was distributed. In general, in Al-Mn based al-
loys, Al6(Mn, Fe) is a reinforcing phase and it is reported that 
it affects the hardness of the material according to the size or 
distribution of the precipitates [9]. Fig 3 shows the SEM image 
and image J analyzed the average size of precipitates. As a result 
of the analysis of the average size of precipitates in SZ, the size 
of 4.07 μm under high heat input conditions, 3.36 μm under the 
medium input condition, and 2.91 μm under low heat input con-

Fig. 1. Surface and Cross-section images of weld zone after SSFSW
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Fig. 2. Microstructure image by heat input condition and welding zone

Fig. 3. The average particle size analyzed by SEM image using Image J software; (a) 4000 rpm-800 mm/min, (b) 3500 rpm-1000 mm/min and 
(c) 2500 rpm-2000 mm/min
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ditions were observed. The faster the cooling speed, the smaller 
the size of the precipitates, And the smaller the precipitates, the 
more it affects the increase in hardness (as is shown in Fig. 5). 
The TMAZ was formed on both sides of the SZ of the weld, and 
in the low heat input condition, the microstructure of TMAZ 
was relatively less deformed. This indicates that the material 
becomes soft due to the relatively high energy input under high 
and medium heat input conditions, and the flow of the material 
is easily deformed, and the energy input increases as the tool 
rotation speed increases and the welding speed decreases.

Fig. 4 shows the EBSD inverse pole figure(IPF) and grain 
boundary(GB) map analysis results for each welding speed 
condition with a tool rotation speed of 3500 rpm. It was con-
firmed that fine grains were formed in the SZ due to dynamic 
recrystallization under all conditions, and the grain size de-
creased as the welding speed increased. A fast welding speed 
means that the cooling rate is fast and the crystal nucleation is 
faster than the grain growth rate, so the grains are refined. The 

smallest grains are formed at 2.06 μm under the conditions 
of 3500 rpm-2000 mm/min. In the GB map analysis, it was 
confirmed that the faster the moving speed under the same rpm 
conditions, the low-angle grain boundaries(θ < 15º) decreased, 
while the fraction of high-angle grain boundaries increased. 
Another literature reported the high-angle grain boundary sup-
presses the slip deformation of the crystal and can increase the 
strength of the material at the grain boundary [10]. However, in 
the EBSD analysis results, it was confirmed that the refinement 
of grain size changes to a greater width than the grain bound-
ary angle, and it was judged that the effect of grain size is more 
dominant in the increase of mechanical properties.

Fig. 5 shows the hardness and tensile shear strength of the 
joint of weld specimen. In Fig. 5(a), as the rotation speed of the 
tool increases at a welding speed of 1000 mm/min, the hardness 
of the SZ increases, but the hardness decreases at 4000 rpm. 
As the tool rotation speed increases, the thermal effect is large, 
and the hardness was measured to be relatively low due to soften-

Fig. 4. EBSD IPF patterns and GB map analysis results of stir zone by weld speed condition of 3500 rpm; (a) 800 mm/min, (b) 1000 mm/min 
and (c) 2000 mm/min
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ing of the weld. In TMAZ and HAZ, the hardness was decreased 
and reached the hardness of the base metal.

In Fig. 5(b), the welding speed of 2000 mm/min, which 
formed the finest grains at the same tool rotation speed, had 
the highest hardness. In addition, it is presumed that the small 
precipitates by fast cooling rate have had some affect on the 
increase of hardness. The hardness value of SZ was measured 
overall uniformly in the conditions of 3500 rpm-1000 mm/min. 
This means that the distribution of the heat by the stirring force 
and pressure applied to the material is constant. 

Fig. 5(c) and (d) shows the tensile shear strength of the 
specimen. It had tensile shear strength ranges from a minimum 
of 9.7 kN to a maximum of 10.8 kN. In general, the occurrence 
of interface fracture in lap joint welding occurs when the width 
of the interface junction is narrower than the thickness of the 
base material [11]. 

The sample welded under the condition of 2500 rpm-
2000 mm/min had a tunnel defect in the SZ and showed fracture 
shape at the interface. It had 9.7 kN of the shear tensile strength. 

Other conditions, fracture occurred near TMAZ and the tensile 
shear strength was measured to be more than 10 kN. The shear 
tensile strength was increased in faster welding speed at the same 
tool rotation speed and at the tool rotation speed of 3500 rpm, the 
shear tensile strength was the highest of 10 kN or more. The shear 
tensile strength was relatively decreased under the conditions 
of the fastest tool rotation speed of 4000 rpm, and the material 
is softened due to excessive heat input above the appropriate 
energy, resulting in low shear tensile strength. 

Fig. 6 shows the SEM analysis of the fracture surface of 
the specimen after the tensile shear test. high heat input and 
medium heat input conditions show the form of ductile fracture. 
Fig. 6(a) and (b) contain second phase particles in dimples, and 
these second phase particles cause micropores. These pores add 
up to each other and cause ductile fracture [12]. The medium 
heat input specimen has a rougher around dimples and more 
severe deformation than the relatively high heat input specimen, 
and in the tensile shear test, it was confirmed that the medium 
heat input specimen was deformed by greater stress than the 

Fig. 5. Hardness profile and tensile shear strength properties according to SSFSW conditions; (a) Hardness profile under the condition of tool 
rotation speed, (b) Hardness profile under welding speed conditions, (c) Tensile shear strength properties and (d) Stress-strain curve according 
to heat input conditions
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Fig. 6. Fracture surface Analysis of Tensile Shear Specimens According to SSFSW Conditions; (a) 4000 rpm-800 mm/min, (b) 3500 rpm-1000 
mm/min and (c) 2500 rpm-2000 mm/min

high heat input specimen. The low heat input specimen in which 
the interface fracture occurred was not completely stirred, so 
ductile fracture and brittle fracture were mixed. 

4. Conclusions

In this study, the mechanical properties and microstructure 
of Al3003 lap joint welding by SSFSW were observed under the 
various conditions of the rotation and welding speed of the tool. 
The faster welding speed in the state where the heat input to the 
material was not sufficient formed tunnel defects and micropores 
in the weld zone. At the same tool rotation speed, the faster the 
welding speed, the finer grains are formed in the SZ, increas-
ing the hardness and shear tensile strength. Only the faster the 
welding speed, the finer grains were formed in the SZ. So the 
hardness and shear tensile strength is increased. In Al 3003 lap 
joint welding with SSFSW process, the better the surface condi-
tion can be obtained as the increase of heat input, but excessive 
heat input causes defects in the mechanical properties of the 
material. Therefore, it is necessary to comprehensively satisfy 
the quality such as surface, strength, and internal defects with 
the SSFSW process of the appropriate heat input. 
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