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Abstract
As a solid-state welding process, friction stir welding (FSW) offers several
advantages over conventional fusion welding processes. However, the FSW
process has been introduced to the world in recent decades but it quickly caught
the attention of manufacturing companies. Tool travel speed (ν) and tool rotation
speed (ω) are the main parameters of FSW process that can affect the weld surface
appearance. Aluminum alloys with a wide range of properties are widely used in
various industries such as aircraft, automotive, and aerospace applications. The
effects of FSW process parameters on the weld surface appearance in SSM cast
A356 aluminum alloy were investigated in this study. For this aim, the tool travel
speeds and tool rotation speeds were chosen as 45, 60, and 75 mm/min, and 400,
600, and 800 rpm, respectively, and FSW samples were produced using various
combinations of process parameters. Having finished the welding process, a visual
inspection was performed on the surface of all welding samples at room
temperature.

1. Introduction
Welding is an important joining process because of high joint efficiency, simple set up, flexibility and
low fabrication cost [1]. So far, various welding processes have been introduced to the world, each of
which has many benefits and applications such as electric arc welding processes, resistance welding
processes, friction welding, gas welding process, electron beam welding process, etc. Friction stir
welding (FSW) is a new and a very effective solid-state joining technique invented in TWI in
Cambridge, England in 1991 for joining aluminum alloys [2]. It is technically a simple process where
a non-consumable rotating tool with a specially designed pin profile and shoulder is inserted into the
abutting edges of metal sheets or plates to be joined and traversed along the line of joint [3,4].
Compared to conventional fusion welding methods, the advantages of the FSW process include better
mechanical properties, low residual stress and distortion, and reduced occurrence of defects [2,3]. In
the past two decades, numerous researches focused on this process since it is characterized by being
energy efficient, versatile, and no localized melting and shielding gas are required [3,5]. There are
many welding parameters which influence the surface appearance of a FSW joint such as tool travel
speed and tool rotation speed. Due its corrosion resistance and light weight among other properties,
aluminum and its alloys are part of the major engineering materials, and indispensable for various
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industries. As a result of its wide areas of applications, aluminum and its alloys keep on attracting
different areas of research [6]. Non-destructive tests (NDT) are widely applied to inspect the base
materials and joints in various industries. This type of tests has a special place in the welding industry.
One of the advantages of nondestructive tests is the ability to perform on a specimen for many times.
The common non-destructive tests applied in industry are classified in following: (a) Visual Test (VT):
It is one of the most important techniques for evaluating base materials and welded joints. This
technique is widely used as an initial inspection method in all industries. Although this technique is
only able to evaluate the surface of the sample due to the limitations of the human eye, it has always
been of interest to welding researchers. (b) Penetrant Liquids Test (PT): It is based on capillary action
in liquids. This method can detect only surface discontinuities but its accuracy is somewhat more than
VT. (c) Magnetic Particles Test (MT): It is based on magnetic flux leakage. This method can detect
surface and subsurface discontinuities. Its accuracy is more than VT and PT. (d) Ultrasonic Test (UT):
It uses ultrasound waves. This method can detect both surface and internal discontinuities. This method
has accuracy more than previous methods. It also can be applied to measure the specimen thickness.
(e) Radiography Test (RT): It uses X-ray and gamma-ray. These rays have very short wavelength and
are able to arrive into specimen.
2. Methodology
In this study, the examinations were carried out on A356 aluminum alloy plates with 275 mm × 100
mm × 8 mm size. The chemical composition of the base material is given in Table 1. Before the welding
process, the aluminum oxide layers were removed from the base material surface by grinding, and then
the edges were cleaned. The square butt joint configurations were prepared to produce the FSW
samples, and two clamps were used to prevent the workpieces from moving during welding operations.
Table 1: Chemical composition of the base material
Base Metal
Al
Si
Mg
Fe
% wt.

Balance

7.28

0.35

0.18

Ti

Cu

Mn

Cr

Ni

Sr

0.12

0.006

0.0065

0.005

0.005

0.039

The tool was tilted 4º from the plate normal direction, and the welding tool parameters including
shoulder diameter, pin diameter, and pin length of 12, 4, and 5 mm, respectively were applied in this
study. The tool travel speeds and tool rotation speeds were chosen as 45, 60, and 75 mm/min, and 400,
600, and 800 rpm, respectively, and totally nine FSW samples were produced using various
combinations of process parameters. The welding operations were carried out at room temperature in
a flat position. Having finished the welding process, a visual inspection was performed as much as
possible to evaluate the surface appearance of the FSW samples and reveal the welding defects on the
samples surface.
3. Results and Discussion
The effects of the FSW process parameters on the weld surface appearance in SSM cast A356
aluminum alloy were studied in this work, and the results are shown in Figs. 1-3. As seen in Figs. 13, a keyhole defect remains at the end of the weld line in all welding conditions used in this study.
The keyhole at the end of a conventional FSW joint is one of the major concerns in certain applications
[7]. This defect is unfavorable due to high stress concentration point and weaken the FSW joint
mechanical properties [8].
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Figure 1. Surface appearance of the FSW samples at tool rotation speed of 400 rpm and tool travel speeds of
(a) 45, (b) 60, and (c) 75 mm/min.

Figure 2. Surface appearance of the FSW samples at tool rotation speed of 600 rpm and tool travel speeds of
(a) 45, (b) 60, and (c) 75 mm/min.
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Figure 3. Surface appearance of the FSW samples at tool rotation speed of 800 rpm and tool travel speeds of
(a) 45, (b) 60, and (c) 75 mm/min.

A keyhole is the weakest part of the FS welded zone. Therefore, the keyhole of the FSW must be
repaired or eliminated in order to obtain defect-free zone at retracting phase [9]. Fig. 1 shows the
surface appearance of the FSW samples at a tool rotation speed of 400 rpm and tool travel speeds of
45, 60, and 75 mm/min. As shown in Fig. 1, the rough surface regions with lateral flashes outside of
the weld line appear in the FSW samples produced at all tool travel speeds in this study. From
observations, the flashes formed at tool travel speeds of 45 and 60 mm/min are obvious while at a
tool travel speed of 75 mm/min are small. In addition, a lack of contact (LOC) defect between the tool
shoulder and the surface of the workpiece is formed at the end of the weld line at a tool travel speed
of 45 mm/min. Flash is resulting from the outflow of the plasticized material from underneath of the
shoulder [10].
Therefore, the lateral flash as a common defect in the FSW process appears often on the top surface
and around the weld line. The defects like lateral flash reduce the quality of welding joints and impact
the manufacturing cost [11,12]. In addition, flash defect severely affects the mechanical properties of
a welding joint due to the reduction of the effective thickness of the workpiece in the joint area. Fig.
2 shows the surface appearance of the FSW samples produced at a tool rotation speed of 600 rpm and
tool travel speeds of 45, 60, and 75 mm/min. The observations illustrate that the surface of the FSW
sample produced at a tool rotation speed of 600 rpm and tool travel speed of 75 mm/min (Fig. 2-c) is
smooth and sound which except keyhole, there is no noticeable defect on the surface. However, such
a smooth surface is also formed in the FSW sample produced at a tool travel speed of 45 mm/min but
the lack of contact defect between the tool shoulder and the surface of the workpiece is observed at
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the end and in a large part of the weld line. The rough surface regions with small and obvious flashes
are appeared in the FSW sample produced at a tool travel speed of 60 mm/min. Fig. 3 shows the
surface appearance of the FSW samples at a tool rotation speed of 800 rpm and tool travel speeds of
45, 60, and 75 mm/min. As shown in Fig. 3, a smooth surface is obtained in the FSW samples
produced at all tool travel speeds. However, the tool travel speeds of 45 and 60 mm/min lead to the
formation of the small flashes and obvious flashes, respectively, outside of the weld line (Figs. 3-a
and b), and in addition, a lack of contact defect between the tool shoulder and the surface of the
workpiece is observed at the end of the weld line at a tool travel speed of 60 mm/min. The surface
views of the FSW samples illustrate that the surface of the FSW sample produced at a tool rotation
speed of 800 rpm and tool travel speed of 75 mm/min (Fig. 3-c) is smooth and sound which except
keyhole, there is no noticeable defect on the surface. Influence of friction stir welding variables on
hardness, UTS, and yield strength of joints produced in SSM Cast A356 aluminum alloy (nine joints
shown in the present article) was studied in detail in our previous literature [13]. Also, there are many
published studies [14-23] on the quality, mechanical properties, and microstructure of the weld or
welding joints produced by friction stir welding in various alloys.
Conclusion
The effects of the FSW process parameters on the surface conditions of joints produced in SSM Cast
A356 aluminum alloy were studied in this work. According to the results, keyhole defect remained at
the end of the weld line in all welding conditions. The surface appearance of the FSW sample was
more desirable with fewer defects at a higher tool rotation speed. A sound and high-quality surface was
achieved for the FSW sample in these conditions. Such a trend also was observed at higher tool travel
speeds. It seems that the conditions of (600 rpm # 75 mm/min) and (800 rpm # 75 mm/min) are the
optimum states in this study for producing a FSW sample with the best surface appearance and with
minimal defects whereas the lowest tool rotation speed and tool travel speed (400 rpm # 45 mm/min)
caused the most unfavorable surface conditions with many defects for the FSW sample.
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