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In friction stir welding process, a non-consumable rotary tool is
used which consists of a pin and a shoulder. The tool/workpiece
friction results in stirring, plastic deformation, and joining. It is
the shoulder penetration which leads to thinning of the upper
sheet and remaining of a hole. In this study, a stationary shoulder
was used to investigate the spot welding of a non-alloyed
aluminium sheet to address the mentioned drawback. The aim
was to investigate the effects of tool rotational speed with two
levels of 1000 and 2000 rpm, tool shoulder diameter with two
levels of 20 and 24 mm, and plunge depth with two levels of 3
and 3.5 mm on the microhardness, strength, and microstructure
of the welded samples. Feed rate and dwell time were constantly
set to 20 mm/s and 10s, respectively. Optimization was carried
out in three modes including maximum strength, maximum
hardness, and a combination of the maximum strength and
hardness. In the first mode, the maximum strength was 1389.51
N in the specimen welded with a tool rotational speed of 2000
rpm, plunge depth of 3 mm, and tool shoulder diameter of 24
mm. In the second mode, the highest micro-hardness value was
91.33 HV in the specimen that was welded with a tool rotational
speed of 1000 rpm, plunge depth of 3.5 mm, and tool shoulder
diameter of 20 mm. Finally, in the third mode, the combination
of the highest strength and micro-hardness values were 1389.51
N and 85.66 HV, respectively.
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EXTENDED ABSTRACT

Introduction

In the friction stir welding process, a non-consumable rotary tool is used consisting of a
pin and a shoulder. The tool/workpiece friction results in stirring, plastic deformation, and
joining. It is the shoulder penetration that leads to the thinning of the upper sheet and the
remaining of a hole. In this study, a stationary shoulder was used to investigate the spot
welding of a non-alloyed aluminum sheet to address the mentioned drawback. The aim
was to investigate the effects of tool rotational speed, tool shoulder diameter, and
penetration depth on the microhardness, strength, and microstructure of the welded
samples. Feed rate and dwell time were kept constant.

Methodology

For this research, sheets of non-alloyed aluminum with a thickness of 2 mm and
dimensions of 40 x 200 mm?2 were prepared. The tools included a pin and two shoulders
made of hot-rolled steel (H13). Using the standard hardening process, the hardness of the
tool was increased to 54 HRC. The parts were cleaned by sanding and then stacked so that
they overlapped by approximately 40 mm. To perform the welding process, the tool
penetrated the parts with a feed rate of 20 mm/min. After reaching the predetermined
penetration depth, it was held for 10 s. The welding process was completed with the
removal of the tool. The input parameters were tool rotational speed with two levels of
1000 and 2000 rpm, tool shoulder diameter with two levels of 20 and 24 mm, and plunge
depth with two levels of 3 and 3.5 mm, while the output parameters (responses) were the
microhardness, strength, and microstructure of the welded samples.

The experiments were designed by Minitab software using the full factorial method in
which a total of 8 tests were obtained. To evaluate the highest strength, the tensile test was
performed with a speed of 1 mm/min. To check the microstructure and hardness, the
parts were cut by wire-cut, polished and etched. The microstructures were examined using
a light microscope, and the hardness was measured by a hardness meter with a force of
100 gr and a time of 10 seconds with three repetitions in the stir region.

Results and discussion

The results of the visual inspection indicate that in general the obtained weld was of
good quality and due to the use of a fixed shoulder; the surface of the workpiece was not
worn with no trace of the shoulder on the surface. The only drawback in this process was
the protrusion of the viscous material and the formation of burrs around the weld. A
destructive test was performed to visually evaluate the weld sections. Welded specimens
were cut cross-sectionally. The cross-sections of different samples were examined and it
was discovered that full welding was performed at the pin tip and the bottom of the hole
due to more complete stirring. Furthermore, small cracks were observed in the external
perimeter of the spot weld. Figure 1 shows the cross-section of the welded specimens
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Figure 1. Cross-section of the welded specimens.

The tensile test was performed for all samples and the effect of all variables on the
fracture force was investigated using ANOVA statistical method. Among the main effects,
rotational speed had the greatest effect (about 23.77%) on the failure force. The effect of
penetration depth on the fracture force was 10.48%. The main effect of shoulder diameter
in this experiment was very small, approximately 2.41%. The hardness test was repeated
three times on each sample in the stirred area. The maximum and minimum hardness
values were respectively 92 and 64 HV. The highest effect was related to the interaction
effect of all factors and the lowest effect was related to the shoulder diameter. Figure 2
illustrates the main effects of parameters on fracture strength and hardness.

Optimization was carried out in three modes including maximum strength, maximum
hardness, and a combination of the maximum strength and hardness. In the first mode, the
maximum strength was 1389.51 N in the specimen welded with a tool rotational speed of
2000 rpm, plunge depth of 3 mm, and tool shoulder diameter of 24 mm. In the second
mode, the highest micro-hardness value was 91.33 HV in the specimen that was welded
with a tool rotational speed of 1000 rpm, plunge depth of 3.5 mm, and tool shoulder
diameter of 20 mm. Finally, in the third mode, the combination of the highest strength and
micro-hardness values were 1389.51 N and 85.66 HV, respectively.
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Figure 2. The effect of input variables on a) fracture force and b) hardness.

Conclusion
In the present paper, the friction stir spot welding process was performed using a fixed
shoulder tool on a non-alloyed aluminum sheet to investigate the effect of rotational
velocity, penetration depth, and shoulder diameter on the weld fracture force and
hardness.
- All samples were of good visual quality.
- The shoulder diameter had very little effect on the responses in the range of 20-
24 mm.
- The main and interaction effects of the variables on the weld strength and
hardness were studied.
- The highest fracture strength was in the sample with a rotational speed of 2000
rpm, shoulder diameter of 24 mm, and a penetration depth of 3 mm while the
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lowest fracture strength was in the sample with the same variables but with a
rotational speed of 1000 rpm. It can be concluded that by increasing the
rotational speed, the fracture force was also increased.

- The highest hardness was related to the sample with a rotational speed of 1000
rpm, the penetration depth of 3.5 mm, and shoulder diameter of 20 mm while the
lowest hardness was related to the sample with the same variables but with a
rotational speed of 2000 rpm. Therefore, it can be concluded that increasing the
rotational speed reduced the hardness
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