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Abstract In this research, copper sheets were joined using
the friction stir welding method under various welding
conditions, including different rotational and translational
tool speeds, as well as one-pass and two-pass welding
processes. Helium gas was used as a protective atmosphere
during welding. Blowing helium gas over the welds and
welding tools prevented air from contacting them, thereby
avoiding the adverse effects of air exposure. Due to the
softness of copper and the thinness of the sheets, J-integral
samples were used in this study instead of critical stress
intensity factor (KIC) samples. The J-integral values were
measured using compact tension (C(T)) specimens. The
results demonstrated that the recrystallization
phenomenon in the stir zone led to significant
improvements in fracture toughness and Vickers hardness,
increasing them by 41.49% and 52.85%, respectively,
compared to the base metal. However, the annealing
phenomenon in the heat-affected zone resulted in the
degradation of microstructural and mechanical properties.
Specifically, Vickers hardness, ultimate strength, and
fracture toughness decreased by 28.57%, 33.90%, and
10.98%, respectively, compared to the base metal.
Furthermore, the findings indicated that achieving
superior weld quality is more feasible at lower
temperatures with fewer welding passes. This approach
minimizes heat transfer to the workpiece, thereby
preserving its mechanical and microstructural integrity.

Keywords: Friction stir welding; Helium shielding gas;

Mechanical properties; Welding parameters; J-Integral.

1- Introduction

Recently, with the increasing use of copper and its alloys
as structural materials in various industrial applications,
the demand for effective welding methods has grown
significantly. As a result, copper was chosen as the focus
of the present study.

In this study, copper sheets were welded using the friction
stir welding method under varying conditions, including
different rotational and traverse tool speeds and varying
numbers of welding passes. To prevent oxidation during
welding, helium gas was used as a protective atmosphere.
Subsequently, the welds produced under these different
conditions were evaluated for their tensile properties,
Vickers hardness, fracture toughness, and microstructural
characteristics.

2- Materials and methods

Copper plates with dimensions of 50 mm x 110 mm were
cut from a larger sheet with a thickness of 5 mm, oriented
perpendicular to the rolling direction. Both halves were
sanded and polished to prepare the surfaces for welding.
The copper plates, along with the die and its accessories,
are shown in Fig. 1.

As illustrated in Fig. 1, a protective gas was blown over
the welding area and tool during the welding process using
a gas hose to prevent oxidation. In this study, pure helium
gas was employed as the shielding gas to protect the
welding area and tools from oxidation. For welding the
copper sheets, rotational speeds of 550 rpm and 850 rpm
were used, along with traverse speeds of 50 mm/min and
100 mm/min, and one-pass and two-pass welding
processes were performed.

To determine the grain size in the three welding
zones—the Stirring Zone (SZ), Thermo-Mechanically
Affected Zone (TMAZ), and Heat-Affected Zone
(HAZ)—the welded copper plates were sectioned
perpendicular to the welding direction. After undergoing
the etching process, the three welding zones were
identified using an optical microscope. Additionally,
Vickers hardness and fracture toughness were measured
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for the different zones produced during welding. The
tensile properties of the welds were also evaluated. 120
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Figure. 2: Copper plates and die and its accessories

Figure 1: Copper plates and die and its accessories
Table 1: Grains size and their changes relative to the base metal for the HAZ and the

SZ for different welding conditions
HAZ SZ

Welding Conditions  Change relative to BM (%)  Grains size (um)  Change relative to BM (%)  Grains size (um)

W. Con.1 17.8 17.9+1.2 -67.8 4.9+0.32
W. Con.2 8.6 16.5+0.7 -77.6 3.4+0.15
W. Con.3 42.8 21.7£1.9 -25.0 11.4+0.84
W. Con.4 36.8 20.8+1.7 -82.2 2.7+0.08

BM - 15.2+0.8 - 15.2+0.8

Table 2: The maximum values of the elastic loads and the values obtained for J,. and K .

HAZ Sz
Welding P, (N) Jo(KIM?) K, (MPaJm) P, (N) Jo(KIM?) K, (MPaJm)
Conditions
W. Con.1 987+49 3.16 20.51 1237452 4.96 25.71
W. Con.1 1017473 3.35 21.13 1335121 5.77 27.74
W. Con.1 932453 2.81 19.37 1113475 4.01 23.13
W. Con.1 976461 3.08 20.28 14824127 7.11 30.79
BM 1047+88 3.55 21.67 1047+88 3.55 21.76

3. Results and Discussion
The grain sizes of the HAZ and SZ are presented in Table
1. The values in this table can be explained by considering
the heat transfer rates under various welding conditions.
Specifically, a decrease in the rotational speed of the tool
reduces the rate of heat transfer to the welded samples,
while a reduction in the traverse speed of the tool
increases the heat transfer rate to the samples. These
relationships justify the observed grain size variations
under different welding conditions.

Based on Vickers microhardness measurements, the
data obtained are presented in Fig. 2. This figure indicates
that, in general, the Vickers hardness values of the welds

decrease as the heat transfer rate to the samples increases
under different welding conditions. Consequently, the
minimum hardness is observed in welding mode 3, where
the rotational speed of the tool is 850 rpm, resulting in
significant heat transfer to the welding plate. This trend is
consistent across all three welding zones.

The true stress-strain curves of the base metal and the
sheets joined under different welding conditions were
also determined in this research. After conducting the
tensile tests, it was observed that all the tensile test
samples prepared from the welded sheets fractured in the
heat-affected zone (HAZ). This indicates that the heat-
affected area is the weakest region in the weld.
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All the C(T) samples were subjected to tension using
a 2.5-ton Zwick tensile machine, and their force-
displacement diagrams were obtained. Based on these
graphs, the maximum elastic load values were
determined. Subsequently, the JJJ-integral values for
different welding conditions in the HAZ and the stir zone
(SZ) were calculated and are presented in Table 2. This
table shows that, across all welding conditions, the
fracture toughness of the HAZ is lower than that of the
base metal, whereas the fracture toughness of the SZ is
higher than that of the base metal. For example, in W.
Con. 3, the fracture toughness of the HAZ decreased by
10.98%, while in W. Con. 4, the fracture toughness of the
SZ increased by 41.49% compared to the base metal.

4. Conclusions

In this study, copper plates were joined using the friction
stir welding process under various welding parameters
with helium shielding gas. The objective was to
investigate the mechanical properties of the welds,
including microhardness, tensile properties, fracture
toughness, and their microstructure. Based on the
findings, the following conclusions were drawn:

1. Improvement in SZ properties: The friction stir
welding process improved the mechanical properties
in the SZ. The increase in grain boundaries and
reduction of stress concentration effects significantly
enhanced fracture toughness in the SZ. For instance,
in W. Con. 4, with two welding passes, fracture
toughness increased by 41.49% compared to the base
metal.

2. Effect of welding passes: Increasing the number of
welding passes enhanced the mechanical properties in
the SZ but degraded the properties in the HAZ, which
is the weakest region of the weld. To achieve better
mechanical properties, it is recommended to perform
the welding process under conditions that minimize
heat transfer to the workpiece rather than increasing
the number of welding passes.

3. Recrystallization and grain refinement: The
recrystallization phenomenon led to significant grain
refinement in the SZ, thereby improving its
mechanical properties. For example, in W. Con. 4,
with two welding passes, Vickers hardness in the SZ
increased by 52.85% compared to the base metal.
Conversely, the annealing phenomenon in the HAZ
reduced both microstructural and mechanical
properties. In W. Con. 3, for instance, Vickers
hardness in the HAZ decreased by 28.57%, ultimate
strength by 33.9%, and fracture toughness by 10.98%
compared to the base metal.

4. Importance of tool parameters: The rotational and
traverse speeds of the welding tool are critical factors
influencing the microstructural and mechanical
properties of the welds. These parameters determine
the amount of heat transferred to the workpiece,
thereby impacting the characteristics of the weld. For
example, in W. Con. 3, the high rotational speed of

the tool caused grain growth in the HAZ by 42.8%
compared to the base metal, whereas in W. Con. 2, the
grain growth was only 8.6%.
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