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Abstract: Friction stir welding (FSW) is applied extensively in industry for joining of nonferrous metals especially aluminum. A
three-dimensional model based on finite element analysis was used to study the thermal characteristic of copper C11000 during the
FSW process. The model incorporates the mechanical reaction of the tool and thermo-mechanical characteristics of the weld material,
while the friction between the material and the probe and the shoulder serves as the heat source. It was observed that the predicted
results about the temperature were in good compatibility with the experimental results. Additionally, it was concluded that the
numerical method can be simply applied to measuring the temperature of workpiece just beneath the tool. The effects of preheating
temperature and pin angle on temperature distribution were also studied numerically. The increase of pin angle enhances the
temperature around the weld line, but preheating does not affect temperature distribution along the weld line considerably.
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1 Introduction

Friction stir welding (FSW) is a recently emerged
solid-state joining technology patented by the Welding
Institute (TWI) in 1991 [1]. The process is illustrated
schematically in Fig. 1, where a rotating cylindrical
shouldered tool plunges into the butted plates and locally
plasticizes the region around the separation line during
its movement and correspondingly results in the stirring
of the material in the nugget and two workpieces are
finally joined together [2]. In this process, the heat is
originally derived from the friction between the welding
tool (including the shoulder and the probe) and the
welded material, which causes the welded material to
soften at a temperature less than its melting point. The
softened material underneath the shoulder is further
subjected to extrusion by the tool rotational and
transverse movements. It is expected that this process
inherently produces a weld with less residual stress and
distortion as compared with the fusion welding methods,
since no melting of the material occurs during the
welding.

Although FSW is a new welding technology, it has
been extensively studied in both the academic and

industrial communities for most nonferrous alloys
especially  difficult-to-fusion-weld alloys. Among
different issues in regard with FSW, temperature analysis
and heat transfer phenomenon during this process have
been the point of focus. TANG et al [3] experimentally
measured temperature distribution for a workpiece
welded by FSW method. ZHANG et al [4] used a
thermo-mechanical model to predict the effects of the
FSW process parameters on temperatures and material
behaviors, and found that both the increase of the
rotating speed and the decrease of the welding speed can
lead to the increase of the stirring effect of the welding
tool, which can improve the friction stir weld quality.
GOULD and FENG [5] proposed a simple heat transfer
model for predicting the temperature distribution during
the FSW process. CHAO and QI [6] developed a moving
heat source model in a finite element analysis and
simulated the transient temperature, residual stress and
residual distortion of the FSW process. ZHANG et al [7]
investigated the temperature rises, energy histories and
material flows by application of a fully coupled thermo-
mechanical finite element model in order to study the
effects of thickness during FSW process of AA2024-T3.
They concluded that the stirring effect of the
welding tool becomes weaker in FSW of thick plates.
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Fig. 1 Schematic illustration of FSW process

Furthermore, COLEGROVE et al [8] and FRIGAARD et
al [9] developed three-dimensional heat flow models for
predicting temperature fields developed in workpieces
during the FSW process. MIDLING [10], RUSSELL and
SHEERCLIFF [11] investigated the effect of tool
shoulder material and pin tool on heat input during the
FSW. Most currently, DONNE et al [12] reported the
measured residual stresses in friction stir welds for
2024-T3 and 6013-T6 aluminum alloys. DONG et al [13]
carried out a coupled thermo-mechanical analysis of the
FSW process using a simplified two-dimensional
axisymmetric model. CHAO et al [14] investigated the
variations of heat energy and temperature produced by
the FSW in both the workpiece and the pin tool. In the
current work, the effects of pin angle and preheating on
the temperature distribution resulting from FSW method
and developed in copper workpieces were investigated.

2 Experimental

2.1 Configuration of tool and workpieces

Copper C11000 workpieces with dimensions of
60 mmx20 mmx3.1 mm were prepared (see Fig. 2). The
workpieces were polished and cleaned with acetone on
the welding surface and then placed on a backing plate
and clamped rigidly by an anvil along the welding
direction to prevent lateral movement and lifting. A
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Fig. 2 Dimensions of tool (a) and pin (b) (unit: mm)

welding tool made of SKH9 high-speed steel and
comprised of a shank, shoulder, and pin was used during
the welding. The rotating welding tool was slowly
plunged into the workpiece until the shoulder of the
welding tool forcibly contacted the upper surface of the
material. After a preheating time, the welding tool was
forcibly translated along the joint line until the end of the
line and finally moved back while the spindle continued
to turn. The spindle of this self-designed FSW apparatus
can spin with rotational speeds from 400 to 1200 r/min,
and the fixture table, driven by a servomotor, can move
at speed from 20 to 60 mm/min.

A concave part close to the shoulder was specially
designed to prevent massive heat loss from the shoulder
to the shank of the tool. An inclination angle of 1°, with
respect to the welding tool and the normal vector of the
workpiece, was set before welding to allow the tool to
smoothly traverse the workpiece.

Two welding conditions, ©=800 r/min, v=30
mm/min and o= 900 r/min, v=50 mm/min, were selected
for experiments. During the FSW process, the pin was
first plunged into the workpiece with a depth of 2.85 mm.
At this moment, the downward force was about 4 kN.
After the temperature increased to about 400 °C, the
downward force increased to about 7 kN due to the
expansion of the heated metal. Circular rings on the
surface of the weld could be clearly observed, and a hole
was left after the pin retracted from the workpiece, just
as happened in the standard FSW process.

2.2 Layout of thermocouples

Four K-type grounded thermocouples with a sheath
diameter of 1 mm were used for temperature
measurement. A digital thermometer, TM-747D, was
used to connect four thermocouples to a personal
computer that contained a data acquisition system
installed to record the temperature histories during FSW.
Small holes with a diameter of 1 mm were drilled on
both sides of the workpiece in order to accommodate the
thermocouples. The positions of the thermocouples
inside the workpiece are shown in Fig. 3. A small indent
at the entrance of each drilled hole was made to prevent
the thermocouple from being crushed by the clamp. The
sensing head of the thermocouples is approximately 1
mm in length and the holes used to accommodate the
thermocouple have a depth of 11 mm. Therefore, the
thermocouples were securely embedded in the holes and
the temperature could be accurately measured without
any external disturbance. The rotation direction and the
motion direction of the tool are shown in Fig. 3. As
further depicted in Fig. 3, two of the four thermocouples
(TC1 and TC3) were placed on the advancing side, and
the other two (TC2 and TC4) were placed on the
retreating side. The distances between the tips of the
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thermocouples and the joint line are all 6 mm. This kind
of layout was used to measure the temperature histories
on the advancing and retreating sides.
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Fig. 3 Layout of thermocouples inside workpiece (unit: mm)
3 FEM model

FSW welding process was modeled by Abaqus/
Explicit software to do a thermal analysis. Due to
similarity, only half of the tool and workpieces were
modeled. Although the workpieces were assumed elastic-
plastic, tool was considered rigid. The meshed part as
well as tool is shown in Fig. 4. The workpiece consisted
of two layers of elements in the thickness direction and
5025 eight-node brick solid elements were totally applied
for discretization of workpiece. Different mesh element
sizes were assigned to different regions. ALE-Lagrangian
adaptive meshing was performed in adaptive mesh
domains. Lagrangian adaptive mesh domains were
usually used to analyze transient problems with large
deformations. The smallest element was in the region of
the weld and had the dimensions of 2.64 mmx0.9 mmx
0.62 mm. The mechanical properties were assumed
constant, while the thermal properties were considered
temperature-dependant. The thermal-mechanical data
related to copper C11000 at room temperature are
presented in Table 1.

The temperature history of each node of the

Fig. 4 Meshed workpieces as well as tool utilized during
simulation of friction stir welding

Table 1 Mechanical and thermal properties of copper C11000
alloy at room temperature [15]

E/ o,/ Density/ Conductivity/ Specific heat
A% _ _ _ _ _
GPa MPa (kgm®) (W-m "“K™') capacity/(Jkg "K)

115 0.33 180 8890 388 385

FE-model was extracted and transferred to a further
FE-model of the joint considering an elasto-plastic
behavior of the copper C11000 material. Temperature
distribution in workpiece and tool resulting from the
simulation of FSW process is schematically shown in
Fig. 5.

Fig. 5 Temperature distribution in workpiece and tool
4 Discussion and results

4.1 Comparison between experiment and simulation
results

Welding conditions were simulated carefully using
Abaqus software [16] and temperatures for different
nodes were determined. Comparisons between the
numerical and experimental temperature histories, based
on data recorded by thermocouples (Fig. 3), for the same
locations and for two welding conditions are
demonstrated in Figs. 6 and 7. Figure 6 relates to w= 800
r/min and v=30 mm/min welding condition, while for
Fig. 7 the welding condition is w= 900 r/min, v=50
mm/min.

It is shown from these figures that although
numerical data do not confirm the experimental results
exactly, but the differences are acceptable and especially
the maximum temperatures have good compatibility.
Additionally, the determination of temperature for
locations where experiment is impossible (beneath the
pin) and cost and time reductions are some advantages of
numerical process over the experimental route.

4.2 Pin angle effect

In Fig. 8 the pin angle is illustrated. The effects of
three pin angles, 5, 15 and 25, on temperature
distribution were investigated numerically. The resulting
distributions are compared with that resulting from
non-rotated pin in Fig. 9.

It is observed that the increment of pin angle results
in expansion of contours, namely, temperature around the
weld position increases. This can be related to the
enhancement of contact area between the pin and the
workpiece and correspondingly further subjection of
softened material underneath the shoulder to extrusion as



R. KEIVANI, et al/Trans. Nonferrous Met. Soc. China 23(2013) 2708-2713 2711

600

Temperature/°C
e
S
S
T

=
=
T

= — FEM
4+ — Experimental

60 80 100

Time/s

120 140

400
()

300

(3]

=

=
T

Temperature/°C

100 -

= — FEM
4+ — Experimental

0 20 40

60 80 100
Time/s

120 140

Temperature/°C

Temperature/°C

600

400

300

[
=
=

100

=— FEM
4+ — Experimental

20

40

60 80 100 120 140
Time/s

(d)

= — FEM
» — Experimental

0

20

40

60 80 100 120 140
Time/s

Fig. 6 Comparison between experimental and numerical temperature histories at welding condition of w=800 r/min, v=30 mm/min:

(a) TC1; (b) TC2; (¢) TC3; (d) TC4
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Fig. 7 Comparison between experimental and numerical temperature histories at welding condition of w= 900 r/min, v=50 mm/min:

(a) TC1; (b) TC2; (¢) TC3; (d) TC4



2712 R. KEIVANI, et al/Trans. Nonferrous Met. Soc. China 23(2013) 2708-2713

O_Shoulder

Pin angle

\_‘_/ \ Shoulder
L contact area

Fig. 8 Schematic design of tool applied in current research
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the tool rotates and traverses. In Fig. 10 the temperature
distributions along a path normal to the weld line and for
different pin angles are illustrated. It is also shown from
this figure that the temperature increases as the pin angle
enhances.

4.3 Preheating effect

The effect of preheating on temperature distribution
is shown in Fig. 11. It is observed that as the initial
temperature increases, temperature enhances and its
curve levels up. It is also observed that while for initial
times of welding which relates to plunging step the
differences between the curves are large, this differences
for times beyond the plunging are negligible. This can be
related to the effect of temperature on mechanical
properties, especially yield strength. As the initial
temperature increases, the yield strength decreases [17],

and as a result less forming force is required for
deformation during FSW process and consequently less
friction stress [18] and heat are generated [7]. While for
the workpiece initially heated to low temperature, the
generated heat is high, for the workpiece initially heated
to high temperature, the produced heat is low. Therefore,
the effects of two parameters, namely initial temperature
and produced heat during FSW process, for time beyond
the plunging step counterbalance each other and the
differences among the temperature histories are low.

It should be mentioned that, in the current work, the
yield strength is assumed as a temperature-independent
variable. It is predicted that regarding the yield strength
as temperature-dependant would result in enhanced
effect of the latter parameter. Respectively, the
differences among the curves, related to different initial
temperatures, for time beyond the plunging step would
be lower. It can be concluded that although preheating
results in high initial temperature of workpieces, but as
lower heat is produced during welding process, it does
not affect the temperature distribution along the weld line
largely.

5 Conclusions

1) As pin angle increases, due to the increment of
friction which has the decisive effect on generating heat
during FSW process, temperature around the weld line is
enhanced.

2) The effect of preheating on temperature
distribution along the weld line, due to the effect of
generating heat during FSW process, is minor.
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Fig. 9 Thermal distribution for four pin angles: (a) 0°; (b) 5°; (c) 15°; (d) 25°
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