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Abstract Dual-rotation friction stir welding (DR-FSW) is
a new variant technique of friction stir welding. By
adopting different rotation speeds for the pin and shoul-
der, the temperature gradient can be adjusted to help de-
crease overheat and the dissolution of the strengthening
precipitates and produces good joints for some cases, such
as thick plates. In this study, by thermal-mechanical cou-
pling method, with the help of finite element software—
DEFORM-3D, the temperature field of workpieces in DR-
FSW for an 80-mm-thick 5A06 aluminum alloy was sim-
ulated, and the temperature gradients at different rotation
speed ratios were calculated and analyzed. Better process
parameters could be concluded using optimization. In our
simulation, the rotation ratio of 200 rpm for the shoulder
and 400 rpm for the pin in the first group achieved the
gentlest temperature gradient in thickness direction with a
temperature difference between the upper and lower sur-
faces of less than 30 °C. The study represents a practical
reference for choosing process parameters in the actual
DR-FSW process.
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1 Introduction

Since friction stir welding (FSW) was invented by The
Welding Institute (TWI) in 1991 [1–3], it was deemed ef-
fective for joining hard-to-weld metals [4]. Many advan-
tages of FSW such as energy-efficiency, environmental
friendliness, and versatile green [2] have attracted more
researchers, and it has been widely used in more conditions
[5–9]. At the same time, some new variant techniques were
developed such as bobbin tool friction stir welding [10,
11], friction stir spot welding [12, 13], and friction plug
welding [14–16]. Among these methods, the dual-rotation
friction stir welding is a relatively new variant technique
where the tool is divided into two separate parts, that is, the
pin and the shoulder can rotate at different speeds [17]. Yet
in conventional FSW, the tool is built as a whole, and the
pin and the shoulder rotate at the same speed such that the
heat produced by the shoulder of the larger diameter ac-
counts for a large proportion of the whole frictional heat
[18, 19]. In this case, there is a larger temperature gradient
in the thickness direction of the workpiece, especially for
thicker plates. To weld thicker plates successfully, a higher
temperature near the shoulder is required and often leads to
the direct overheating and dissolution of the strengthening
precipitates and results in poor joint properties [20–22].
With dual-rotation friction stir welding, the overheating
or incipient melting that greatly deteriorates the micro-
structures and mechanical properties can be reduced large-
ly because the temperature near the shoulder can be
lowered by decreasing the rotating speed of the shoulder
[23]. Li et al. [24, 25] successfully performed the reverse
dual-rotation friction stir welding (RDR-FSW) of
AA2219-T6 and compared the microstructures and me-
chanical properties of its different welding parameters.

* X. M. Liu
xuemei_buaa@sdu.edu.cn

1 Key Laboratory for Liquid-Solid Structural Evolution & Processing
of Materials Ministry of Education, Shandong University,
Jinan 250061, China

2 Shanghai Aerospace Equipments Manufacturer,
Shanghai 200045, China

Int J Adv Manuf Technol (2017) 91:2869–2874
DOI 10.1007/s00170-017-0007-9

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-017-0007-9&domain=pdf


They also analyzed the effects of reverse-rotating the
shoulder on structures and joint properties. Simulations
were also conducted to model the material flow and heat
transfer in RDR-FSW [26–28].

Previous research has shown that obtaining satisfied
joints requires a median temperature (i.e., neither too
high nor too low) near the shoulder such that there is a
better rotational speed ratio in dual-rotation friction stir
welding for specific cases. The present study used the
finite element method to simulate and analyze the tem-
perature gradients at different rotational speed ratios and,
by optimization, provided better process parameters that
can represent a practical reference for choosing the pro-
cess parameters in the actual dual-rotation friction stir
welding process.

2 Numerical modeling

2.1 Geometric model

The geometric model of the workpiece was set up in DEFORM-
3D. For simplification and to avoid misconvergence, the work-
piece was simplified to be one whole plate with a geometric size
of 500 mm × 120 mm × 80 mm.

The geometric model of the tool was set up using UG
software and was then exported to DEFORM-3D, as illus-
trated in Fig. 1. The outer diameters of the sub-size con-
cave shoulder and the assisted shoulder are 44.83 and
50 mm, respectively, while the root diameter of the pin
is 33.92 mm.

Figure 2 is the assembly model showing the starting point
of welding set to a 60-mm distance from the workpiece’s

length boundary, a 0.8° tool tilt angle, and a pin depth of
77.46 mm.

2.2 Mesh generation

A non-uniform mesh was adopted to improve calculation
accuracy and time efficiency. Altogether, 25,000 meshes
were adopted. Different mesh generations were used for
the first period, wherein the tool was screwed down, and
for the second period, where the tool had a transverse
movement. Figure 3 shows the mesh scheme for the first
period with only a cylinder around the tool which adopted
fine mesh. In the second period, both the cylinder and the

Fig. 1 Geometric model of the tool

Fig. 2 Assembly model of the workpiece and tool

Fig. 3 Mesh scheme for the first period of tool’s screw down
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cuboid are present such that the tool would move inside
the adopted fine mesh (Fig. 4). A mesh deforming ratio
exceeding 0.7, which is the remeshing criteria, triggers
remeshing.

2.3 Material properties and governing equations

A rigid tool was assumed given that the tool wear loss
was neglected during the process. A rigid-viscoplastic
aluminum alloy (5A06) was assumed for the welding pro-
cess such that, in the simulation, the process was simpli-
fied to be a non-isothermal forming problem with heat
transfer analysis with a rigid tool and a rigid-viscoplastic
workpiece.

The thermophysical parameters of the workpiece
(5A06 aluminum alloy) were obtained from the material
library of the DEFORM-3D software, with a focus on
the plastic flow data. These data govern the deformation
and flow behavior of the workpiece undergoing perma-
nent deformation. In the simulation, the flow stress is a
function of the strain, strain rate, and temperature. That
is,

σ ¼ f ε; ε ̇; T
� �

ð1Þ

where σ is the flow stress, ε is the effective plastic strain, ε̇ is

the effective strain rate, and T is the temperature.
The process of friction stir welding was considered a

coupled thermomechanical problem that could be treated

as a matter of unsteady heat exchange with an inner heat
source. The fundamental equation of the heat condition
with changeable thermal properties can be expressed as
the following three-dimensional (3D), unsteady equation,
which was illustrated by an earlier study [29]:

ρc
∂T
∂t

¼ k
∂2T
∂r2

þ 1

r
∂T
∂r

þ ∂2T
∂z2

� �
þ q ̇ ð2Þ

where ρ, c, and k are the density, specific heat, and thermal

conductivity of the workpiece material, respectively, and q ̇ is

the internal energy rate.
The common properties of the 5A06 aluminum alloy at

room temperature are listed in Table 1.

2.4 Boundary conditions

To avoid tool influence on the workpiece’s movement,
the node velocity in the workpiece’s side faces were
specified. During the first period of tool’s screw down,
there was no movement in the x-, y-, and z-directions of
the nodes and sides. During the second period of tool’s
transverse movement, there was no movement in the x-
and z-directions, although a velocity of 0.3 mm/s was
set in the y-direction.

The friction interface between the tool and the work-
piece was treated as the heat-generating face. The other
faces that contacted the surroundings were treated as the
heat-dissipating faces. In the simulation, water-cooling in

Table 1 Density, specific heat capacity, and thermal conductivity of
5A06 aluminum alloy at 20 °C

Properties ρ/(g cm−3) c/(J kg−1 K −1) k/(W m−1 K−1)

5A06 2.63 904 120

Fig. 5 The experimental equipment setup

Fig. 4 Mesh scheme for the second period of tool’s transverse movement
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the real process was regarded as a cooling resource acting
on the faces of the contacted surroundings. The amount of
cooling resource was calculated using the corresponding
heat transfer formula.

3 Experimental work

Experimental work was performed to test the simulation
results, wherein thermocouples were used to measure the
temperatures, and a two-plated device was clamped the
workpiece firmly to control and reduce the welding defor-
mation in FSW, as illustrated in Fig. 5. The size of the
workpiece with additional plates was the same as the
workpiece used in simulations for two reasons. Firstly,
this reduces the amount of calculations required in the
simulation and would result in more accurate test simula-
tion results. Secondly, this ensures more convenient and
efficient thermocouple installations. Seven thermocouples
were installed altogether at 10-mm intervals in the direc-
tion of the thickness (z-axis) and at a 40-mm instance
from the outer sides of the additional plates (Fig. 5). In
the experiments, a hole was preset to avoid too much
material being forced out, thereby affecting the judgments
of the screw down.

In the experiment, the pin rotated at 400 rpm and the
shoulder rotated at 200 rpm. The plunge depth of shoulder
was 1–1.5 mm and the tool’s transverse speed was
18 mm/min during the second period. During the welding
process, cooling water was poured to the weld continu-
ously to avoid overheating.

4 Results and discussion

4.1 Temperature changes with time

During testing, the lowest couple dropped off and six
temperature points were recorded. Figure 6 is the compar-
ison chart of the temperature curves changing with time
for six spots between the experimental and simulation
results. Among these curves, curves 1–6 are the experi-
mental results and curves 1′–6′ are the simulation results,
correspondingly. Figure 6 depicts similar developing
trends between the similar and experimental results for
each of the six points, such that the highest temperatures
are approximately the same. The large thickness (80 mm)
of the workpiece could not avoid fluctuations and re-
quired a finer mesh size even with the large amounts of
meshes and non-uniform mesh adopted. This was espe-
cially true for the spots in the experiment, which is a bit
farther from the weld middle and is not in the zone of the
finest meshes.

4.2 Influence of rotation rate ratio on temperature field

Three different groups of rotation rate ratios were set, namely
200 rpm for the shoulder and 400 rpm for the pin in the first
group, 200 rpm for the shoulder and 500 rpm for the pin in the
second group, and 100 rpm for the shoulder and 500 rpm for
the pin in the third group. The other conditions were the same,
such that the welding speeds were all set at 0.3 mm/s.

At 39 s, the tool was screwed to the bottom and the
temperature field achieved a quasi-steady state, although

Fig. 6 Comparison chart of
temperature changes with time for
six spots between the
experimental and simulation
results
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the second period of tool transverse movement had not
started. Therefore, the cross-sectional temperature cloud
of the workpiece was captured at 39 s for different rota-
tion rate ratio conditions, as illustrated in Fig. 7.

Figure 7 shows a lack of significant difference in the tem-
perature distribution between the first and second groups,
whereas the third rotation rate ratio condition illustrates a
much lower temperature than abovementioned conditions.
Therefore, it can be concluded that the heat generated by the
shoulder still shares a large proportion in the FSW of the
thicker plate.

At certain times, the temperature around the tool was
captured for points to get temperature gradients in the

thickness direction at different rotation speed ratios. At a
time of 167 s in the second period of the steady tool
transverse movement, 5-mm distances were collected
from the temperature points to the weld center as well
as in the 2-mm intervals in thickness direction between
temperature points.

Figure 8 illustrates the temperature distribution gradi-
ent in the thickness direction for different rotation rate
ratio conditions. The results show the temperature distri-
bution gradient in the thickness direction for the first
group (200 rpm for the shoulder and 400 rpm for the
pin) as the gentlest and the temperature difference be-
tween the upper and lower surface remaining below
30 °C. Therefore, successful welding can be achieved,
such that the lower surface maintains its plasticity, when
the upper surface is maintained at a relatively low temper-
ature to avoid overheating and poor welding quality.

5 Conclusions

(1) The simulation results of the temperature changes with
time for the six points showed a similar trend with that of
the experimental results, thereby validating the effective-
ness of the simulation model in providing guidance for
the real process.

(2) The cross-section temperature clouds of the workpiece at
39 s for the different rotation rate ratio conditions showed
that the heat generated by the shoulder still provided a
large proportion of whole heat for welding during dual-
rotation friction stir welding.

(3) In our simulation, the rotation ratio of 200 rpm for the
shoulder and 400 rpm for the pin in the first group had
the gentlest temperature gradient in the thickness

(a) The first group (200 rpm for the shoulder and 400 rpm for the pin) 

(b) The second group (200 rpm for the shoulder and 500 rpm for the pin) 

(c) The third group (100 rpm for the shoulder and 500 rpm for the pin) 

Fig. 7 Cross-section temperature clouds of the workpiece at 39 s for
different rotation rate ratio conditions

Fig. 8 Gradient of temperature distribution in the thickness direction for
different rotation rate ratio conditions (t = 167 s)
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direction, whereas the temperature difference between
the upper and lower surfaces was below 30 °C.
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