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Abstract

With DEFORM-3D finite element software, by thermo-mechanical coupling method, the physical
modle for bobbin tool friction stir welding was set up. By this model, the temperature field and flow field of
AA 2014 aluminium alloy work plate of 6mm was analyzed, which provides useful information for the
investigation of this new process. Simulation results show that the temperature field of the cross section
presents symmetry approximately about the mid thickness of the work plate. The high temperature zone
has large radius at bottom and top surfaces near the shoulders while small radius at the mid thickness, like
a waist, which is verified by the experiments. The relativey highest steady temperature keeps about 360 °C.
Groove defects are easy to be found in the simulation.
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1. Introduction

Since friction stir welding (FSW) was invented by The Welding Institute (TWI) in 1990,
this technique has been developing fast. Recently, some new types of FSW have emerged,
such as friction stir spot welding (FSSW) [1, 2], friction plug welding (FPW) [3-5], and bobbin
tool friction stir welding [6, 7]. In this paper, bobbin tool friction stir welding is involved.

There is only one shoulder in conventional FSW technique. To generate a force to react
against the welding tool pressure load, it is necessary to have a device of high rigidity and
steady back to achieve conventional FSW successfully [6], which restricts its application to weld
thin metal plate and complex space curve ,such as circumferential direction welding in tank.
Accordingly the bobbin tool is invented by TWI, BOEING and MTS. The bobbin tool has two
shoulders and one pin, as illustrated in Figure 1 and Figure 2. By these two shoulders, the large
pressure in welding progress could be balanced with its internal self-reacting mechanism, and
thus the welding load is taken by the bobbin tool effectively. As well, the steady back could be
removed. So, the progress gets more flexible and could be used to more applications, such as
circumferential direction welding, which is mentioned above.

Figure 1. Photograph of Bobbin Tool Figure 2. Photograph of Bobbin Tool Friction
Stir Welding [7]
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In this paper, with DEFORM-3D finite element software, by thermo-mechanical coupling
method, the physical model of bobbin tool friction stir welding was set up, and the temperature
field and flow field of the welding process was simulated and analyzed. The results could help
study the mechanism of the process deeply, set up the basis to broaden its use scope and
instruct its application to practice.

2. Thermo-mechanical Process and Analysis

Similar to conventional FSW, the bobbin tool friction stir welding process could be
divided into two sequential phases: the preliminary friction preheating phase and the next
steady advancing phase. The preheating phase is the essential stage for enough heat to
proceed succesfully of the the next advancing period.

At the beginning of the process, due to the violent friction between the work plate and
the tool, nearby metal's temperature increase fast, and part work plate metal becomes plastic,
then deep plastic. The plastic deformation becomes the main heat source. The process is a
typical problem of thermo-mechanical coupling, so the couple calculation is necessary.

According to the researchers’study[8], the heat produced by the action between the
shoulder and the work plate Q1 is more than 80% of the total heat production, and the heat
produced by the action between the pin and the work plate Q2 is only less than 20%. The
bobbin tool friction stir welding could be thought as a modification of adding a shoulder based
on conventional FSW. So the friction between the shoulder and the work plate has more effect
on the process. Due to different heat input, the welding character in bobbin tool friction stir
welding is different from conventional process.

During FSW, tool threads wear quickly lead to a “self —optimized” smooth pin surface [9-
12], so the pin was simplified as cylindrical smooth here to avoid possible instabilities. Figure 3
is the geometry model of the bobbin tool. Meanwhile, two wokpieces were simplified to be one
single plate. The whole plate is 400mm*150mm*6mm. The welding beginning position is 100mm
from the boundary of the wokpiece in Y direction,which is the same as the experiment.

Non-uniform mesh is adopted, and the largest ratio of mesh size is 5, as illustrated in
Figure 4. Adaptive remeshing is adopted, after remeshing, the zone of samller elements will be
ajusted to proper size.

Figure 3. Bobbin Tool Geometry Model Figure 4. FEM Mesh Generation Layout Plan
for Workplate

The bobbin tool is considered to be rigid. The plate is considered to be rigid-
viscoplastic. The yield stress of the plate material, which is a function of strain, strain rate, and
temperature, can also be treated as flow stress. In this coupled thermo-mechanical problem, the
temperature filed analysis is a matter of unsteady heat exchange with inner heat source. The
fundamental equation of the heat condition with changeable thermal properties can be
expressed as the following 3-D, unsteady equation:
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Where p, ¢ and k are density, specific heat, and thermal conductivity of the wokpiece

material, respectively, 9 is the internal energy rate.
The friction interface between the tool and the wokpiece is the heat generating face.
The other faces that contact surroundings are for heat dissipation.

3. Results and Analysis
The temperature field and flow field of workplate are involved in the study.

3.1. The Temperature Field

According to the temperature simulation results, on conditions that the welding pressure
is 3500N and the rotating speed is 1000r/min, the preheating phase time is approximately 31s.
Figure 5 is the isothermal diagram on half X-Y section (midthickness of the workplate) at
different time. It could be concluded that along with moving of the tool, the temperature field
around the tool is quasi-steady. The temperature gradient at the front of the welding direction is
larger than the back. The reason lies that the back metal has lower cooling speed and higher
temperature due to worse thermal conditions.

(c) 71.2s (d) 95s

Figure 5. The isothermal Diagram on Half X-Y Section at Different Time ( °0)
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Figure 6 is the isothermal diagram on cross section vertical to the welding direction at
31s (preheating time) of the work plate. It shows that the temperature near the tool is higher,
that is about 450°C. And the zone of higher temperature is wider on the work plate surfaces than
the mid thickness. So, the higher temperature zone shows the distribution of narrow at mid
thickness and wide at top and bottom surfaces. Different from conventional FSW, the
temperature field on X-Z cross section in bobbin tool friction stir welding presents symmetry
approximately about the mid thickness of the work plate, like a waist. The reason is that at
preheating period, the heat generated by friction between the shoulder and the wokpiece takes
great part, compared to the heat by the pin and the work plate. In this study, the two shoulders’
diameter are same, as illustrated in Figure 3. At the same rotation velocity and the same
pressure, the heat generated by the work plate and each shoulder is the same approximately
too.

Figure 6. The isothermal Diagram on X-Z Figure 7. Macro Photo of the Weld Specimen
Cross Section at 31s Cross Section (X-Z) after Etching

This can be verified indirectely by the macro photo of the weld specimen cross section
(X-2Z) after etching, as illustrated in Figure 7. In the photo, two gray line are added to indicate the
sketch of a waist in a plane. Its sketch is similar to higher zone distribution in Figure 6. Due to
different heat generation, temperature cycle and force, differnent zone has grain of different
size, as well some other propertits. Yet for those zones that undergo similar temperature cycle
and force, they could have similar microstructure and similar appearance after etching. This
balanced heat input and temperature distribution in bobbin tool friction stir welding can aviod the
root defcts effectively.

At the mid thickness of the wokpiece, 15 points’ temperature change with time were
tracking. The 15 points were distributed as Figure 8. Point A, B, C, D, E are on the welding line,
with the internal of 20mm. Point A is the beginning welding point. A1, B1, C1, D1, E1 are on the
retreating side with the internal of 20mm. A2, B2, C2, D2, E2 are on the advancing side with the
internal of 20mm too. A1, A and A2 have the same Y coordinate, Z coordinate, but different X
coordinate, and each internal is 8mm. The same situation is true for B1. B and B2, and so on.
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Figure 8. Tracking Points Distribution
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Figure 9 is the simulation results of the temperature profile with time of point A, B, C, D,
E. The figure shows that the temperature changing trends for each point are the same
approximately. And point A is a little special, because it locates at the welding beginning
position. While in the unsteady preheating period, the temperature here experiences more
instability and fluctuation.

The temperature increases by the curve with several inflexions, but not increases
continuously, which is similar to popular friction welding. The existence of inflexion is associated
with the change of the friction torque virus time and the flow of vico-plastic material on the
friction interface [13].

Figure 9. The Simulation Result of Temperature History of Mid Weld Point

Figure 10 is the simulation results of the temperature profile of retreating side and
advancing side respectively. The max temperature for the point at retreating side is about 40°C
higher than advancing side. This is because the plastic material moves from the advancing side
to the retreating side by the tool, taking some heat with it. The relativey highest steady
temperature keeps about 360°C.
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(a)The retreating side (b)The advancing side

Figure 10. The Simulation Result of Temperature History of Different Side Point

3.2. The Flow Field

During the process of bobbin tool friction stir welding, the flow pattern is more complex
than conventional FSW, due to the existence of the second shoulder. The metal flow pattern
can affect the weld figuration straightly and effectively.
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Figure 11 is the flow distribution on top and bottom surface for workplate. The
simulation results showed that the max velocity of the flowing material could be 47mm/s on
conditions of the study. Two shoulders help move of the workplate material. Surface figuration
of both side is good.

(a) Top surface ] (b) Bottom surface

Figure 11. Flow Distribution (velocity) on Top and Bottom Surface for Workplate

In the simulation, if the temperature of the work plate metal is higer, the flow stress is
lower, then the weld would have better figuration due to easy flowing. Otherwise, defects like
crack, lack of penetration and groove might occur.

However,in the simulation, to avoid possible instabilities, there is no obliquity of the tool,
and simplified cylindrical pin is adopted. So there are more tendencies to form the defect of
groove in the weld, as shown in Figure 12. For perspicuous understanding, only the wok plate is
involved in Figure 12.
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Figure 12. Groove in the Simulation

4. Conclusion

Bobbin tool friction stir welding is a new type of FSW. As a new kind of FSW technique,
the bobbin friction stir welding has differences and similarities with conventional FSW.

The heat input in the bobbin tool friction stir welding is different, because of the
additional shoulder. The temperature field on X-Z cross section in bobbin tool friction stir
welding presents symmetry approximately about the mid thickness of the work plate, like a
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waist, which is verified indirectly by the macro photo of the weld cross section. In bobbin friction
stir welding simulation, the max temperature for the point at retreating side is about 40°C higher
than advancing side, which is similar to conventional friction stir welding. Due to the
simplification for the tool, the defect of groove is more easy to be found in the simulation.
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