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An FEM simulation on during Friction Stir Welding
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Abstract

The heat transfer and mechanical characteristics
on the welding line of a workpiece sheet due to the
tool pin moving are quite complicated. In this paper, a
thermal-mechanical model for friction stir welding
(FSW) aong with three dimensional finite element
analyses is proposed. The heat generated from the tool
pin and shoulder is considered as the heat source in the
friction stir welding process. A software package —
DEFORM 3D is used to simulate the temperature,
strain and stress distributions of the sheet in FSW. The
simulation results can provide a useful knowledge for
designing the FSW process.

The numerical simulation is preformed by
Deform 3D, the research scope includes the effect of
heat conduction and temperature change upon the
mechanical properties of stirred material during FSW.
The mechanical properties, thermo-mechanical
properties, heat history and stress and strain
distribution of sheet are discussed in detal. The
experiments is carried by using milling machine to
investigate the effect of forming parameters such as
rotating speed of pin, advance speed. The result can
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offers a useful knowledge for optimal designing the
friction stir process.
Keywords: FSW, HAZ, TMAZ, FEM
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A Study on Friction Stir Process of Magnesium Alloy AZ31 Sheet
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Abstract. Friction stir processes (FSP) are important for enhancing mechanica properties of metal
sheets, such as the tensile strength, the elongation, etc. The stress distribution of the tool pin is
affected by the thermo-mechanical characteristics of the workpiece in FSP. Recently, magnesium
alloy AZ31 is widely used in machine industries due to the light-weight materia property. In this
paper, a thermo-mechanica model for FSP using three dimensional FEM analyses is proposed for
exploring temperature distributions, strain distributions and stress distributions of the workpiece.
The heat generated from the plastic deformation and the friction between the head tool and
workpiece is considered as the heat source in the simulation of the FSP process. A commercia
finite element code — DEFORM 3D is used to carry out the simulation of the plastic deformation of
AZ31 sheets during the FSP. The analytical results of temperature, strain and stress distributions of
the workpiece and head tool can provide useful knowledge for tool pin design in FSP

Introduction

Friction stir welding (FSW) was developed for solid state joint technology, which is first proposed
from The Welding Institute(TWI) in 1991[1]. Many papers [2-8] have proved that FSW is useful in
the aluminum sheet joint technology. Furthermore, friction stir welding is also suitable for joint of
nickel, magnesium and carbon steel alloy sheets.

The mechanical properties of a welded sheet material have various advantages such as improved
strength, finer grain size, better fatigue strength and anti corrosion property. Welded sheets with a
FSW process are generally used as the outer sheet of shuttle and aircraft. The thermal-mechanical
affect zone (TMAZ) and thermal affect zone (TAZ) occurred under the welding path, i.e. the
rotating tool pin causes a TMAZ and TAZ. The FSW process is a kind of solid state welding, the
heat flux is assumed to be zero when the temperature reaches the material melting temperature.

In the FSW, the temperature history of sheet materia is under the melting temperature. The flow
pattern around the tools pin and shoulder is very complex [2]. Tang [3] investigated the heat input
and temperature distribution during friction stir welding. He found the highest temperature in the
welding seam less 0.8T,,, and the temperature dose not change appreciably in the sheet thickness.

Khandkar[4] proposed a three dimensional model to study the transient temperature distributions
during the friction stir welding of aluminum. The moving heat source was corrected with the actual
machine power input. Comparison between simulated temperature and experimental data has been
demonstrated. Chen[5] developed a three dimensional model by considering the heat derived from
the friction between the welding tool and welded material. The therma history and evolution of
longitudinal, lateral and through-thickness stress in the friction stirred weld are simulated numerical.

Chao[6] used ABAQUS to develop FEM heat transfer model by formulating the heat transfer of
FSW process into two boundary value problem-a steady state BV P for the tool and atransient BVP
for the workpiece. The detail temperature distribution in the workpiece and the tool was presented.

-8-



Song[7] proposed a three dimensional heat transfer model for FSW by using a moving coordinate.
A non uniform grid mesh is generated for calculating the temperature distribution. Fratini[8]
determine the average grain size due to continuous dynamic recrystallization phenomena in friction
stir welding of AA6082 T6 aluminum alloys. The gain size can be obtained by taking into account
the local effects of strain, strain rate and temperature. Fratini used an inverse identification approach
based on alinear regression procedure to develop the materia properties.

Chang[9] investigated the grin size refinement in AZ31 magnesium aloy by friction stir
processing. The dimension of AZ31 sheet is 10x85x100mm. Chang illustrated the grain size
refinement is effective means of dynamic recrystallization. The relationship between the resulting
grain size and the working strain rate and temperature for the friction stir processing in AZ31
magnesium need to be examined. Chang determined the relationship of grain size and the
Zener-Hollomen parameter.

In above paperg 2-8], due to reduce the difficulty during establishing FEM model, heat flux input
from the friction between tool and sheet material are assumed. It is not reasonable for analysis the
FSW procedure in detail and entirely. In this paper, a FE analysis on friction stir welding of
magnesium AZ31 sheet is developed with software package-Deform 3D. Without estimating heat
flux equation, it calculates the generated heat flux input from the friction caused by rotating motion
during FSW.

In this paper, three dimensional thermal mechanical FE analysis used to investigate FSP of
magnesium alloy AZ31. The plastic deformation of material around the tool pin can be simulated,
the temperature distribution, the strain and stress field can be obtained through the entire FSP
process.

Numerical M odd

The Bessel function is often used to determine the possibility of modeling the temperature
distribution around the FSP tool. It includes the advantage that temperature of sheet can be
investigated theoretical without numerical technology. But it use single heat source to replace the
generated heat source due to the friction between the tool and workpiece. Severa different
simplified generated heat equations are employed as the amount of single heat source and the
temperature distribution fields of the workpiece can be calcul ated.

The FSP of magnesium stedl is investigated by a three dimensiona therma mechanical model.
This model is established by sing commercial code Deform 3D[10]. In this paper, the welding
phenomenon of FSP is neglected and it assumes the tool pin is moving along the central line of
whole sheet. Furthermore only one single sheet is used as the workpiece in FSP simulation without
welding behavior.

Fig. 1 shows the schematic drawing of friction stir welding. It isisometric drawing, i.e., it isthree
dimensional drawing. For athree dimensional numerical simulation, the geometric shape drawing of
workpiece for FEM meshed is shown in the Fig. 2 The FSP is considered in two main motions, first
the rotation behavior of tool pin and shoulder. Second, the magnesium aloy sheet moves at a fixed
Speed.



Workpiece 80 unit:mm

Figure2 Geometric shape drawing of
Figure1l Illustrated schematic drawing of workpiece

Friction Stir Welding. for FEM simulation (top view)
The heat transferred of friction between the tool pin stir and workpiece during FSP includes two
main parts as follows:
(1) Heat source generated by the friction on the surface of the tool pin;
(2) Heat source generated by the plastic work due to the shear deformation of workpiece;
The heat transfer equation is a parabolic PDE and the heat equation of tool and workpiece in the
FSP is defined as the following:

dT o°T o°T o°T
pc— =k( 5+ .+ —g
dt ox- oy° oz

)-h-T+Q in Q (1)

where Q is the domain in workpiece, Q is the heat generated by stir friction between the tool
and the workpiece. p, ¢, k and T are the materia density and the heat capacity, the
conductivity and the temperature, respectively. h. isthe convective heat transfer coefficient. There

term h,-T represents a model of transversal heat transfer the surroundings. aa—T a and a
X

oy 0z
denotes the temperature gradient with X, y and z, respectively.
According to the friction between tool with workpiece, the total heat generated rate at the
workpiece/tool interface, Q is be obtained by following the below equations:

Q= [ AV - u(T)-P(T)ds )

Where u(T) isthe coefficient of work transmitted to heat source, P(T) isthe pressure, both are

dependent on the temperature, T . The heat generated rate is caused by the shoulder of tool pin. The
frictional work at the interface between tool pin and shoulder with workpiece are considered in this
model.

The FSP of magnesium alloy sheet of 8 mm thickness (Z-direction) and 40mm in width
(X-direction) and 80mm in length (Y-direction). The strength of magnesium AZ31l is setup
according to the Deform 3D materia database. The material of tool is use Din-D5-1U, which is also
a pre stored in the Deform 3D material database. Because the friction factor between the
workpiece/tool is more complicated, it is no clear statement until now. For convenience, the friction
factor, is assumed to be a constant value, which is 0.4. The room temperature during performing
FSW is assumed to be 20°C . The flow stress of AZ31 is according to experiment of Chang[11] on
the hot working flow stress of Mg-3Al-Zn. A three-dimensional FE analysis for temperature
distribution of workpiece is proposed to investigate the therma distribution and history of
magnesium alloy sheet during the FSP.
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Calculation Results and Discussion

The magnesium AZ31 is fixed on the table of machine. The tool pin is forced downward with a
constant rotating angular speed 800rpm. After the shoulder touch the top surface of workpiece, the

magnesium AZ31 moves on the Y-axis of sheet with a fixed speed, V =1.5mm/s. This paper
includes 45 seconds for the entire ssimulation for AZ31 friction stir process.

Fig. 3 shows the line contour of calculated temperature of workpiece (24.75s). The high
temperature is around the tool. The higher temperature is near the center of tool pin and the
temperature gradient is steeper at front side of tool. The higher temperature is concentrated on the
interface between the tool and workpiece. It is because that the shear deformation of workpiece is
larger on the sheet. The material is easily yielded due to the shear deformation of workpiece. Fig. 4
shows the line contour of effective stress of workpiece (25.43s). The effective stress near the tool
pin is larger than that near the shoulder. Due to the material of workpiece is constrained by the
material around the tool, the plastic flow near the pin needs larger effective stress to be yielded.

24.75 Sec Temperature 25.43 Sec Stress-Effective
°C (MPa)
B=168 E=311 B=12.2 D=96.7
C=216 F=359 c=54.4 E=139
D=264 G=406 F=131
in 121 i
LUy min 0
max 406 max 329 % B
% Z \ AR
tool moving Y. X ! tool moving Y. | X
Figure3 Line contour of calculated temperature Figure4 Line contour of effective stress
of workpiece. of workpiece.

Fig. 5 shows the line contour of calculated effective strain of workpiece (24.75s). The effective
stress gradient near tool is similar the nugget and the temperature distribution under the shoulder.
The effective stress near the pin is larger than that of base material of workpiece. The plastic flow
near the pin is easily drugged due to the interface friction of tool/workpiece. Fig. 6 shows the line
contour of calculated effective strain rate of workpiece (24.75s). Those illustrate the strain rate
distribution are like those in Fig. 5. The strain rate gradient is concentrated on the tool pin. It is
because the shear deformation of workpiece is more obviously due to friction between
tool/workpiece.
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24.75 Sec Strain - Effective 24.75 Sec Strain Rate -

B=1.74 E=6.91 Effective (s7)

C=3.46 F=8.63 A=0.05 C=10.2

D=5.18 G=10.4 B=5.23 D=15.1
E=20

min 0.018 min 0.01 P
max 10.4 max 103
i N z
tool moving Y.[.X tool moving Y
FigureS  Line C(_Jntour of effective strain of Figure6 Line contour of calculated effective
workpiece.

strain rate of workpiece.

The line contour of damage is shown in Fig. 7. Beside the therma mechanica model for
calculating the temperature distribution of workpiece, the damage can be also obtained by using this
FEM model. The damage is identification parameter illustrate the possibilities of workpiece failure
during FSW procedure. As shown in Fig. 7, the most possibly fracture occurs near the central line of
the tool pin. Avoid the tool or workpiece fracture can enhance the life of tool pin and increase the
product of workpiece of FSW. The design of the tool shoulder and tool pin aso can be modified by
experimental work but it costs much. The fracture phenomenon of workpiece during is important
information for designing the tool pin. It causes the larger damage parameter near the tool shoulder.
The maximum damage of workpiece may cause material or tool failure during Friction Stir Process.
The modification of tool pin geometric profile can avoid the fracture of material and tool.

Fig. 8 shows the line contour of direction of total velocity of workpiece. The plastic deformation
is amost near the welding path as tool pin moving. It is because the friction between tool with
workpiece and straight moving of tool pin. On the other word, the distortion of workpiece near the
tool is more obvious as the tool pin rotates. The maximum of total velocity occurs near the tool pin,
it similar to the effective strain rate distribution of workpiece in Fig. 6. From Fig. 3, 5, 6and 8, is
can be obtained the similar distribution of temperature, strain, strain rate and total velocity. The
TMAZ caused by the friction between the rotating tool and workpiece can be identified. It proves
the existence of TMAZ by using FEM simulation.

24.75 Sec _ Damage

B=0.92 E=3.63 27.98 Sec ~ Velocity - Total ¢ 1
C=1.82 F=4.53 SaDOZaaseane]
D=272 G=543 |. > b vorooon
s T T 174
T
S 8.71
min 0.01 <o
max 7.24 ) Tk oo
) Z'Y tool moving—=> " min 0
tool movin Z X max 26.1 0
d YLX X
. . Figure8 Total velocity distribution on the
Figure7 Line contour of damage of workpiece

workpiece.

Fig. 9 shows the position of temperature pointsof T1, T2, T3 and T4. T1, T2 and T4 are located
on the center line on workpiece. T1 and T3 are located on the middle of length of the workpiece.
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The Z-direction value are Imm in T1, T2 and T3 but 8mm in T4. Fig. 10 shows the temperature
history diagram of T1, T2, T3 and T4. Because the temperature gradient near the pin tool is steeper,
the peak temperature of each curve is occurs when the tool pin pass by the temperature point. The
maximum temperature is located at T4 when the FSP is finished.

400
o -©-T1
20 10 : T2
© 300
_.ﬂTA. &l s T
X, I T4 Fﬂ £ 200 —H-T4
T £
2 100
40 ' unit:mm o e .
60
Time(s)
Figure 9  Position of temperature points of Figure 10 Temperature history diagram of T1,
T1, T2, T3 and T4. T2, T3and T4.
Conclusion

A numerical study on the therma mechanical model of FSW in a three dimensiona coordinate and
meshed by rigid-plastic elements has been developed by using acommercial code Deform 3D in this
paper. The workpiece of magnesium AZ31 is the simulated results offer knowledge of the heat
transfer process for the workpiece in the friction stir welding process. It provides useful data for
designing the friction stir welding process. Several conclusions can be obtained as followings:

(1) This thermal mechanical model of FEM is useful for simulating the heat transfer process in
FSW. The distribution of temperature, strain, strain rate and damage around the tool pin during
FSW has been obtained. It can help design the FSW process and prevent the workpiece from being
damaged during FSW.

(2) The temperature distribution fields, strain and stress fields obtained at each step are
significantly useful for estimating the TMAZ and TAZ of workpiece under the tool pin. These
numerical simulation results can provide a useful knowledge of designing the tool dimension in a
FSW process.

In the future, the three dimensional FEM analysis of FSW with the material properties such as
grain size model will be investigated. The microstructure model due to strain, strain rate and
temperature needs to be included in a three dimensional FEM simulation to determine the grain size
of workpiecein FSW
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