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Abstract

The commercial applications of friction stir welding (FSW) to hard materials are limited by tool
breakages. But the tool forces and the relations to tool geometries remain unknown. So, here we
established a model on calculation of tool forces in FSW and examined how the tool design affects
the temperature fields and the tool forces along the welding direction. Results indicate that
temperature rises are very important for the tool forces in FSW. Both the increase of the shoulder
size and the increase of the rotating speed can lead to the increase of the welding temperatures in
FSW and then decrease the tool forces in the welding direction. Larger shoulder or higher rotating
speed can increase the tool life.
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Introduction

Friction stir welding (FSW) has been invented for more than 15 years. Due to its solid joining
nature, FSW has many advantages over the traditional fusion welding techniques, such as low
distortion, low welding defects, fine grains in welding zone, etc., which makes it being successfully
applied to aerospace, automobile, ship industries, etc. In FSW, a rotating tool is inserted into the
butt of two welding plates and then translates along the welding line [Thomas et al. (1991); Mishra
and Ma (2005)]. Based on the principles for FSW, friction stir processing (FSP) was developed by
[Berbon et al. (2001)] as a genetic tool for microstructural modifications. FSW has been used for
the joining of aluminum alloys [Ahmed et al. (2008); Altenkirch et al. (2008); Nielsen (2008);
Fonda et al. (2008); Cabibbo et al. (2007)], magnesium alloys [Afrin et al. (2008) ; Gharacheh et al.
(2006); Park et al. (2003)], stainless steels [Reynolds et al. (2003); Saeid et al. (2008)], titanium
alloys [Mironov et al. (2008); Lee et al. (2005)], copper alloys [Park et al. (2004)], composite
materials [Feng et al. (2008); Fernandez et al. (2004)] and even the joining of dissimilar materials
[Kwon et al. (2008); Ouyang et al. (2006); Cavaliere et al. (2009)]. During the welding process,
welding tool is believed to be the key component for a successful FSW [Elangovan et al. (2008);
Zhang et al. (2009); Kumar and Kailas (2008)], especially for FSW of strong material [Bhadeshia
and DebRoy (2009)]. Although the tool force in welding direction can be measured in experiments
[Yan et al. (2005)], the theories for determination of the tool forces in FSW should be needed for
the development of reliable, lasting and cost effective welding tools and even for the optimization
of welding tools with lower costs. So, here we presented a method for calculation of tool forces.
Temperature rises are believed to be one of the key factors to affect the plasticized material flow
near the welding tool [Zhang and Zhang (2009); Nandan et al. (2007)]. So, the calculated tool
forces, the temperature rises and the different tools are considered together for the examination on
how the tool design affects the temperature fields and the tool forces along the welding direction.

Model description

ABAQUS was used with the combination of the user subroutine which was compiled by
FORTRAN code for the description of a modified coulomb friction law [Zhang (2008)]. Eight node
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thermo-mechanical brick elements are used for the mesh generation of the workpiece. For
convenience of mesh generation with brick elements, a circular workpiece with the radii of 30mm is
considered. The model has been validated for the temperature and material flow during FSW of
AA6061 [Zhang and Zhang (2008); Zhang et al. (2011); Zhang and Zhang (2007); Zhang and
Zhang (2009)]. The applied axial pressure is selected to be 70MPa, the pre-heating time 1.5s and
the traverse speed 140mm/min for the current computations. The inflow temperature is set to be the
room temperature (25°C). The boundary of the welding plate is treated as Eulerian type, on which
the motion of the material points can be independent of the meshes. Arbitrary Lagrangian—
Eulerian (ALE) method [Belytschko et al. (2000)] is combined with the adaptive meshing to avoid
excessive element distortions. Four different tool profiles are used for the numerical comparisons,
as shown in Fig.1. For the tool with a shoulder diameter of 20mm, three rotating speeds, i.e.
500rpm, 550rpm and 600rpm are used to study the effect of rotating speed on tool force. For other
cases, the rotating speed is set to be 500rpm.
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Figure 1 Schematics of welding tools

As shown in Fig.2, the tool forces in FSW can be determined by the hydraulic pressure and the
frictional stresses on contact surfaces,

Flong = J'psin 0ds, + jpt cos0dS, + J'ptdSZ 1)

Sy Sy S,

where p is the hydraulic pressure and p; frictional stress. S; and S; are the pin-plate contact area and
the shoulder-plate contact area, respectively.
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Figure 2 Calculation of tool forces in FSW

The hydraulic pressure can be obtained from the trace of the stress tensor in FSW,
1
p= ~3 trace(c;) (2)

where oj; is the Cauchy stress tensor which can be computed using the constitutive equation,

Gy = Cijklgil (3)

1

where Cjjq is the elasticity tensor and &, is the elastic part of the strain( ¢, — &} ). The total strain
can be computed using the strain displacement equation,

8iJ':%(ui,J""Uj,i) (4)

where u; is the displacement. The boundary condition used for the inflow and outflow regions are
u;=0 for i=2, 3 and u;=140mm/s for i=1.
The predictor-corrector method is used for the calculations of the plastic strain,
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where A is the plastic rate parameter, ¢' is the deviatoric stress, and & is the von Mises effective
stre4ss. The yield function can be defined as,

f=6-0,(T)=0 (6)

where o is the yield stress which is the function of temperature.
The temperature is determined by solving the heat transfer equation

or o, 0Ty o, o0T) o, dT
c—-——|k—|-——|k—|-—| k—|-pQ=0 7
Pt éx( axJ ay( ayJ 82( sz PQ 0
kgnx+kgny+kﬁnz=q (8)
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where p is the density, c is the specific heat, k is the thermal conductivity, q is the heat flux on the
contact area and ny, ny, n, represent the directions. The temperature dependent values of ¢ and k can
be found in [An and Liu (1998)]. Q is the heat generated by the plastic deformations,

Q= Gijéi’} )

where & is the strain rate.
The heat flux on the contact area q is,

q= 77p17 (10)

where 7 is the fraction of frictional heat entering the workpiece (90% in current work), 7 is the
relative velocity between the tool and workpiece.

The general finite element form for the heat transfer equation can be obtained by the spatial
discretization,

CT+KT =P (11)

where C is the heat capacity matrix, K the thermal conductivity matrix and P is the thermal load
matrix which is determined by the mentioned internal heat source, the heat flux on contact surface
and the boundary conditions. Explicit forward difference integration method is used to solve this
equation.

The displacement required to compute total strain can be determined solving the equation of
motion,

o tF=pUy (12)

where F; is the body force per unit volume and u;« is the acceleration.
The classical finite element form of the above equations can be obtained by spatial discretization,

Mi=P — P (13)

where M is the mass matrix, P' load matrix and P internal nodal forces. Explicit central
difference integration method is used for the computation of displacements and accelerations of
nodes. The load matrix consists of the contact forces, normal (p,) and tangent (p;). The contact
forces can be expressed in terms of displacements of the contact points by the penalty algorithm
[Zhang et al. (2005)] with consideration of the shear failure criterion,

p, = —En(duj —du; —5*) for both sliding and sticking states (14)
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P =— min(,upnsign(dutS —du™), o, /\/§) for sliding state (15)

where E, is penalty factor for normal contact, which can be taken from 1 to 100 times of the
element stiffness of the representative underlying welding material according to the overclosures in
calculations. 6" is the gap. du, is the normal displacement. The superscripts m and s represent the

mater (tool) and slave (welding plate) contact surfaces. The displacement for master is considered
to be zero in this calculation.

Results and discussions

The computed temperature fields around the tool are shown in Fig. 3. The maximum temperature
for Tool 1 in 500rpm and 140mm/min is 430°C, as shown in Fig. 3(a). The experimental measured

temperature is about 440°C under the same welding conditions and tool sizes [Chen and Kovacevic
(2003)], which can verify the developed model for heat transfer. When conical pin is used, the
maximum temperature is decreased slightly to 426°C, as shown in Fig. 3(b). Compared with the
variation of pin shape, the effect of shoulder size on temperature is more obvious. When the
shoulder radius is changed to 10mm, the maximum temperature is decreased to 384°C, as shown in
Fig. 3(c). With the further decrease of the shoulder radius to 8mm, the maximum temperature can
be further decreased to 344°C, as shown in Fig. 3(d). The observation on effect of shoulder size on
temperature is consistent to previous studies [Zhang et al. (2009)]. Usually, higher rotating speed is
used for smaller shoulder. So, two new cases for Tool Ill (Fig. 1) with higher rotating speeds are
adopted for comparisons. When the rotating speed is increased to 550rpm, the maximum
temperature can be increased to 393°C, as shown in Fig. 3(e). With the further increase for the
rotating speed to 600rpm, the maximum temperature can be increased to 400°C, as shown in Fig.
3(f).
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Figure 3 Temperatures in different cases: (a) Tool I in 500rpm (T, =430°C); (b) Tool Il in
500rpm (T, =426°C); (c) Tool 111 in 500rpm (T,,, =384°C); (d) Tool IV in 500rpm

(T.x =344°C); (e) Tool 111 in 550rpm (T, =393°C); (f) Tool Il in 600rpm (T,,,, =400°C)
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Temperature fields are important for the plasticization of the material near the welding tool. So, it
can significantly affect the frictional force calculation and even the tool forces. Frictional stresses
along selected paths A=>B=>C are shown in Fig.4 for different cases. The frictional stress on the
selected path is very similar for Tool I and Tool Il. When the conical pin is adopted, the friction
stress on the contact surface is increased slightly. The friction stress can be increased due to the
decrease of the shoulder diameter and the decrease of the rotating speed. With consideration of the
temperature fields shown in Fig.3, the frictional stress can be increased with the decrease of
temperature in FSW. Moreover, the frictional stress on shoulder-plate interface is lower than the
one on the pin-plate interface. But with the increase of the temperature due to the increase of
rotating speed or increase of shoulder size, the friction stresses on pin-plate and shoulder-plate
interfaces become similar.
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Figure 4 Comparison of frictional stress in different cases

The calculated forces for different cases are shown in Fig. 5. When Tool | with 500rpm is used, the
calculated force in welding direction is 3.4kN. But when conical pin is adopted under the same
welding conditions, the tool force in welding direction is increased to 4kN due to the decrease of
temperature. When smaller shoulders are used for Tool Il and Tool 1V, the tool forces in welding
direction is obviously increased due to the obvious decrease of temperatures. This is the reason that
the larger shoulder can increase the tool life in manufacture. The experimentally measured
transverse force is about 8kN under the rotating speed of 500rpm and the shoulder diameter of
20.3mm for FSW of AA2524 [Yan et al. (2005)]. In fact, AA6061 can be believed to be softer than
AA2524 due to the smaller yield stress. So, it can be deduced that the transverse force for FSW of
AA6061 should be smaller than the one in FSW of AA2524 under the similar welding conditions.
For Tool 111 in 500rpm, the transverse force in FSW of AA6061 is 6.5kN. The comparison with
Ref. [Yan et al. (2005)] shows that the computed transverse force in current model is reasonable.
For smaller shoulder (Tool Il1), the increase of the rotating speed can decrease the tool force in
welding direction apparently. This means that higher rotating speed should be used in manufacture
for smaller shoulder in FSW, which can lead to more temperature rises. With the increase of the
temperature, the material becomes softer and then the tool force in welding direction can be
decreased.

=
o

Tool force, kN

O LN WPHAOUIO N OO
T

Tool | Toolll  Toollll  ToollV Toollll Toollll
500rpm  500rpm  500rpm  500rpm  550rpm  600rpm

Figure 5 Tool forces in welding direction in different cases
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Conclusions

1) Temperature rise is very important for the tool force in FSW. Higher temperature can lead to
softer material near the welding tool and the decrease the tool forces in welding direction.

2) Both the increase of the shoulder size and the increase of the rotating speed can lead to the
increase of the temperatures in FSW and then decrease the tool forces in welding direction.

3) Larger shoulder or higher rotating speed can increase the tool life.
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