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Abstract: Coupled thermo-mechanical model was used to investigate the effects of the pin diameter, the shoulder diameter and the in
conical angle on the heat generations, the material deformations and the energy histories in friction stir welding (FSW) of
AA2024-T3 alloy. Results indicate that the shoulder—plate contact area takes more important contribution to the heat generation than
the pin-plate contact area. The increase of the shoulder diameter or the decrease of the pin diameter can lead to the increase of the
welding temperature in FSW, but the change of shoulder size is more important. Compared to the cases in FSW of AA6061-T6, the
input power is obviously increased in FSW of AA2024-T3 and the ratio of the plastic dissipation to the friction dissipation becomes

decreased.
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1 Introduction

As a solid state joining technique, FSW shows
advantages in joining thin plates of hard-to-weld
materials [1]. FSW has been applied for the joining of
aluminum alloys [2], magnesium alloys [3], titanium
alloys [4], coppers [5], steels [6] and even dissimilar
metals [7]. In FSW, a rotating tool is inserted into the
butt of the joints. With the rotation of the tool, the
material can be heated and then stirred. The material
besides of the welding line can be mixed and then joined
tightly by recrystallization.

The heat generation is very important for the
forming of the tight joint in FSW and includes two parts:
the heat generated by friction and the heat by plastic
deformation [8]. More than 85% total efficient energy
entering into the welding plate can be converted to heat
by friction [9]. Compared to the frictional heat, the heat
contribution from plastic deformation is smaller.
Different models have been developed for the
investigations on heat generations in FSW, including
Eulerian model [10], ALE model [11], adaptive

re-meshing model [12], moving heat source model [13],
etc. In ALE model, the mesh movement in tangential
direction is fixed to avoid mesh entanglements. The
motions and maps of the mesh and the material play key
role in the ALE simulation. Using the transformation of
coordinates, the material coordinates can be -easily
described in each time step to trace the motion of the
material particles. In adaptive re-meshing model, a
fraction is selected for the program to conduct a check on
each surface edge that has a contact node on each end. If
the ratio exceeds the magnitude of the specified value,
re-meshing will be triggered to avoid excessive mesh
distortions in FSW processes. As stated by DAVID and
DEBROY [14], the modeling of heat transfer, fluid flow
and mass transfer can provide detailed insight into the
welding processes. The material flows and heat transfers
can be studied by the above mentioned numerical models.
The direct material flow patterns can be further revealed
by ALE model [15].

The material flows and the heat generations can be
affected by the welding parameters and tool shapes in
FSW [16]. Based on the principle of maximum
utilization of supplied torque for traction, ARORA et
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al [17] proposed a criterion for the design of a tool
shoulder diameter in FSW. BISWAS and MANDAL [18]
studied the thermal histories in different tool geometries
and different welding parameters in FSW.

Although many useful conclusions have been
achieved in the investigations on the mechanism of FSW,
the detailed relations between the energy inputs and the
tool geometries have not been deeply studied. The
investigations on the energy evolutions and the related
heat generations can be useful for the tool design in FSW
and for the further knowledge on the FSW mechanism.
So, a fully coupled thermo-mechanical model based on
solid mechanics is used to study the effects of the pin
shapes and tool sizes on the heat generations and energy
inputs in the FSW process of AA2024-T3.

2 Model description

A fully coupled thermo-mechanical model based on
solid mechanics is used in current work. Arbitrary
Lagrangian Eulerian (ALE) method is used to control the
mesh distortions due to the movement of the welding
tool. The success of this model in prediction of the
welding temperature and the material deformation has
been validated in Ref. [19]. Cylindrical and conical pins
are used as shown in Fig. 1. The tool is treated as a rigid
body in the simulation and the density is set to be 7850
kg/m®. The welding parameters and the tool sizes are
listed in Table 1. The thickness of the welding plate is
3 mm. The material of the plate is AA2024-T3. The
mechanical and physical properties are listed in Ref. [8].
The dwelling time of 2 s and the axial load of 70 MPa
are used.

¥
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Fig. 1 Tool geometries: (a) Cylindrical pin; (b) Conical pin

Table 1 Welding parameters and tool sizes
Shoulder Pin

Conical Transverse Rotating

Case diameter/ diameter/ angle/ speed/ speed/
mm mm ©) (mm's ™) (rmin")
1 24 4 0 2.0 400
2 24 12 0 2.0 400
3 24 16 0 2.0 400
4 24 6 0 2.4 500
5 16 6 0 2.4 500
6 24 6 2 2.4 500
7 24 6 4 2.4 500

In FSW, the external work Ew can be converted to
the kinematic energy, internal energy and frictional
energy in FSW.

Ev = [ [[ 77 asdes [[f, Spvevar +
Ug(jVov advydr+[ ([ o, :,s'dV)dz') (1)

where o, is stress without viscous dissipation effect; oy is
viscous stress; £ is strain rate; v is velocity vector; 7 is
frictional stress; ¥ is slipping rate; ¢ is time; p is density;
S is contact surface; V' is volume.

Modified Coulomb friction law is more accurate for
the description of the contact behavior on the tool-plate
interface in FSW,

Terit = min[/upa s (T)J (2)

NG

where u is frictional coefficient; p is contact pressure;
oy(7T) is yield stress at current temperature.

The slipping rate can be obtained from the velocity
differences on the welding tool and the welding plate on
the contact surfaces,

2nnor
60

)

y= (Vtool - Vmateria]) =drw=

where v, is linear velocity on tool surface; Viggerial 18
flow velocity on welding plate; J is slipping factor; n is
rotating speed, r/min; @ is rotating speed, rad/s; r is
radial coordinate.

In each time increment, the dynamic motion
equation and the heat transfer equation are solved,

Mii+Cu+ Ku=P 4)
C;T+K.T=P; 5)

where M is mass matrix; C is damping matrix; K is
stiffness matrix; P is load vector; Crp is lumped
capacitance matrix; Kr is heat transfer matrix; Pr is
thermal load wvector; u, u and # are displacement,
velocity and acceleration, respectively; 7 is temperature.

The mechanical solution response is obtained by
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using the explicit central-difference integration rule:

At + At
”]\,]1 :7’.‘]\,[1 +M%N) (6)
(HE) (1*5) 2

where N is node number; i is increment number in an
explicit dynamic step.

The central-difference integration operator is
explicit due to the fact that the kinematic state is

advanced using known values of 4" | and u(]:’) from the
(i)

previous increment.
The heat transfer equations are integrated using the
explicit forward-difference time integration rule:

N N n N
Titny =Ty + Aty T (7

The current temperature is obtained by using the
known values from the previous increment. The values
of Td\)j are computed at the beginning of the increment by

Ty =C7 (P ~ ) ®)

where P(‘,]) is the applied nodal source vector; F({) is the
internal heat flux vector at the current increment.

Since both the forward-difference and the central-
difference integrations are explicit, the heat transfer and
mechanical solutions are obtained simultaneously by an
explicit coupling. Error-corrector method can be used for
the integration of the constitutive model [20]. The
equivalent plastic strain £P can be then obtained by the
integration of strain rate £P.

_ t 2., .
P =j01/§sp L8P ds )

The general finite element package ABAQUS with
compiled FORTRAN code is wused for the
implementation of the above mentioned model.

Temperature/°C
Max=426.5

335.9 290

Advancing side Retreating side

3 Results and discussion

3.1 Effect of pin diameters

Two different pin diameters (Cases 1 and 2 listed in
Table 1) are selected for comparison in temperature
distributions around the welding tool, as shown in Fig. 2.
When the pin diameter is 4 mm, the maximum welding
temperature is 426.5 °C. When the pin diameter is
increased to 12 mm, the maximum welding temperature
is decreased to 419.6 °C. It is seen that the maximum
welding temperature decreased with the increase of the
pin diameters. With the increase of the pin diameter, the
shoulder—plate contact area is decreased and the
pin-plate contact area is increased. When the contact area
between shoulder and plate is decreased by 22.9%, the
maximum welding temperature is decreased by 1.62%
although the pin-plate contact area is increased by 3
times simultaneously. This means that the shoulder—plate
contact area is much more important than the pin-plate
contact area in the heat generations in FSW.

The equivalent plastic strains defined in Eq. (9) in
different pin diameters are shown in Fig. 3. When the pin
diameter is 4 mm, the maximum equivalent plastic strain
is 160.80. When the pin diameter is increased to 12 mm,
the maximum equivalent plastic strain is decreased to
112.90. When the pin diameter is further increased to 16
mm (Case 3 in Table 1), the FSW fails to be simulated
due to the occurrence of weld flaw. The maximum
equivalent plastic strain is decreased with the increase of
the pin diameter.

The energy histories including the external work,
the frictional dissipated energy and the plastic dissipated
energy in different pin diameters are shown in Fig. 4.
When the pin diameter is 4 mm, the external work at 12 s

Temperature/°C
Max=419.6

Advancing side

Fig. 2 Temperatures around welding tools with different pin diameters: (a) 4 mm; (b) 12 mm
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Fig. 3 Equivalent plastic strains around welding tools with different pin diameters: (a) 4 mm; (b) 12 mm; (c) 16 mm
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Fig. 4 Energy histories at different pin diameters: (a) 4 mm; (b) 12 mm
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is 53.31 kJ. This means that the input power needed for
FSW in current case is 4.44 kW. The frictional
dissipation and the plastic dissipation are 25.03 kJ and
2.74 kJ, respectively. This means that the frictional and
the plastic dissipation powers are 2.09 kW and 0.23 kW,
respectively. When the pin diameter is increased to 12
mm, the input power is increased to 4.75 kW. The
frictional and the plastic dissipation powers are 2.08 kW
and 0.54 kW, respectively. Due to the decrease of the
shoulder—plate contact area (22.9%) and the increase of
the pin-plate contact area (3 times), the frictional
dissipation is decreased. This means that the shoulder—
plate contact surface takes the main contribution to the
frictional dissipations in FSW with comparison to the
pin-plate contact surface. Due to the fact that the
frictional dissipation is higher than the plastic dissipation,
it can be concluded that the shoulder—plate contact
surface is the main factor for the heat generations in FSW.
With the increase of the pin diameter, the plastic
dissipated energy to heat is increased.

Compared to the cases in FSW of AA6061-T6 [15],
the input power is obviously increased from 1.67 kW in
FSW of AA6061 to 4.44 kW in FSW of AA2024 when
the angular velocity is 400 r/min. AA2024-T3 shows
higher yield stresses at lower temperature with
comparison to AA6061-T6. In FSW, the material around
the tool is heated and then stirred by the tool to form the
tight weld on the trailing side. Higher input energy is
needed to heat the material around the tool for the
material with higher yield stresses to maintain the
flowability. This may be the reason for the increase of
the input power for the case in FSW of AA2024. The
ratio of the plastic dissipation to the friction dissipation
becomes decreased in FSW of AA2024-T3. This means
that the plastic dissipated energy takes more important

Temperature/°C
Max=429.4

Advancing side Retreating side

(a)

contribution in FSW of AA6061-T6 with comparison to
the FSW of AA2024-T3.

3.2 Effect of shoulder diameter

Two cases of different shoulder diameters are
compared (Cases 4 and 5 in Table 1). When the shoulder
diameters are 24 mm and 16 mm, the maximum welding
temperatures are 429.4 °C and 351.2 °C, respectively, as
shown in Fig. 5. The maximum welding temperature is
decreased by 18.2% when the shoulder—plate contact
area is decreased by 55.6%. When the shoulder diameter
is decreased, it can be also seen that the temperature
under the shoulder becomes un-uniform. The
temperature in the rear half of the shoulder becomes
higher than the front side.

The maximum equivalent plastic strain is decreased
from 161.10 to 131.50 when the shoulder diameter is
decreased, as shown in Fig. 6. The material deformation
is increased with the increase of the shoulder diameter.

The energy variations with time at different
shoulder diameters are shown in Fig. 7. The external
work, the frictional dissipation and the plastic dissipation
are 55.42, 25.77 and 3.19 kJ at 11.5 s when the shoulder
diameter is 24 mm, respectively. The input power, the
frictional dissipation power and the plastic dissipation
power can then be calculated as 4.82, 2.24 and 0.28 kW,
respectively. When the shoulder diameter is decreased to
16 mm, the external work, the frictional dissipation and
the plastic dissipation are decreased to be 29.94, 13.21
and 3.15 kJ, and the corresponding powers are 2.6, 1.15
and 0.27 kW, respectively. When the shoulder—plate
contact area is decreased by 55.6%, the input power is
decreased by 46.1%. It can be seen that the variation of
the shoulder diameter is more important than the
variation of the pin diameter to the energy inputs needed
for FSW. 52.3% of the total energy input can be

Temperature/°C
Max=351.2

Advancing side Retreating side
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Fig. 5 Temperatures around welding tools with different shoulder diameters: (a) 24 mm; (b) 16 mm
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Fig. 6 Equivalent plastic strains around welding tools with different shoulder diameters: (a) 24 mm; (b) 16 mm
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Fig. 7 Energy histories at different shoulder diameters: (a) 24 mm; (b) 16 mm

converted to heat when the shoulder diameter is 24 mm.
This ratio is increased to be 54.6% when the shoulder
diameter is decreased. The energy ratio converted to heat
is increased with the decrease of the shoulder diameter.

3.3 Effect of conical angles

The temperature fields at different conical angles
(Cases 6 and 7 in Table 1) are shown in Fig. 8. When the
conical angle of the pin is 2°, the maximum temperature

is 423.5 °C. When the conical angle is increased to 4°,
the maximum welding temperature is increased to
425.7 °C. In the current two cases, the shoulder—plate
contact area is the same. The slight increase of the
pin-plate contact area leads to the increase of the
temperature.

Figure 9 shows the distributions of the equivalent
plastic strain in different conical angles. When the
conical angle is increased from 2° to 4°, the maximum
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Fig. 8 Temperatures around welding tools with different conical angles: (a) 2°; (b) 4°
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Fig. 9 Equivalent plastic strains around welding tools with different conical angles: (a) 2°; (b) 4°

equivalent plastic strain is increased from 173.10 to
219.5. This means that the increase of the conical angle
can be useful for the improvement of the flowability of
the material around the welding tool.

The energy variations with time at different conical
angles are shown in Fig. 10. The input total energies in
both the cases are very similar. The input power can be

calculated from Fig. 10 to be 4.55 kW. The frictional
dissipation energy is slightly increased from 2.08 kW to
2.09 kW when the conical angle is increased from 2° to
4°. The contact area including the pin-plate and the
shoulder plate contact surfaces is very similar in both
two cases. This is the reason for the similarity of the
energies in current cases.
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Fig. 10 Energy histories at different conical angles: (a) 2°; (b) 4°
4 Conclusions

1) The shoulder—plate contact surface takes the
main contribution to the frictional dissipations in FSW.
Due to the fact that the frictional dissipation is higher
than the plastic dissipation, the shoulder—plate contact
surface is the main factor for the heat generations in
FSW.

2) Compared to the cases in FSW of AA6061-T6,
the input power is obviously increased in FSW of
AA2024-T3 and the ratio of the plastic dissipation to the
friction dissipation becomes decreased.

3) When the shoulder—plate contact area is
decreased by 55.6%, the input power is decreased by
46.1%. The variation of the shoulder diameter is more
important to the energy inputs needed for FSW than the
variation of the pin diameter.

4) The dissipated energy ratio into heat is increased
with the decrease of the shoulder diameter. The energy
ratio converted to heat is increased with the decrease of
the shoulder diameter.
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