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Abstract A fully coupled thermo-mechanical finite ele-

ment model was used to study the friction stir welding

process of AA2024-T3 in different thicknesses. The com-

putational results show that the material flows on the

retreating and the front sides are higher. So, the slipping

rates on the retreating and the front sides are lower than the

ones on the trailing and advancing sides. This is the reason

that the heat fluxes on the trailing and the advancing sides

are higher, which leads to the fact that the temperatures are

higher in this region for both thin and thick plates. The

energy entering the welding plate accounts for over 50% in

the total energy and about 85% in the energy comes from

the frictional heat in FSW of AA2024-T3 and the balance

from the mechanical effects. The stirring effect of the

welding tool becomes weaker in FSW of thick plates. With

consideration of the material deformations and the energy

conversions, FSW of thin plates shows advantages.

Introduction

Friction stir welding (FSW) is a solid state joining tech-

nique. Since its invention, FSW has been used for joining

aluminum alloys, magnesium alloys, titanium alloys, cop-

per alloys, stainless steels, and even metal matrix com-

posites [1–8]. In FSW, the maximum temperature is lower

than the melting point Tm of the base metal but is higher

than the recrystallization temperature 0.4 Tm (K). Tem-

peratures and material behaviors are the main factors to

affect the grain sizes [9] and the precipitations [10, 11].

Friction and plastic deformation are the two reasons to the

temperature rises in FSW. The ratio of plastic dissipation/

frictional dissipation is about 30% for FSW of AA6061-T6

[12]. So, friction is much more important for the heat

generations in the FSW processes. The increase of the axial

pressure and the increase of the rotating speed can lead to

the increase of the maximum temperature in FSW [13, 14].

The increase of temperature also means the increase of the

efficient power in FSW. A nonlinear relation can be found

between the increase of the efficient power and the

shoulder diameter in FSW [15]. The heat flux in FSW is

defined to be functions of rotating speed, axial pressure on

the tool and the tool diameters. Hamilton et al. [16] utilize

torque based heat input model [17] to develop character-

istic temperature curves that correlate temperature data

from various aluminum alloys and weld conditions into

relationship. A fully coupled thermo-mechanical model is

developed [18] to study the temperature rises and the

plastic deformations in FSW. A coupled two-dimensional

Eulerian thermo-elasto-viscoplastic model is developed

[19] for modeling the FSW process. The requirements for

torque and power and the geometry of the stirring zone

during FSW are modeled by solving the equations of

conservation of mass, momentum, and energy [20]. When

the heat transfer and the frictional coefficients change, the

predicted temperature can still correlate well with the

experimental values. For a Norton’s friction model devel-

oped [21], the great sensitivity of the welding forces and

the tool temperatures to the friction coefficients are found.

Two contact models are compared and it is found that the

modified friction model is more accurate in case of higher

angular velocities [22].
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Material flow is also very important in the numerical

studies of FSW. It provides a method to investigate the

mechanism of FSW. Stream lines, velocity fields, tracer

particles are the main methods to reveal the material flows

in FSW. The material flows in different depths are different

[7]. Using a semi-coupled thermo-mechanical model,

Zhang et al. [23, 24] obtained the material flow patterns

that can be correlated well with the experimental obser-

vations [25–27]. Particles can be traced in the numerical

models to directly reveal the material behaviors in FSW

[28, 29].

FSW has special advantages in joining thin plates

[30–32]. But recent developments of FSW show that FSW

can be also applied to joining thick plates in which the

thickness of the plates can exceed 6 mm [33–35]. But the

differences between FSW of thin plates and of thick plates

remain unknown and have not been studied in detail. So, a

thermo-mechanical model is used here to investigate the

material flows, temperature rises, and energy histories for

comparisons of FSW of thin and thick plates.

Model description

In friction stir welding, the welding tool is inserted into the

welding plate. After self rotation for several seconds for

preheating, the tool starts to move along the welding line

with rotations. In current work, 2.5 s is selected for pre-

heating. The material is flowing into the region around the

welding tool to simulate the movement of the welding tool

in the opposite direction. The movement of the materials of

the welding plates for simulation of the movement of the

welding tool in opposite direction has been used [28].

The geometrical sizes of the welding tool and the set-

tings of the welding parameters are shown in Table 1. The

welding tool is considered to be a rigid body and the

density is 7800 kg/m3. The weld base metal is AA2024-T3.

The yield stress is the function of temperature, as shown in

Table 2. The density of AA2024-T3 is 2770 kg/m3. The

heat capacity is 875 J/kg K and the heat conductivity is

120 W/m K. The melting point of AA2024-T3 is 493 �C.

According to previous work [29], the frictional coefficient

is taken as 0.3 and 90% frictional energy is assumed to

enter into the welding plates. Plates with two thicknesses (3

and 6.4 mm) are selected for comparison.

The finite element model of the 3 mm thickness welding

plate consists of 9,491 nodes and 8,118 elements. The

model of 6.4 mm thickness welding plate consists of

11,281 nodes and 9,881 elements. The meshes and

boundary conditions of the finite element model are shown

in Fig. 1.

According to energy balance, external work can be

converted to kinematic energy, internal energy and fric-

tional energy in FSW,

EW ¼ EK þ EU þ EF ð1Þ

EF ¼
Z t

0

ZZ
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ZZZ

V
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The dissipated portions of internal energy EU are split

off into the energy by dissipated viscous effect EV and the

remaining energy EI,
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where rc is the stress without viscous dissipation effect. rv

is the viscous stress. The internal energy includes the

elastic strain energy, the energy dissipated by plasticity,

and the energy dissipated by time-dependent deformation,
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where ee is the elastic strain, ep plastic strain, and ec the

creep strain.

Table 1 Geometrical sizes and welding parameters

No. 1 2

Thickness (mm) 3 6.4

Shoulder diameter (mm) 16 20

Pin diameter (mm) 6 7

Axial pressure (MPa) 130 130

Transverse speed (mm/s) 2 2

Rotating speed (rpm) 300 300

Preheating time (s) 2.5 2.5

Weld length (mm) 24 24

Table 2 Yield stress of AA2024-T3

T (�C) 24 100 149 204 260 316 371

rs (MPa) 345 331 310 138 62 41 28
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The main contribution to the heat generations in FSW is

obviously coming from the friction on the contact surfaces.

The friction force can be determined by the multiplication

of friction coefficient and contact pressure or the yield

stress in current status,

scrit ¼ minðlP; rs=
ffiffiffi
3
p
Þ ð7Þ

The yield function of the weld base metal AA2024-T3

is,

f ¼ �r� rsðTÞ ð8Þ

where �r is the equivalent stress and rs the yield stress

which is the function of temperature shown in Table 1.

The flow rule can be written as,

depl ¼
X

dji

ogi

or
ð9Þ

where gi(r, h, Hi,a) is the temperature dependent flow

potential and dji is a scalar measuring the amount of the

plastic flow rate. Predictor–corrector algorithm is used for

the solution of strain and stress [28].

According to the Fourier’s equation, the temperature can

be calculated,

qc
dT

dt
¼ o

ox
kx

oT

ox

� �
þ o

oy
ky

oT

oy

� �
þ o

oz
kz

oT

oz

� �
þ q ð10Þ

where q is the density, c heat capacity, k the conductivity,

and q the heat flux density generated by friction between

the welding tool and workpiece,

q ¼ pt � _c ð11Þ

where pt is the frictional stress on the contact surfaces and _c
is the slipping rate. The slipping rate can be determined by

the velocity differences between welding tool and

workpiece according to [16, 36],

_c ¼ dðrx� v0 sin hÞ ð12Þ

where d is the slipping factor, x the rotating speed of the

tool, and v0 the transverse speed of the tool. Compared to

the velocity in the tangential direction, the transverse

speed is very small. So, the above equation can be

simplified as,

_c ¼ drx ð13Þ

With consideration of the classical Coulomb friction law

[22], the heat flux density can be changed to the following

form [17, 37],

q ¼ dlPxr ð14Þ

If heat generation from plasticity is considered, part

internal energy can be converted to heat,

qplastic ¼ grc _ep ð15Þ

where g is the mechanical efficiency which represents the

amount of mechanical energy converted to heat. In current

work, it is assumed to be 90%.

To avoid mesh distortions, Arbitrary Lagrangian-

Euleraian (ALE) method is used. The maps between dif-

ferent configurations play a key role in the ALE finite ele-

ment formulations [38]. Detailed information on the ALE

formulations can be found in [39]. A general finite element

package ABAQUS and programs compiled in FORTRAN

for the description of the contact model are used for the

implementation of the above mentioned model.

Fig. 1 Meshes and boundary

conditions of finite element

model
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Results and discussions

Four paths are selected for comparisons of material

behaviors and temperature variations in different depths of

the welding plates, as shown in Fig. 2. Path A is on the

front side, path B on retreating side, path C on the trailing

side, and path D on the advancing side.

Figure 3 shows the temperature distributions near the

welding tool for case 1 listed in Table 1. The maximum

temperature is 293 �C and occurs on the shoulder-plate

contact surface. From the comparison of the temperatures

in different depths, it can be seen that the temperatures on

the trailing and the advancing sides are higher than the ones

on the front and the retreating sides. The maximum tem-

perature variation on the top surface is about 10–15 �C.

The temperature variation from the top to the bottom sur-

faces in this case is smaller than 10 �C. The temperature

distribution is directly determined by the frictional heat.

The frictional heat source can be obtained from the slipping

rate and the frictional force. With consideration of material

shear failure, the frictional force can be limited by the yield

stress [22]. Slipping rate can be calculated from the

velocity differences between the welding tool and the

welding plates. Based on this point, it can be concluded

that the material velocity on the welding plates are not

uniform on the contact surfaces. Then, the heat flux into the

welding plate is also not uniform on the contact surfaces.

The velocity distribution is shown in Fig. 4. The mate-

rial flows on the retreating and the front sides are higher.

According to Eq. 12, the slipping rate is determined by the

velocity differences between welding tool and the work-

piece. So, the slipping rates on the retreating and the front

sides are lower than the ones on the trailing and the

advancing sides. This is the reason that the heat fluxes on

the trailing and the advancing sides are higher, which leads

to the fact that the temperatures are higher in this region.

The maximum velocity is 86.16 mm/s and occurs at

intersection of pin-plate and shoulder-plate surfaces on the

front side. The velocity is about 50–86 mm/s on the top

surface but only 12–18 mm/s on the bottom surface.

Equivalent plastic strain (Fig. 5) is a time-accumulated

value. It is not only dependent on the material velocity but

also on the time when the material particles are rotated

Fig. 2 Selected paths
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around the welding tool. As reported [29], the material on

the advancing side can be rotated with the welding pin.

After several revolutions, the material particles on the

advancing side start to slough off in the wake. From the

material flow patterns, it can be concluded that the equiv-

alent plastic strain on the advancing side is higher than the

one on the retreating side, which can be validated by the

comparison of the equivalent plastic strain between path B

and path D. Moreover, the maximum equivalent plastic

strain occurs in the middle of the welding plate.

In paths C and D, the plastic deformation and the slip-

ping rate are higher to lead to higher heat flux in this

region. So, the temperatures in paths C and D are higher, as

shown in Fig. 3.

As studied [34], energies are very important for the

fatigue life of the FS welds. So, energy histories should be

studied. The energy histories for case 1 are shown in Fig. 6.

The energies have quasi-linear relationship with time. So,

the efficient power needed for the completion of FSW is

constant. The efficient power is 1.78 kW, the frictional

power is 0.82 kW, and the power for the internal energy is

0.14 kW according to Fig. 6. This means that 54% total

input energy is transferred to the welding plates and 85.3%

can be converted to frictional heat. Both the frictional heat

and the plastic deformation can affect the microstructural

evolutions in FSW. Based on this point, it can be recog-

nized that the energy efficiency is about 54% in this case.

When the plate thickness is increased to 6.4 mm in case

2, the welding parameters are accordingly adjusted for the

success of FSW. The maximum temperature is increased to

304.4 �C, as shown in Fig. 7. Compared to case 1, the

temperature difference between the top and the bottom

surfaces is apparently increased to about 25–30 �C.

The velocities on the front side and the retreating side

are higher than the ones on the advancing side and the

trailing side, as shown in Fig. 8. This leads to the fact that

the slipping rates are higher on the advancing side and the

trailing side. The differences on slipping rates can affect

the heat fluxes. So, the temperatures are higher on the

advancing side and the trailing side. This is consistent to

the observations from Fig. 7. Compared to the case with

3 mm thickness, the maximum velocity is increased from

86.16 to 105 mm/s.

Figure 9 shows the equivalent plastic strain for the thick

friction stir weld. The maximum equivalent plastic strain

occurs in the middle of the welding plate on the advancing

side around the tool. In the wake, the larger values can be

transferred to the places near the welding line. The changes

are caused by the material flow patterns. The material
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particles deposit in the wake on the advancing side near the

welding line [29]. Compared to the case for the thin plate,

the maximum equivalent plastic strain is decreased to

64.38 although the velocity is higher in this case. The

equivalent plastic strain is a time-accumulated value as

mentioned above. So, the magnitude of ep is not only

dependent on the maximum velocity but also the time for

the material rotations around the welding tool. The decease

of the equivalent plastic strain means that the stirring effect

of the welding tool becomes weaker in FSW of thick

plates. FSW shows advantages in friction stir welding of

thin plates based on this point.

The energy histories for FSW of thick plates are shown

in Fig. 10. For FSW of thick plates, higher power is nee-

ded. The efficient power is increased to 3.71 kW. 45.6% of

total energy is converted to frictional heat and 7% is con-

verted to internal energy. Compared to the case of thin

plates, the energy entering the welding plate is decreased

from 54 to 52.6%.

From the discussions on material deformations and

energy histories, it can be seen that the stirring effect

becomes weaker and the energy efficiency is decreased in

FSW of thick plates. So, based on this point, FSW of thin

plates is advantageous. The computational results for both

thin and thick plates are summarized in Table 3.

Conclusions

(1) The material flows on the retreating and the front

sides are higher. So, the slipping rates on the
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Table 3 Summarization of computational results

No. 1 2

Tmax (�C) 293 304.4

�ep
max 68.87 64.38

vmax (mm/s) 86.16 105

_EW ðkW) 1.78 3.71

_EF ðkW) 0.82 1.69

_EF= _EW � 100% 46.1% 45.6%

_EI ðkW) 0.14 0.26

_EI= _EW � 100% 7.9% 7%

_EI þ _EF

� �
= _EW � 100% 54% 52.6%
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retreating and the front sides are lower than the ones

on the trailing and the advancing sides. This is the

reason that the heat fluxes on the trailing and

advancing sides are higher, which leads to that the

temperatures are higher in this region.

(2) The maximum equivalent plastic strain occurs in the

middle of the welding plate for FSW of AA2024-T3.

(3) More than 50% total energy can be transferred to

welding plates and about 85% energy can be

converted to frictional heat in FSW of AA2024-T3.

(4) Compared to the case for FSW of thin plate, the

maximum equivalent plastic strain is decreased

although the velocity is higher in FSW of thick plate.

The decease of the equivalent plastic strain means

that the stirring effect of the welding tool becomes

weaker in FSW of thick plates.

(5) FSW shows advantages in friction stir welding of thin

plates with consideration of the material deformations

and the energy histories.
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