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Abstract: A mathematical model to describe the detailed three-dimensional transient heat transfer
process in friction stir welding (FSW) is presented. This work is both theoretical and experimental.
An explicit central diVerential scheme is used in solving the control equations, the heat transfer
phenomena during the tool penetrating, the welding and the tool-removing periods that are
studied dynamically. The heat input from the tool shoulder is modelled as a frictional heat and the
heat from the tool pin is modelled as a uniform volumetric heat generated by the plastic
deformation near the pin. The temperature variation during the welding is also measured to
validate the calculated results. The calculated results are in good agreement with the experimental
data.
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NOTATION

c heat capacity (J/kg K)
Ff surface friction force (N)
Fn normal force (N)
Fp translation force (N)
h thickness of the workpiece (m)
hc coe¤cient of heat convection (W/m

2
K)

H enthalpy (J/Kg)
kx, ky, kz thermal conductivities (W/m K)
n normal vector of boundary G
q heat ¯ux (W/m

2
)

rp radius of the pin (m)
rsh radius of the shoulder (m)
S heat source term (W/m3)
t time (s)
T temperature (K)
vi slip velocity (m/s)
vw weld speed (m/s)
x, y, z space coordinate (m)
·YY average yield stress (Mpa)

¶ helix angle of the pin thread

· coe¤cient of friction

1 INTRODUCTION

Friction stir welding (FSW) is a relatively new solid-state
joining process, developed at the Welding Institute
(TWI), England, in 1991 [1]. This new technology has
proven to be very successful in joining aluminium
alloys. It can produce superior mechanical properties
when compared to the typical electrical arc welding
process and therefore has gained considerable interest
in the past decade [2, 3].

Figure 1 illustrates the schematic diagram of FSW as
applied to a butt joint of two ¯at plates. The workpiece
to be welded is supported by a backing plate and
clamped rigidly by an anvil to prevent lateral movement
during the welding. A cylindrical tool with a pin rotates
and slowly plunges into the workpiece along the joint line
until the tool shoulder contacts the workpiece top sur-
face. The rotation of the tool generates surface friction
heat and plasticizes a cylindrical column of metal
around the pin.

To improve understanding of this new welding tech-
nique, a detailed investigation of the process is required.
Modelling can play a key role in the FSW research by
accelerating the development and reducing the experi-
mental costs.

A detailed model of heat generation and conduction
for FSW is useful:

1. A heat transfer model is helpful in predicting the
temperature pattern during the welding.
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2. A predicted temperature ®eld can be used in evaluat-
ing the heat aVected zone (HAZ) microstructure and
hardness of the weld.

3. A provided temperature ®eld is necessary in determin-
ing the temperature-dependen t viscosity for material
¯ow modelling.

It is well known that welding relies on heat generation
during the process to join the workpiece together. As for
FSW, it is generally considered that there are two main
heat sources:

(a) the friction heat generated at the interface between
the tool shoulder and the workpiece and

(b) the material plastic deformation heat that generated
near the tool pin. The friction heat input from the
tool shoulder is believed to be the main heat input
in the FSW process [4±6].

In recent years, signi®cant progress has been made in the
modelling heat transfer process during FSW [4±15];
thermal couple measured temperature distribution
during the welding has also been attained [16±18].

In 1998, Chao and Qi published a three-dimensional
heat transfer model for FSW [4]. In their paper, the
heat ¯ux input from the tool shoulder is assumed to be
constant, and the value is determined by a trial-and-
error procedure until the calculated temperatures match
with all the measured ones. The ®nite element method
(FEM) is used in their modelling. Frigaard et al. [5, 6]
calculated the heat input from the workpiece/tool
shoulder surface as the slide friction heat generated by a
rotating circular shaft to a plate surface under an axial
load. The ®nite diVerence method is used in the numerical
solution. In the calculations of Frigaard et al., the coe¤-
cient of friction during the welding is adjustable in order
to ensure that the calculated temperatures at all points do
not exceed the material melting point. The Rosenthal
equation for modelling the heat transfer of a thin plate
is also used in modelling the heat transfer for FSW
[7, 8]. In Russell and ShercliV ’s work [8], the heat genera-
tion in the tool shoulder/workpiece interface is calculated

by the Midling sticking friction solution of convectional
friction welding, which could better describe the friction
mechanism in FSW.

In these models, the heat generated from the pin as
well as the heat generated by the plastic deformation at
the tool/shoulder interface are not included. Colegrove
published a three-dimensional heat transfer model and
gave an expression for calculating the heat generated
by the pin during FSW [9]. It is concluded in his paper
that the heat generated from the pin should not be
neglected. Bendzsak et al. [10] and Smith et al. [11]
applied the computational ¯uid dynamics (CFD)
method in modelling the heat and material ¯ow process
during FSW, where the material is assumed to be a
kind of non-Newtonian ¯uid in their modelling, This
application is a good attempt at coupling the heat trans-
fer modelling and material ¯ow modelling in FSW.

The heat transfer process during tool penetration and
extraction is not currently modelled in detail in the pre-
sented models. Such detailed heat transfer modelling
will be important if preheat is introduced in FSW [19].

In this paper, a detailed transient heat transfer model
for FSW is presented and applied in analysing the heat
transfer process of an aluminium alloy during FSW. In
this model, the heat transfer process during tool penetra-
tion and pulling out are studied, and the heat generated
by the tool pin is also considered. The explicit central
diVerential scheme is used in the numerical solutions. A
FORTRAN program code is developed to solve the
control equations numerically.

2 MODEL DESCRIPTIONS

In order to simplify the mathematical model, the FSW
process is divided into the following three periods:

1. The penetrating period: from the instant when the tool
pin contacts the workpiece surface until the tool
shoulder contacts the workpiece surface.

2. The welding period: from the instance when the tool±
shoulder contacts the workpiece until the tool stops
traversing. This period is the main period of the
welding.

3. The pulling-up period: from the instance when the tool
starts pulling out until the pin completely leaves the
workpiece.

The following assumptions are introduced to simplify the
model:

1. All the frictional energy is converted to heat and
exerted on the workpiece.

2. The material deformation at the workpiece top
surface during the weld is negligible.

3. The frictional heat from the tool pin during the
welding is negligible.

4. The tool pin is in the shape of a cylinder.

Fig. 1 Schematic diagram of FSW
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2.1 Control equation

The governing equation describing the heat transfer
process in the workpiece can be written as:
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where H is enthalpy, c is the material heat capacity, » is
the material heat density, k is the material heat conduc-
tivity and S is the heat generation source term.

2.2 Heat generation

2.2.1 Heat generated by the tool shoulder

According to the assumptions, the heat input from the
tool shoulder can be calculated from the frictional heat
generation at the workpiece/tool shoulder interface
during the welding. The plastic deformation heat gener-
ated at the tool shoulder/workpiece interface is neglected.

As shown in Fig. 2, the local friction force at every
calculated point can be calculated from

Ffi
ˆ ·Fni

…3†

whereFfi
is the local friction force at each grid mesh point

and Fni
is the normal force applied to the workpiece.

Therefore the local heat generation rate can be calculated
as

qi
ˆ Ffi

vi
…4†

where qi is a local heat generation rate and vi is the
relative slip velocity. Because vi

ˆ Ri! and ! ˆ 2pn,
therefore

qi
ˆ 2p·Fni

RiN …5†

where N is the rotational speed and Ri is the distance of
the calculated point from the tool axis.

2.2.2 Heat generated by the tool pin

In this model, the material plastic deformation heat
generated by the tool pin is assumed to be the only
heat generated by the tool pin during the welding. This
heat is simpli®ed to a uniform volumetric heat generation
within a cylinder volume. This volumetric heat genera-
tion is summarized as the source term in equation (1).

The diameter of the cylinder representing the plasti-
cally deformed material is larger than the diameter of
the tool pin; it depends on the rotational speed and the
pin-thread pattern. However, due to lack of accurate
data, this diameter is assumed to be equal to the pin
diameter in this paper.

The heat generated by the plastic deformation consists
of three parts: (a) heat generated by shearing of the
material; (b) heat generated by friction on the threaded
surface of the pin; and (c) heat generated by friction on
the vertical surface of the pin. The total heat generation
from the pin can be calculated from [9]

Qpin
ˆ 2prph ·YY

Vm���
3

p ‡ 2· ·YYprphVrp��������������������
3…1 ‡ ·2†

p ‡ 4Fp·Vm cos ³

p

…6†

where

³ ˆ 908 ¡ ¶ ¡ tan
¡1…·†

Vm
ˆ sin ¶

sin…1808 ¡ ³ ¡ ¶† vp

Vrp
ˆ sin ³

sin…1808 ¡ ³ ¡ ¶† vp

vp
ˆ rp!

where rp is the radius of the tool pin, h is the thickness
of the workpiece, ·YY is the average shear stress of
the material, Fp is the translation force during the
welding and ¶ is the helix angle of the thread. In this
model, the last two terms in equation (6) are neglected
because the tool pin thread detail is not considered in
the model.

2.3 Boundary conditions and initial ®eld

1. Tool shoulder/workpiece boundary. The boundary
condition at the tool shoulder/workpiece interface is
a Neumann condition and can be calculated from
the frictional heat:

k
@T

@n

­­­­
G

ˆ qi
…7†

Fig. 2 Local heat input from the shoulder
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2. The convection boundary conditions. The boundary
conditions of the workpiece surfaces exposed to the
air are Neumann conditions. The boundary in con-
tact with the back-up plate can be simpli®ed as a
Neumann condition with an eVective convection
coe¤cient. The Neumann condition in all the convec-
tion boundaries can be expressed as

k
@T

@n

­­­­
G

ˆ h…T ¡ T0
† …8†

where n is the normal direction vector of boundary G
and h is the convection coe¤cient.

3. Initial condition. The initial condition in the calcula-
tion is

T…x, y, z, 0† ˆ Ti
…9†

3 NUMERICAL SOLUTION

3.1 Numerical scheme

An explicit central diVerence scheme is used in the discre-
tization of the control equations. The discrete equations
for all inner points are (see Fig. 3)
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The time marching procedures of all inner points are
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Fig. 3 Finite diVerence scheme

Fig. 4 Boundary restriction
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where T
…n†
i, j,k and T

…n ‡1†
i, j,k are the temperatures at point

…i, j, k† at time n and n ‡ 1 respectively and ¢t is the
time step in the calculation. If the calculated temperature
reaches the material melting temperature, the heat input
from the tool is adjusted to zero.

3.2 Boundary discretization

The discretization of the heat ¯ux condition at the tool
shoulder/workpiece contact surface is

T
…n†
i,nj,k

ˆ T
…n†
i,nj¡1,k

‡ qf
¢x

k
…12†

The discretization of the convection condition in other
areas on the workpiece upper surface is

T
…n†
i,nj,k

ˆ kyT
…n†
i,nj¡1,k

‡ h ¢yT0

ky
‡ h ¢y

…13†

Similar boundary discretizations are applied to all other
convection boundaries.

3.3 Boundary restriction

The heat ¯ux input condition is applied only to the points
within the tool shoulder covered surface ( j ˆ nj), while

the convection boundary condition is applied to all
other points in the upper surface. The heat ¯ux input
condition is restricted to a moving circle. The distance
of all points within this circle from the tool axis is smaller
than the tool shoulder radius rsh (see Fig. 4):

dist1
ˆ

������������������������������������������������������������������������������
…xi, j,nk

¡ xi0, j0,nk
†2 ‡ …yi, j,nk

¡ yi0, j0,nk
†2

q
4 rsh

…i ˆ 2, 3, . . . , ni ¡ 1, j ˆ 2, 3, . . . , nj ¡ 1† …14†

The heat generated by the plastic deformation moves at
the welding speed in the form of a moving cylinder
during the welding. The distance of all points in this
cylinder from the tool axis is smaller than the tool pin
radius rp:

dist2
ˆ

�����������������������������������������������������������������������
…xi, j,k

¡ xi0, j0,k
†2 ‡ …yi, j,k

¡ yi0, j0,k
†2

q
4 rp

…i ˆ 2, 3, . . . , ni ¡ 1, j ˆ 2, 3, . . . , nj ¡ 1,

k ˆ 2, . . . , nk ¡ 1† …15†

Both the heat ¯ux input boundary and the volume of the
plastic heat generation move at the welding speed along
the joint line (see Fig. 5):

x0
ˆ vwt …16†

During the pin plunging in and pulling out periods, the
heights of cylinders representing the generated heat are

Fig. 5 Boundary moving along the weld direction

Table 1 Input parameters for the calculation

Density
(kg/m

3
)

Heat conductivity
(W/m K)

Coe¤cient
of friction

Rotation speed
(r/min)

Weld speed
(mm/s)

Applied force
(kN)

2700 167 0.4 637 1.59 25
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calculated from the tool pin penetration speed and the
pulling out speed respectively:

dz ˆ vp dt …17†

dz ˆ vpo dt …18†

where vp and vpo are the tool pin penetration speed and
tool pulling out speed respectively.

3.4 Material properties

The heat conduction coe¤cients kx, ky and kz are
assumed to be constant and equal during the welding.
The material properties of Al 6061/T6 and the

welding conditions used in the calculation are listed in
Table 1.

4 EXPERIMENTAL RESULTS

For the purpose of validating the calculated results,
the FSW experiments have been carried out under con-
trolled conditions. The experimental setup is shown in
Fig. 6. The tool rotational speeds are 344, 637 and
914 r/min. The corresponding weld speeds are 1.59 and
3.18 mm/s. The diameter of the tool shoulder is 50 mm
and the diameter of the tool pin is 12 mm. Two Al
6061/T6 plates, 254.0 mm in length, 102.0 mm in width
and 12.7 mm in thickness are butt welded.

Fig. 7 Workpiece and thermocouples

Fig. 6 Experimental system
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A force transducer is used to measure the applied force
during the weld. Eight type-K NiAl/NiCr thermocouples
are embedded in the workpiece to measure the tempera-
ture history. The locations of measuring points 1, 2, 3
and 4 are 2.0 mm beneath the upper surface; points 1,
2, 3 and 4 are 8, 12, 16 and 25 mm from the joint line
respectively. Therefore, points 1, 2 and 3 are within the
tool shoulder distance and point 4 is just outside the
shoulder outer edge. Points 5, 6, 7 and 8 are 4.3 mm

from the bottom surface. The dimensions of the welding
workpiece and the locations of the thermocouples are
shown in Fig. 7.

Figure 8 shows the measured temperatures of the
upper layer measuring points 1, 2, 3 and 4 at rotational
speeds of 914, 637 and 344 r/min respectively. The weld
speed is 1.59 mm/s. It can be found that the measured
temperature peaks at points 1, 2 and 3 at all rotational
speeds are close to the material melting point, 855 K. It

Fig. 8 Measured temperature at diVerent rotational speeds (v ˆ 1:59 mm/s)
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should also be noted that these measuring points are
2.0 mm beneath the tool shoulder/workpiece interface.
It is expected that the maximum temperature at the
tool shoulder/workpiece interface could be even higher.

Another interesting phenomenon is noticed from the
measured temperatures. At the welding speed of
1.59 mm/s, the measured temperatures stay nearly con-
stant for a period of time in points 1, 2 and 3 at higher
rotational speeds of 637 or 914 r/min. At the rotational
speed of 914 r/min, the measured temperature at points
1, 2 and 3 remain unchanged for about 28, 26 and 22 s

respectively. The time needed for the shoulder to pass
over the corresponding measuring points can be approxi-
mated by ¢t ˆ 2Rsh=v. The corresponding passing-over
times are 31, 29 and 27 s respectively. The duration time
of the temperature constant in measuring points 1, 2
and 3 can coincide with the passing-over time of the
shoulder. At these welding conditions, the temperatures
of the points at the tool shoulder/workpiece interface
are close to the material melting temperature.

The measured temperature at point 4, which is just
outside the shoulder covering area, does not follow the

Fig. 9 (continued over)

80 M SONG AND R KOVACEVIC

Proc. Instn Mech. Engrs Vol. 217 Part B: J. Engineering Manufacture B05602 # IMechE 2003



above-noticed tendency. It can also be found that a
signi®cant increase in the rotational speed does not
cause a signi®cant increase in the measured peak tem-
perature. The measured temperatures at points 1, 2 and
3 at a rotational speed of 914 r/min are close to the
measured temperatures at the corresponding points at
637 r/min. In a homogeneous material undergoing
FSW these results can be explained by the fact that the
material ¯ow stress drops rapidly near the material
melting point, thus causing the heat generation rate in
the workpiece to go to near zero, even though the tool

rotational speed has increased. This helps to keep the
FSW in a solid state.

5 NUMERICAL RESULTS

An 80 £ 50 £ 12 grid is used in the calculation. The
time marching step is 0.02 s. In order to investigate
how the weld parameters aVect the heat transfer
process, diVerent weld conditions are adopted in the
calculation.

Fig. 9 (continued over)
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5.1 Temperature ®eld

5.1.1 The penetration period

During this period, the rotating tool pin slowly pene-
trates the workpiece. The pin penetrating speed is
chosen to be 5 mm/s in the calculation; therefore, the
total penetration time is about 12.7/5=2.54 s.

Figure 9a shows the calculated temperature contour at
0.2, 1.0 and 2.0 s respectively. Figure 9a clearly illustrates

the heat transfer process in the workpiece during the pin
penetration period. The temperature near the tool pin
increases very fast while the pin plunges deeper into the
workpiece, and the volumetric heat source region
moves at the pin penetration speed.

5.1.2 The main welding period

This period is the main weld period of FSW. During this
period, the tool traverses along the join line at the

Fig. 9 (continued over)
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welding speed. The welding speed is 5 mm/s. The
duration time of this period is chosen to be 30 s in the
calculation.

Figure 9b illustrates the calculated temperature
distribution of the workpiece at 3.0, 14.0 and 28.0 s
respectively. Figure 9b clearly illustrates the heat transfer
process in the workpiece during the welding period. It
is clear from the y±z cross-section view that the

temperature pattern on the section perpendicular to
the welding direction does not change much during the
main welding period; therefore the heat transfer in
this cross-section can be assumed to be quasi-steady
during the main welding period. It is also found in the
calculation that if the heat input is high, the calculated
temperatures could be very close to the material melting
temperature.

Fig. 9 Temperature contours during (a) the penetration period (front view), (b) the welding period (front

view), (c) the welding period (side view) and (d) the pulling-out period (front view)
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5.1.3 The pulling-out period

During this period, the heat ¯ux generated by the tool
shoulder is removed; the heat generated by the tool pin
is slowly pulled out from the workpiece. The calculated
temperature distributions at 32.0, 35.0 and 40.0 s
during this period are shown in Fig. 9c. At the instant
the pin is pulled out, the temperature of the workpiece
is still high and then gradually drops down.

5.2 Microstructure analysis

The typical FSW microstructural morphology consists
of the weld nugget, the thermal-mechanical-aVected
zone (TMAZ), the heat-aVected zone (HAZ) and the
base material. The microstructure morphology is
believed to be related to the local thermal history. The
shapes and grey levels on the microstructure morphology
of the weld cross-section area are related to the local
peak temperature experienced in each region.

Figure 10 shows the calculated isotherms of the peak
temperatures in the welding zone compared to the experi-
mentally obtained microstructure morphology. The tool
rotational speed is 637 r/min and the welding speed is
1.59 mm/s. The calculated temperature ®eld corresponds
to the main welding period. It can be seen that the calcu-
lated peak temperature contours can accurately simulate
the temperature history of the welding zone.

The value of the calculated peak temperature in the
nugget is about 835 K, the calculated peak temperature
of the TMAZ is in the range of 760±610 K and the

calculated peak temperature in the HAZ is in the range
of 610±480 K. The calculated temperatures in each weld
zone coincide with the experimental measured results by
Sato et al. for Al 6063 [20], which is similar to Al 6061
in chemical composition and physical properties.

5.3 Thermal history

The presented model can also be used to predict the
thermal history at any position in the workpiece that can
be used in predicting the weld zone hardness. Figure 11
shows the comparison of the calculated and measured
temperature history in measuring point 2. The welding
speed is 1.59 mm/s and the tool rotational speed is
637 r/min. The results show that the calculated curve

Fig. 10 Calculated isothermals versus microstructure mor-

phology

Fig. 11 Calculated and measured temperature history
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and the measured curve are of the same shape and that
the maximum temperatures on both curves are of the
same value, which implies that the present model can
accurately predict the heat transfer process in FSW.

6 CONCLUSIONS

A new heat transfer model used for modelling the heat
generation and conduction in FSW is presented in this
paper. The real temperature has also been measured in
order to validate the modelled results. The following con-
clusions can be drawn:

1. This model can be applied in modelling the heat
transfer process for friction stir welding.

2. The local temperatures immediately beneath the tool
shoulder could be very close to the material melting
temperature if the input heat ¯ux is high enough.

3. The heat transfer in the section perpendicular to the
welding direction can be assumed to be quasi-steady
during the main welding period.

4. The plastic deformation heat can be modelled as a
uniform volumetric heat generation.
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