
A Transient Thermal Model for Friction Stir Weld.
Part I: The Model
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Current analytical thermal models for friction stir welding (FSW) are mainly focused on the
steady-state condition. To better understand the FSW process, we propose a transient thermal
model for FSW, which considers all the periods of FSW. A temperature-dependent apparent
friction coefficient solved by the inverse solution method (ISM) is used to estimate the heat
generation rate. The physical reasonableness, self-consistency, and relative achievements of this
model are discussed, and the relationships between the heat generation, friction coefficient, and
temperature are established. The negative feedback mechanism and positive feedback mechanism
are proposed for the first time and found to be the dominant factors in controlling the friction
coefficient, heat generation, and in turn the temperature. Furthermore, the negative feedback
mechanism is found to be the controller of the steady-state level of FSW. The validity of the
proposed model is proved by applying it to FSW of the 6061-T651 and 6063-T5 aluminum alloys.
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I. INTRODUCTION

THERMAL modeling, which can give global, intu-
itional, and detailed thermal information of the work-
piece, has long been a standing interest in friction stir
welding (FSW), a solid-state joining technique invented
in 1991 by The Welding Institute (TWI) of the United
Kingdom.[1] This is because the high temperature during
the FSW process changes the microstructure and
mechanical properties of the welds significantly.[2–7] It
is very important to obtain temperature profiles during
FSW. Although the FSW thermal cycle can be exper-
imentally measured, it is very difficult to record the
thermal history of the stir zone (SZ) because of the
intense plastic deformation induced by the rotating pin
in this zone. In addition, only limited temperature data
can be obtained by experimental measurements.

In the past decade, several thermomechanical models
based on the finite element method (FEM) and thermo-
flow models based on computational fluid dynamics
were established to estimate the heat flow during the
FSW process.[8–23] In addition, pure analytical thermal
models[24–32] have been also studied. No matter what
kind of models are used for FSW thermal analysis, the
heat generation rate is the major difficulty because of the
unknown friction coefficient, which is affected by many
factors. Blau’s study[33] drew our attention to the factors
affecting the friction coefficient. According to his study,
the main potential factors affecting the frictional coef-
ficient in FSW are as follows: temperature, contact
geometry (i.e., macroscale mating of shapes and surface

roughness), relative motion (i.e., magnitude of relative
surface velocity), applied force (i.e., magnitude of
normal force), and contact compliance (i.e., sliding or
sticking friction conditions).
Since many potential factors could affect the friction

coefficient, and the relation between them is still not very
clear, it is necessary to identify the key factor(s) for a
particular case, i.e., FSW in the present study, for the
thermal analysis. To deal with the complexity, various
approximations are adopted to study the friction coef-
ficient.[34] By using the Coulomb friction law, Frigaard
et al.[25] and Song and Kovacevic[26] took a constant
friction coefficient to estimate the heat generation.
Considering both sliding and sticking conditions,
Schmidt et al.[7,29,30] and Nandan and co-workers[13–15]

treated the friction coefficient as a function of the
material shear strength and the relative speed between
the tool and the workpiece. In Sluzalec’s study,[35] the
first FEM study of friction welding, a temperature-
dependent friction coefficient based on experimental
results, was used to estimate the heat generation. In the
present study, we also treat the friction coefficient as a
function of temperature.
The present article aims at developing a complete

description of heat generation and flow during FSW. In
particular, two key developments have been made. First,
the model considers the entire FSW process including
plunging, first dwelling, welding, second dwelling, and
cooling. Second, the friction coefficient is calculated by
the inverse solution method (ISM).[36] By doing this, it is
possible to (a) predict the dynamic thermal character-
istics of different FSW periods and (b) establish the
relationship between the welding parameters and heat
generation. (a) is studied in this article, while (b) will be
described in a companion article.[37] To demonstrate the
validity of this model, it is applied to FSW of the 6061-
T651 and 6063-T5 aluminum alloys. Symbols and units
used in this article are defined in the Nomenclature.
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II. MATHEMATICAL MODEL

A. Governing Equation for Three-Dimensional Heat
Flow

The nonlinear equation for the three-dimensional heat
flow of a solid in the operator notation is given by Eq.
[1] based on Fourer’s second law,[38]

q Tð Þc Tð Þ @T
@t
¼ r k Tð ÞrT½ � þ q ½1�

in the region X ¼ x; y; zð Þ;� w
2 � x � w

2 ; 0 � y � l;
�

0 � z � hg � 0<t � ttotal½ �. In order to improve the
calculation quality, temperature-dependent q,c, and k
are considered. The coordinate setting is shown in
Figure 1.

B. Heat Generation Model

Previous research[22] revealed that the plastic heat
generation accounted for only 4.4 pct of the total heat
generation for the FSW aluminum alloy. Thus, we can
assume that all the heat generation results from the
friction work. In this study, we further assume that the
friction coefficient is a function of temperature. The
reason for this assumption and its reasonable analysis
will be discussed later in this article. According to these
assumptions, the heat generation rate at the interface
between the tool and the workpiece can be defined by

q ¼ l Tð Þp 2px
60

rþ t
60

sin h

� �
½2�

The details about Eq. [2], especially the temperature-
dependent friction coefficient l(T), will be discussed in
Section VI.

The shoulder heat generation and the pin heat
generation can be calculated by

Qs ¼
Z 2p

0

Z Rs

Rp

qrdrdh ½3�

Qp ¼
Z 2p

0

Z Rp

0

qrdrdhþ
Z 2p

0

Z bhp

0

qRpdzdh ½4�

Then the total heat generation is obtained:

Qtotal ¼ Qs þQp ½5�

and the pin heat generation fraction is

fpin ¼
Qp

Qtotal
½6�

C. Boundary Conditions

Since the heat conductivity of the workpiece (6061
aluminum alloy) is about 6 times higher than that of the
tool material (M42 high speed tool steel), a significant
amount of heat will be transported from the tool to the
workpiece. The heat flux continuity at the tool/work-
piece interface is described by[14]

k
@T

@z

����
top

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kqcð ÞW

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kqcð ÞW

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kqcð ÞT

p q ½7�

where the subscripts W and T denote the workpiece and
the tool, respectively.
Both convective and radiative heat transfers are

considered for the heat exchange between the top, front,
and back surfaces (the definition of surfaces is shown in
Figure 1) of the workpiece and the surroundings:[14]

�k @T
@z
¼ er T4 � T4

a

� �
þ ht T� Tð Þa ½8�

Convective heat transfer between the bottom, left,
and right surfaces of the workpiece and the retaining
plates is given by[14]

k
@T

@z
¼ hb T� Tað Þ ½9�

Temperatures of the surroundings and backing plate
are set to room temperature Ta.

III. INVERSE SOLUTION OF FRICTION
COEFFICIENT

In the present article, the ISM is used to obtain the
unknown friction coefficient l(T). The ISM used in the
present article follows the framework proposed by
Maalekian et al.[36] and is slightly modified to deal with
the present thermal model. The inverse problem is
solved based on the following three rules.

(1) The relative error function S1,

S1 ¼
Zte

t0

Yt � Ttj jdt
,Zte

t0

Ttdt ½10�

should be smaller than a given threshold tolerance.
(2) For every single time-step, the absolute error

function S2, which is the difference between theFig. 1—Illustration of FSW and setting of coordinates and surface.
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computed temperature and the measured tempera-
ture, should also be smaller than a given threshold
tolerance:

S2 ¼ Yt � Ttj j ½11�

where t0 � t � te.
(3) At the melting point of the workpiece, the friction

coefficient is negligible. In the present article,

l Tmeltð Þ ¼ 0 ½12�

is adopted.

The inverse method is used to solve the temperature-
dependent friction coefficientl(T) by using the measured
transient temperature data at point X0. For an original
guess of l(T), the heat generation rate can be calculated
by Eq. [2]. Then the transient temperature Yt at point X0

of the workpiece can be computed by the finite
differential method (FDM) and compared with the
measured data Tt. If the three rules are satisfied, the
current l(T) is admissible. If anyone of the three rules is
not satisfied, a correction step is applied to l(T) and the
preceding computation is repeated. The ISM algorithm
can be summarized by the flow chart in Figure 2.

IV. EXPERIMENTS

In the present article, a digital notation for the FSW
samples, as suggested by Liu and Ma,[39] is used, where
sample 24-8-1400-200 indicates that the sample is
welded by using a shoulder 24 mm in diameter and a
pin 8 mm in diameter at a rotation rate of 1400 rpm and
an advancing speed of 200 mm/min. For both ISM and
predicting computation in this study, the following
parameter specification is adopted. FSW of 6061-T651

aluminum alloy plates 400 mm in length, 75 mm in
width, and 6 mm in thickness is studied. The tool
material is M42 high speed tool steel. A tilting angle of 3
deg, axis force of 20 KN,[31] plunge speed of 10 mm/min,
weld length of 360 mm, and a threaded pin are used.
Temperature-dependent density, heat conductivity,

and specific heat capacity of the 6061-T651 aluminum
alloy, which are taken from Reference 40, are given in
the following quadratic polynomials

q ¼ � 3:57� 10�11 T� 273ð Þ2�1:86� 10�7 T� 273ð Þ
þ 2:71� 10�3 [13a]

k ¼ � 2:59� 10�7 T� 273ð Þ2þ2:08� 10�4 T� 273ð Þ
þ 1:74� 10�1 [13b]

c ¼ 1:79� 10�7 T� 273ð Þ2þ3:32� 10�4 T� 273ð Þ
þ 9:10� 10�1 [13c]

The governing equations and the boundary condi-
tions are solved in a FDM based computer code. The
computation and postprocessing are performed on
MATLAB.

V. COMPUTED RESULTS

The experiments consist of two steps: first, the ISM
computation is used to obtain the friction coefficient;
and second, by using the friction coefficient, the tran-
sient thermal model is used to predict the temperature
and heat generation for FSW.
For the ISM computation, the experimentally mea-

sured thermal cycle of sample 24-8-1400-200[39] is used
as input data (Tt). The thermocouple position is shown
in Figure 3. For predicting the temperature and heat
generation, sample 24-8-900-200 is simulated.

A. ISM Computation

The ISM computed thermal cycle for sample 24-8-
1400-200 is shown in Figure 4, as well as the input
thermal cycle measured by Liu and Ma[39] for the ISM
computation. For the entire temperature range, good
agreement can be observed. Figure 5 depicts the varia-
tion of the ISM computed friction coefficient with
temperature. For simplifying the subsequent discussion,
locally fitted curves, which are linear approximation, are
also offered.

Fig. 2—Slightly modified flow chart for the ISM computation based
on Ref. 36.

Fig. 3—Illustration of the thermocouple position (point X0) for sam-
ple 24-8-1400-200[39].
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B. Predicting Computation

The present transient thermal model simulates the
entire FSW process. The entire FSW process for sample
24-8-900-200 can be divided into six periods, as shown in
Figure 6: the first plunge period (period I), from 0 to
29.2 seconds, before the shoulder contacts with the
workpiece; the second plunge period (period II), from
29.2 to 36 seconds, after the shoulder contacts with the
workpiece; the first dwell period (period III), from 36 to
38 seconds; the weld period (period IV), from 38 to
146 seconds; the second dwell period (period V), from
146 to 148 seconds; and the cooling period (period VI)
after 148 seconds. The calculated results are described
subsequently.

1. Transient temperature
Dynamic maximum temperature during the FSW

process is shown in Figure 6. At the end of the first
plunge period, the maximum temperature on the top
surface of the workpiece reaches 498 K (225 �C). The
dynamic maximum temperature of 736 K (463 �C) is
reached at 36.7 seconds, which is a little later after the
shoulder completely contacts with the workpiece. At t4
time the steady maximum temperature of 714 K
(441 �C) is reached.

The calculated thermal cycle at the heat-affected
zone for sample 24-8-900-200 is compared with the

experimental data measured by Liu and Ma[39] in
Figure 7. Good agreement is observed. The computed
thermal cycle shows a peak temperature of 649 K
(376 �C).
Thermal contours on the top and butting surfaces

around the tool at the end of each FSW period are
shown in Figures 8 and 9, respectively. The black circle
in Figure 8 and the black polygonal lines in Figure 9
illustrate the outline of the tool. Two important findings
can be observed in these figures. First, for various
periods, the density of the isothermal contours in front
of the tool is different from that at the rear of the tool.
As the tool travels from the original position of 20 mm
to the position of 346 mm, the contours are compressed
in front of the tool and expanded at the rear of the tool.
At the end of the weld, the contours are expanded in
front of the tool and compressed at the rear of the tool.
Second, the closed contours under the tool are not
concentric with the tool outline. The hottest region of
the workpiece under the tool is located at the rear of the
tool until the tool reaches the position of 346 mm.
However, the hottest region moves in front of the tool at
the end of the weld, as shown in Figures 8(g) and (h)
and 9(g) and (h). Figures 6,8, and 9 indicate that, for
sample 24-8-900-200, the steady-state temperature fields

Fig. 6—Predicted dynamic maximum temperature, total heat genera-
tion, and pin heat generation for sample 24-8-900-200 with marked
time points at the top.

Fig. 7—Comparison between calculated thermal cycle and measured
result for sample 24-8-900-200[39].

Fig. 5—ISM computed temperature-dependent friction coefficient.
Piecewise dash lines denote local approximation curves.

Fig. 4—Measured temperature[39] at X0 for inverse computation and
the corresponding ISM computed temperature.
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Fig. 9—Temperature contours on the butting surface at different times for sample 24-8-900-200. The black polygonal lines denote the tool
outline.

Fig. 8—Temperature contours on the top surface at different times for sample 24-8-900-200. The black circles denote the shoulder outline. The
time point settings are shown in Fig. 6.
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in the weld period are from t4 60 to t6 136 seconds,
which is from the position of 93 mm to the position of
346 mm in the welding direction.

2. Transient heat generation
Both total heat generation and pin heat generation

evolution curves are shown in Figure 6. For different
FSW periods, the heat generation shows different values
and variation trends. As the tool plunges into the plates,
the total heat generation equals the pin heat generation,
which rises slowly to 586 W in period I. Then the total
heat generation rises sharply until 2400 W in the end of
period II. However, the pin heat generation begins to
drop in period II. In period III, the total heat generation
drops to 1748 W and the pin heat generation decreases
to 241 W. At the beginning of period IV, the total heat
generation rises slowly until a steady-state total heat
generation of 1894 W, defined as Qs

total, is built at time
t4. The pin heat generation has a similar trend in period
IV, and the steady-state pin heat generation is 261 W.
At the end of the weld, both total heat generation and
pin heat generation decrease and the trend continues in
period V until the tool extracts from the workpiece.

VI. DISCUSSION

To critically analyze the accuracy of the present
thermal model, we will consider the following: (a) the
physically reasonable analysis of the temperature-depen-
dent friction coefficient; (b) the self-consistent analysis
of the present thermal model; and (c) the reliability
analysis using Sato et al.’s weld conditions,[41] where the
measured temperature was reported.

A. Physical Reasonableness Analysis of the
Temperature-Dependent Friction Coefficient

In the following part, we will discuss the main
potential factors affecting the friction coefficient[33]

during FSW to explore the key friction-affecting factor.

1. Effect of temperature
For FSW of the aluminum alloys, the nugget zone

experiences a temperature excursion from room tem-
perature to ~0.6 to ~0.9 Tmelt of the workpiece.[42] For
example, in the present article, the calculated tempera-
ture near the tool/workpiece contact area is above
643 K (370 �C) (Figure 9) and the maximum tempera-
ture is 714 K (441 �C) (Figure 6) in the steady-state
welding for FSW of the 6061Al-T651 (sample 24-8-900-
200). Thus, it can be seen that the temperature of the
contact area varies in a very large range during the FSW
process. This leads to significant changes of the mechan-
ical properties of the workpiece (especially in the nugget
zone), the contact state of the tool/workpiece inter-
face,[33] and in turn the friction coefficient.

The temperature-dependent friction coefficient was
observed in previous studies. Reference 43 reported that
the sliding friction coefficient for the aluminum/steel
friction couple was about 0.25 at room temperature
based on dry sliding tests. On the other hand, the

stick friction coefficient value for aluminum was
reported to approach 0.5,[44] when the sliding friction
force exceeds the shear yield strength of the workpiece at
high temperatures.[29,40] These facts suggest that the
friction coefficient exhibits a strong correlation with
temperature.
Further evidence supporting the temperature-depen-

dent friction coefficient comes from Zhang et al.’s
study.[45] They measured the friction behavior of the
3003-H18 aluminum alloy at different relative surface
velocities and temperatures. It was reported that at
room temperature the friction coefficient was 0.274, and
it increased to a maximum value of 0.400 at 423 and
473 K (150 and 200 �C). Above 473 K (200 �C), it
began to decrease.
In material removal tests, Tao et al.[46] found that the

friction coefficient for 6061Al-T6 was also a tempera-
ture-dependent value. With 5 deg wedge angles, the
friction coefficient raised from about 1.1 at room
temperature to about 1.3 at 523 K (250 �C), beyond
which it decreased. They explained that as the temper-
ature increased from room temperature, the adherence
between the two friction bodies increased until 523 K
(250 �C), at which point the adherence reached a
maximum value. When the temperature exceeded
523 K (250 �C), the strengthening phase b¢¢ in the
6061Al-T6 dissolved into the a aluminum matrix, which
weakened the strength of 6061Al-T6 and reduced the
friction coefficient. Note that the friction coefficient
values in Tao et al.’s study[46] differ from those in the
present study and other studies. This may be attributed
to the different experimental/process conditions.
Most recently, Schmidt and Hattel[7] proposed the

concept of the self-stabilizing effect, which was respon-
sible for the temperature level below the solidus tem-
perature, and made the heat generation during FSW a
result of the process itself. The self-stabilizing effect was
stated as follows: temperature exceeds solidus tempera-
ture fi yield stress of workpiece decreases fi heat
generation reduces fi temperature reduces fi yield stress
of workpiece recovers.[7] This indirectly supports the
temperature-dependent friction coefficient. This effect is
further developed in the present article and described as
the following chain rule I:
Temperature of the tool/workpiece interface increases

(when the temperature is higher than a limited temper-
ature, i.e., 423 K (150 �C) in the present article)fi
material strength decreases fi friction coefficient de-
creases fi heat generation decreases fi increment of
temperature decreases and its inverse path temperature of
the tool/workpiece interface decreases (when the temper-
ature is lower than a limited temperature, i.e., 423 K
(150 �C) in the present article)fi material strength
increases fi friction coefficient increases fi heat gener-
ation increases fi increment of temperature increases.
Chain rule I shows the relationship between temper-

ature, heat generation, and friction coefficient. This is
the key characteristic of the FSW differing from the
fusion weld process where the heat input can be precisely
controlled, e.g., by setting current and voltage.[47]

Furthermore, Figure 5 suggests that when the temper-
ature exceeds 423 K (150 �C), the variation of the
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friction coefficient with temperature may be approxi-
mately described by a piecewise linear equation:

l Tð Þ ¼ l0 � K T� 273ð Þ ½14�

where l0 = 0.90,K = 2.54 9 10�3 for 423 K (150 �C)<
T £ 553 K (280 �C), and l0 = 0.36, K = 5.94 9 10�4

for 553 K (280 �C)<T £ 873 K (600 �C).
From Eqs. [12] and [14], we can get l0

K ¼ Tmelt � 273,
for T > 553 K (280 �C). Thus, the friction coefficient
becomes zero at the melting point of the workpiece
material. This is supported by Schmidt and Hattel’s
study.[7] They gave a heat generation model q = s(T)xr,
which suggested that the friction stress monotonically
decreased with the rising temperature and dropped to
zero as the temperature increased up to the melting
point. This supports the present work well.

Figure 5 also suggests that in the range from room
temperature to 423 K (150 �C), the friction coefficient is
approximately proportional to the temperature. Accord-
ing to Tao et al.’s study[46] with the explanation depicted
in Figure 10, we can deduce the chain rule II with
positive feedback mechanism as follows:

Temperature of the tool/workpiece interface increases
(when the temperature level is lower than 423 K (150 �C)
in the present study) fi the adherence between the tool
and the workpiece material increases fi friction coeffi-
cient increases fi heat generation increases fi increment
of temperature increases.

Such a deduction still needs more evidence to prove its
reasonability. The positive feedback mechanism may be
approximately described by

l Tð Þ ¼ 0:18þ 2:27� 10�3 T� 273ð Þ;
for 273 K 0�Cð Þ<T<423 K 150�Cð Þ ½15�

The influence of the chain rule I with negative
feedback mechanism and chain rule II with positive
feedback mechanism on the final heat generation and
temperature will be discussed in Section VI–B.

2. Other potential friction-affecting factors
Contact geometry (i.e., macroscale mating of shapes

and surface roughness) of the contact components[33] is
also a potential friction-affecting factor. For the FSW

process, the contact components are the tool (including
the shoulder and the pin) and the workpiece. In the
present study and a companion article,[37] the tools with
different diameters were all made from M42 high speed
tool steel with the same shape, while the workpiece is a
6061Al-T6. It can be easily seen that the contact
geometry of the tool and the workpiece is the almost
the same.
For FSW, the relative motion (i.e., magnitude of

relative surface velocity) between the tool and the
workpiece, a potential friction-affecting factor,[33] can
be expressed by u ¼ 2px

60 rþ t
60 sin h. In most cases,

2px
60 r� t

60 sin h; thus, u � 2px
60 r, from which we know

that the relative motion between the tool and the
workpiece is controlled by the rotation rate. In the
present study and a companion article,[37] the rotation
rate is in the range of 900 to 1400 rpm, the increase of
which is less than 2 times. Furthermore, Zhang et al.[45]

measured the friction coefficients of 3003-H18 Al under
different sliding speeds. They found that as the sliding
speed increased from 0.80 to 800 mm/s (i.e., three orders
of magnitude), the friction coefficient remained at the
same level of 0.27. Based on these facts, it is possible to
deduce that the effect of relative motion between the
tool and the workpiece on the friction coefficient is
small.
According to Peel et al.’s study,[31] with the same

shoulder plunge depth, which is also the case in the
present article and a companion article,[37] the applied
force increased by 15, 12, and 35 pct, respectively, for
FSW of 6082Al-T6 with increasing the weld pitch (a
parameter resulting from dividing the advancing speed
by the rotation rate) from 0.18 to 0.54, for FSW of
5083Al with increasing the weld pitch from 0.18 to 0.54,
and for FSW of dissimilar 6082Al-5083Al with increas-
ing the weld pitch from 0.12 to 1.07. Recently, Atharifar
et al.[48] reported that as the advancing speed decreased
from 150 to 30 mm/min at a constant rotation rate of
31.4 rad/s, the axis force increased from 8.2 to 9.5 KN.
With increasing the rotation rate from 31.4 to 125.6 rad/
s at a constant advancing speed of 150 mm/min, the axis
force increased from 8.2 to 18.0 KN. These experimen-
tal results revealed that the applied force in FSW varied
with the welding parameters, but the variation was still
in the same magnitude.
Another potential friction-affecting factor is the

contact compliance (i.e., sliding and sticking friction
conditions). By considering both sliding and sticking
friction conditions, the friction heat generation rate can
be expressed by

q ¼ 1� dð Þlcp
2px
60

rþ t
60

sin h

� �

þ dgs
2px
60

rþ t
60

sin h

� �
½16�

The term lcp is the Coulombic friction stress, while s
is the shear strength. When d is 0, the heat generation is
described only by the first term of Eq. [16], indicating a
full sliding condition, i.e., Coulombic friction. When d is
1, the heat generation is described only by the second
item, which is a full sticking condition; i.e., a full

Fig. 10—Illustration of the sliding friction interfaces that may occur
in FSW: (a) small part of the apparent contact area is the real fric-
tion area,[34] and (b) increased temperature softens the workpiece
and increases the real contact area under the normal pressure.
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plasticity at the frictional interface occurs. However, it is
difficult to determine the d function in FSW. Thus, far-
reaching approximations are used to describe the d
function. For example, Maalekian et al.[34] assumed that
d was a function of temperature with a friction conver-
sion time of 0.1 seconds. Nandan et al.[13,14] assumed
that d was a function of the relative velocity between the
tool and the workpiece. In the present article, we follow
Maalekian et al.’s[34] framework. In this case, d and s in
Eq. [16] are temperature-dependent functions. Then Eq.
[16] can be rewritten as

q ¼ 1� dð Þlc þ dg
s
p

	 

p

2px
60

rþ t
60

sin h

� �
½17�

If we define a function

~l ¼ 1� dð Þlc þ dg
s
p

½18�

it can be seen that ~l is a function completely dependent
on the temperature. Further, Eq. [17] can be simplified
to q ¼ ~l Tð Þp 2px

60 rþ t
60 sin h

� �
, which has the same form

as Eq. [2]. Therefore, the temperature-dependent fric-
tion coefficient can be used to describe both sliding and
sticking conditions based on the assumption that the slip
fraction is a function of temperature.

To summarize, temperature is the key factor affecting
the friction coefficient in FSW, while other potential
friction-affecting factors such as contact geometry (i.e.,
macroscale mating of shapes and surface roughness),
relative motion (i.e., magnitude of relative surface
velocity), and applied force (i.e., magnitude of normal
force) have small effects on the friction coefficient for the
FSW process. For simplifying the computation, an
approximation is adopted in the present article that the
friction coefficient is only dependent on the temperature.
The potential friction-affecting factor, the contact com-
pliance (i.e., sliding and sticking friction conditions), is
embedded in the present heat generation rate formula.

B. Self-Consistency and Computed Heat Generation

To further prove the validity of the present thermal
model, the self-consistency of the model is examined by
the dynamic heat generation results from the present
thermal model. The friction coefficient function, which is
the core element in the present thermal model, can be
examined indirectly.

The characteristics of the computed dynamic heat
generation curve depicted in Figure 6 are in good
agreement with the experimental results reported by
Schmidt et al.[29] Since the temperature point of 423 K
(150 �C) is an inflection point of the friction coefficient-
temperature curve, period I can be subdivided into two
subperiods, periods I1 and I2, based on the 423 K
(150 �C) temperature point on the maximum tempera-
ture curve, as shown in Figure 6. The total amount of
heat generation in period I is relatively small, because
the heat is only generated on the pin/workpiece inter-
face. In period I1, the temperature in the friction
interface is lower than 423 K (150 �C). According to
the previous discussion, the friction coefficient in period

I1 is controlled by the positive feedback mechanism,
resulting in faster and faster increasing of the friction
coefficient and in turn the heat generation and the
temperature, as depicted in period I1 of Figure 6. When
the maximum temperature in the friction interface
exceeds the inflection point of 423 K (150 �C), the
friction coefficient on the pin/workpiece interface is
controlled by the negative feedback mechanism. This
results in the reduction in the friction coefficient and in
turn the heat generation rate q during period I2.
However, the area of the pin/workpiece interface
increases in this period, which increases the heat
generation and compensates for the decrease in the
friction coefficient due to the negative feedback mech-
anism. Therefore, the heat generation and temperature
during period I2 still increases but with a lower
increasing rate compared to period I1, as shown in
Figure 6.
When the shoulder comes in contact with the work-

piece in period II, the contact area rises quickly and
therefore the heat generation increases sharply. As the
heat generation increases sharply to 2400 W, the max-
imum temperature rises quickly from 498 K to 731 K
(225 �C to 458 �C). The negative feedback mechanism
indicates that the temperature increasing rate will not
keep its original value due to the decrease in the friction
coefficient, which means that the temperature level is
below the solidus temperature of the alloy. This is also
the reason that the pin heat generation drops in period
II, whereas the total heat generation rises quickly due to
the increase in the contact area.
The drop in the axis force during the dwell period

should be responsible for the quick decrease in the heat
generation in period III, as reported by Schmidt et al.[29]

and Cavaliere et al.[49]

At the beginning of period IV, the weld period, the
value of the heat generation rises slightly. This behavior
may be explained in Figure 11. We plot both the friction
coefficient–temperature curve and the temperature posi-
tion along the welding line in Figure 11(a). The temper-
ature ahead of the tool is lower than that on the tool/
workpiece interface, as shown in Figure 8(c). With the
tool moving ahead, the tool encounters the thermal
contours with lower temperature values, which de-
creases the temperature on the tool/workpiece interface.
According to the negative feedback mechanism, decreas-
ing of temperature increases the friction coefficient, and
in turn increases the heat generation, which compensates
the temperature. This behavior cycles many times until
an equilibrium state is established at time t4, which may
be summarized by this path 1 fi 2 fi 3 fi 1’ fi 2’ fi 3’
fi 1’’ fi 2’’ fi 3’’ fi 	 	 	fi equilibrium point, as shown in
Figure 11(b).
With the tool reaching the end of the weld, the

isothermal contours are expanded in front of the tool
and compressed behind it, as shown in Figures 8(g) and
(h). The reason for this is that heat transported at a
slower rate to the surrounding through the workpiece/
surrounding interface, while heat transferred rapidly
through the workpiece behind the tool. Since the
temperature in the front of the tool is higher than that
at the rear of the tool, according to the negative
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feedback mechanism, the heat generation decreases at
the end of the weld period when the tool moves ahead,
as shown in Figure 6. In period V, the high-temperature
region expands, resulting in the decrease in the heat
generation. With the tool extracts from the workpiece,
the heat generation decreases to zero.

In conclusion, the characteristics of computed heat
generation including dynamic data and steady-state
data, and the pin heat generation fraction under various
weld conditions, can be well explained by the chain
rules.

C. Reliability Test

To evaluate the relative achievements of the present
thermal model, the weld conditions reported by Sato
et al.,[41] where thermal cycles for FSW 6063Al-T5 were
experimentally measured using a thermocouple placed
at the bottom of the butt line, were applied to the weld
parameters set in the present model. The thermophysical
properties of the 6063Al-T5 actually refer to those of
6061Al-T6, a similar alloy with slightly lower alloying
element contents. Computed maximum temperatures at

Fig. 11—Illustration of the processes to establish the FSW equilibrium state in FSW period IV: (a) the friction-temperature relation and the
temperature-position relation along the welding line, and (b) the detailed steps depicting how the FSW reaches its equilibrium state with the tool
moving ahead.
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the bottom surface of the SZ agree well with the
measured results[41] for different rotation rates, as
depicted in Figure 12. This suggests that in spite of the
approximation of the friction coefficient, the present
thermal model is robust to predict the temperature
under a wide range of welding conditions.

VII. CONCLUSIONS

1. A transient thermal model for the entire FSW pro-
cess is established based on the temperature-depen-
dent friction coefficient, which can be obtained by
ISM. The transient thermal model can be used for
predicting temperature and heat generation of
FSW. The predicted results correspond well with
the experimentally measured results reported by Liu
and Ma[39] and Sato et al.[41]

2. The relation between temperature, friction coeffi-
cient, and heat generation for FSW can be summa-
rized by a phenomenological approach, which
consists of the chain rule I with negative feedback
mechanism that dominates at the middle and high
temperatures and the chain rule II with positive
feedback mechanism that dominates at the low tem-
peratures. Furthermore, the FSW process reaches
an equilibrium state under the control of the nega-
tive feedback mechanism, indicating that the FSW
is a self-stabilizing process with respect to computed
temperature and heat generation.
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NOMENCLATURE

c heat capacity (J K�1 g�1)
Fz axis force (N)
hb heat-transfer coefficient (W mm�2 K�1)

hp pin length (mm)
ht heat-transfer coefficient (W mm�2 K�1)
K curve fitting slope
k thermal conductivity (W mm�1 K�1)
l, w, h length, width, and thickness of

workpiece (mm)
p pressure (Pa)
pq pressure at pin/workpiece interface (Pa)
ps pressure at shoulder/ workpiece

interface (Pa)
Qp, Qs, Qtotal pin, shoulder, and total heat generation

(W)
q heat generation rate (J mm�3)
Rp, Rs pin, shoulder radius (mm)
r radius (mm)
T temperature (K)
Ta room temperature (K)
Tt reference temperature at time t (K)
t time (s)
t0 start time for inverse computation (s)
te end time for inverse computation (s)
ttotal total time of FSW process (s)
u relative speed between the tool and the

workpiece
t advancing speed (mm min�1)
tW velocity of the workpiece (mm s�1)
tT velocity of the tool (mm s�1)
x, y, z coordinate axes
Yt computed temperature at time t (K)
� gradient operator, r 
 @

@xþ @
@yþ @

@z
d slip fraction, d 
 tW=tT

e emissivity
_e strain rate (s�1)
g mechanical efficiency
l comprehensive friction coefficient
l0 curve fitting intercept
lc Coulombic friction coefficient
k thermal conductivity (W mm�1 K�1)
q density (g mm�3)
r Stefan–Boltzmann constant

(J s�1 mm�2 K �4)
x rotation rate (rpm)
p Pi
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