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Abstract

A three-dimensional heat transfer model for friction stir welding (FSW) is presented in this paper; a moving coordinate is
introduced to reduce the difficulty of modeling the moving tool. Heat input from the tool shoulder and the tool pin are considered
in the model. The finite difference method was applied in solving the control equations. A non-uniform grid mesh is generated for
the calculation. FSW experiments have been done to validate the calculated results. The calculated results are in good agreemen
with the experimental results. The calculation result also shows that preheat to the workpiece is beneficial to FSW.
0 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction transfer modeling for FSW [5-19]. The thermal couple
measured temperature history of the workpiece during
Friction stir welding (FSW) is a new solid-state join- FSW has also been attained [20-23].
ing technology invented at the welding institute (TWI) Chao and Qi [5] published a three-dimensional heat
in 1991 [1]. It has been proven to be a very successful transfer model in 1998, in their paper, a constant heat
joining technology for aluminum alloys. Friction stir flux input from the tool shoulder/workpiece interface
welding of nickel alloys and steel is also promising [2,3]. was assumed, a trial-and-error procedure was used to
Compared to the conventional welding processes, FSWadjust the heat input until the all the calculated tempera-
can produce superior mechanical properties in the weldtures matches with the measured ones. Frigaard, Grong,
zone. This new technique is being successfully applied and Midling [6,7] developed a process model for FSW,
to the aerospace, automobile, and shipbuilding industriesthe heat input from the tool shoulder is assumed to be
[4], and is attracting more and more research interest. the frictional heat, and the coefficient of friction or the
The heat transfer process is one of the most importantcalculated temperature during the welding is adjusted to
aspects in the FSW study. A good understanding of thekeep the calculated temperature from exceeding the
heat transfer process in the workpiece can be helpful in material melting point.
predicting the thermal cycles in the welding workpiece, = The Rosenthal equation for modeling heat-transfer for
and the hardness in the weld zone, subsequently, can bé¢hin plates has also been applied in modeling the heat-
helpful in evaluating the weld quality. A known tem- transfer in FSW [8,9]. Zahedul, Khandkar, and Khan
perature distribution is also important for calculating the modeled the heat transfer for overlap friction stir weld-
temperature-dependent  viscosity when modeling ing with the finite element method; a moving heat source
material flow. is used [10]. Bendzsak, North, and Smith et al. applied
Significant progress has recently been made on heathe CFD method in modeling the heat and material flow
process for FSW, where the material is assumed to be
a kind of non-Newtonian fluid in their modeling [11,12].
* Corresponding author. Fax1-214-768-0812. In the above-mentioned models, the heat input from
E-mail address: kovacevi@engr.smu.edu (R. Kovacevic). the tool shoulder is the only heat input, the heat gener-
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Nomenclature

C heat capacity, J/K K

F; surface friction force, N

Fn norma force, N

Fo translation force, N

h thickness of the workpiece, m

h. coefficient of heat convection, W/n?K
H enthalpy, JKg J/Kg

Ke, Ky, k, thermal conductivity, W/mK

n normal vector of boundary I
q heat flux, W/m?

Mo radius of the pin, m

(P radius of the shoulder, m

S heat source term, W/m?

t time, sec

T temperature, K

\ dip velocity, m/sec

Vi welding speed, m/sec

XY,z  space coordinate, m
average yield stress, MPa
helix angle of the pin thread
coefficient of friction

= >

ated at the tool pin / workpiece interface has not been
included.

Heat generated by the pin was estimated to be only
2% of the total heat generation during the FSW [9]; how-
ever, this ration was estimated to be up to 20% by some
researchers [13], In order to model the heat transfer pro-
cess accurately, it is necessary to include the heat gener-
ated by the tool pin in the modeling.

The heat transfer process during the tool penetration
period cannot be modeled if the heat input from the pin
is not included. Moreover, the initial field is very
important in a transient heat transfer model, especially
for modeling the preheat effects of laser-assisted pre-
heated FSW [14]. For this purpose, the heat transfer dur-
ing the tool penetration period cannot be neglected.

During the FSW process the tool penetrates into the
workpiece, then moves along the joint line at a constant
speed (see Fig. 1). The material in front of the rotating
tool pin is plastically deformed and stirred back to the
trail edge of the tool pin in the welding. This continuous
“stir” process makes it difficult to model the heat input
from the pin. First, the materia plastic flow process is
very complicated, making it almost impossible to deter-
mine the temperature distribution of the relocated
material that is stirred from the front edge to the aft edge
of thetool pin. Secondly, the tool pin is non-consumable
in the welding, and modeling a moving tool pin in the
workpiece is also not easy. The heat input from the tool
pin is simplified as a moving heat source [15]; however,

(a) Suficient downward force to
maintain registered contact

Advancing
side of weld

Trailing edge of
the ratating tool

[ ] [ ]
I - Ll —
Penetration Welding Pulling out

Fig. 1. Schematic diagram of FSW [2].

this assumption is not helpful in modeling the coupled
heat transfer for both the tool and the workpiece.

In this paper, a moving coordinate has been intro-
duced to model the transient three-dimensional heat
transfer process for FSW. The coordinate is chosen
stationary with the moving tool. Therefore, the difficulty
of modeling the complicated stir process can be greatly
reduced, thus making this model more accurate.
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2. Mathematical model

In this paper, the FSW process is divided into the fol-
lowing three periods. the penetration period, the weld
period, and the tool pulling out period [15], as shown
in Fig. 1. The following assumptions are introduced in
the model:

1. The heat generated at the tool shoulder/workpiece
interface is frictional heat;

2. The tool pin is a cylinder; the thread of the pin can
be neglected;

3. No heat flows into the workpiece if the local tempera-
ture reaches the material melting temperature.

2.1. Control eguation in a moving coordinate

During the main friction stir welding process, or the
weld period, the tool is moving at a constant speed along
the joint line. For such a problem, it is convenient to use
a moving coordinate system that moves with the tool,
instead of using a stationary system. By applying a mov-
ing coordinate, it is not necessary to model the compli-
cated stir process near the pin, thus it makes the
model easier.

The heat transfer control equation for the workpiecein
a moving coordinate system with a positive x-direction
moving tool can be written as:

MpcT) _ 8, 0T 9, 0T 8, 0T
ot~ axhax T aay T alks 3
+ vwa(pCT)
1)

Where T is the temperature, c is the heat capacity, p is
the density, k is the heat conductivity, and v is the tool
moving speed.

2.2. Heat generation

In the presented model, the heat a the tool
shoulder/workpiece interface and the heat at the tool
pin/workpiece interface are both considered.

2.2.1. Heat input from the tool shoulder

The heat generated at the tool shoulder/workpiece
interface is assumed the frictional work in this model.
The local heat generation can be calculated by the fol-
lowing expression [15]:

qfi = ZﬂHFan (2)

Where R, is the distance from the calculated point to the
axis of the rotating tool, n is the rotational speed of
the tool.

The coefficient of the friction is believed to vary dur-
ing the FSW process; the detail of the variation is till

not clear so far. An effective coefficient of friction is
assumed in this model.

2.2.2. Heat input from the tool pin

The heat generated by the tool pin consists of the fol-
lowing three parts: (1) heat generated by shearing of the
material; (2) heat generated by the friction on the thre-
aded surface of the pin; and (3) heat generated by fric-
tion on the vertical surface of the pin. Colegrove gave
an expression on calculating the heat generated from the
pin [13].

Vi - 2u KYrr hV,

i = 27T hKY-—2 + =P IP 3
| AFtVocoS
T
sinl

— °c__ 7 —1 - =

Where 6 —Si?]g A—tan Y(u), V., = sin(180°—9—l)vp’
Vip = sin(180°—9—l)vp’ and v, = rym. ryisthe raijlus of
the tool pin, h is the thickness of the workpiece, Y is the
average shear stress of the material, F;, is the trandation
force during the welding, and A is the helix angle of the
thread, and u is the friction coefficient.

Because the tool pin is assumed to be a cylinder with
no thread, only the first item in Eq. (3) is calculated as
the heat input from the tool pin.

2.3. Boundary conditions and initial condition

2.3.1. Tool shoulder/workpiece interface
The heat flux boundary condition for the workpiece
a the tool shoulder/workpiece interface is

oT
k% =0s (4)

r

2.3.2. Tool pin/workpiece interface
The heat flux boundary condition at the tool pin /
workpiece interface is similar to the tool shoulder /
workpiece interface, and can be written as
oT

k—

onl = ar 5)

r

gs and g, can be calculated by Egs. (2) and (3).

2.3.3. The convection boundary conditions
The convection boundary condition for all the work-
piece surfaces exposed to the air can be expressed as

T
il

S =hT=To ©)

r

Where n is the normal direction vector of boundary T,
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and h is the convection coefficient. The surface of the
workpiece in contact with the backup plate is simplified
to the convection condition with an effective convection
coefficient in this model.

Fig. 2 illustrates all the boundary conditions for the
calculations.

2.3.4. Symmetric boundary conditions

In the friction stir welding process, the two plates are
welded aong the joint line in aft of the tool, but not
welded yet in front of the tool. In this paper, the bound-
ary condition at the joint line is a symmetric boundary
condition in aft of the tool pin:

Tj:1 = Tj=2 (7)

and is simplified to the convection boundary condition
in front of the tool:
oT
kyp| = h(T—To) )
T
Actualy the joint surface of the two platesis afaying
surface before the tool passes by.

2.3.5. Tool penetration and extraction

During the processes of the tool penetration and pull-
ing out, the height of the tool pin penetrating into the
workpiece, dz, representing the height of the heat flux
applied area, varies from 0 to h,. The height can be cal-
culated by the tool penetration and extraction speeds,
respectively. The height is:

dz = v,dt (9
during the penetration period, and:
dz = h,—Vedt (20)

during the pulling out period. Where v, and v, are the
tool pin penetration and extraction speeds, respectively.
Because a moving coordinate is introduced, the heat

cenvection

comvection a-hIT-Tarb)

Q=T Tunbk)

Fig. 2. Boundary conditions in the presented heat transfer model.

source is static in the calculation, except during the pin
penetration and pulling out periods. Because the heat
transfer during the tool pulling out period is not
important in modeling the heat transfer process of FSW,
thus it has not been discussed in this paper.

2.3.6. Initial condition
The initia condition for the calculation is:

T(xy,z0) = T, (@D

3. Numerical solution

The heat transfer control equations are solved numeri-
caly with a finite difference method. Because the two
plates to be welded are symmetric, only one plate is
modeled.

FSW is believed to be a solid-state weld. In order to
keep the calculated temperature from exceeding the
material melting temperature, the heat flux is adjusted to
zero if the calculated temperature reaches the material
melting temperature. Because the temperature gradient
a the surface will be very small if the temperature
reaches the melting temperature, therefore, this is a
good assumption.

3.1. Non-uniform grid

Because the dimension of the tool pin is relatively
small compared with the dimension of the workpiece. In
order to get an accurate result, it is better to put more
grid nodes near the tool pin. A non-uniform grid mesh
has been generated in this paper to ensure enough grid
nodes are put near the tool pin, as shown in Fig. 2. The
following expressions are introduced in generating the
non-uniform grid:

dXi = SldXi 1 (12)
dyj = gzdyj 1 (13)
dz, = &30z, (14

3.2. Numerical scheme

The heat transfer control equation was discretized by
an explicit central difference scheme. The second-order
derivative of the temperature in x-direction in the non-
uniform grid for al inner points is:

azTi,j'k _
02X
Ti+1’j’kdX(i—l) + Ti,lvj’kdX(i)—Ti,j’k[dX(i) + dX(l_l)]

A [dx(i) + dx(i—D)][dx()][dx(i — 1)]

}

(15)
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The first-order derivative of the temperature in the x-
direction in the non-uniform grid for al inner points is:

aTi,j,k — Ti+1,j,k_Ti,j,k
0X dx(i—1)
The second-order derivative of the temperature in the

y-direction and the zdirection can be expressed in the
similar way.

(16)

o, T,
Denoting %as TEMZ2(x), and %as TEM (x), the

time marching procedures for al inner points are:
A
T = T+ KTEM) + KTEMY)  (17)

+ k. TEM2(2)] + VTEM(X)At

Where T, and T"¢ D are the temperatures at point
(i,j,K) a timen and n + 1, respectively, dx(i) is the non-
uniform grid space at node (i,j,k), TEM(X) is the first
order derivative to x, TEM?2(x) is the second order deriva
tive to x, At is time marching step in the calculation.

In the calculation, if the calculated temperature
reaches the material melting temperature, the heat input
from the tool is adjusted to zero:

q=20 (T=Trei) (18)

3.3. Boundary condition

There are three kinds of boundary conditions in the
model, the heat flux boundary condition, the convection
boundary condition, and the symmetric boundary con-
dition.

The discretization of the heat-flux boundary condition
at the tool shoulder/workpiece contact surface is:

Tk = TW_1x + qAX/K (19)

The discretization of the convection boundary con-
dition in other area on the workpiece upper surface is.

T = kT 1k + hAYT,
i,nj,k ky n hAy

Similar boundary discretizations are applied to al
other boundaries.

The heat-flux boundary condition is applied only to
the points within the tool shoulder covered workpiece
top surface (j = nj). The heat-flux boundary condition is
restricted to a circular area, where all points within this
circular area from the tool axis is smaller than the tool
shoulder radius rg, (see Fig. 3):

dist; = \/(Xi,j,nk_xio,jo,nk)z + Vijrk—Yiojor)*=rsr  (21)

(i=23..ni-1,j=23..n-1)

A similar rule is applied in determining the heat-flux
boundary of the tool pin, the approximation of the tool
boundary is shown in Fig. 3.

(20)

0.12

0.1

0.08

> 0.06

0.04

0.02

0 0.05 0.1 0.15 0.2 0.25
X

Fig. 3. The non-uniform grid mesh for the calculations, top view.

The symmetric boundary condition at the joint line
can be smplified as:

Ti,l,k = Ti,2,k (22)

During the tool penetration and pulling out periods,
the heights of the heat-flux boundary representing the
tool pin moves at the tool penetration and the pulling
out speed respectively.

dz = v,dt (23)
dz = V0t (24)

Where v, and v,,, are the tool pin-penetration speed and
tool pulling-out speed, respectively.

3.4. Material properties and welding conditions

The heat conduction coefficients k,, k, and k, are
assumed constant and equa during the welding. The
material properties of the Al 6061/T6, and the welding
conditions used in the calculations are listed in Table 1,
Table 2.

4, Results and discussion

The workpiece to be friction stir welded is a pair of
Al 6061-T6 plates, with a dimension of 254 x 102 x
12.7 mm, respectively. The tool is made of H-13 tool
steel, the tool pin is 6 mm in radius, and 12 mm in
height; the tool shoulder is 50 mm in radius, and 50 mm
in height.

A 80 x 50 x 15 grid is used in the calculation. The
time marching step is 0.01 s. The calculated temperature
history is compared with the thermal couple measured
data. The calculated maximum temperature distribution
of the weld is also compared with the experimental
microstructure morphology. To better describe the calcu-
lated results, the calculated data has been mirrored to the
joint line in corresponding figures. FSW with and with-
out preheat has also been calculated and discussed in
this paper.
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Table 1
Input data for the calculation
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Density Heat conductivity Coeffficient of friction Rotation speed Weld speed Applied force
2700 kg/m? 167 W/m K 0.4 637 rpm 1.59 mm/s 25 KN

Table 2

Mechanical properties of 6061-T6 Aluminum

Temperature (K) 311 339 366 394 422 450 477 533 589 644
Yield Stress (MPa) 241 238 232 223 189 138 92 34 19 12

4.1. Calculated temperature contour

The temperature contour during the penetration period
and the weld period was calculated and discussed.

4.1.1. Penetration period

During this period, the rotating tool pin penetrates into
the workpiece, until the tool shoulder contacts the work-
piece. The penetration speed is chosen to be 5 mm/s in
the calculation, and the corresponding penetration time
is approximately 2.54 s. The weld speed v,, is 0 in
this period.

Fig. 4 shows the calculated temperature contours
(front view) at different times during the penetration per-
iod. The figures graphically illustrate the temperature
history of the workpiece during the pin penetration. The
details of the temperature distribution near the pin in this
period are shown in Fig. 5.

4.1.2. Weld period

During this period, the tool traverses along the joint
line at a constant weld speed. The calculated front view
section temperature contours, where the pin just passed
by, at 12.0, 15.0, 22.0, and 30.0 s in the weld period as
shown in Fig. 6. Fig. 7 shows the calculated temperature
contours from the top view. The heat-transfer processin
the weld period can be clearly found from Figs. 6 and
7. From Fig. 6, it can be found that the calculated tem-
perature contour at 22.0 sis similar to that at time 30.0
s, which implies that a steady heat transfer could be

0.01

N 0.005

0 -0.02 -0.01

reached at the main FSW process. Fig. 8 shows the
detailed temperature distribution near the tool pin.

Fig. 9 is the 3-D view of the calculated temperature
contour at time 30.0 s in the weld period.

4.2. Experimental validation

In order to verify the presented model, FSW experi-
ments have also been done. The calculated results are
compared with the experimental measured ones. Fig. 10
is the diagram of the FSW experiment setup. The tem-
perature histories of the workpiece have been measured
by Type-K NiAI/NiCr thermocouples. An infrared cam-
era is also used to take the surface temperature of the
workpiece in front of the tool, as shown in Fig. 10.

4.2.1. Comparison to the microstructure morphology

The microstructure morphology in the welding zone
is believed to be related to the local thermal cycles. Typi-
cally, the FSW microstructural morphology consists of
the following zones: the nugget zone, the thermal-mech-
anical-affected zone (TMAZ), the heat-affected zone
(HAZ), and the base-materia zone. The shapes and gray
levels of the microstructure morphology in the cross-sec-
tion area of the weld are related to the local peak tem-
perature experienced in each region.

Fig. 11 shows the calculated temperature contours of
the peak temperatures of the welding cross section, com-
pared to the experimentally-obtained microstructure
morphology. The tool rotational speed is 637 rpm; the

s
R
T~
~T 0T
3o
S
0 0.01 0.02
y

Fig. 4. Cadculated isothermal during penetration period, front view.
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(a)
0.01
N 0.005
0 -0.04 -0.03 -0.02 -0.01
(b)
0.01
N 0.005
v -0.04 -0.03 -0.02 -0.01
(c)
0.01
N 0.005
0 0.04 -0.03 -0.02 -0.01
(d)
0.01
N 0.005

-0.04 -0.03 -0.02 001

0 0.01 002 003 0.04 0.05
y

t=0.75s

0 001 0.02 0.03 0.04 0.05
y

t=1.55s

0 0.01 0.02 0.03 0.04 0.05
y

t=1.955s

0 0.01 002 0.03 0.04 0.05
y

287.3 331.3 375.2 419.2 463.1 507.0 551.0 594.9 638.9 682.8

t=2.35s

Fig. 5. Detailed results at t = 2.35 s in the penetration period, front view.

welding speed is 1.59 mm/s. The calculated temperature
field corresponds to the main welding period, at t = 30
s. It can be seen that the calculated 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 820 K, the calculated peak temperature
of the TMAZ is in the range of 751-612 K, and the
calculated peak temperature in the HAZ is in the range
of 612439 K. The calculated temperatures in each weld
zone coincide with the experimental measured results by
Sato, Kokawa, Enomoto, and Jogan, for Al 6063[23],
which issimilar to Al 6061 in chemical composition and
physical properties.

4.2.2. Comparison to the infrared camera image
Fig. 12 shows the comparison between the calculated
isothermals at the top surface of workpiece, and the

gray-level image of the surface temperature distribution
taken by the infrared camera.

It should be noted that in Fig. 12(b), the calculated
result in Zone A cannot be recorded by the infrared cam-
era, because this area is hidden by the tool, and is infra-
red impenetrable. Only the measured temperature image
in front of the tool shoulder can be used to compare with
the calculated results (Zone B). The measured gray-level
temperature image is very similar to the calculated tem-
perature contour at the corresponding region.

From Fig. 12, it can be seen that athough the detailed
information beneath the tool shoulder cannot be detected
by experiments, however, detailed information can be
provided by the modeling results. This information is
one of the advantages of numerical modeling.
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Fig. 6. Calculated isothermals during welding period, front view.

4.2.3. Comparison to the thermal couple measured
results

Fig. 13 shows the comparison of the thermocouple
measured and calculated temperature histories at a meas-
uring point (114.4, 89.6, 2.5 mm). The calculated result
isin good agreement with the measured one, but alittle
higher. Fig. 13 indicates that the presented heat-transfer
model can be applied successfully in predicting the ther-
mal cycles of the workpiece during FSW. By coupling
this model to the corresponding microstructure models,
the calculated temperature history can also be used in
predicting the hardness in the weld zone [6,7,24].

4.3. Further discussion

One of the important research aspects of FSW is how
to improve the weldability of the material, especially for
aloys with high melting points, such as nickel aloys,
and titanium alloys, and how to protect the tool in FSW.
For most alloys, the yield stress strongly depends on the
temperature. Table 2 shows the yield stress of Al 6061-

T6 at different temperatures [25]. It can be seen that the
yield stress of Al 6061-T6 greatly decreased at a higher
temperature, which made the materia easy to be friction
stir welded at a higher temperature.

The following approaches can be used to get a higher
initial temperature in the workpiece during FSW: (1)
using an insulated backing plate to reduce the heat loss,
and therefore get a higher initial temperature [7,10], and
(2) applying the laser to assist preheating the workpiece
during FSW [14].

In this paper, the effects of preheat by the heat from
the tool shoulder is discussed. After the tool shoulder
contacts the workpiece top surface, the workpiece can
be preheated by making the tool rotate and stand steady
for a period of time before moving. The time the static
stand lasts is denoted as the preheat time. Fig. 14 shows
the temperature distribution in the workpiece at different
preheat times, 0, 1.0, and 2.0 s (side view). It can easily
be found that the initial temperature of the workpiece in
front of the tool pin can be greatly increased at a longer
preheat time, and this temperature increase can reduce
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Fig. 7. Calculated isothermals during the welding period, top view.
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Fig. 8. Detailed results near the tool, t = 30 s, weld period.

the material yield stress, and subsequently make the
FSW easier, and is aso beneficia to protect the tool
from being worn out.
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Fig. 9. Cdculated isothermals, t= 30 s, welding period, 3-D view.

5 6
2
3 h /S th
- . o Ay
| | — 1
—_—
Weld direction Front view
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Fig. 10. Diagram of the experimental setup.
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Fig. 11. Comparison between the peak temperature and the micro-
structure morphology.

5. Conclusion

A three-dimensiona transient heat-transfer model in
a moving coordinate has been developed in this paper;
the calculated results successfully demonstrated the heat-
transfer process of the workpiece in friction stir welding.
The following conclusions can be drawn:

1. This model can accurately model the heat-transfer
process in FSW. The difficulty of determining the
temperature distribution near the moving tool pin has
been reduced.

2. Because a moving coordinate is introduced, no mov-
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nfrared Image Joint line
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Fig. 12. Comparison between the infrared image and calculated tem-
perature.
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Fig. 13. Calculated and measured temperatures at measuring point 1.
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Fig. 14. Cdculated temperature contour at different preheat time,
side view.

ing heat source needs to be modeled; therefore, this
model can be easily applied to model the coupled
heat-transfer process for both the tool and the work-
piece during FSW.

3. A preheat is beneficial to increase the temperature of
the workpiece in front of the tool pin, making the
material easy to be welded, while protecting the tool
from being worn out.
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