
W
20

08
C

ar
lH

an
se

r
V

er
la

g,
M

un
ic

h,
G

er
m

an
y

w
w

w
.ij

m
r.

de
N

ot
fo

r
us

e
in

in
te

rn
et

or
in

tr
an

et
si

te
s.

N
ot

fo
r

el
ec

tr
on

ic
di

st
rib

ut
io

n.

R. Nandana, T. J. Lienertb, T. DebRoya

a The Pennsylvania State University, Department of Materials Science and Engineering, PA, USA
b Los Alamos National Laboratory, Materials Science and Technology, Los Alamos, NM, USA

Toward reliable calculations of
heat and plastic flow during friction stir
welding of Ti-6Al-4V alloy
Dedicated to Professor Dr. Horst Cerjak on the occasion of his elevation to Emeritus status

Heat transfer and visco-plastic flow during friction stir weld-
ing of Ti-6Al-4V alloy have been modeled in three dimen-
sions by numerically solving the equations of conservation
of mass, momentum and energy using temperature depend-
ent thermo-physical properties and temperature and strain-
rate dependent viscosity values. The computed results
showed that five important model parameters, i. e., the spa-
tially variable friction coefficient, the spatially variable slip
between the tool and the workpiece, the extent of viscous dis-
sipation, the mechanical efficiency and the spatially variable
heat transfer rate from the bottom surface of the workpiece
significantly affected both the temperature fields and the
computed torque on the tool. An important problem in the
modeling of friction stir welding is that the values of these
five parameters cannot be specified from fundamental princi-
ples and, and as a result, computed results are not always ac-
curate. Here we show that by combining the heat transfer and
plastic flow model with a genetic algorithm based optimiza-
tion scheme, the values of the five uncertain parameters can
be determined from a limited volume of experimental data
so that the model predictions of peak temperatures and cool-
ing rates match well with the experimental results. The com-
puted results show that for the welding conditions reported in
this paper, close to sticking condition prevailed at the tool–
workpiece interface for all the experiments. The extent of
viscous dissipation converted to heat was fairly low indicat-
ing lack of intimate atomic mixing in the stir zone. Com-
puted three dimensional pressure distributions and stream-
lines were consistent with defect-free reliable welds for all
conditions of welding studied.

Keywords: Torque; Heat generation rate; Boundary condi-
tions; Genetic algorithm; Computational modeling

1. Introduction

Friction stir welding (FSW) is a solid-state joining process,
in which a cylindrical or conical threaded pin, mounted on
a larger diameter shoulder, is inserted between two rigidly
clamped plates, and rotated at high speeds as it moves along
the joint interface. Sufficient load is applied on the tool to
keep the shoulder in contact with the top surface of the
workpiece. The heat generated by friction plasticizes the

workpiece material near the tool, transporting it from the
front to the back of the tool and forming the welded joint.
Although FSW was originally developed for aluminum al-
loys [1], it has now been used for the welding of steels and
a variety of other important engineering alloys such as
Ti-6Al-4V. This titanium alloy is widely used in aerospace,
chemical and other industries due to its high specific
strength and low susceptibility to corrosion. FSW is a po-
tentially attractive joining technique for this alloy espe-
cially because conventional fusion welding often leads to
problems resulting from reaction with ambient gases at ele-
vated temperatures. However, because FSW is relatively
new, our understanding of it, and particularly FSW of
Ti-6Al-4V is still developing.

In fusion welding, numerical models [2, 3] have provided
significant insight into the welding processes and welded
materials that could not have been obtained otherwise.
Starting with the calculation of temperature and velocity
fields, these models have been used to understand weld
pool shape and size [2, 3], solidified surface profiles and
cooling rates,[3] solidification characteristics [2– 4], grain
structure [5] and topology [6], phase transformation ki-
netics [7], inclusion type and size distribution [8], vapor
composition [9], plasma characteristics [10], weld metal
composition change [11] and for the prevention of several
types of weld defects [12, 13]. In the last several years sev-
eral computational models of FSW have been proposed
[14 – 27]. However, these models have not been widely
used, especially in industry. A major problem is that most
phenomenological models are complex and they contain
many uncertain parameters that cannot be determined from
fundamental principles [17]. Most models do not have any
structural component to ensure that the model predictions
agree well with the experimental results. This difficulty
has been recently recognized in the fusion welding litera-
ture. It is now known [28 – 30] that the reliability of the re-
sults obtained from the heat and materials flow models can
be enhanced by optimizing values of several uncertain input
parameters using a limited volume of experimental data.

The main components of any phenomenological heat
transfer and plastic flow model of FSW are the equations
of conservation of mass, momentum and energy. Any lack
of reliability in phenomenological models originates from
the specification of boundary conditions or other auxiliary
components of the model. These include quantitative de-
scription of the spatially variable heat transfer rate from
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the bottom surface of the workpiece, incomplete knowledge
about the extent of slip between the tool and the workpiece,
and the uncertainties about the spatially variable friction
coefficient and other parameters. It is important to use ac-
curate values of any model parameter that can affect the
computed results significantly. An appropriate sensitivity
study using a phenomenological model can reveal the im-
pact of the chosen values of any parameter that is necessary
but cannot be determined from fundamental principles. For
example, if important features of FSW such as the peak
temperature, thermal cycles, and the torque are sensitive to
the values of several model parameters whose values can-
not be prescribed accurately, the uncertainty in the values
of these parameters would adversely affect the modeling re-
sults. A phenomenological model must have a mechanism
to determine the optimized values of these uncertain input
parameters within the framework of the fundamental laws,
so that the computed results agree with the corresponding
experimental results to the maximum extent possible.

Here we use a version of genetic algorithm, differential
evolution [31, 32], to determine the optimized values of
five uncertain parameters from a limited volume of experi-
mental results. We identify these parameters based on the
results of a sensitivity study that showed that the spatially
variable friction coefficient, the position-dependent slip
between the tool and the workpiece, the extent of viscous
dissipation, the mechanical efficiency and the spatially
variable heat loss rate from the bottom surface of the work-
piece to its environment significantly affected both the
computed temperature fields and torque on the tool. There-
fore the values of these parameters were optimized using a
limited volume of measured temperatures at several moni-
toring locations during FSW of Ti-6Al-4V. Using the opti-
mized values of the parameters, the computed values of
the peak temperatures at several monitoring locations and
the time spans at the base of the thermal cycles at several
monitoring locations were compared with the correspond-
ing experimentally measured values. Apart from providing
a detailed insight into the heat transfer and materials flow
in the workpiece, the computed results also reveal the ex-
tent of slip at the tool– workpiece interface and the extent
of viscous dissipation converted to heat for all the experi-
ments. Computed three dimensional pressure distributions
and streamlines were examined in the context of defect-free
reliable welds for all conditions of welding studied.

2. Materials and experiments

Friction stir welds were produced on plates (7.2 mm ·
102 mm · 203 mm) of a Ti-6Al-4V alloy in the mill
annealed condition. The composition of the specific alloy
was: 6.4 % Al, 3.85% V, 0.22% Fe, 0.18% O and 0.013 %
H (all wt.%) with the balance Ti. The plates were rigidly held
in a butt weld configuration for joining. The pin was 6.4 mm
in length and 7.9 mm in diameter. This tool/workpiece com-
bination resulted in partial-penetration welds. The pin was
not tapered and did not feature any threads or other profiling.
The tool was machined from commercially pure (CP) tung-
sten. Initial screening experiments were performed to devel-
op optimized weld parameters. Optimized welds were made
using a tool with a 19 mm diameter shoulder at travel speeds
of 1.6 mm s – 1 and a tool rotation rate of 275 rpm.

The welding direction was parallel to the rolling direc-
tion of the plate. The tool and workpiece were protected
from surface oxidation by welding in an inert gas chamber
with a sliding top section made of clear plexi-glass. Axial
loads and torques on the tool were determined during each
weld using a calibrated strain gage set attached to the tool
holder. For each weld, type K thermocouples were attached
at several locations on the top (12.2 mm from the weld-cen-
terline in the retreating side) and bottom surfaces (3.2 mm
from the weld centerline on both advancing and retreating
sides) of the workpiece. After welding, features on each
weld were correlated with the temperature, load and torque
signals.

3. Mathematical model

3.1. Heat transfer and plastic flow

A schematic diagram of the computational domain is shown
in Fig. 1. It includes the workpiece and the tool pin inserted
inside the workpiece. However, it does not include the tool
shoulder. The dimensions of the plate and the tool used
and the thermo-physical properties of the workpiece and
the tool material are given in Table 1. Between warm-up
after pin-insertion and pin-extraction from the workpiece,
the thermal cycles at locations equidistant from the weld
centerline were similar and the torque values measured at
different instances were almost constant. Therefore, the
temperature and velocity fields were solved assuming
steady state behavior. The plastic flow in a three dimen-
sional cartesian coordinate system is represented by the
momentum conservation equation in index notation, with i
or j = 1, 2 and 3, representing x, y and z directions, respec-
tively [16, 19, 21]:

q
quiuj

qxi
¼ % qp

qxj
þ q
qxi

l
quj

qxi
þ l

qui

qxj

; <
% qU1

quj

qx1
ð1Þ
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Fig. 1. (a) A schematic diagram of the FSW system considered in the
model. (b) Top view of the rotating tool moving in the negative x-direc-
tion. h = 0 corresponds to plane y = 0, x < 0.
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where u is the velocity, q is the density, l is the non-Newto-
nian viscosity, U1 is the welding velocity, and p is the pres-
sure. Viscosity can be determined from flow stress and ef-
fective strain rate as follows [33]:

l ¼ re

3_e
ð2Þ

The calculation of viscosity requires local values of strain
rate and temperature. The viscosity was calculated based
on the following formulation of flow stress, re, proposed
by Sheppard and Wright [34]:

re ¼ 1
(

sinh%1 Z

A

; <1=n
" #

ð3Þ

where A, a, and n are material constants and Z is the Zener–
Hollomon parameter. The value of constants A =
2.25 · 1021 s – 1, a = 0.0066 MPa – 1, and n = 5 [35]. The
Zener – Hollomon parameter, Z, represents the temperature
compensated effective strain rate and is given by:

Z ¼ _e exp
Q

RT

; <
ð4Þ

Here Q = 501 kJ mol – 1 [34] is the temperature-independ-
ent activation energy, R is the universal gas constant, _e is
the effective strain rate and is given by

_e ¼ 2
3
eijeij

; <1
2

ð5Þ

where eij is the strain rate tensor, defined as

eij ¼ 1
2

qui

qxj
þ quj

qxi

; <
ð6Þ

Finally, viscosity can be determined from the flow stress
and effective strain rate using Eq. (2). Contours of viscosity
are shown in Fig. 2. It shows high sensitivity to temperature
at high strain-rates. The pressure field was obtained by sol-
ving the following continuity equation iteratively with the
momentum equations for incompressible single phase flow.

qui

qxi
¼ 0 ð7Þ

where ui is the velocity of plastic flow. The steady single-
phase momentum conservation equations with reference to
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Table 1. Data used in the FSW calculations.

Property/Weld parameter Value

Workpiece length (x-direction) 0.33 m
Workpiece half-width (y-direction) 0.10 m

Workpiece thickness 7.2 mm
Shoulder radius 9.5 mm

Pin radius 3.95 mm
Pin length 6.4 mm

Pitch of the thread 1.0 mm
Weld speed 1.6 mm s – 1

Rotational speed 275 rpm
Axial pressure 60.0 MPa

Tilt angle 08
Work piece material Ti-6Al-4V

Density 4420 kg m – 3

Specific heat capacity [37], Cp

622 – 0.367T + 5.45 · 10 – 4T2 + 2.39 · 10 – 8T3
J kg – 1 K – 1

Thermal conductivity [37], k
1.92 + 1.89 · 10 – 2T – 1.53 · 10 – 5T2 + 1.41 · 10 – 8T3

W m – 1 K – 1

Tool Tungsten
Density 19 400 kg m – 3

Specific heat capacity [36], Cp

128.3 – 3.279 · 10 – 2T + 3.41 · 10 – 6T2
J kg – 1 K – 1

Thermal conductivity [36], k
153.5 – 9.56 · 10 – 2T + 5.23 · 10 – 5T2

W m – 1 K – 1

Fig. 2. Plot showing computed contours of viscosity as a function of
strain rate and temperature. The contour labels represent log10(viscos-
ity in Pa s).
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a co-ordinate system attached to the heat source may be re-
presented as [16, 19, 21]:

qCp
qðuiTÞ
qxi

¼ %qCpU1
qT

qx1
þ q
qxi

k
qT

qxi

; <
þ Sin þ Sb ð8Þ

where Cp is the specific heat and k is the temperature-de-
pendent thermal conductivity of the workpiece/tool [36,
37]. The term Sin represents the source term due to interfa-
cial heat generation rate per unit volume at the tool pin-
work piece interface and Sb is the heat generation rate due
to plastic deformation in the workpiece away from the in-
terface. The heat generated at the interface between vertical
and horizontal surfaces of the tool pin and the workpiece
may be defined as [16, 19, 21]:

Sin ¼ ½ 1% dð Þ gsþ dlfPN, xr % U1 sin hð ÞAr

V
ð9Þ

where, Ar is any small area on the tool pin-work piece inter-
face, r is the radial distance of the center of the area from
the tool axis, V is the control-volume enclosing the area
Ar, s is the maximum shear stress at yielding and h is the an-
gle with the negative x-axis in the counter-clockwise direc-
tion, g is the mechanical efficiency, i. e. the amount of
mechanical energy converted to heat energy, d denotes the
spatially variable fractional slip between the tool and the
workpiece interface, lf is the spatially variable coefficient
of friction, x is the angular velocity, PN is the normal pres-
sure on the surface and is equal PV for the workpiece area in
contact with the vertical surface of the pin and is equal to
PH for area below the horizontal surface of the tool. Full
sticking is indicated by d = 0. The velocity xr % U1 sin hð Þ
represents the local velocity of a point on the tool with the
origin fixed at the tool-axis. The normal pressure on the
workpiece top surface has been assumed to be same at all
places in contact with the tool shoulder. In Eq. (9) the ap-
plied radial pressure is much smaller than the applied axial
pressure and the value of PV has been assumed to be zero.

An estimate of the viscous dissipation of momentum per
unit volume, Sb, has been calculated as elU where U is giv-
en by:

U ¼ 2
X3

i¼1

qui

qxi

; <2

þ qu1

qx2
þ qu2

qx1

; <2

þ qu1

qx3
þ qu3

qx1

; <2

þ qu3

qx2
þ qu2

qx3

; <2

ð10Þ

and e is an arbitrary constant that indicates the extent of
mixing on the atomic scale. The value of e may tend to 1
for a well mixed system in molecular scale. In systems
where the grains remain largely intact, the value of e may
be very small. Here, we try to optimize the value of this
parameter so that a good agreement can be obtained be-
tween the output of the model and physical experiment,
thus improving the reliability and utility of the model.

The total heat generated at the shoulder/workpiece inter-
face has been partitioned between the work piece and the
tool in the ratio given below [38]:

f ¼ JW

JT
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kqCPð ÞW

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kqCPð ÞT

p ð11Þ

where the subscripts W and T denote the workpiece and
the tool, respectively. The analytical expression is based
on steady-state one dimensional heat transfer from point
heat source located at the interface of dissimilar metals.
The heat flux into the work piece is estimated to be 45 %
of the total heat generated. This relation has been exam-
ined experimentally by Lienert et al. [39] and found to be
reliable.

A heat flux continuity at the shoulder matrix interface
yields:

k
qT

qz

))))
top

¼ JW

JW þ JT
q1 in the range RP 4 r 4 RS ð12Þ

RP and RS represent the tool pin and shoulder radius, respec-
tively and q1 represents the total rate of heat generation at
the shoulder – workpiece interface. It is given by:

q1 ¼ gð1% dÞ sþ dlfPH½ , xr % U1 sin hð Þ ð13Þ
At the bottom surface, there is a backing plate and the heat
transfer coefficient from the bottom of the workpiece is
not the same as for free convection. The value of the heat
transfer coefficient was determined by optimization.

k
qT

qz

))))
bottom

¼ hbðT % TaÞ ð14Þ

where hb is the bottom heat transfer coefficient and Ta is the
ambient temperature of 298 K. The heat transfer coefficient
at the bottom face depends on the local temperature and is
given by the following relation [40]:

hb ¼ hb0ðT % TaÞ0:25 ð15Þ
where hb0 is the heat transfer parameter for the bottom sur-
face. As Eq. (15) shows, this parameter is a constant and it
has a different unit than the heat transfer coefficient which
is spatially variable. At the top surface, heat transfer is due
to both convection and radiation and is given by:

k
qT

qz

))))
top

¼ htðT % TaÞþ re0ðT4 % T4
a Þ ð16Þ

r is the is the Stefan – Boltzmann constant (5.67 ·
10 – 16 J K – 4 m – 2 s – 1), e is the emissivity and ht is the con-
vective heat transfer coefficient at the top surface. The
computed temperature values were found to be insensitive
to the values of ht and its value was taken as zero for simpli-
city. Velocities at the tool pin periphery have been defined
in terms of tool translation velocity and the tool pin angular
velocity:

u ¼ ð1% dÞ ðxRP sin h% U1Þ
v ¼ ð1% dÞxRP cos h

ð17Þ

Similarly, at the shoulder – work piece interface, the veloc-
ity boundary conditions may be written as:

u ¼ ð1% dÞ xr sin h% U1ð Þ
v ¼ 1% dð Þxr cos h

E
in the range RP 4 r 4 RS

(18)

At all other surfaces, temperatures are set to ambient tem-
perature (298 K) and the velocities are set to zero.
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The differential equations of continuity and transport
were solved using SIMPLE algorithm [41] based solution
procedure, capable of calculating three dimensional heat
transfer and fluid flow with a stationary or moving heat
source, with a free or flat surface, and well tested and used
for several welding processes. Typically 80 · 80 · 25 non-
uniform fixed rectangular grid points were used for maxi-
mum resolution of variables. The grids were fine near the
tool and progressively coarser away from the tool shoulder
periphery. The results were verified for grid independence.

The trend of the reported data on the extent of slip during
cross-wedge rolling can be expressed by the following rela-
tion [42]:

d ¼ 1% exp %d0
x

x0

r

RS

; <
ð19Þ

where d denotes the fraction-slip and d0 is a constant. The
above equation was used for all interfaces, with r denoting
the distance of the center of the grid-area from the tool axis.
It varies from 0 to RP for tool pin’s bottom surface, is con-
stant at RP for the vertical surface of the pin, and varies
from RP to RS for the tool shoulder –workpiece interface.
The normalizing angular velocity, x0, was taken as
40 rad s – 1. The value of d0 was optimized from a limited
volume of experimental data. This equation embodies the
physical picture of the extent of slip increasing with in-
crease in relative velocity between the tool and the work-
piece.

Values of friction coefficient were calculated consider-
ing the relative velocity between the tool and the workpiece
guided by previous work in the field of friction welding of
steel bars [43]. The relative velocity increases from zero at
the axis of rotation (static condition) to xRS at the periphery
of the tool shoulder (dynamic condition). Experimental evi-
dence suggests [43] that lf has the following form:

lf ¼ l0 exp %d x

x0

r

RS

; <
ð20Þ

where d is the extent of sticking expressed as a fraction and
r is the radial distance from the tool axis for the point in
consideration. This equation implies that the friction coeffi-
cient decreases with decrease in the relative velocity be-
tween the tool and the workpiece.

3.2. Optimization of uncertain FSW parameters

Among the necessary input variables in the FSW model,
there are five uncertain input parameters that affect the re-
liability of the model output. These parameters are the heat
transfer coefficient at the bottom face of the workpiece
(h), the spatially variable slip between the tool and the

workpiece interface (d), the spatially variable coefficient
of friction (lf), the extent of the viscous dissipation term
(e) which indicates degree of atomic mixing in the system
and g the mechanical efficiency, the amount of mechanical
energy converted to heat energy. In order to optimize the
values of these parameters from a limited volume of experi-
mental data, the following objective function was mini-
mized:

O ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1%M>ið Þ2þ

X3

i¼1

f 1% T>ið Þ2þ 1% L>ið Þ2g
vuut ð21Þ

Subscript i denotes different monitoring locations indicated
in Table 2. Three thermal cycles at these locations were
used for optimization of uncertain parameters for experi-
ment done at 275 rpm and welding velocity of 1.6 mm s – 1.
The peak temperature and width of thermal cycle were non-
dimensionalized using the following expressions:

T> ¼ Tcal

Tex
; L> ¼ Lcal

Lex
; M> ¼ Mcal

Mex
ð22Þ

where T is the peak temperature in the workpiece at a mon-
itoring locations indicated in Table 2, L is the width of the
thermal cycle at 773 K and 573 K for the monitoring loca-
tion, M is the torque on the tool and the subscripts cal and
ex refer to calculated and experimental values, respectively.
The objective function value depends on the choice of the
five uncertain parameters.

O ¼ f h0; l0; d0; e; gð Þ ð23Þ
Differential Evolution (DE), a population based optimiza-
tion technique [31, 32], was used to optimize the uncertain
parameters for FSW.

4. Results and discussion

4.1. Sensitivity of output to model parameters

The sensitivities of the computed values of torque on the
tool, peak temperature and cooling time on the five uncer-
tain parameters, identified previously, are examined in
Fig. 3a – e. Torque is included in the calculations because
it affects material flow. To determine the sensitivity, one
variable was varied while the others were kept constant.
The constant values were: l0 = 0.41, d0 = 2.3, hb0 =
167 W m – 2 K – 5/4, e = 0.5 and g = 0.004. These values are
approximately the mean in the range of values considered
for each variable. The peak temperature and the width of
thermal cycle were measured at the top surface at a distance
of 12 mm from the weld centerline in the advancing side.
Figure 3a shows that the peak temperature and the width
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Table 2. Position of thermocouple, measured peak value and widths of thermal cycles.

Position
(R: retreating, A: advancing)

Distance from centerline
(mm)

Measured Tpeak

(K)
Calculated Tpeak

(K)
Calculated L773K

(mm)
Measured L773K

(mm)

1-Back(A) 3.17 1160 1162 21.21 23
2-Back(R) 3.17 1129 1110 19.45 20
3-Top(R) 12.19 813 810 9.72 9.5
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of the thermal cycle at 773 K increase with increase in fric-
tion parameter, l0, due to more intense frictional heating.
As the friction between the tool and the workpiece in-
creases, the torque decreases due to the softening of materi-
al with increase in temperature. Figure 3b shows that when
d0 increases and sticking between the tool and the work-
piece decreases, torque decreases. With increase in d0 the
heating rate decreases mainly because of the decrease in
the first term on the right hand side in Eq. (9) which is the
dominant heat generation term. Peak temperature is low-
ered with increase in d0, while cooling rate increases be-
cause of less heat input. Figure 3c shows that as the heat
transfer coefficient increases, more heat is lost from the
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Fig. 3. Computed dimensionless values of peak temperature, time
span at the base of the temperature cycle and the torque with change
in (a) slip, (b) friction coefficient, (c) heat transfer parameter for the
bottom surface, (d) mechanical efficiency and (e) multiplicand for vis-
cous dissipation term. In each case, when one of the parameters is var-
ied, other parameters were kept constant. The welding velocity was
1.6 mm s – 1 and the rotational speed was 275 rpm.
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workpiece and therefore, the peak temperature and the
width of the thermal cycle at 773 K decreases. When the
heat transfer coefficient is high, lower temperatures result
in harder material and higher torque. Figure 3d and e shows
increases in temperature and cooling time with higher val-
ues of g and e which represent increases in plastic deforma-
tional heat generation at the tool –workpiece interface and
inside the workpiece, respectively. More intense heating re-
sults in higher temperatures and softer material, resulting in
lower torque.

The results in Fig. 3a –e show that all three output vari-
ables, peak temperature, time span at the base of the thermal
cycle and the torque are sensitive to variations in all the five
uncertain input variables. Therefore, all these uncertain input
parameters need to be optimized to enhance the reliability of
the values of the output variables from the model.

4.2. Optimization of model parameters

The values of the five uncertain input parameters were opti-
mized using the DE technique. For DE, a population of 20
individual sets of five variables was generated. Figure 4 in-
dicates that the average objective function value decreased
with successive iterations. The decrease in the objective
function was most pronounced during the initial iterations.

After 180 iterations, using a mutation factor of 0.8 and a
crossover ratio of 0.9, 20 sets of optimized parameter val-
ues were obtained. The best five results are given in Ta-
ble 3. Since DE is elitist, the better solution is always
picked during selection; the diversity of the population
steadily decreases as shown in Fig. 4.

The large value of d0, equivalent to very small d value,
indicates considerable sticking between the tool and the
workpiece even at the shoulder periphery, where tool veloc-
ity is highest. The optimized value of heat transfer param-
eter, defined by Eq. (15), of 418 W m – 2 K – 5/4 is high
enough to represent considerable heat loss into the backing
plate below the workpiece. The resulting heat transfer coef-
ficient value computed using Eq. (15) is of the same order
of magnitude as the value reported in the literature for
FSW of aluminum alloys [44]. The extent of viscous dissi-
pation, g, is very small, consistent with the fact that mixing
is not efficient at the atomic scale. The numerically calcu-
lated torque value of 75 N m was within 90 % of the experi-
mentally measured value of 80 N m. The methodology for
torque calculation is given in Refs. [16] and [17]. Thus the
optimized values of all five uncertain parameters were well
within the acceptable range of values for each parameter.
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Table 3. Optimized sets of uncertain parameters after 180 iterations and the corresponding objective functions, with best set indicated in
bold.

Friction coefficient
l0

Fractional slip
d0

Heat transfer parameter
hb0 (W m – 2 K – 5/4)

Mechanical efficiency
g

Efficiency of mixing
e

Objective function
O

0.7 2.842 418 0.7 0.1 0.469
0.7 2.859 418 0.713 0.1 0.469
0.7 2.833 418 0.751 0.098 0.47
0.7 2.799 418 0.701 0.098 0.471
0.7 2.827 418 0.7 0.099 0.47

Fig. 4. Objective function value decreases with iteration. The symbols
indicate the objective function values for individual sets of variables
and the line indicates the change in average value of all individuals
with successive iterations.

Fig. 5. Comparison between experimental (solid lines) and calculated
(dashed lines) temperature profile obtained using optimized param-
eters: l0 = 0.7, d0 = 2.842, hb0 = 418 W m – 2 K – 5/4, g = 0.7, e = 0.1.
Locations 1, 2 and 3 are indicated in Table 2 where the distance is
measured from the interface between the two plates. The welding
velocity was 1.6 mm s – 1 and the rotational speed was 275 rpm.
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Figure 5 shows the computed thermal cycle for the opti-
mized set of parametric values obtained through DE. The
objective function was minimized using time spans for ther-
mal cycles corresponding to 773 K and 573 K. Because of
the limited volume of experimental data, only two time
spans for thermal cycles were included in the objective
function that was minimized. A close match between the
computed temperature – time variation and the correspond-
ing measured values obtained from the thermocouple can
be seen in this figure. The computed average cooling
rate in the temperature range of 1173 to 573 K is about
25 K s – 1, which is well within the range of cooling rates re-
ported for FSW. For the alloy used in the experiments, the
oxygen concentration was 0.18 wt.%, and the correspond-
ing b-transus temperature was estimated to be 1254 K from
the following equation [45]:

Tb-transus ¼ 1210þ 242:73 wt:% Oð Þ ð24Þ
The computed peak temperature in workpiece was around
1500 K which is well above the b-transus temperature con-
sistent with the observation of prior b grains in the stir zone.

4.3. The computed temperature, viscosity and plastic flow
fields

The computed temperature profiles along the longitudinal
and transverse sections through tool axis and at the top sur-

face of the work piece are shown in Fig. 6a, b and c, respec-
tively. The temperature profiles on the longitudinal mid-
section (Fig. 6a) and on the top surface of the work piece
(Fig. 6c) are compressed in front of the tool and expanded
behind it. The computed results are consistent with the fact
that heat is supplied rapidly to the cold region of the work
piece ahead of the tool while heat is transported at a lower
rate to material already preheated behind the tool. This
asymmetry results from the motion of the tool and becomes
more prominent at high welding speeds.

Temperature contours and velocity vectors on various
horizontal planes are depicted in Fig. 7. The area of plastic
flow decreases with distance from the workpiece top sur-
face. The effect of the tool shoulder as a source of momen-
tum is most pronounced in the upper half of the workpiece.
The reduction in the area where the flow occurs with dis-
tance from the shoulder produces the characteristic shape
of the thermo-mechanically affected zone (TMAZ).

Figure 8 shows the stream trace on horizontal planes
around the tool pin at three different elevations. The stream
lines indicate the presence of nearly circular, closed stream
lines indicating recirculating flow of a plug of material
around the tool pin. These circular stream lines are consist-
ent with the presence of a layer of plasticized recirculating
metal near the pin surface. These closed stream lines occu-
py larger areas at higher elevations due to greater momen-
tum transport from the rotating shoulder. Beyond the region
of recirculating plastic flow, the streamlines indicate that
material transfer occurs mainly on the retreating side. Fig-
ure 8 also shows a flow separation in the advancing side
close to the pin, leading to a relatively stagnant zone, which
forms closer to the pin at lower elevations.

The viscosity contours at different horizontal planes, z
values, are shown in Fig. 9. The velocity vectors are also
plotted in this figure, superimposed on the viscosity con-
tours. It is observed that the viscosity values in the plastic
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Fig. 6. Computed temperature profiles (K) in (a) z = 7.2 mm
(xy-plane) i. e. top surface of the workpiece, (b) x = 0 (yz-plane), (c)
y = 0 (xz-plane). The welding velocity was 1.6 mm s – 1 and the rota-
tional speed was 275 rpm.

Fig. 7. Temperature contours and velocity vectors at different eleva-
tions in the workpiece. The welding velocity was 1.6 mm s – 1 and the
rotational speed was 275 rpm.
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flow region lie in the range of 1 · 105 to 9.9 · 106 Pa s. The
limiting viscosity beyond which no significant material
flow can be observed is found to be 107 Pa s. The velocity
decreases away from the tool pin surface and viscosity
increases significantly along that direction. No significant
flow occurs when the viscosity is very high. The region of
plastic flow decreases with depth.

4.4. Pressure distribution in the flow regime

A careful analysis of the pressure distribution could provide
clues about the forging of the plasticized alloy behind the
tool and the formation of defects in FSW. Figure 10 shows
the distribution of pressure in different horizontal planes.
Pressure is higher in front of the tool, as expected, com-
pared to the trailing edge. The pressure distribution is asym-
metric about the weld centerline due to asymmetry in the
velocity profile. Pressure is somewhat higher on the retreat-
ing side than the advancing side. Figure 11 shows pressure
distribution in the longitudinal direction in the plane of the
weld centerline. The pressure difference between the lead-
ing and the trailing edge is higher at lower portions of the
tool pin than at points close to the shoulder. This is so be-
cause the lower portion of the workpiece experiences lower
temperatures and strain-rates and hence has higher flow
stress, which physically means that the material is more re-
luctant to flow and therefore requires higher pressure differ-
ence for material flow.

5. Summary and conclusions

Heat and plastic flow during friction stir welding of Ti-6Al-
4V alloy was modeled. The model embodied the equations
of conservation of mass, momentum and energy coupled
with a genetic algorithm model to optimize values of those
uncertain model parameters that can significantly affect
computed temperature and flow fields. The values of the
friction coefficient, the extent of slip between the tool and
the workpiece, the heat transfer parameter at the bottom of
the workpiece, the mechanical efficiency and the extent of
viscous dissipation converted to heat were identified as
uncertain input parameters based on a sensitivity study of
these variables over appropriate ranges of values. When
the values of these five uncertain parameters were opti-
mized using a small volume of experimental data, the com-
puted peak temperature and the thermal cycle agreed well
with the corresponding experimental data.

The computed values of the extent of slip indicated con-
siderable sticking between the tool and Ti-6Al-4V alloy at
all locations on the tool surface. The computed heat transfer
parameter value was found to be 418 W m – 2 K – 5/4 which
is consistent with the resulting heat transfer coefficient val-
ue reported in the literature for the FSW of aluminum alloys
[44]. The small value of the extent of viscous dissipation is
consistent with the fact that grains deform plastically but
the mixing was not extensive in the plasticized alloy. The
peak temperature was found to be about 1500 K consistent
with the observed prior beta phase in the stir zone. The
computed average cooling rate in the temperature range of
1173 to 573 K was about 25 K s – 1. The experimentally
measured value of torque of about 80 N m was close to the
75 N m value obtained numerically.

This research was supported by a grant from the American Welding
Society and Materials Division, Office of Naval Research, Julie
A. Christodoulou, Program Officer.
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Fig. 8. Streamlines on horizontal planes (a) z = 3 mm and (b)
z = 7 mm. The welding velocity was 1.6 mm s – 1 and the rotational
speed was 275 rpm.

Fig. 9. Plot of spatial variation of velocity at different z-planes. Near
the tool shoulder, the flow field is largest due to momentum transport
from the shoulder. The welding velocity was 1.6 mm s – 1 and the rota-
tional speed was 275 rpm.
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Fig. 10. Distribution of pres-
sure around the tool at differ-
ent elevations in the work-
piece: (a) z = 1 mm, (b) z =
3 mm, (c) z = 5 mm and (d)
z = 7 mm. The welding veloc-
ity was 1.6 mm s – 1 and the
rotational speed was 275 rpm.

Fig. 11. Pressures are high in front of the tool, resisting tool motion.
The welding velocity was 1.6 mm s – 1 and the rotational speed was
275 rpm.
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