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ABSTRACT. The temperature fields,
cooling rates, torque on the tool, stir zone
geometry, and the magnesium concentra-
tion profiles were examined experimen-
tally and theoretically for the friction stir
welding (FSW) of AA 1200 and AA 6061
dissimilar aluminum alloys. The thermal
cycles, torque on the tool, and the magne-
sium concentration profiles were experi-
mentally determined for various welding
conditions. A heat, momentum, and
solute transport model based on a rectan-
gular fixed grid finite difference method
was developed. Four important parame-
ters, friction coefficient, the extent of
sticking, heat transfer coefficient at the
bottom surface, and the extent of viscous
dissipation converted to heat significantly
affected both the temperature fields and
the torque on the tool. The reliability of
the model predictions was improved by
optimizing these four parameters that
cannot be prescribed either from the weld-
ing conditions or from fundamental prin-
ciples, using a genetic algorithm and mea-
sured thermal cycles and torques for
different welding conditions. The magne-
sium concentration profiles showed that
the plasticized materials moved in layers
without significant diffusive interlayer
mixing. The computed results showed that
the extent of viscous dissipation converted
to heat was fairly low consistent with lim-
ited atomic mixing. The optimized values
of the extent of slip between the tool and
the workpiece indicated extensive sticking
for various welding conditions. The ap-
proach to determine values of uncertain

parameters led to reliable model predic-
tions as evidenced by good agreement be-
tween both the experimentally measured
and computed torque values and thermal
cycles. 

Introduction

In recent years, numerical models have
provided significant quantitative under-
standing of the welding processes and
welded materials that could not have been
possible otherwise. Apart from the calcu-
lation of temperature and velocity fields,
these models have been used to calculate
various important features of welding.
These include the weld pool shape and
size (Refs. 1, 2), solidified surface profiles
(Ref. 1), cooling rates (Ref. 1), solidifica-
tion characteristics (Ref. 2), grain struc-
ture (Refs. 3–5) and topology (Ref. 6),
phase transformation kinetics (Refs. 7–9),
inclusion structure (Ref. 10), weld metal
composition change owing to both the
evaporation of alloying elements (Refs.
11–15) and the dissolution of gases (Refs.
16, 17), and for the prevention of several
types of weld defects (Refs. 18, 19). 

Although, these modeling capabilities
have been demonstrated in several stud-
ies, the models have not been widely used,
specially in the industry. An important dif-
ficulty is that the model predictions do not

always agree with the experimental results
because most phenomenological models
lack any built-in component to safeguard
the reliability of the model outputs. For
example, the computed temperatures do
not always agree with the corresponding
measured values. 

For fusion welding processes, this diffi-
culty has been recognized in the literature.
For example, it has been demonstrated
(Refs. 20–23) that the reliability of the re-
sults obtained from the heat transfer and
fluid flow models of fusion welding
processes can be enhanced by optimizing
values of several uncertain input parame-
ters using a limited volume of experimen-
tal data. No similar effort has been re-
ported for the modeling of FSW.

The numerical model of FSW embod-
ies the equations of conservation of mass,
momentum, and energy, and the appro-
priate boundary conditions. The lack of
reliability in phenomenological models
originates mainly from the other compo-
nents of the model, i.e., incomplete knowl-
edge and uncertainties in the specification
of some of the parameters that describe
the friction coefficient between the tool
and the workpiece, the extent of slip be-
tween the tool and the workpiece, the heat
transfer coefficient between the work-
piece and the backing plate, and the extent
of heat generated by viscous dissipation. If
these uncertain welding parameters affect
the output significantly, inaccuracy of
their values will adversely affect the model
results. In other words, if important weld-
ing features such as the peak temperature,
thermal cycles, and the torque are sensi-
tive to the values of several welding para-
meters whose values cannot be ascer-
tained accurately, the uncertainty in the
values of these parameters would ad-
versely affect the modeling results. 

In order for a FSW model output to be
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as close to the experimental results as pos-
sible, the model must have a mechanism to
determine the optimized values of these
uncertain input parameters within the
framework of the phenomenological laws.
In the fusion welding processes, a global
optimization methodology using a genetic
algorithm has been demonstrated to work
well for the determination of uncertain
welding parameters (Ref. 24). 

Here we report the results of a sensi-
tivity study aimed at understanding the
roles of friction coefficient, the extent of
sticking, heat transfer coefficient at the
bottom surface, and the extent of internal

heat generation by viscous dissipation on
the model output such as the peak tem-
perature, thermal cycles, and the torque.
It is shown that all four of these variables
significantly affect the FSW model output
results. Therefore the values of these pa-
rameters are optimized by a genetic algo-
rithm using a limited volume of measured
temperatures at several monitoring loca-
tions during FSW of dissimilar aluminum
alloys AA 1200 and AA 6061. Using the
optimized values of the parameters, the
computed values of the peak tempera-
tures and the time spans at the base of the
thermal cycles at several monitoring loca-

tions are compared with the correspond-
ing experimentally measured values. 

Aluminum Alloy AA 6061 contains
0.85 wt-% Mg while AA 1200 contains
trace amounts of alloying elements.
Hence, a study of FSW of these two alloys
provides an excellent way to determine the
nature of solute transport, which in turn is
related to the plastic flow. Comparison of
calculated and experimentally determined
concentration profiles of Mg across the
weld provides important insight about the
nature of plastic flow and mixing of mag-
nesium between the two alloys. The mate-
rials flow, temperature fields, cooling
rates, torque on the tool, stir zone geome-
try, and the magnesium concentration
profiles are examined for the FSW of AA
1200 and AA 6061 dissimilar aluminum 
alloys.

Mathematical Model

A schematic diagram of the FSW
process is shown in Fig. 1. Friction stir
welding of AA 6061 and AA 1200 alu-
minum alloys was modeled. The dimen-
sions of the plate and the tool used and the
thermophysical properties of the work-
piece and the tool material (Ref. 25) are
given in Table 1. The same thermophysical
properties were used for both aluminum
alloys. The constitutive equation for flow
was the same for the alloys; however, the
values of the constants were different.

The plastic flow in three-dimensional
Cartesian coordinate system is repre-
sented by the momentum conservation
equation in index notation, with i = 1, 2,
and 3 representing x, y, and z directions,
respectively (Refs. 26–29).

A B

Fig. 1 — A — Schematic diagram of the FSW system considered in the model. B — top view of the rotating tool moving in the negative x-direction. θ = 0 cor-
responds to plane y = 0, x < 0.

Table 1 — Data Used in the FSW Calculations

Property/Weld parameter Value

Workpiece length (x-direction) 0.45 m
Workpiece half-width (y-direction) 0.07 m
Workpiece thickness 10.0 mm
Shoulder radius 10.0 mm
Pin radius 5.0 mm
Pin length 9.0 mm
Pitch of the thread 1.0 mm
Weld speed 1.05 mm/s
Rotational speed 700–1400 rpm
Axial pressure 18.0 MPa
Tilt angle 0°
Density 2700 kg/m3

Workpiece materials AA 1200, AA 6061
Specific heat capacity, (Ref. 34) Cp

929.3 –0.627 T + 1.48 × 10–3 T2 –4.33 × 10–8 T–3 J/kg–K
Thermal conductivity, (Ref. 34) k

25.2 + 0.398 T + 7.36 × 10–2 T6–2.52 × 10−7 T–3 W/m–K
Tool
Density 7860–kg/m3

Specific heat capacity, (Ref. 34) Cp
468.3 –8.5 T + 3.0 × 10-4 T2 + 1.8 × 10-7 T3 J/kg-K

Thermal conductivity, (Ref. 34) k
3.8 + 9.2 × 10-2T -1.8 × 10-4 T2 + 7.8 × 10-8 T3 W/m-K
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(1)
where ρ is the density, μ is the non-New-
tonian viscosity, U1 is the welding velocity,
and p is the pressure. Viscosity can be de-
termined from flow stress and effective
strain rate as follows (Ref. 30).

(2)
The calculation of viscosity requires local
values of strain rate and temperature. The
viscosity was calculated based on the fol-
lowing formulation of flow stress, σe, pro-
posed by Sheppard and Wright (Ref. 31)

(3)
where A, α, and n are material constant
and Z is the Zener-Hollomon parameter.
The values of constants A, α, and n are
given in Table 2 for AA 6061 and AA 1200
alloys. The Zener-Hollomon parameter,
Z, that represents the temperature-com-
pensated effective strain rate is given by

(4)
Here Q is the temperature-independent
activation energy, R is gas constant, and ε
is the effective strain rate given by

(5)
where εij is the strain rate tensor, defined
as

(6)
This flow-stress model does not have any
strain dependency because flow stress is
not very sensitive to strain at high temper-
atures (Ref. 32). Finally, viscosity can be
determined from flow stress and effective
strain rate from Equation 2. The pressure
field was obtained by solving the continu-
ity equation for incompressible single-
phase flow simultaneously with the mo-
mentum equation

(7)
where u is the velocity of plastic flow. The
steady single phase momentum conserva-
tion equations with reference to a coordi-
nate system attached to the heat source in
index form may be represented as (Refs.
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26–28).

(8)
where Cp is the specific heat and k is the
thermal conductivity of the
workpiece/tool. The term Sin represents
the source term due to interfacial heat
generation rate per unit volume at the tool
pin-workpiece interface, and Sb is the heat
generation rate due to plastic deformation
in the workpiece away from the interface.
The heat generated at the interface be-
tween vertical and horizontal surface of
the tool pin and the workpiece, Sin, may be
defined as (Refs. 26–28)

(9)
where Ar is any small area on the tool pin-
workpiece interface, r is the radial dis-
tance of the center of the area from the
tool axis, V is the control-volume enclos-
ing the area Ar, τ is the maximum shear
stress at yielding, and θ is the angle with
the negative x-axis in the counterclockwise
direction, η is the mechanical efficiency,
i.e., the amount of mechanical energy con-
verted to heat energy, δ denotes the spa-
tially variable fractional slip between the
tool and the workpiece interface, μf is the
spatially variable coefficient of friction,
and ω is the angular velocity. Full sticking
is indicated by δ = 0. The velocity (ωr–U1,
sincθ) represents the local velocity of a

point on the tool sur-
face with the origin
fixed at the tool-axis.
The symbol P is equal
to PU acting on the
front half of the cylin-
drical surface of the
pin, and P is equal to
PZ acting on the hori-
zontal surfaces of the
tool including both
the tool shoulder and
pin. The pressure on
the tool shoulder and
the tool bottom, PZ,
has been assumed to
be the same at all
points. The pressure
on the front half of

the cylindrical pin, PU, is much smaller
than PZ, and has been assumed to be zero.

An estimate of the viscous dissipation
of momentum per unit volume, Sb, has
been calculated as fmμφ where φ is given by 
(Ref. 33)

(10)

and fm is an arbitrary constant that indi-
cates the extent of molecular friction in
the system. The value of fm may tend to 1
for a well-mixed system in molecular scale.
In systems where the grains remain largely
intact, the value of fm may be very small.
Here, we try to optimize the value of this
parameter so that a good agreement can
be obtained between the output of the
model and physical experiment, thus im-
proving the reliability and usability of the
model.

Since the alloys being welded contain
different concentrations of Mg, the
changes in the concentration of Mg in the
two plates due to welding are examined.
Apart from 0.85 wt-% Mg AA 6061 alloy
also contains other alloying elements.
However, for simplicity, it is treated as a
binary alloy for modeling purposes. Simi-
larly, AA 1200 is considered to be pure
aluminum. We assume no diffusion takes

place into the tool. The equation of con-
servation of mass of any alloying element
present at low concentration is given by

(11)
Here, D denotes temperature-dependent
chemical-diffusivity given by

(12)
The pre-exponent and activation energy
values were obtained from Table 13.4 from
Smithells Metals Reference book for binary
alloy containing 99 at-% Al and 1 at-% Mg
(Ref. 34).

The total heat generated at the shoul-
der/workpiece interface has been parti-
tioned between the workpiece and the tool
in the ratio given below (Ref. 35).

(13)
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
workpiece is estimated to be 90% of the
total heat generated. This relation has
been examined experimentally by Lienert
et al. (Ref. 25) and found to be reliable.  

A heat flux continuity at the shoulder
matrix interface yields

(14)

RP and RS represent the tool pin and
shoulder radius, respectively, and q1 rep-
resents the total rate of heat generation at
the shoulder-workpiece interface. It is
given by

(15)
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 is deter-
mined by optimization.
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Fig. 3 — Objective function value decreases with iteration. The symbols in-
dicate the objective function values for individual sets of variables, and the
line indicates the change in average value of all individuals with successive
iterations.

Table 2 — Constants Used in Constitutive Equation for Plastic Flow
(Ref. 43)

Alloy A, s-1 α, (MPa)-1 n
6061 2.409 × 108 0.045 3.55
1200 3.902 × 109 0.037 3.84
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(16)

At the top surface, heat transfer is due to
both convection and radiation and is given
by

(17)
Velocities at the tool pin periphery have
been defined in terms of tool translation
velocity and the tool pin angular velocity

(18)
where κ denotes the pitch of the threads
on the cylindrical tool. The value of weld
pitch was taken as 1 mm. Similarly, at the
shoulder contact, velocity condition may
be written as

(19)

At all other surfaces, temperatures are set
to ambient and the velocities are set to
zero.

The boundary conditions used for cal-
culation of concentration are straightfor-
ward. No flux condition is used for the top
and bottom surfaces of the weld plate. The
value of concentration is fixed at all other
boundaries.

The differential equations of continu-
ity and transport were solved using SIM-
PLE algorithm (Ref. 36) 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
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Fig. 4 — Comparison between experimental and calculated time-tempera-
ture profile at a point 13 mm away from the centerline on the advancing
side. The welding velocity was 1.05 mm/s, and the rotational speed was (A)
710  and (B) 1400 rev/min.

Fig. 5 — Stream-lines in a horizontal plane (A) 3.66 mm and (B) 7 mm below
the top surface, showing plastic flow during FSW. Material flows along the re-
treating side around the pin, and a stagnant zone forms in the advancing side.
The welding velocity was 1.05 mm/s and the rotational speed was 710
rev/min.
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and used for several welding processes. 
The trend of the reported data on ex-

tent of slip during cross-wedge rolling can
be expressed by the following relation
(Ref. 37)

(20)

where δ denotes the fraction-slip, and δ0 is
a constant. The above equation was used
for all interfaces, with r denoting the dis-
tance of the center of the grid-area from

the tool axis. It varies from 0 to RP for the
tool pin’s bottom surface, is constant at RP
for the vertical surface of the pin, and
varies from RP to RS for the tool shoulder-
workpiece interface. The value of δ0 was
optimized from a limited volume of ex-
perimental data. This equation embodies
the physical picture of the extent of slip in-
creasing with increase in relative velocity
between the tool and the workpiece.

Values of friction coefficient were cal-
culated considering the relative velocity
between the tool and the workpiece

guided by previous work in the field of fric-
tion welding of steel bars (Refs. 38, 39).
The relative velocity increases from zero
at the axis of rotation (static condition) to
ωRS at the periphery of the tool shoulder
(dynamic condition). Experimental evi-
dence in Refs. 37 and 38 suggest that μ has
the following form:

(21)
where δ is the extent of sticking expressed
as a fraction and r is the radial distance
from the tool axis for the point in consid-
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Fig. 6 — Concentration profile at depths of 1, 3, and 5 mm from the top surface, across the weld centerline for AA 6061 (advancing) and AA 1200 (retreating
side) weld at 710 rev/min and a weld velocity of 1.05 mm/s. A — Computed; B — measured. 

Fig. 7 — Concentration profile at depths of 1, 3, and 5 mm from the top surface, across the weld centerline for AA 1200 (advancing) and AA 6061 (retreating
side) weld at 710 rev/min and a weld velocity of 1.05 mm/s. A — Computed; B — measured.
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eration. This equation implies that the
friction coefficient decreases with de-
crease in the relative velocity between the
tool and the workpiece.

Optimization of Uncertain FSW 
Parameters

Among the necessary input variables in
the FSW model, there are four uncertain
input parameters that affect the reliability
of the model output. These parameters
are the heat transfer coefficient from the
bottom of the workpiece (h), the spatially
variable slip between the tool and the
workpiece interface (δ), the spatially vari-
able coefficient of friction (μf), and the ex-
tent of the viscous dissipation term (fm),
which indicates the extent of internal fric-
tion in the system. In order to optimize the
values of these parameters from a limited
volume of experimental data, the follow-
ing objective function is minimized:

(22)
Subscript i denotes different rotational
speeds and the subscripts a and r refer to
the advancing and the retreating sides,  re-
spectively. Two different thermal cycles
(at locations 13 mm from the weld center-
line on advancing and retreating sides) for
each experiment done at 710, 1000, and
1400 rev/min were used to calculate the
objective function, i.e., six different ther-
mal cycles were used. The temperature
and time span were nondimensionalized
using the simple formulas given below

(23)
where T is the peak temperature in the
workpiece at a monitoring location 13 mm
away from the weld centerline on either
advancing or retreating side, and L is the
time span on the thermal cycle starting

when the temperature
reaches 523 K during
heating and finishing
when the temperature
reaches 523 K during
cooling at the monitor-
ing location. The nor-
malization of the calcu-
lated value is done by
the experimental value
at the same monitoring
location for the same
welding condition. The
subscripts cal and exp
refer to calculated and
experimental values, re-
spectively. The objec-
tive function value de-
pends on the choice of
the four uncertain 
parameters.

(24)
Differential Evolu-

tion (DE), a popula-
tion-based optimization
technique (Refs. 40,
41), was used to optimize the uncertain
parameters for FSW.

Results and Discussion

The sensitivities of the computed val-
ues of torque on the tool, and peak tem-
perature and cooling time on the four un-
certain parameters, identified previously,
are examined in Fig. 2A–D. Figure 2A
shows that when δ0 increases and more
sticking takes place, torque increases as
the tool now moves a larger volume of ma-
terial during its rotation. Torque is in-
cluded in the calculations because it af-
fects material flow. Temperatures are
higher and the thermal cycles are stronger
because of more intense deformational
heating consistent with the reduction in
frictional heating. Higher temperature
leads to longer cooling time. 

Figure 2B shows that as the heat trans-
fer coefficient increases, more heat is lost
from the workpiece and, therefore, the
peak temperature at a distance of 13 mm
away from the weld centerline in the ad-
vancing side and the time span in the ther-
mal cycle at 523 K decreases. When the
heat transfer coefficient is high, lower
temperatures result in harder material
and higher torque. 

Figure 2C shows that the peak temper-
ature and the time span at the base of the
thermal cycle increase with increase in
friction coefficient due to more intense
frictional heating. As the friction between
the tool and the workpiece increases, the
torque also increases. It offsets the de-
crease in torque that has been anticipated
due to the softening of material with in-
crease in temperature. 

Figure 2D shows increase in tempera-
ture and cooling time with increase in vis-
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Fig. 8 — Computed concentration profile for magnesium (wt-%) near the
tool for AA 1200 (retreating) and AA 6061 (advancing side) weld in hor-
izontal planes corresponding to depths of (A) 1, (B) 3, and (C) 5 mm from
the top surface. The rotational speed was 710 rev/min and a welding ve-
locity of 1.05 mm/s.

A B

C

 Nandan  10  07corr:Layout 1  9/5/07  12:41 PM  Page 319



cous generation of heat that is propor-
tional to fm. More intense heating results
in higher temperatures and softer mater-
ial, resulting in lower torque. 

The results in Fig. 2A–D show that all
three output variables, peak temperature,
time span at the base of the thermal cycle,
and the torque are sensitive to variations
in all the four uncertain input variables.
Therefore, it is appropriate that all these
uncertain input parameters need to be op-
timized to enhance the reliability of the
values of the output variables from the
model.

The values of the four uncertain input
parameters were optimized using differ-
ential evolution (DE) technique. For DE,
a population of ten individual sets of four
variables was generated. Figure 3 indi-
cates that the average objective function
value decreased with successive iterations.

The decrease in the
objective function was
most pronounced dur-
ing the initial itera-
tions. After 25 itera-
tions, using a mutation
factor of 0.8 and a
crossover ratio of 0.5,
ten sets of optimized
parameter values were
obtained. They are
given in Table 3. The
optimized value of the
heat transfer coeffi-
cient does not vary
with the individual so-
lutions and is almost
constant at 0.01
cal/cm2-s. For other
variables, we get a
range of values de-
pending on the indi-
vidual solution se-
lected. Since DE is
elitist, i.e., the better
solution is always
picked during selec-

tion, we see that diversity of the popula-
tion steadily decreases. 

Figure 4 shows the computed thermal
cycle at a distance of 13 mm away from the
weld centerline in the advancing side,
which used the parametric values ob-
tained through DE, in the heat transfer
and plastic flow model. The set of opti-
mized values of the four uncertain para-
meters that are used in the numerical cal-
culations are given in the second row of
Table 3. A close match between the com-
puted temperature-time variation and the
corresponding measured values obtained
from the thermocouple can be seen in Fig.
4. Using the optimized values of the un-
certain parameters, the computed stream-
lines for the plastic flow are shown in Fig.
5. Two important features of flow, mater-
ial going around the pin in the retreating

side and the formation of a stagnant zone
in the advancing side, can be observed.

The concentrations of Mg and Si were
measured in a transverse cross section
across the weld centerline at depths of 1,
3, and 5 mm from the top surface. The
measurement was done using electron
probe microanalysis (EPMA) of polished
transverse-cut friction stir welded sam-
ples, with beam diameter of 50 μm. The
measured and calculated values of Mg
concentration across the weld joint are
shown in Figs. 6 and 7. Figure 6 represents
a case with AA 6061 on the advancing side
and AA 1200 on the retreating side. The
measured concentration distribution
across the weld joint indicates that there is
virtually no mixing and very little Mg has
diffused from AA 6061 to AA 1200. Nu-
merical results indicate a much larger dif-
fusion distance although the predicted
weight-percent of Mg diffusion is similar
to the corresponding measured values.
The increased movement of Mg from AA
6061 in the advancing side toward AA
1200 in the retreating side with the in-
crease in depth of the workpiece is de-
picted in both the EPMA measurements
and the numerical calculations. In con-
trast, when AA 6061 was placed on the re-
treating side, very small amounts of Mg
could be traced across the weld joint, ex-
cept very near to the top surface of the
specimen, as indicated in Fig. 7. The cal-
culated trends in Mg concentrations
across the weld joint (Fig. 7A) are slightly
different from the corresponding mea-
sured results (Fig. 7B) when Mg-contain-
ing alloy (AA 6061) is on the advancing
side. Although the reason for this mis-
match is not clearly known, the calcula-
tions assume molecular level mixing in the
plasticized material whereas in the exper-
iments, the grains are deformed but re-
main largely intact.

Contours of concentration of Mg near
the tool are shown in Figs. 8 and 9, at dif-
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Fig. 9 — Computed concentration profile for magnesium (wt-%) near the
tool for AA 1200 (advancing) and AA 6061 (retreating side) weld in hori-
zontal planes corresponding to depths of (A)1, (B) 3, and (C) 5 mm from
the top surface. The rotational speed was 710 rev/min, and the weld veloc-
ity was 1.05 mm/s.
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ferent depths from the top surface. It is
observed from these figures that Mg is
drawn toward the direction of rotation of
the tool, in front of the tool. Just below the
tool shoulder, the plug of material flowing
around the tool is larger. Material is trans-
ported from the rear of the tool to the
front in the advancing side. Hence the re-
gion where plastic flow has occurred be-
comes depleted in Mg and therefore the
front of the tool is rich in Mg. At the mid-
dle horizontal plane, the circular plug of
material around the tool is smaller and
hence the high concentration region is
closer to the tool pin. 

The concentration profiles, with Mg on
the advancing side, are qualitatively simi-
lar to experimental results for Ti-marker
flow in FS-welded AA 2024, studied by
Zettler et al. (Ref. 42) using high-resolu-
tion (20 μm) computer microtomography.
The tomographic volume data are shown
in Fig. 10. Zettler et al. also observed that
when the marker was placed in the ad-
vancing side, it redistributed as fine par-
ticulates, while the marker placed on the
retreating side appeared as much larger
clumps. This could be the reason for the
concentration calculations, with Mg on
the retreating side, not reconciling with
the corresponding experimental results.

Summary and Conclusions

Heat transfer, materials flow, mixing
and energy necessary for the friction stir
welding of dissimilar aluminum Alloys AA
1200 and AA 6061 were studied both ex-
perimentally and theoretically. The spe-
cial features of the work and the main
findings of this investigation are the 
following:

1) A numerical model embodying the
equations of conservation of mass, mo-
mentum, and energy was used to examine

the sensitivity of four important parame-
ters, which are friction coefficient, the ex-
tent of slip between the tool and the work-
piece, the heat transfer coefficient at the
bottom of the workpiece, and the extent of
viscous dissipation converted to heat on
the computed temperature fields and
torque on the tool. These parameters can-
not be prescribed either from the welding
conditions or from fundamental princi-
ples. All four parameters were found to
significantly affect both the temperature
fields and the torque on the tool.

2) When the values of these four un-
certain parameters were optimized using a
small volume of experimental data, the
computed peak temperature, thermal

cycle, and the torque on the tool agreed
very well with the corresponding experi-
mental data.

3) The transport and mixing of magne-
sium from Mg-rich AA 6061 alloy into
very low alloy containing AA 1200 were
examined both experimentally by EPMA
and numerically in the entire volume of
the three-dimensional specimens. The
measured concentration profiles showed
that the mixing of magnesium did not
occur in the atomic level and the spatial
variation of concentration distribution
showed a step profile between the two
plates. The computed magnesium concen-
tration profile based on its transport by
convection and diffusion showed a grad-
ual decrease from 0.85% Mg in AA 6061
to very small concentration in AA 1200.
The comparison of the experimental and
computed concentration profiles showed
imperfect mixing of the plasticized alloys
during FSW where the materials seem to
move in layers without significant diffu-
sive interlayer mixing.

4) For the conditions of experiments
reported here, the cooling rates were of
the order of about 5 K/s in the 700 to 500
K temperature range. The relatively low
cooling rate is consistent with fairly high
energy input per unit length.

5) The small value of the extent of slip
between the tool and the workpiece ob-
tained by optimization procedure indi-
cates close to sticking condition, even at
the outer periphery of the tool shoulder.

6) The optimized extent of viscous dis-
sipation converted to heat is small consis-
tent with the fact that the grains in the

Table 3 — Optimized Sets of Uncertain Parameters after 25 Iterations and the 
Corresponding Objective Functions

Friction Fractional Heat Transfer Efficiency Objective
Coefficient Slip Coefficient of Mixing Function

μ0 δ0 h (cal/cm2-s) fm O

0.488 0.022 0.010 0.036 0.149
0.487 0.014 0.010 0.03 0.148
0.484 0.014 0.010 0.028 0.148
0.482 0.017 0.011 0.034 0.149
0.479 0.016 0.011 0.033 0.148
0.489 0.012 0.010 0.029 0.150
0.49 0.015 0.010 0.032 0.148
0.492 0.012 0.012 0.033 0.150
0.499 0.010 0.012 0.031 0.149
0.499 0.017 0.010 0.031 0.149

Fig. 10 — Tomographic volume data depicting Ti-marker flow in AA 2024 T351 alloy with two different
tool pins: 1. conical and threaded; and 2. conical, threaded with flats. The markers were placed in both
A) advancing and R) retreating sides (Ref. 42).
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workpiece are deformed but largely retain
their identity after welding.

7) The torque values and the interfacial
heat generation rate were computed from
shear stress. Therefore, the close agree-
ment between the experimentally mea-
sured and the calculated thermal cycles
and torque values indicates that the com-
puted shear stress at the tool-workpiece
interface is accurate and the optimization
of uncertain parameters provide reliable
computed results. 
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