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Toward optimum friction stir welding tool shoulder diameter
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Currently friction stir welding tools are designed by trial and error. Here we propose and test a criterion for the design of a tool
shoulder diameter based on the principle of maximum utilization of supplied torque for traction. The optimum tool shoulder diam-
eter computed from this principle using a numerical heat transfer and material flow model resulted in best weld metal strength in
independent tests and peak temperatures that are well within the commonly encountered range.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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The friction stir welding (FSW) process is now
commercially used for the joining of several aluminum
alloys [1]. The welding process involves a rotating tool
with a shoulder and a pin that generates heat and facil-
itates the flow of the softened solid alloy behind the tool
where the welded joint forms [2]. For the tools to be re-
used, they must perform reliably under the harsh service
conditions of high temperatures and strain rates [3,4].
Since most aluminum alloys are soft, especially at high
temperatures, tool erosion and failure are not limiting
factors for their welding. In contrast, FSW is yet to be
commercially used for hard alloys such as steels and tita-
nium alloys, because of the lack of cost-effective, durable
tools that can adequately soften, transport and join
these strong alloys repeatedly [3–7].

So far, tools have been designed mostly by trial and
error [8]. Most of the previous investigations on the de-
sign of tool geometry were focused on optimizing tool
pin profiles [8,9]. Tools with cylindrical or tapered pins
with or without threads have been designed and widely
used [8]. More complex pin profiles, such as a triangular
cross-section or a convex external surface, have also
been investigated [9]. While the effects of different pin
profiles have been studied, very little effort has been
made to study the effect of tool shoulder diameter. Since
the softening of the material and its flow are both greatly
influenced by the shoulder size, the size of the shoulder is
a critical factor in tool geometry. Elangovan and Bala-
subramanian [10] studied the effects of tool shoulder size
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experimentally and showed that only a tool with a par-
ticular shoulder diameter resulted in the highest strength
of the joints during FSW of AA6061 alloy. However, the
study did not provide any guidelines for the design of
tool geometry.

An appropriate design of tool geometry should pro-
mote optimum utilization of the available torque. Here
we propose and test a criterion for design of tool geom-
etry based on this principle. We use a well-tested three-
dimensional heat transfer and material flow model to
compute the amount of torque used for both sticking
and sliding at the tool–workpiece interface. The pro-
posed criterion is used to identify an optimum shoulder
diameter for a given set of welding variables. It is found
that the same optimum shoulder diameter results in the
best weld joint tensile properties in independent tests, as
reported in the literature.

A well-tested three-dimensional heat transfer and vis-
co-plastic flow model for FSW is used for the work. A
detailed description of the model is available in the liter-
ature [5–7,11–14], so is not repeated here – only its sali-
ent features relevant for the present study are discussed
briefly. The numerical model solves the momentum con-
servation equation in a steady state, considering incom-
pressible visco-plastic flow [11–14]. The energy
conservation equation considers both the heat generated
at the tool–workpiece interface and the volumetric heat
generated due to plastic work [11–14]. The rate of heat
generated per unit area at the tool–workpiece interface,
S, is given by:

S ¼ ½ð1� dÞgsþ dlf P N �ðxr � U 1sinhÞ ð1Þ
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where x is tool rotational speed (rad s�1), g is the
mechanical efficiency, s is the shear yield strength, PN

is the axial pressure, d and lf are the spatially variable
fractional slip and coefficient of friction respectively, r
is the radial distance from the axis of the tool and U1

is the welding velocity. The first and second terms of
Eq. (1) refer to the rate of mechanical and frictional
work, respectively, and both of them are converted to
heat. The term ðxr � U 1sinhÞ represents the local rela-
tive velocity of a point on the tool with the origin fixed
at the tool axis. Eq. (1) shows that the shoulder diameter
and the tool rotational speed (rpm) are the most influen-
tial factors in determining the heat generation rate. It is
noteworthy that xr is much larger than U1 sin h in Eq.
(1) Since the plastic flow behavior and the sticking tor-
que depend on temperature, the shoulder diameter and
the rotational speed are the most important factors.
Also, the shoulder area is much larger than the pin sur-
face area and, as a result, the pin geometry does not con-
tribute significantly to the torque required for welding.
The spatial variations in d and lf in Eq. (1) are derived
from the trend of the reported data on total accumu-
lated slip during cross-wedge rolling and are defined as
[15]:

d ¼ 0:31� exp
xr

1:87

� �
� 0:026 ð2Þ

lf ¼ 0:5� expð�xr � dÞ ð3Þ
where xr is in m s–1. Eqs. (2) and (3) are valid for xr in
the range of 0.1–1.6 m s�1. The volumetric rate of heat
generation, Sv, due to plastic deformation is given by:

Sv ¼ kl_e2 ð4Þ
where l is the viscosity, _e is the effective strain rate and k
is a constant which represents the fraction of the visco-
plastic work that is converted to heat. The spatially var-
iable strain rate _e is computed as follows [11–14]:

_e¼
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where ui is the velocity component, with i = 1, 2 and 3
referring to the three axes in the Cartesian coordinate
system. The total torque, M, required during FSW is
computed as:

M ¼MT þML ð6Þ

where MT and ML are the sticking and sliding compo-
nents of torque, respectively. Hereafter MT and ML

are referred as sticking torque and sliding torque,
respectively, and are computed as follows [11–14]:

MT ¼
I

A
rA � ð1� dÞs� dA ð7Þ

ML ¼
I

A
rA � dlf P N � dA ð8Þ

where rA is the distance of any infinitesimal area ele-
ment, dA, from the tool axis. A comparison of Eqs.
(7) and (8) with Eq. (1) shows that MT contributes to
the mechanical work that is converted to heat and ML
contributes to frictional heating. The data used for the
calculations are presented in Table 1.

Elangovan and Balasubramanian [10] studied FSW
of AA6061 with 15, 18 and 21 mm shoulder diameter
tools, each with five pin profiles at a constant rotational
speed of 1200 rpm and a linear velocity of 1.25 mm s–1

for the welding of 6 mm thick plates. They reported that
the tool with 18 mm shoulder diameter produced defect-
free welds irrespective of pin geometries. Furthermore,
the tool with a square pin profile provided superior weld
joint tensile properties. However, it is unclear why the
18 mm shoulder diameter resulted in superior welds.

In order to evaluate the effect of shoulder diameter, a
well-tested heat transfer and materials flow model is
used to compute the temperature and velocity fields,
and the torque for several shoulder diameters (12–
27 mm) and rotational speeds (900–1500 rpm). The
model was able to predict peak temperatures and tor-
ques within an error of ± 5% for the FSW of several alu-
minum alloys, steels and titanium alloys [5–7,11–14]. As
expected, the peak temperature increases with shoulder
diameter for a given tool rotational speed. As a result,
the flow stress of the alloy in the weld region decreases
with increase in shoulder diameter. Colegrove and Sher-
cliff [16] used the temperature and flow stress combina-
tions experienced by the material near the tool to
evaluate the effects of different pin profiles. They sug-
gested that the flow stress/temperature combination
indicated the state of the material that would be useful
to understand the design of the tool [16]. In order to
examine how the shoulder diameter affects the state of
the material, we plotted the computed flow stress and
temperature combinations experienced by the materials
in Figure 1 for various tool shoulder diameters. In the
figure, the darker shades indicate that the specific com-
bination of temperature and flow stress is experienced
frequently by many locations within the weld zone. Fig-
ure 1 shows that for smaller shoulder diameters the
material deforms at low temperatures and high flow
stresses, and vice versa. In the hot working literature,
a temperature range between 0.8 Ts and Ts, where Ts

is the solidus temperature, has been often used
[1,2,9,16]. Because of the trend shown in Figure 1, the
flow stress vs. temperature plot alone is insufficient to
identify an optimal shoulder diameter among the ones
considered here.

In order to determine the optimum tool geometry, the
two components of the torque are plotted in Figure 2 for
various shoulder diameters. As the shoulder diameter in-
creases, the sticking torque, MT, increases, reaches a
maximum and then decreases. This behavior can be
examined from Eq. (7), which shows that two main fac-
tors affect the value of the sticking torque. First, the
strength of the material, s decreases with increasing tem-
perature due to an increase in the shoulder diameter.
Second, the area over which the torque is applied in-
creases with shoulder diameter. As a result, the product
of these two components shows the trend indicated in
the figure. The sliding torque, ML, increases continu-
ously with increasing shoulder diameter due to the larger
contact area. With the increase in shoulder diameter the
total torque increases continuously even when the stick-
ing torque decreases for large shoulder diameters. In this



Table 1. Data used for calculations.

Alloy AA-6061

Shoulder diameter (mm) 15, 18, 21
Pin diameter (mm) 6
Pin length (mm) 5.5
Pin profile Cylindrical, no thread
Rotational velocity (rpm) 900, 1200, 1500
Welding speed (mm s�1) 1.25
Axial pressure (MPa) 30
Density (kg m�3) 2700
*Yield Strength (MPa) 13:52þ 263:24� 1þ exp T�456:5

29

� �� ��1

*Specific heat (J kg�1 K�1) 9.29 � 102�6.27 � 10�1T � 1.48 � 10�3T2 – 4.33 � 10�8T3

*Thermal conductivity (W m�1 K�1) 2.52 � 101 � 3.98 � 10�1T � 7.36 � 10�6T2 � 2.52 � 10�7T3

* Temperature, T, in K.
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Figure 1. Flow stress and temperature combinations of the weld metal
during FSW of AA60601 for various shoulder diameters at 1200 rpm.
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Figure 2. The computed values of sticking, sliding and total torque for
various shoulder diameters at 1200 rpm.
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Figure 3. Total torque required during FSW of AA6061 as a function
of the tool shoulder diameter for rotational speeds of 900, 1200 and
1500 rpm.
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regime, the extent of the decrease in the sticking torque
is smaller than the increase in the sliding torque. As a re-
sult, the total torque increases continuously with shoul-
der diameter. This behavior is also observed for other
tool rotational speeds, as shown in Figure 3. The varia-
tion of sticking torque with shoulder diameter can be
used to find the optimum tool shoulder diameter, as ex-
plained below.

During FSW the tool must have adequate traction on
the plasticized material so that material flow occurs
from the leading to the trailing edge of the tool. The
shape of the sticking torque vs. shoulder diameter dis-
cussed above indicates that the sticking torque is maxi-
mum at a certain critical shoulder diameter. Beyond
this shoulder diameter, any further increase in torque
does not result in improved traction of the tool because
of the increase in temperature and the resulting decrease
in the flow stress. The sticking torque represents the
resistance of the plasticized material against flow around
the tool. An optimum amount of material flow around
the tool with minimum resistance is needed for a good
weld and better tool life in FSW. When the shoulder
diameter increases beyond the maximum sticking tor-
que, the material reduces its resistance against flow be-
cause of increased temperature and, as a result, the
rotating tool loses its ability to influence the movement
of the material. Figure 2 indicates that both the sticking
and the sliding components of the total torque tend to
be equal at a particular shoulder diameter where the
sticking torque is maximum. The optimum shoulder
diameter corresponds to the maximum value of an
objective function, O(f), defined as:

Oðf Þ ¼ MT

MT þML
� ML

MT þML

� �
ð9Þ

An optimum tool shoulder diameter should corre-
spond to the criterion when O(f) is closest to its
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Figure 4. The computed values of the objective function, O(f), as a
function of shoulder diameter at tool rotational speeds of 900, 1200
and 1500 rpm.

Table 2. The mechanical properties of welds made using a cylindrical
pin profile [10].

Diameter
(mm)

Yield strength
(MPa)

Ultimate tensile
strength (MPa)

15 110.5 131.7
18 130.3 161.7
21 94.0 120.0
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maximum possible value (=0.25). Figure 4 shows the
variations in the computed values of O(f) as a function
of shoulder diameter at three tool rotational speeds. It
can be observed that the optimum tool shoulder diame-
ter and rotational speed combinations are (21, 900), (18,
1200) and (18, 1500) for the range of welding parameters
considered in the present study. Elangovan and Bala-
subramanian [10] have also reported that the tool with
an 18 mm shoulder diameter provided the best weld
joint strength at a rotational speed of 1200 rpm, as
shown in Table 2. This shoulder diameter is three times
the plate thickness. The shoulder diameter most com-
monly used in industry is about 2.5–3 times the thick-
ness of the aluminum alloy plates [17]. The computed
peak temperatures for the optimized shoulder diameters
were in the range of 0.87–0.90Ts. This temperature range
is well within the range of peak temperature commonly
used in the FSW of AA6061.

A three-dimensional heat transfer and visco-plastic
flow model is used to develop a criterion to identify
the optimum tool shoulder diameter for the FSW of
AA6061. The criterion calls for an equal partitioning
of the supplied torque between sticking and sliding to
identify the optimum tool shoulder diameter. The opti-
mum shoulder diameters were determined for rotational
speeds of 900, 1200 and 1500 rpm. The optimum shoul-
der diameter of 18 mm at 1200 rpm has resulted in supe-
rior tensile properties in independent tests, as reported
in the literature. The computed peak temperatures for
all three optimized shoulder diameters were in the range
of peak temperatures commonly encountered in the
FSW of AA6061.
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