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Introduction

Friction stir welding (FSW) consists of
the following three process parameters:
plunge depth/force, travel velocity, and
spindle speed. Dependencies between the
process parameters and response vari-
ables, including plunge force, plow force,
weld torque, and temperature, have been
reported (Refs. 1–9). Although tempera-
ture cannot be directly controlled, the re-
sulting forces and torque are strongly af-
fected by the short- and long-range weld
zone temperatures. For a constant spindle
speed, the torque would be expected to in-
crease as the travel velocity is increased
because the long-range weld zone temper-
ature is decreased.

Several studies have shown a correla-
tion between the increased travel velocity
and increased plow force (Refs. 1, 3, 8),
suggesting the tool is encountering mate-
rial with higher flow stresses due to
shorter times at elevated temperatures.
Increases in peak temperature measure-

ments have also been correlated with in-
creased travel velocity (Ref. 9), presum-
ably for the same reason. While increased
spindle speeds have the largest reported
effect on the FSW tool temperature (Refs.
1, 6), it has no reported effect on the plow
force (Ref. 3).

Although various studies (Refs. 1–9)
have targeted the relationships between
process parameters and weld tool geome-
try with response variables, little success
has been achieved toward predicting or
extrapolating process parameters, espe-
cially on the basis of temperature. A heat
index relationship, the pseudo heat index
(PHI) reported in the literature (Ref. 10),
attempts to correlate the heat input dur-
ing FSW with weld process parameters.
However, as Equation 1 (Ref. 10) shows,

it only considers the process parameters of
(ω) for spindle speed and (V) for travel ve-
locity. Without including the power gener-
ated during the weld, the weld tool geom-
etry, and the thermal properties of the
FSW tooling, the PHI relationship cannot
accurately predict or be used to extrapo-
late FSW process parameters based on
temperature.

Improving the accuracy of FSW model
predictions and process scalability re-
quires incorporating the influence from
both the process parameters and tooling.
As such, this study considers the develop-
ment of a one-dimensional heat transfer
model that includes the geometry of the
weld tool, the thermal properties of the
workpiece and tooling, and the process pa-
rameters. This model is then used as the
basis for development of an alternative
heat indexing equation for FSW.

Experimental Procedure

In the present study, two FSW tools,
whose dimensions are summarized in
Table 1, were used to produce friction stir
welded panels. A cylindrical pin was used
on both tools, one with a smooth surface
and the other with a threaded surface.
Both FSW tools used a smooth, 7-deg con-
cave shoulder and all of the friction stir
welds were made using a 2.5-deg tilt angle.

Bead-on-plate (BOP) friction stir
welds were made along the rolling direc-
tion and center width of 150 mm wide ×
610 mm long × 6.4 mm thick AA2219-T87
plates. The horizontal weld tool (HWT) at
the National Aeronautics and Space Ad-
ministration’s Marshall Space Flight Cen-
ter (NASA-MSFC) was used to produce
the friction stir welds. During the weld,
continuous recordings were made of the z-
axis (plunge) force, x-axis (plow) force,
weld torque, spindle speed, travel velocity,
and x-axis position. The weld torque was
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measured with a load cell connected to the
spindle with a known arm length, thus
recording the actual moment that occurs
about the spindle as a result of the reac-
tion between the FSW tool and workpiece.

To evaluate the accuracy of the PHI re-
lationship and consider the interaction of
process parameters and tooling, initial
process parameters were based on pub-
lished values for FSW 6.4-mm-thick plates
of AA2219-T87 (Refs. 8, 11). Table 2 sum-
marizes the test matrix used in this study,
which was designed using a constant PHI
to consider the range of validity (Ref. 10).
From reported studies (Refs. 8, 11), a PHI
of 0.09 has been correlated with defect-
free friction stir welds in AA2219-T87 over
a range of travel velocities from 76 to 203
mm/min. For PHIs greater than 0.12, the
friction stir welds were reported to show
void-type defects. In this study, the travel
velocity was calculated for a given spindle
speed using a PHI of 0.09. The spindle
speed and z-axis force were selected based
on initial baseline friction stir welds to de-
termine processing parameters to produce
defect-free welds. Differences in z-axis
force are attributed to differences in the
shoulder diameter.

One-Dimensional Heat Transfer
Model

Figure 1 shows a schematic of the heat
source and sinks considered in the develop-
ment of an alternative heat indexing equa-
tion. The model consists of a power gener-
ation term that incorporates the geometry
of the FSW tool and process parameters,
heat loss terms for conduction within the
weldment and through the backing anvil
and spindle, and convection required to
continuously heat newly incorporated ma-
terial within the stir zone (SZ). The convec-
tive heat loss is dependent on the cross-sec-
tional area of the surface defining the SZ
and travel velocity. The surface that denotes
the separation of the SZ from the base ma-
terial (BM) is referred to as the shear sur-
face as illustrated in Fig. 2.

In this study, the temperature (T)
refers to the shear surface temperature,
and the temperature (T0) refers to a fixed
ambient temperature at a distance from
the source. For a cylindrical pin, the heat
source is approximated as a cylinder, as
shown in Fig. 3. In the development of this
model, it is assumed that the heat source
represents the shear surface and the shear
surface is isothermal.

The heat loss terms for the model are
derived from Fourier’s Law in one dimen-
sion, which is expressed in Equation 2
(Ref. 12). In the expression (Qn) is the rate
of heat transfer, (k) is the thermal con-
ductivity of the material, (A) is the area
through which heat flows, and dT/dn is the
temperature gradient with respect to dis-
tance in the direction normal to A.

Power Generation

The rate at which work is performed is
termed power. In FSW, power is required
to rotate the weld tool in the workpiece
and traverse along the weld joint. Power
for a rotating object is calculated by mul-
tiplying the torque and the angular veloc-
ity, while the power for traversing longitu-
dinally along the weld joint is calculated by
multiplying the force acting in that direc-
tion by the velocity in that direction. Re-
ported total weld power calculations for
welds that did not contain defects con-

cluded that the contributions from the
tool rotating were in excess of 98% (Ref.
13). Therefore, in this study, the weld
power was approximated off of the weld
torque and spindle speed.

An assumption of the steady-state op-
eration of the FSW process is made in
which the contact conditions between
the workpiece and FSW tool are as-
sumed to be sticking. This is based on ex-
perimental evidence that the FSW
tool/workpiece contact conditions are
dominated by the sticking contact condi-
tion (Ref. 14). The weld torque (M) can
be calculated analytically by Equation 3.
Other researchers have used similar ex-
pressions to calculate the weld torque
and power (Refs. 14–16). In Equation 3,
(τ) is the flow stress of the material along
the shear surface and (r) is the distance
from the tool center to the shear surface.
The radius (r) is a function of its place-
ment along the z-axis. If the boundary of
the shear surface is not known, i.e. radius
as a function of the z-axis, then the FSW
tool profile can be used for an approxi-
mation. This torque multiplied by the
spindle speed gives an analytical expres-
sion for calculating the weld power. For
a cylindrical pin FSW tool where the
shear surface is estimated as that of the

Q kA dT

dnn
= − (2)
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Fig. 1 — Schematic representation of a transverse view of the heat source
and sinks associated with FSW. Note the heat flow paths are represented by
the arrows.

Fig. 2 — Schematic representation of a cylindrical pin FSW tool and the
shear surface separating the stir zone (SZ) from the rest of the weld.

Table 1 — Dimensions of the Weld Tools

Smooth Threaded 
Pin (mm) Pin (mm)

Shoulder Diameter 15.5 19.1
Pin Diameter 8.9 7.9
Pin Length 4.3 4.3

Fig. 3 — Two-dimensional representation of the
idealized heat source for the cylindrical pin weld
tools.
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FSW tool profile, Equation 3 is multi-
plied by the spindle speed and solved
yielding Equation 4, an expression for
the weld power (Qg). In Equation 4, (Rs)
is the radius of the tool shoulder, (R) is
the radius of the pin, (H) is the length of
the pin, (ω) is the spindle speed, and (τ)
is the flow stress of the material along the
shear surface.

Heat Loss Terms

As illustrated in Fig. 1, the heat losses
assumed include conduction losses to the
workpiece, anvil, and spindle, in addition
to a convective heat loss to the workpiece.
Each is briefly described in this section.

For a cylindrical heat source, the con-
ductive losses to the workpiece (Qw) are
approximated as a radial flow of heat
from the cylindrical heat source at radius
(R) to a fixed temperature (T0) at radius

(R0). The expression for this heat loss is
given in Equation 5 where (kw) is the
thermal conductivity of the workpiece
and (T) is the shear surface temperature.

Conduction losses to the anvil (Qa) are
approximated as a spherically radial flow
of heat from under the bottom of the pin
into a thick block of material as given by
Equation 6. The radius of the bottom of
the pin (Ra) is assumed equal to (R) for the
cylindrical source. In Equation 6, (ka) is
the thermal conductivity of the anvil.
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Fig. 4 — Longitudinal exit hole macrographs. A — Smooth pin FSW tool at 0.023 mm/rev; B — smooth pin FSW tool at 0.34 mm/rev; C — threaded pin FSW
tool at 0.23 mm/rev; and D — threaded pin FSW tool at 0.34 mm/rev.

Fig. 5 — Weld power vs. welding velocity using different advances per rev-
olution calculated for the smooth pin FSW tool.

Fig. 6 — Specific weld energy vs. welding velocity using different advances
per revolution calculated for the smooth pin FSW tool.

Table 2 — Test Matrix for FSW AA2219-T87

Spindle Speed Travel Velocity Forge Force (kN) Weld Pitch Tilt Angle
(rev/min) (mm/min) Smooth Threaded Surface (mm/rev) (deg)

Surface Pin 5/16-24 UNF Pin

200 46 17.8 24.5 0.23 2.5
300 102 17.8 24.5 0.34 2.5
400 180 17.8 24.5 0.45 2.5
500 282 17.8 24.5 0.56 2.5

A

C

B

D
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The conduction loss to the spindle (Qs)
is approximated as a linear flow of heat in
a rod. Heat travels from the shear surface
temperature (T) at the shoulder through a
length of rod (Lsp) to a fixed ambient tem-
perature (T0). The expression for the heat
loss to the spindle is given in Equation 7.
Where (ksp) and (Rsp) refer to the effective
spindle thermal conductivity and radius,
respectively.

As the tool advances during the weld,
cooler material enters the front of the weld
while hotter material is deposited in the
wake of the weld. This gives rise to convec-
tive heat loss. The convective heat loss is de-
pendent on the power required to heat
material passing through the cross section
of the shear surface from ambient to that of
the shear surface. As with the case of power
generation, the cross section of the pin pro-

file may be substituted to make an approxi-
mation if the shear surface profile is not
known. The expression for the convective
heat loss (Qv) considering a cylindrical pro-
file is given in Equation 8. Where (2RH) de-
scribes the cross-sectional area, (V) refers to
the travel velocity, and (ρc) refers to the vol-
umetric heat capacity of the workpiece ma-
terial.

Theoretical Estimation of the Peak
Temperature

It is assumed that FSW is a steady-state
process, there is no storage of energy, and
the shear surface is isothermal. Addition-
ally, it is assumed all of the mechanical
power is converted into thermal energy,
and efficiency factors for the loss terms are
neglected. With the present assumptions,
the conservation of energy is given by
Equation 9.

(7)
2

0Q
k R T T

Ls
sp sp

sp

=
−π ( )

(6)
0

Q R k T T
a a a

= −2π ( )

2 (8)
0

Q RHV c T T
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Fig. 8 — Model results vs. experimental observations for the weld torque re-
quired while using the smooth surface FSW tool.

Fig. 10 — Model results vs. experimental observations for the weld torque
required while using the threaded surface FSW tool.

Fig. 7 — Model results vs. experimental observations for the weld power ob-
tained while using the smooth surface FSW tool.

Fig. 9 — Model results vs. experimental observations for the weld power re-
quired while using the threaded surface FSW tool.

Table 3 — Percent Difference Between the Model and Experimental Weld Power and Weld
Torque

Smooth Surface Threaded Surface
FSW Tool FSW Tool

Weld Pitch Power Torque Power Torque
(mm/rev) Difference Difference Difference Difference

(%) (%) (%) (%)

0.23 0.1 0.1 –7.3 –7.3
0.34 1.3 1.3 –1.5 –1.4
0.45 10.9 10.9 9.1 9.1
0.56 18.4 18.4 21.9 21.9
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In addition to the relationships between
the processing parameters and heat loss
terms, the shear stress as a function of
temperature needs to be defined. A linear
approximation, Equation 10, is used that
captures thermal softening with increasing
temperature with a lower bound of zero
flow stress at the melting temperature. In
Equation 10, (mτ) is the change in shear
stress with respect to temperature in the
near melting regime, (Tm) is the melting
temperature of the workpiece, and (T) is
the shear surface temperature.

Figure 4 shows macrographs of the lon-
gitudinal exit hole verifying significant
shoulder contact was maintained at condi-
tions of 0.23 and 0.34 mm/rev. Thus, the
value of (mτ) was found from the torque
values measured at these conditions. Since
it was assumed that there was no loss of
shoulder contact and sticking contact con-
ditions were experienced for these welds,

any reduction in the shear surface was
deemed negligible.

After applying the energy balance of
Equation 9 and the relationship outlined
in Equation 10, a theoretical expression
for the shear surface temperature can be
found. Equation 11 is the expression for
the shear surface temperature using the
cylindrical source expressions.

Discussion and Results

Based on the development of a one-
dimensional heat transfer model, the
shear surface temperature can be theoret-
ically calculated based on the process pa-
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Fig. 11 — Smooth surface FSW tool. A — 0.23 mm/rev; B — 0.34 mm/rev; C — 0.45 mm/rev; and D — 0.56 mm/rev, showing a loss of shoulder contact at the
higher weld pitches.

Fig. 12 — Threaded surface FSW tool. A — 0.23 mm/rev; B — 0.34 mm/rev; C — 0.45 mm/rev; and D — 0.56 mm/rev, showing a loss of shoulder contact at
the higher weld pitches.
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rameters, geometry of the FSW tool, and
thermal properties of the workpiece and
tooling. Utilizing the geometry of the
smooth surface FSW tool described in
Table 1 and workpiece material properties
for AA2219-T87, the shear surface tem-
perature is calculated using Equation 11
for a range of travel velocities at different
weld pitches.

Because direct measurements of the
shear surface temperature were not ob-
tained during this study, only the weld
power can be compared. Thus, from the
calculated temperature, the weld power
can be determined from Equation 4 with t
he corresponding specific energy obtained
by dividing the weld power by the travel
velocity.

Figures 5 and 6 show the weld power vs.
the travel velocity and the specific weld en-
ergy vs. the travel velocity, respectively, for
different weld pitches. In Fig. 5, as the
travel velocity is increased, the weld power
also increases. These results can be ex-
plained by a conceptual heat model (Ref.
9) in which increased travel velocity brings
material with a higher flow stress into the
shear surface, thereby increasing the weld
torque and, hence, power. These results
and trends are in agreement with other
published trends (Ref. 17).

Figures 7 and 8 compare the weld
power and weld torque, respectively, for
the calculated vs. experimental values
using the smooth surface FSW tool. Simi-
larly, Figs. 9 and 10 are the same type of
graphs for the threaded surface FSW tool.
At the lower weld pitches, there is good
agreement. The one-dimensional heat
transfer model predicts increasing weld
power with increasing weld pitch. Since
the weld pitch is based on the ratio of
travel velocity to spindle speed, this corre-
lates with increased travel velocity. Other
studies have shown a similar correlation
between increases in travel velocity and in-
creases in weld power (Ref. 17). The
torque calculations predict a decrease
with increased spindle speed, regardless of
travel velocity, similar to other published
results (Ref. 9, 18).

The percent differences between the
model and experimental weld power and
weld torque are shown in Table 3. Equa-
tion 12 was used to calculate the percent
difference with good agreement exhibited
at the lower weld pitches.

To evaluate the changes in accuracy of
model predictions between the lower and
higher values of weld pitch, macrographs
were made of all longitudinal views of the

exit hole as shown in Figs. 11 and 12. At
the higher weld pitches of 0.45 and 0.56
mm/rev, a loss of shoulder contact with the
workpiece is observed for both the smooth
and threaded surface FSW tools. If the
FSW tool experiences a loss of shoulder
contact, then the shearing surface de-
creases and less power is required to ro-
tate the FSW tool. Repeating the model
calculations and using a reduced effective
shoulder radius equal to the pin radius re-
sults in better agreement at the higher
weld pitches as summarized in Table 4.

Alternative Heat Index

While the PHI has been used to con-
ceptualize the heat input in a FSW, this
study demonstrates its inaccuracy at main-
taining a constant heat input over a range
of process parameters. The constant PHI
value used in this study to guide the selec-
tion of a range of processing parameters
resulted in differences observed in the
weld power. This is understandable as the
PHI does not capture the effects of differ-
ent weld tools, nor does it consider inter-
actions with the backing anvil and spindle.

To resolve this discrepancy, an AHI is
proposed. Starting from the energy balance
given in Equation 9, the appropriate ex-
pressions for the cylindrical FSW tool and
associated heat losses are applied, and an
AHI equation is formed. The utility of this
equation is in its ability to predict the com-
plementary process parameter, when one of
them is varied, to maintain a constant tem-
perature in the shear surface. It also pro-
vides the opportunity to predict process pa-
rameters to maintain a similar temperature
when changing FSW tooling, e.g., anvil,
spindle, etc. The expression for the AHI
equation using the cylindrical terms is given
in Equation 13, where (T–T0) is the tem-
perature rise in the shear surface, and (τ) is
the flow stress of the material in the shear
surface. When determining process param-
eter changes while maintaining a constant
temperature rise, the shear flow shear stress
(τ) will be constant. When using the expres-
sion for an AHI the temperature rise di-
vided by the shear flow stress becomes a
constant value, that is the AHI.

Equation 13 can be further simplified
to isolate the process parameters of spin-
dle speed (ω) and travel velocity (V). In
doing so, the expression ends up with two
terms, one of which largely encompasses
attributes of the FSW tool related to
power generation. The other term largely
encompasses the attributes related to the
heat loss terms. This equivalent expres-
sion is shown in Equation 14.

Conclusions

The initial process parameters were se-
lected based on a constant PHI expression
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Table 4 — Percent Difference Between the Calculated and Experimental Weld Power and Weld
Torque When the Shoulder Radius Is Reduced to the Pin Radius at 0.45 and 0.56 mm/rev

Smooth Surface Threaded Surface
FSW Tool FSW Tool

Weld Pitch Power Torque Power Torque
(mm/rev) Difference Difference Difference Difference

(%) (%) (%) (%)

0.23 0.1 0.1 –7.3 –7.3
0.34 1.3 1.3 –1.5 –1.4
0.45 1.8 1.8 –6.4 –6.5
0.56 10.6 10.6 8.5 8.6
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taken from FSW literature (Ref. 10).
However, for each corresponding tool
used in this study, variations were seen in
the process parameter window that re-
sulted in defect-free welds and in their
weld properties. Using a one-dimensional
heat transfer model, a method is proposed
for calculating process parameters that
takes into account the specific tool design.

Certain assumptions were made in
the formulation of the model that impact
the model behavior and need to be taken
into consideration when using the theory
to explain the process of FSW. The
model is based on the sticking condition
and the presence of a constant shear sur-
face area. If a significant loss of shear
surface area occurs, there will inevitably
be a deviation from the model calcula-
tions and experimental observations.
Thus, this model can be reversely applied
to determine if there is a loss of shear
area, which might indicate slipping and
warrant inspection of the weld.

This theory is used to determine the
shear surface temperature. If upper and
lower bounds for this temperature are
chosen, the model could conceivably be
used to determine the processing parame-
ters that will produce shear surface tem-
peratures in that region. However, in the
present form, the model cannot predict
the required temperature. That will be de-
pendent on the metallurgical properties of
the material being welded.

In a simplified form, the model can be
used to develop an alternative heat index-
ing equation. This equation should allow
for more accurate scaling of process pa-
rameters as it takes into consideration the
effects of the FSW tool geometry and
other tooling. In the simplified forms, the
equations can be used to determine the
corresponding process parameter, (ω) or
(V), when one is changed to maintain a
constant shear surface temperature.
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AWS Debuts Careers in Welding Trailer

The AWS Careers in Welding Trailer offers many attractive
features to get young people excited about welding industry ca-
reers.

In particular, the mobile exhibit showcases the following:
• Five of The Lincoln Electric Co.’s VRTEX® 360 welding

simulators that feed computer-generated data with a virtual weld-
ing gun and helmet equipped with internal monitors;

• Interactive educational exhibits, including a display wall fea-
turing 11 industry segments with trivia questions, fun facts, and
industry artifacts;

• “Day in the Life of a Welder” exhibit with videos depicting
real-life environments in which welders work;

• Life-size welder highlighting welding as a safe profession;
• Social media kiosk; and
• Welding scholarship information.
The 53-ft, single expandable trailer designed and built by MRA

experiential tours and equipment covers 650-sq-ft of exhibit space.
It is expected the trailer will be on the road for 18–24 weeks in

2012. To learn more and view its schedule, visit www.exploreweld-
ing.com.
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