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Friction Stir Processing (FSP) is becoming an acceptable technique for modifying the grain structure of
sheet metals. One of the most important issues that hinder the widespread use of FSP is the lack of accurate
models that can predict the resulting microstructure in terms of process parameters. Most of the work that
has been done in the FSP field is experimental, and limited modeling activities have been conducted. In this
work, an analytical model is presented that can predict the strain rate distribution and the deformation
zone in the friction stir processed zone as a function of process parameters. In the model, the velocity fields
within the processed zone are determined by incorporating the effects of both the shoulder and the pin of
the tool on the material flow. This is achieved by introducing state variables and weight functions. The
model also accounts for different interfacial conditions between the tool and the material. The effects of
different process parameters and conditions on the velocity fields and strain rate distributions are discussed.
The results clearly show that the model can successfully predict the shape of the deformation zone and that
the predicted strain rate values are in good agreement with results reported in the literature.

Keywords friction stir processing, interfacial contact conditions,
microstructure modification, severe plastic deforma-
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1. Introduction

Aluminum welding has always been a great challenge,
which motivated the researchers at TWI to invent a new
advanced welding technique, friction stir welding (FSW) (Ref
1). It was observed that the welding zone is characterized by
equiaxed fine grain structure. As a result, the concept of FSW
was extended to a new advanced microstructural modification
process in the late 1990s, Friction Stir Processing (FSP). Since
then, many researchers have investigated several aspects of the
process. It has been reported that FSP can enhance the
superplasticity of lightweight materials through producing an
equiaxed ultrafine grain structure and favorably modifying the
material properties (Ref 2-5). During FSP, a specially designed
rotating tool which consists of a pin and a shoulder is used. The
rotating pin is plunged into the sheet, traversing in the desired
direction, while the shoulder is rubbing against the surface of
the sheet generating enough heat (remains solid state) to soften
the material beneath the tool. The mechanical stirring caused
by the plunged rotating pin forces the softened material to
undergo intense plastic deformation yielding a processed zone
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Nomenclature

r Radial distance from the tool center (m)

rp Pin radius (m)

rs Shoulder radius (m)

z Distance from top to bottom in the thickness direction (m)

zo Pin height (m)

h The angle from the radial axis at the middle section of the

tool (moving clockwise when looking from the top)

(radians)

x Rotational speed of the tool (rad/s)

v Translational speed of the tool (m/s)

Vmaterial FS-processed material resultant velocity (m/s)

Vshoulder Shoulder resultant velocity (m/s)

Vpin Pin resultant velocity (m/s)

g Material/pin state variable

k Material/shoulder state variable

uðsÞh Material velocity component caused by shoulder in the h
direction (m/s)

uðsÞr Material velocity component caused by shoulder in the r
direction (m/s)

uðpÞh Material velocity component caused by pin in the h
direction (m/s)

uðpÞr Material velocity component caused by pin in the r
direction (m/s)

wðsÞh Shoulder weight function in the h direction

wðsÞr Shoulder weight function in the r direction
wðpÞh Pin weight function in the h direction

wðpÞr Pin weight function in the r direction
uh Material resultant velocity component in the h direction

(m/s)

ur Material resultant velocity component in the r direction
(m/s)

uz Material resultant velocity component in the z direction
(m/s)

_eeff Effective strain rate (1/s)
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characterized by dynamically recrystallized fine grain structure.
Figure 1 shows a schematic of FSP.

In order to advance the utilization of FSP in sheet metal
processing and fabrication, accurate models are needed to
enable process simulation and optimization. Most of the
modeling discussed in the literature focuses on the thermal
aspect of the process and limited work consider both thermal
and mechanical features.

Ulysse (Ref 6) proposed a 3D viscoplastic model for FSW to
determine the effect of tool speed on temperature. Chang et al.
(Ref 7) attempted to develop a relation between grain size and
Zener-Holloman parameter for friction stir-processed AZ31 Mg
alloy. Heurtier et al. (Ref 8) proposed a thermomechanical
analysis of FSW, in which a model for material flow pattern
was proposed. They divided the weld zone into two and used
classical fluid mechanics to determine the velocity fields
assuming incompressible and kinematically admissible flow.
Schmidt et al. (Ref 9) proposed an analytical model for heat
generation in FSW and studied different contact conditions
between the tool and the weld; sliding, sticking, and partial
sliding/sticking. Arbegast (Ref 10) proposed a simple model
based on metalworking processes and presented relationships to
calculate the extrusion zone width, strain rate, and pressure.
Schneider and Nunes (Ref 11) described in their mathematical
model the material flow path in friction stir welds and proposed
three incompressible flow fields that together describe the
material flow in friction stir welds. Nandan et al. (Ref 12)
solved the equations of conservation of mass, momentum, and
energy numerically and computed the spatial variation of the
non-Newtonian viscosity. Buffa et al. (Ref 13) used a Finite
Element model, which was calibrated experimentally, to
investigate the temperature and strain distributions.

Although it is agreed that the temperature and strain rate
distributions in the processed zone are the main factors that
control the resulting grain structure, there exists no clear and
accurate model to estimate the strain rate distribution within the
FSP zone in terms of process parameters and ultimately relate
the resulting microstructure to process parameters.

The current work presents a model that estimates the strain
rate distribution within the friction stir-processed zone in terms
of process parameters. In this model, the velocity fields within
the processed zone are determined by considering the effects of
both the shoulder and the pin of the tool on the material flow.
State variables are introduced to relate the material velocity in
the processed zone to the velocity of the tool (the shoulder and
the pin). In addition, weight functions are introduced to
determine the contribution of the shoulder and the pin on the
material flow within the processed zone. From the velocity
fields, the strain rate distribution in the processed zone can then

be estimated. Different scenarios are considered to investigate
the effects of both the pin and the shoulder on the material flow
and consequently on the strain rate distribution. The effects of
contact conditions at the tool/sheet interfaces and process
parameters (rotational and translational speeds) are also inves-
tigated.

2. Model Development

The ultimate goal is to develop a physics-based model that
can accurately predict the resulting microstructure of FS-
processed material in terms of process parameters. The model
presented below serves as a first step toward that goal in order
to enable FSP to ‘‘design’’ a certain microstructure for optimum
performance.

FSP is considered as a hot working process where the flow
stress is highly dependent on temperature and the stain rate.
The resulting grain structure in the processed zone mainly
depends on the resulting strain rate and temperature distribu-
tions. In order to be able to achieve a desired microstructure,
the strain rate and temperature distributions must be controlled
and related to the grain structure and process parameters.

This work attempts to develop an analytical model to predict
the strain rate distribution during FSP. The framework of this
model is as follows:

• State variables that relate the material velocity to the tool
velocity (shoulder and pin) are first introduced.

• Weight functions are also introduced to determine how
much the tool shoulder and the tool pin contribute to the
net flow of material in the processed zone.

• The velocity fields in the processed zone are then deter-
mined as a function of process parameters.

• Finally, the strain rate distribution in the deformed (pro-
cessed) zone is calculated from the velocity fields.

For convenience, a table of nomenclature is included for easy
reference to the different terms and symbols used in the
following equations. A schematic of the proposed model is
shown in Fig. 2 illustrating the tool/sheet interfaces and the
proposed geometry of the deformation zone. In this work, the
dimensions of the radii of the pin and the shoulder are
rp = 3.175 mm and rs = 6.350 mm, respectively. These num-
bers are the actual dimensions of the tool currently used in our
laboratory to conduct FSP experiments (Ref 4, 5, 14). A flat
shoulder and a flat cylindrical pin are considered in this analysis.
The sheet thickness is zo = 3.175 mm (see Fig. 2). In this work,

Fig. 1 Schematic of FSP
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different rotational speeds (400-600 rpm) and translational
speeds (0.847-2.540 mm/s) are covered. These values are
typical of speeds used in FSP of aluminum alloys (Ref 2, 4, 14).

The main assumptions that have been made for developing
the model include:

• Two incompressible flow fields are combined to describe the
material flow: rigid body rotation and uniform translation.

• No material movement in the thickness direction is considered.
• The contact condition is constant along each interface;

however, different contact conditions can be used.
• The overall velocity field in the processed zone is deter-

mined by combining the velocity fields based on the
movements of the tool shoulder and the tool pin indepen-
dently using weight functions.

2.1 State Variables

The first step is to define how the material velocity is related
to the tool velocity. There are several factors that control this
relation including contact condition at the tool/sheet interfaces,
tool geometry, sheet clamping force, material properties,
temperature, and pressure. In order to consider these effects,
state variables are introduced. There are two interfaces between
the tool and the sheet: one is at the shoulder and the other is at
the pin (as shown in Fig. 2). The material flow and movement
is influenced by both the shoulder and the pin in different ways;
the shoulder is mainly responsible for material flow near the
sheet surface while the pin is responsible for stirring the
material through the sheet thickness. For this reason, two state
variables are needed. The first one is denoted g (see Eq 1-2),
which relates the material velocity to the shoulder velocity, and
it is defined as a function of z (the distance from top to bottom
in the thickness direction). Two other parameters are used to

define g; the first one is A which represents the contact state at
the shoulder/material interface. The value of A varies between 0
and 1; 1 for full sticking, 0 for full slipping and 0<A< 1 for
combined sticking-slipping contact condition. The second
parameter used to define g is B which accounts for the effect
of material properties, temperature, and pressure. The same
approach is followed to define the second state variable k (see
Eq 3-4), which relates the material velocity to the pin velocity.
The state variable k is defined in terms of r (the radial distance
from the tool center), and the two parameters C and D (C is
equivalent to A and D is equivalent to B). Mathematically, the
state variables are given by:

g ¼ Vmaterial

VShoulder
ðEq 1Þ

g ¼ A exp �B z

zo

� �
ðEq 2Þ

k ¼ Vmaterial

Vpin
ðEq 3Þ

k ¼ C exp �D
r � rp
� �
rs � rp
� �

 !
ðEq 4Þ

To explain the physical meaning of these state variables, con-
sider the state variable, g relating the material velocity result-
ing from the shoulder movement to the shoulder velocity. At
the sheet surface (z = 0), the state variable (g) equals the
parameter A. For full sticking condition, A equals 1, which
result in a material velocity equals to the shoulder velocity.
For full slipping condition (A = 0), the material is stagnant at
the sheet surface. The physical meaning of the state variable
relating the material velocity resulting from the pin movement
to the pin velocity is analogous to the one described above.

2.2 Weight Functions

The shoulder and the pin both affect the material movement
within the processed zone. To account for how much each of
them is responsible for the material flow, weight functions are
introduced. The main idea is to assume as if the two act
independently and then combine their effect. First, it is assumed
that the shoulder is only responsible for the material flow (and
no material movement is resulted from the pin) and the velocity
field from this scenario is determined. Second, the velocity field
is determined assuming the material movement and the flow is
only caused by the pin. Finally, the two velocity fields are
combined using the weight functions to yield the overall
velocity field. The weight functions for the shoulder and the pin
are defined in both r and h coordinates (h is the angle from the
radial axis at the middle section of the tool as shown in Fig. 2a)
as given below in Eq 5-8.

wðsÞh ¼
uðsÞh

uðsÞh þ uðpÞh
ðEq 5Þ

wðpÞh ¼
uðpÞh

uðsÞh þ uðpÞh
ðEq 6Þ

wðsÞr ¼
uðsÞr

uðsÞr þ uðpÞr
ðEq 7Þ

Fig. 2 Model�s geometry: (a) 3D and (b) cross section EE
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wðpÞr ¼
uðpÞr

uðsÞr þ uðpÞr
ðEq 8Þ

2.3 Velocity Fields

Two incompressible flow fields are combined to describe the
material flow in the FS-processed zone: rigid body rotation and
uniform translation. The material movement in the z direction is
not considered in this analysis. The velocities of both the
shoulder and the pin are described in terms of the rotational and
translational speeds of the tool along with the state variables
(Eq 9-12):

uðsÞh ¼ g½xr � v cosðhÞ� ðEq 9Þ

uðsÞr ¼ g½�v sinðhÞ� ðEq 10Þ

uðpÞh ¼ k½xrp � v cosðhÞ� ðEq 11Þ

uðpÞr ¼ k½�v sinðhÞ� ðEq 12Þ

Incorporating the weight functions with these velocity fields
yields the overall velocity field in the r-h-z coordinates as gi-
ven by Eq 13-15.

Fig. 4 Strain rate distributions for FSP at 400 rpm and 0.847 mm/s:
(a) pin alone, (b) shoulder alone, and (c) combined shoulder and pin

Fig. 3 Velocity fields for FSP at 400 rpm and 0.847 mm/s: (a) pin
alone, (b) shoulder alone, and (c) combined shoulder and pin

Journal of Materials Engineering and Performance Volume 17(2) April 2008—171



uh ¼ wðsÞhuðsÞh þ wðpÞhuðpÞh ðEq 13Þ

ur ¼ wðsÞruðsÞr þ wðpÞruðpÞr ðEq 14Þ

uz ¼ 0 ðEq 15Þ

2.4 Strain Rate

The velocity-strain rate relations in cylindrical coordinate
are used to find the strain rate components (equations� set 16)
(Ref 15). The effective strain rate distribution within the FS-
processed zone can be determined assuming von Mises
according to Eq 16.

_err ¼ @ur
@r

_ehh ¼ 1
r
@uh
@h �

ur
@r

_ezz ¼ @uz
@z

_erh ¼ 1
2

1
r
@ur
@h þ

@uh
@r �

uh
r

� �
_ehz ¼ 1

2
@uh
@z þ 1

r
@uz
@h

� �
_ezr ¼ 1

2
@uz
@r þ

@ur
@z

� �

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;

ðEq 16Þ

_eeff ¼
2

3
_eij

2

� �1=2

ðEq 17Þ

Fig. 5 Velocity field for FSP at (a) 400 rpm and 0.847 mm/s, (b)
600 rpm and 0.847 mm/s, (c) 400 rpm and 2.540 mm/s

Fig. 6 Strain rate distributions for FSP at (a) 400 rpm and
0.847 mm/s, (b) 600 rpm and 0.847 mm/s, and (c) 400 rpm and
2.540 mm/s
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3. Results and Discussion

3.1 Shoulder and Pin Effects

The effects of the shoulder and the pin, separately and
combined, on material deformation within the FS-processed
zone are illustrated by the three velocity fields shown in Fig. 3.
It is obvious that when considering the effect of the pin alone
(Fig. 3a), the material velocity decreases as the radial distance

from the tool�s center increases, as illustrated by Eq 4 and 11. It
is important to note that the velocity at a given radius is
constant along the thickness (z) direction because the velocity
depends on the radius and the contact condition at the pin/
material interface. In this analysis, it is assumed that the contact
condition does not change along the pin/material interface.
Considering the shoulder effect (Fig. 3b), the results show that
the material velocity increases as the radial distance from the
tool�s center increases and the distance along the thickness from

Fig. 7 Velocity field for separate shoulder effect scenario (FSP at
400 rpm and 0.847 mm/s): (a) full sticking at the shoulder/sheet
interface (A = 1.0), (b) 50% sticking at the shoulder/sheet interface
(A = 0.5), and (c) 25% sticking at the shoulder/sheet interface
(A = 0.25)

Fig. 8 Strain rate distribution for separate shoulder effect scenario
(FSP at 400 rpm and 0.847 mm/s): (a) full sticking at the shoulder/
sheet interface (A = 1.0), (b) 50% at the shoulder/sheet interface
sticking (A = 0.5), and (c) 25% sticking at the shoulder/sheet inter-
face (A = 0.25)
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the top surface of the sheet decreases as illustrated by Eq 2 and
9. Figure 3(c) shows the combined effects of the shoulder and
the pin on the material velocity. The maximum velocity occurs
at the outer edge of the shoulder/sheet interface in agreement
with the findings of Nandan et al. (Ref 12). Similar trends are
noticed for the strain rate distributions, as shown in Fig. 4. It is
very important to note that the obtained strain rate values are in
the order of hundreds, which are in agreement with reported
values in the literature (Ref 9, 12). Schmidt et al. (Ref 9)
showed in their work that the shear rate was in the order of

hundreds, and Nandan et al. (Ref 12) predicted the maximum
strain rate to be about 160 s-1. The high strain rate values
confirm that intense plastic deformation at high rates is taking
place during FSP.

3.2 Rotational and Translational Speeds Effects

The effects of the rotational and translational speeds on the
velocity fields and strain rate distributions are shown in Fig. 5
and 6. As shown in the figures, the velocity and strain rate

Fig. 9 Velocity field for separate pin effect scenario (FSP at
400 rpm and 0.847 mm/s): (a) Full sticking at the pin/sheet interface
(C = 1.0), (b) 50% sticking at the pin/sheet interface (C = 0.5), and
(c) 25% sticking at the pin/sheet interface (C = 0.25)

Fig. 10 Strain rate distribution for separate pin effect scenario (FSP
at 400 rpm and 0.847 mm/s): (a) full sticking at the pin/sheet inter-
face (C = 1.0), (b) 50% sticking at the pin/sheet interface (C = 0.5),
and (c) 25% sticking at the pin/sheet interface (C = 0.25)
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increase as the rotational speed increases. The effect of the
translational speed, however, is negligible, due to the fact that
the translational speed is very small compared to the rotational
speed. However, this does not mean that the effect of
translational speed on the process is negligible. The thermal

fields generated during the process were found to be very
sensitive to translational as well as rotational speeds (Ref 14).
Increasing the rotational speed increases the temperature due to
increased heat generation from friction and plastic deformation.
On the other hand, increasing the translational speed reduces

Fig. 11 Velocity field for combined shoulder/pin effect scenario (FSP at 400 rpm and 0.847 mm/s): (a) full sticking at the shoulder/sheet inter-
face (A = 1.0) and full sticking at the pin/sheet interface (C = 1.0), (b) 50% at the shoulder/sheet interface sticking (A = 0.5) and full sticking at
the pin/sheet interface (C = 1.0), (c) full sticking at the shoulder/sheet interface (A = 1.0) and 50% sticking at the pin/sheet interface (C = 0.5),
and (d) 50% sticking at the shoulder/sheet interface (A = 0.5) and 50% sticking at the pin/sheet interface (C = 0.5)

Fig. 12 Strain rate distribution for combined shoulder/pin effects scenario (FSP at 400 rpm and 0.847 mm/s): (a) full sticking at the shoulder/
sheet interface (A = 1.0) and full sticking at the pin/sheet interface (C = 1.0), (b) 50% at the shoulder/sheet interface sticking (A = 0.5) and full
sticking at the pin/sheet interface (C = 1.0), (c) full sticking at the shoulder/sheet interface (A = 1.0) and 50% sticking at the pin/sheet interface
(C = 0.5), and (d) 50% sticking at the shoulder/sheet interface (A = 0.5) and 50% sticking at the pin/sheet interface (C = 0.5)
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the exposure time of the material to the generated heat and thus
reducing the temperature (Ref 14). Therefore, it is very
important to choose the optimal process parameters that ensure
generation of enough heat to soften the material in order to
achieve large plastic flow while limiting excessive heat to
prevent significant grain growth. The current model deals only
with the mechanical aspect of the process and must be
integrated with a thermal model to accurately describe the
process. The development of the thermal model using advanced
CFD analysis is currently underway.

3.3 Interfacial Contact Conditions

The contact condition at the shoulder/material and pin/
material interfaces (whether they are full sticking, full slipping,
or partial sticking/slipping) plays a critical role in determining
the velocity and strain rate fields. One of the unique features of
the proposed model is its ability to accommodate different
contact conditions. The contact condition at the interfaces is
defined through the constants A and C in the state variables�
equations (Eq 1-4). Figure 7 and 8 shows the effect of different
contact conditions at the tool/sheet interfaces on the material
velocity and strain rate (due to shoulder only). The figures
clearly show the ability of the model to capture the actual
behavior at different contact conditions. For full sticking, more
material flow will result from the shoulder movement when
compared to, for example, 50% sticking and 50% slipping. The
same results are observed for the effect of contact condition at
the pin/material interface on material velocity and strain rate
(due to pin only), as illustrated in Fig. 9 and 10. Figure 11 and
12 shows the velocity fields and the strain rate distributions for
different combinations of the contact conditions at the two
interfaces due to the combined effects of the pin and the
shoulder. It is clear that more material flow (more velocity and
strain rate) results when the sticking contact conditions exist
compared to partial sticking/partial slipping. The results shown
in Fig 7-12 can be very useful in designing the tool and
selecting the applied pressure in the thickness direction to
control the material flow during FSP.

3.4 Validation of Current Results

The preceding paragraphs show that the proposed model is
capable of capturing the effects of various process parameters
on the material flow during FSP. The shape of the deformation
zone is another important piece of information that can be

predicted using the proposed model. Figure 13 shows the
velocity field in the processed zone. The deformation field is
directly related to the velocity field. Hence, one can predict the
shape of the deformation fields from the velocity fields. The
shape of the deformation field shown in Fig. 13 is in excellent
agreement with the shapes of experimentally determined
deformation fields reported in the literature [see for example,
Ericsson et al. (Ref 16) and Hassan et al. (Ref 17)].

4. Conclusions

The proposed model is capable of predicting the velocity
fields and the strain rate distributions within the processed zone
of a FS-processed material in terms of the process parameters.
The model allows examining the effects of different parameters
such as: shoulder and pin, rotational and translational speeds,
and different interfacial contact conditions. The obtained
velocity and strain rate values are in agreement with reported
values in the literature. In addition, the model can successfully
capture the shape of the deformation field. The current model
deals only with the mechanical aspects of the process and can
serve as a first step toward developing a comprehensive model
that also includes the thermal aspects of the process. Such a
comprehensive model can be used to predict the resulting
microstructure during FSP. A thermal model using CFD
analysis is currently being developed.
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