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Strains and strain rates during friction stir welding
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Strains experienced by materials during friction stir welding (FSW) are important but scarce in the literature. Here we report the
computed strains and strain rates during FSW of AA2524 from a three-dimensional coupled viscoplastic flow and heat transfer
model. The strain rates are integrated along a streamline to estimate the accumulated strains experienced by the material. The com-
puted strains and strain rates were in the ranges �10 to 5 and �9 to 9 s�1, respectively.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Friction stir welding; Aluminum alloy; Modelling; Convection; High temperature deformation
Local gradients of temperature, strain rate and
strains in the stir zone (SZ) and thermomechanically af-
fected zone (TMAZ) influence the microstructure and
mechanical properties of the friction stir welded parts
[1]. In large-deformation processes the accumulated
strain is an important factor affecting the nucleation
and dynamic recrystallization rates, and ultimately the
final grain structure [2–7]. The local strain values affect
the critical nuclei diameter, the nucleation rate and the
extent of formation of lo- angle grain boundaries in
the stir zone [3,6].

Equivalent strains in friction stir welding (FSW) were
computed by Buffa et al. [8,9] and Schimdt and Hattel
[10] using solid mechanics. The maximum values of
equivalent strain varied from 6 [8,9] to 133 [10] for dif-
ferent welding conditions. Bastier et al. [11] also re-
ported the computed values of total strain components
in FSW based on a solid mechanics model with precal-
culated temperature fields obtained from a separate heat
generation and computational fluid dynamics (CFD)-
based heat transfer model of the stir zone. The com-
puted normal strain (e33) was tensile in nature, while
the transverse strain (e22) was compressive. The longitu-
dinal strain (e11) was significantly smaller than the other
two components. However, the values of the strain com-
ponents were significantly smaller than the values of
effective strain reported earlier [8–10]. In view of the
scarcity of the strain values and the wide range of the re-
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ported values, there is a need to expand the values of the
effective or equivalent strain and the strain components
in the SZ and TMAZ during FSW.

Direct measurements of the strain in the SZ and
TMAZ are difficult due to the movement of materials
around the tool during FSW [1]. One solution is to com-
pute the values of the strain distributions in the SZ and
TMAZ from a FSW model. Viscoplastic material flow
and heat transfer based numerical models have been
developed in recent years to understand the heat gener-
ation rate, temperature fields, materials flow and strain
rates during FSW [12–17]. These numerical models have
been validated by comparing the computed results with
the corresponding experimentally measured temperature
profiles and the size of the TMAZ. So far, these models
have not been used to predict the strain values. Here we
show a method to calculate the strain components using
a three-dimensional viscoplastic flow and heat transfer
model, and to validate the methodology using indepen-
dent experimental data; we discuss the computed strains
for typical FSW of AA2524 alloy.

The three-dimensional viscoplastic flow and heat
transfer model used in the present work has been re-
ported elsewhere [15–17] and therefore is not repeated
here. The numerical model computes the velocity and
the temperature field. Strain hardening has been ignored
while computing velocity and temperature field. The
strain rate is computed from the local velocity gradients:
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Figure 1. The strain values computed for the extrusion of an
aluminum billet to verify the formulation of streamline integration
method. The values shown by the squares are from the experimental
results of Berghaus et al. [14] and the values shown by the triangles are
from the methodology adapted in this work.
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Figure 2. Velocity profile and streamlines used for calculation of strain
values in (a) plane 1 and (b) plane 2. The tool shoulder and pin radii
were 10.15 and 3.55 mm, respectively. FSW was done at 2.11 mm s�1

welding velocity, 300 rpm rotation speed and 42.3 kN axial force in a
300 mm � 210 mm � 6.4 mm workpiece.
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where _eij is the strain rate tensor and @ui
@xj

is the velocity
gradient. The strain is computed next by integrating
the strain rate tensor with time along a streamline [18]:

eij ¼
Z t

0

_eij dt; ð2Þ

where eij is the strain tensor, and dt is the time step for
integration. Since a streamline represents the path a par-
ticle is expected to follow in the flow field, the local
strain computed by Eq. (2) will depict the total strain
experienced by the particle at a spatial location.

Since the viscoplastic flow and heat transfer calcula-
tions are done considering a steady-state flow, time is
not a variable in the calculations. To obtain the time
variable, the streamlines are divided into 60 points.
For two closely placed points on the streamline, the ra-
tio of the local velocity and the distance between the
points will give the time taken by a particle to travel be-
tween the two points as:

dt ¼ Dxs

us
; ð3Þ

where Dxs is the distance between two points on the
streamline and us is the resultant velocity along the
streamline between the two points. From Eqs. (1)–(3),
for n (=60) points on a streamline, the strain tensor
can now be computed as follows:

eij ¼
Xn�1
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where k is the number of points along the streamline,
Dxs is the distance between point k and k + 1, and us

is the velocity at point on the streamline. FSW of
AA2524 is considered for all the calculations.

The method to compute the strain rates and strains
along a streamline is verified by comparing the com-
puted strains with the corresponding experimentally
determined strains in an extrusion experiment reported
by Berghaus et al. [18]. They determined strain values
from changes in the flow line shapes during axisymmet-
ric extrusion of aluminum billets at 430 �C with an
extrusion ratio of 12.4:1 using an ink-grid method. Fig-
ure 1 shows that the computed values on the extruded
surface from the streamline integration method are in
good agreement with the independent experimentally
determined values. The agreement shows that the meth-
odology can be used to compute the strain values in a
high-strain process such as FSW.

A viscoplastic flow and heat transfer model has been
used to predict the temperature and material flow fields
during FSW of aluminum alloy AA2524 in three dimen-
sions using the material properties and experimental
conditions reported in the literature [17]. The welding
velocity is 2.11 mm s�1 and tool rotational velocity is
300 rpm. Figure 2 shows the computed velocity fields
in horizontal planes 0.133 and 2.0 mm below the work
piece surface during FSW. The welding direction and
the direction of tool rotation are also shown in the fig-
ure. The five streamlines in Figure 2 are drawn using
the computed velocity field. The region between stream-
lines 1 and 5 contains the SZ, TMAZ and the region
through which the material flows. The x-axis indicates
the distance along the welding direction with the tool
located at x = 0. Similarly, the y-axis represents the
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width of the work piece with weld interface located at
y = 0.

The velocity gradients along the five streamlines in
Figure 2a are used to compute the strain rate compo-
nents (_eij), and the computed strain rates are integrated
to determine the values of strain components (eij) from
Eq. (2). The computed values of two normal strain rate
components _e11 and _e22 corresponding to the five stream-
lines are shown in Figure 3a and b, respectively. Consid-
ering the streamlines that pass through the retreating
side, e.g., streamlines 1–4, in Figure 2a, the x-compo-
nent of velocity, u, initially increases and then decreases
with distance x as the material moves from the front to
the back of the welding tool. Thus, the velocity gradient
ou/ox, i.e., the strain rate component, _e11, is positive in
front of the tool in Figure 3a. The velocity gradient be-
comes negative once the material crosses the tool. Con-
sequently, _e11 is negative behind the welding tool for all
the streamlines in Figure 3a. The y-component of veloc-
ity, v, initially decreases with increase in y in front of the
tool and then decreases behind the tool as y decreases.
Thus, the velocity gradient ov/oy, i.e., the strain rate
component, _e22, is negative in front of the welding tool
but becomes positive behind the tool (Fig. 3b).
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Figure 3. Computed strain rate components (a) _e11 and (b) _e22: Computed
welding velocity, 300 rpm rotation speed and 42.3 kN axial force in a 300 mm
10.15 and 3.55 mm, respectively.
As the rotating tool moves with the welding velocity,
the material in the front is sheared and forced to accel-
erate through the retreating side in the direction oppo-
site to the welding velocity. Thus, the longitudinal
velocity of the material increases in the x-direction near
the tool and then subsequently decreases as the material
reaches behind the tool where the joint forms. The trans-
verse velocity cannot increase appreciably due to prox-
imity of the undeformed solid region within the work
piece that remains unaffected by the rotational and
translation movement of the tool.

The computed values of two normal strain compo-
nents, e11 and e22, are depicted in Figure 3c and d,
respectively. As shown in Eq. (4), the calculation of
strain components is cumulative in nature. Thus, the
values of the strain components at any point on a
streamline represent the cumulative effect of all the
deformations the particle experienced before. The nor-
mal strain component e11 increases as a particle moves
along the streamline (Fig. 3c), indicating elongation of
material along the x-direction up to the tool. As the
strain rate becomes negative behind the welding tool,
exx decreases towards the end of the streamline, indicat-
ing that the material experiences compression along the
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strain components (c) e11 and (d) e22. FSW was done at 2.11 mm s�1

� 210 mm � 6.4 mm workpiece. The tool shoulder and pin radii were
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x-direction in these locations. In case of streamlines 2
and 3, e11 becomes compressive towards the end of the
streamline. However, in the case of streamline 4, e11 re-
tains a very small positive value (tensile strain) towards
the end.

The transverse strain component, e22, shown in Fig-
ure 3d, decreases initially and then increases along the
streamlines. Thus, e22 is compressive in front of the
welding tool. The addition of tensile strain component
behind the welding tool reduces the magnitude of the
compressive strain. Towards the end of the streamlines,
e22 is tensile in nature for material corresponding to the
streamlines 2 and 4. However, for the material following
streamline 3, e22 is compressive in nature even towards
the end with a very small magnitude.

The computed values of the local accumulated nor-
mal strain components around the moving tool are real-
istic in nature. For example, as the material in the front
of the tool is transported through the retreating side, the
material adjacent to the tool tends to elongate in the lon-
gitudinal direction and, therefore, compress in the trans-
verse direction. Thus, the longitudinal strain, e11, is
tensile (positive) and the transverse strain, e22, is
compressive (negative) in the material in front of the
tool. However, behind the tool, the longitudinal strain
is compressive and the transverse strain is slightly
tensile.

Figure 3c and d also show that the total in-plane
strain, i.e., the sum of the two normal strain components
e11 (longitudinal) and e22 (transverse) at any point along
the streamlines 1 and 5, is very small. The sum of these
strain components along the streamlines 2 and 3 is neg-
ative, while along the streamline 4 it is slightly positive.
Since the summation of all three normal strain compo-
nents at any point would be zero for zero dilation, the
normal strain (e33) experienced by material will be negli-
gible along streamlines 1 and 5, positive along stream-
lines 2 and 3, and negative along streamline 4. This
trend fits well with the fact that streamlines 3 and 4 de-
fine approximately the boundary of the tool shoulder,
with the former just outside and the latter just inside
the shoulder periphery. Hence, the material along
streamline 4, i.e., just within the edge of the shoulder
periphery, will experience a compressive normal strain,
while materials along streamlines 2 and 3 just outside
the shoulder periphery will be subjected to bulging and
hence experience tensile normal strains as also reported
by Bastier et al. [11]. The strain rate and the strain com-
ponents were also computed for planes further away
from the work piece top surface. The absolute values
of the strain and strain rate components were found to
be smaller as distance from the tool shoulder in the
thickness direction increases.

For the welding conditions investigated, the com-
puted values of components of strain rate lies between
�9 and 9 s�1, whereas the computed values of strain
components are between �10 to 5. These computed val-
ues of strain and strain rates are comparable to the ear-
lier reported values for strain and strain rates [3,19].
The strain rate and strain components during FSW of
AA2524 can be computed using a coupled three-dimen-
sional viscoplastic flow and heat transfer model. As the
material moves from the leading to the trailing edge
through the retreating side, it experiences a tensile strain
in the welding direction and compressive strain in the
transverse direction. The nature of the strain reverses
as the material reaches the trailing edge and is forced
to consolidate behind the advancing tool. In the retreat-
ing side, the volumetric strain increases as the material
reaches close to the tool and decreases behind the tool.
The maximum strain occurs close to the welding tool.
In the advancing side, the volumetric strains are small.
For the condition of FSW investigated, the computed
strains and strain rates were in the ranges -10 to 5 and
�9 to 9 s�1, respectively.
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