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Abstract

The objectives of the present work are, (i) to investigate the influence of tool rotational speed and welding speed
on the springback of Friction Stir Welded (FSW) sheets, and (ii) to predict the same at different welding
conditions using finite element simulations. The base sheets used are Al5052H32 and Al6061T6of 2.1 mm
thickness. FSW sheets are fabricated at different tool rotational and translational (welding) speed. Springback
has been evaluated during V-bending and compared for analyses. Hill’s 1990 yield criterion is used in the finite
element model for springback prediction. The springback of FSW sheets lie in between that of Al6061T6 and
Al5052H32 base sheets. Reduction in springbackof FSW sheets is observed at higher rotational speed and
welding speed, which correlates with the changes in σy/E ratio and n value of weld zone. There exists a close
agreement between experimental and predicted springback values.
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1 Introduction
Friction-stir welding (FSW) is a solid-state
joining process. It involves joining of metals without
filler materials. A constantly rotating cylindricalshouldered tool with a profiled nib is transversely fed
at a constant rate into a butt joint between
twoclamped sheets. Frictional heat is generated
between the wear-resistant welding components and
the work pieces. This heat, along with that generated
by the mechanical mixing process and the adiabatic
heat within the material, cause the stirred materials to
soften without melting. The resultant plasticized
material is transferred from the leading edge of the
tool to the trailing edge of the tool probe and is forged
together by the intimate contact of the tool shoulder
and the pin profile (Mishra and Ma, 2005).
During sheet bending, while one side of the sheet
metal is subjected to compressive stress, the other
surface is subjected to tensile stress. An elastic
recovery occurs because of the release of the elastic
stresses in the bending process, after release of the
load by withdrawal of the punch. This elastic recovery
is called Springback. It is still a practical problem to
predict the final geometry of the part accurately, after
springback and to design appropriate tooling in order
to compensate for springback. The trial and error,
empirical methods, and advanced computational
methods including finite element analyses are some of
the effective means of predicting sheet springback.
Changet al.(2002) investigated the springback
characteristics of tailor-welded strips in U-bending
processing. The tailor-welded strips were joined by
the laser welding process and consisted of two types
of thickness combinations of the SCP1 sheet and two
weld orientations. The springback encountered by
longitudinally welded strip was same as that of un-

welded base sheets. In the case of the transverse
welded strips, a significant reduction of the
springback was observed in the thinner side compared
with the same thickness of un-welded strip.
Tekaslanet al.(2008) concluded that the time to
hold the punch on the sheets affects the springback.
The punch must be kept for a definite period of time
on the sheets to dispose the elasticity of sheet metal.
Increasing the holding time, increases the spring-back.
It is observed from Rao and Narayanan (2014)work
that, with increase in shoulder diameter, rotational
speed, and welding speed, the springback of friction
stir welded sheets has reduced. FSW sheet springback
is in between that of 6061 and 5052 base materials.
Ramuluet al.(2013) analyzed the effect of
welding speed, rotation speed, plunge depth, and
shoulder diameter on the formation of internal defects,
axial force and torque during FSW of 6061T6 sheets.
At higher welding speed, higher rotation speed, and
higher plunge depth, internal defect free weld joints
are produced. The axial force and torque were not
constant and a large variation was seen with respect to
FSW parameters that produced defective welds. In the
case of defect-free welds, the axial force and torque
were relatively constant. An extension of the work on
forming limit indicates that with increase in the tool
rotation speed, for a constant feed rate, the forming
limit of friction stir welded blank has improved and
with increase in feed rate, for a constant tool rotation
speed, it has decreased. The strain hardening exponent
of weld (n) increases with increase in tool rotation
speed and it decreases with increase in feed
rate(Ramuluet al., 2013).
The main objective of the present work is to
study the effect of welding speed and rotational speed
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on the springback of FSW sheets, and predict the
same using finite element simulations. For this,
Al5052H32 and Al6061T6 are friction stir welded.
The springback of welded and un-welded sheets are
evaluated after V-bending. The same has been
predicted and validated.

2 Methodology
The first step was to produce samples of friction
stir welded sheets made of Al6061T6 and Al5052H32
by varying the tool rotational and translational
(welding) speed. The tool rotational speed was varied
from 600 RPM to 800 RPM, in 3 steps, and the tool
translational speed was varied from 80 mm/min to
120 mm/min in 3 steps. The material properties and
Lankford coefficients (r) of the base materials (Table
1, 2) and weld regions(Table 3) were determined by
tensile tests by using ASTM standard sub-size 1
specimen dimensions (Abdullah et al., 2001).Three
trials were conducted to evaluate the tensile
properties. Then ‘V’ bending tests were performed on
all the welded blanks and base materials of
dimensions 160mm×50mm. The weld was oriented
longitudinally during bending experiments. The
springback of these sheets (included angle) were
measured within an hour, after V-bending was
completed.Two trials were conducted to evaluate the
springback in each case. A V-bending setup (Fig. 1)
was fabricated to conduct experiments.
In order to predict the springback, finite element
simulations wereperformed for V-bending (using the
dimensions of setup in Fig. 1) of friction stir welded
sheets using a commercially available elasto-plastic
finite element code. This code uses the Lagrangian
and explicit time integration techniques. The adaptive
meshing that automatically refines the mesh was used
for finite element simulations. The meshing was done
with quadrilateral shell elements of the Belytschko–
Tsay formulation. The average mesh size of about 2
mm was used throughout the sheet specimen and
tools. The tools were modelled as rigid bodies. The
base materials properties and weld zone properties
obtained from experiments were incorporated during
FE simulations. Hollomon’s strain hardening law was
used to describe the stress-strain behaviour of base
material and weld zone. Hill’s 1990 yield criterion
was used as the plasticity model. The ‘m’ value used
in the yield criterion was optimized to have less error
with experimental values. The sheets were subjected
to springback explicit analysis, after bending, and
springback angle was evaluated.

Figure 1 Schematic of die and punch in V-bending
setup
Table 1 Tensile properties of Al6061T6 base sheet

E – Elastic modulus, K – Strength coefficient, n –
Strain hardening exponent, r – Plastic strain ratio
Table 2 Tensile properties of Al5052H32 base sheet

Table 3 Tensile properties of weld region

3 Results and Discussion
The tensile behaviour of the weld zone for different
rotational speeds, at a constant translational speed,
and for different translational speeds, at a constant
rotational speed is shown in Fig. 2 and Fig. 3
respectively.

It is evident that the weld properties such as yield
strength, UTS decreases with the increase in welding
speed, at a constant rotational speed of 800 RPM.
There is some improvement in the ductility of the
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weld zone with increase in welding speed and
rotational speed (Fig. 2, Fig. 3). This improvement is
due to the improvement in strain hardening exponent
of weld zone (table 3).

Table 5 Springback of friction stir welded sheets

Figure 2Tensile behaviour of weld zone at different
welding speeds

Figure 4 Representation of relative spring back of
base materials and welded sheets
The influence of friction stir welding on the
springback is due to the change in weld zone
mechanical properties as compared to that of base
materials. Two important mechanical properties,
Yield strength to Young’s modulus ratio and strain
hardening exponent, of weld zone are evaluated for
FSW conditions given in table 3. Because of the
change in rotational speed and welding speed there is
a significant change in Yield stress to Young’s
modulus ratio (σy/E) and Strain hardening exponent
(n) of weld and this affects the springback of the
welded sheets. Theoretically it is known that the
springback increases with the increase of σy/E ratio
and decrease of nvalue. The influence of rotational
speed and welding speed on σy/Eratio, strain
hardening exponent of weld zone and springback of
welded sheets are shown in Fig. 5-7.

Figure 3Tensile behaviour of weld zone at different
rotational speeds
The results obtained after performing V-bending on
base material sheets and welded sheets are tabulated
in Tables 4 and 5 respectively. It is evident that the
springbackof Al5052 base material is less than that of
all the welded sheets, which is lesser than the
springbackof Al6061 base sheets. This is shown
schematically in Figure 4.
Table 4 Springback of base materials
Springback angle
Al6061T6

Al5052H32

64.77°

56.85°

Figure 5Effect of rotational speed and welding
speed on σy/E ratio of weld zone (Error in σy/E:
0.0001)
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Figure 6Effect of rotational speed and welding
speed on weld zone ‘n’ value (Error in n: 0.002)

It is observed that the springbackvalues obtained at
m=2 closely agree with the experimental
springbackvalues of 64.77° and 56.85° for Al6061T6
and Al5052H32 base sheets respectively. Hence m = 2
was incorporated during FE simulations. The base
sheets are considered as anisotropic material, and
hence plastic strain ratios given in table 1 and 2 are
utilized. The weld region is a mix of two Aluminium
alloys, therefore simulations were performed twice,
once by using the plastic strain ratios (r) obtained
experimentally, indicating the weld zone to be
anisotropic, and other by assuming that the weld
region is isotropic, i.e., r=1. The values of springback
found experimentally, and those predicted by
simulations are shown in table 7. It is seen that the
predicted value closely agree with experimental
values for different FSW conditions. The error
between the predictions and the experimental value is
2.33% and 2.26% in case isotropic and anisotropic
weld zone assumptions respectively. Therefore the
assumption of isotropic weld zone for springback
predictions is acceptable, though anisotropic
assumption will yield accurate results.
Table 7Comparison of experimental and predicted
springback values

Figure 7 Effect of rotational speed and welding
speed on springback of FSW sheets (Error in
angle: 1.2°)
It is observed that springback decreases with increase
in rotational speed and welding speed. With increase
in rotational speed, σy/E ratio of weld zone decreases,
and ‘n’ value of weld zone increases, decreasing the
springback. At the same time, for increasing welding
speed from 80 mm/min to 120 mm/min, σy/E ratio of
weld zone decreases, and ‘n’ value of weld zone
increases, decreasing the springback of FSW sheets.
As the materials used are Aluminium alloys, the
yield criterion used is Hill’s 90, and the Hills
coefficient ‘m’ is optimized such that for different m
values between 1 and 3, the predicted and
experimentally evaluated springback angles of base
sheets and FSW sheets are compared (Table 6).
Table 6 Optimization of m value in Hill’s 1990
yield criterion

4 Conclusions
The following conclusions are drawn from the present
analyses.
(i) The ductility of weld zone increases with increase
in welding speed and rotational speed. This is due to
the improvement of strain hardening exponent of weld
zone at higher rotational speed and welding speed.
(ii) The springback of FSW sheets lie in between that
of Al6061T6 and Al5052H32 base sheets.
(iii) Reduction in springbackof FSW sheets is
observed at higher rotational speed and welding
speed. Also the change in springback has got fair
correlation with modifications in σy/E ratio and n
value of weld zone.
(iv) A close agreement is obtained between
experimental and predicted sprngback values at
different FSW conditions. The usage of isotropic weld
zone assumption is acceptable during springback
prediction of FSW sheets, through anisotropic weld
zone assumption yield slightly better results.
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