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Abstract: The warm tension-rotation bending process of AZ31 magnesium alloy as-extruded profile with thin-walled and multi-rib
was researched by numerical and experimental methods. The effects of process parameters on springback characteristics of AZ31
bent profile were investigated. The results indicate that when the forming temperature increases from 100 °C to 200 °C, the
numerical and experimental springback angles of AZ31 bent profile all decrease, the experimental springback angle decreases from
11.6° to 10.7°, and the springback ratio reduces from 11.26% to 10.39%. The relationship between the forming temperature and the
springback angle seems to be linear. When the bending angle increases from 100° to 110°, the numerical and experimental
springback angles of AZ31 bent profile all increase, the experimental springback angle increases from 10.8° to 11.5°, and the
springback ratio increases from 10.48% to 11.16%. When the pre-tension amount increases from 0.2% to 1.1%, the numerical and
experimental springback angles of AZ31 bent profile all decrease, the experimental springback angle decreases from 12.5° to 9.8°,

and the springback ratio decreases from 12.14% to 9.51%.
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1 Introduction

Magnesium alloys have been widely used in
automobile and aerospace industries due to their low
density, superior specific stiffness and strength, and
recycleability. They are often bent to appearance with
certain curvature in order to improve the aerodynamic
performance. There are many research works about the
bending of the Mg alloy sheet and tube. KUO and LIN [1]
investigated the effect of process parameters on the
springback of L-bending through simulation and
experiments for AZ31 sheets at various temperatures by
using the Taguchi method. KIM et al [2] experimentally
investigated the effect of annealing treatment on the
springback and microstructure evolution for AZ31 sheets
by using the V-shaped air bending tests. QUAN et al [3]
investigated the formability of AZ31B sheets in
multi-point bending process. HAMA et al [4]
investigated the springback characteristics and
microstructure evolution of the AZ31B sheets at various

temperatures and blank holding forces by two-
dimensional draw-bending test. GAO et al [5] examined
the bending property of the AZ31B sheets by V-bend test
and investigated the springback and microstructure at
various temperatures. LEE et al [6] investigated the
springback prediction of AZ31B sheets by the developed
constitutive model and verified the developed model by
using the unconstrained cylindrical bending test and 2D
draw bend test. PALUMBO et al [7, 8] investigated the
process parameters on the springback of AZ31 sheets in
stretch-bending test by experimental and numerical
methods. KIM et al [9] investigated the forming limit
curve and springback characteristics of AZ31B sheets
under various forming conditions. LEE et al [10]
investigated the process conditions on the springback of
AZ31B sheets in the draw bend test. BRUNI et al [11]
investigated the process parameters on the springback of
AZ31 sheets in the air bending tests under various
forming conditions. CHEN and CHANG [12]
investigated the formability of stamping AZ31 sheets and
springback in V-bend test. ZHANG et al [13] developed
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the bidirectional cyclic in-plane bending process of AZ31
sheets and investigated the deformed and subsequent
annealed microstructures. HUANG et al [14-16]
developed the repeated unidirectional bending process of
AZ31B sheets and studied the effects of process
parameters on the tensile properties, formability of
stamping, microstructure and texture of AZ31B sheets.
LUO et al [17] investigated the bendability and
microstructure of AZ31 tubes at various temperatures.
WU et al [18-20] studied the influences of formation
conditions on the ovality, wall-thinning and springback
of AM30 tubes. They also investigated the bending
mechanisms and microstructure evolution of AZ31 tubes
in the rotary draw bending process.

However, up to now, rare study can be found on the
Mg alloy profiles in bending process. In this work, the
springback characteristics of AZ31 profile in warm
tension-rotation bending process were investigated. The
bending experiments of AZ31 profile were carried out
under forming conditions. And a 3D
thermo-mechanically coupled finite element model was
established to simulate the bending process. The effects
of the forming temperature, bending angle and
pre-tension amount on the springback angle of the profile
were studied.

various

2 Experimental

2.1 Experimental principle

Figure 1 shows the principle of the tension-rotation
bending process. As shown in Fig. 1, firstly, one end of
the profile is fixed on the clamp die, while the other end
is clamped on stretching die. Secondly, the profile is
heated and held. Thirdly, the axial stretching force F is
applied by stretching die to change the stress of the
profile. Fourthly, side pressure p is exerted by movable
die to make the profile lean on the bending die. Fifthly,
the movable die is rotated to make the profile bent, while
the bending die is fixed. Finally, while the profile is bent
to the desired angle, the dies are removed, and the bent

Profile Movable die

Clamp die

Bending die

E Bending
! direction

Stretching die ]
|F

Fig. 1 Scheme of tension-rotation bending process

profile is acquired. The advantages of this process are the
stretching force, the side pressure and the rotary movable
die. The stretching force can reduce the springback of the
profile and residual stress after bending. The side pressure
can increase the hydrostatic pressure to enhance the
plasticity of the profile. The rotary movable die can
restrict the cross-section distortion of the profile.

2.2 Experimental material

The material used in this work was AZ31
magnesium alloy as-extruded profile. The extrusion
conditions were set as follows: billets and dies were
heated up to 400 °C and 360 °C, respectively, and the
extrusion velocity was 60 mm/s. The chemical
composition of AZ31 magnesium alloy as-extruded
profile is listed in Table 1. The cross-section and
geometric dimensions of the profile are shown in Fig. 2.

Table 1 Chemical composition of AZ31 magnesium alloy
(mass fraction, %)

Al Zn Mn Si Fe Mg
3.07 0.80 0.36 0.01 <0.002 Bal.
20 —~— e —— -2
2.5 -
- A~ Initial
Outside position
=
|
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Fig. 2 Cross-section and geometric dimensions of springback
(Unit: mm)

2.3 Experimental method

The bending conditions were set as follows: firstly,
the profiles were heated up to different temperatures ¢
ranging from 100 °C to 200 °C. Then, they were
stretched to different pre-tension amounts ¢ (It was
defined by the ratio of the tensile amount A/ to the initial
length of the profile [y, 5=100Al/ly) from 0.2% to 1.1%.
Thirdly, they were bent to different angles g, from 100°
to 110°, while inner bent radius was 84 mm and the
rotary speed of the movable die was 0.3 rad/s. Finally,
the bent profiles were obtained. Table 2 lists the bending
process parameters.

In order to examine the effect of process parameters
on the springback of the profile, the springback angle AS
is defined by the difference between the loading bending
angle f. and final bending angle S{(AS=f.—fr), which can
be seen from Fig. 2. The springback ratio is defined by
the ratio of springback angle to the loading bending
angle.
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Table 2 Process parameters during bending process
Value
100, 120, 140, 160, 180, 200
100, 103, 105, 107, 110
0.2,04,0.7,0.9, 1.1

Parameter

Forming temperature, #/°C
Bending angle, J/°

Pre-tension amount, £./%

3 Finite element modeling

The finite element modeling of the profile in
bending process includes the following contents:
material properties, tool and die geometries, and
boundary conditions. In this work, a commercially
available implicit finite element code, MSC.Marc, was
used to predict the bending behaviour of the profile.

3.1 Material properties

To obtain the mechanical properties of the profile, a
uniaxial tensile material test was performed at various
temperatures (ranging from room temperature to 220 °C)
and a strain rate of 0.001 s '. Figure 3 shows the true
stress—true strain curves of AZ31 magnesium alloy
as-extruded profile at various temperatures. It can be
seen that with increasing temperature, the curves go
down and the elongation increases.

150

True stress/MPa

"2 C <180 °C

e—l00°Cc 1807
50 s=120°C LT30S
v—150 °C
0 01 02 03 04 05
True strain

Fig. 3 True stress—true strain curves at strain rate of 0.001 s~ '
and different temperatures

3.2 Finite element model

A 3D thermo-mechanically coupled finite element
model of the bending is shown in Fig. 4. The profile was
modelled with the half geometry due to the symmetry.
All dies were represented as rigid bodies. An isotropic,
homogeneous, thermo-mechanically coupled elastic-
plastic material following the von Mises yield criterion
was the material model. The large strain and updated
Lagrange procedure was adopted due to the large
deformation of the bending process. The Full Newton-
Raphson iterative procedure was chosen to solve the
iteration process and non-linear equations of motion. The
other simulation parameters are listed in Table 3.

Clatp Clamp side  Movable die profije
Symmtry @ o
Plastic-heating @ Tensile side
Transfer

Tension

Cross-section
of profile

Bending die

Fig. 4 3D thermo-mechanically coupled finite element model
of bending process

Table 3 Simulation parameters used in finite element model

Density/ Elastic
(grem™)  modulus/GPa

Poisson  Interface heat transfer
ratio coefficient/(N-s"K 'mm™!

1.77 44.8 0.35 4.5

3.3 Boundary conditions

The boundary conditions include initial condition
and boundary condition. The initial condition is the
forming temperature of the profile. Four kinds of
boundary conditions are clamp constrain, symmetry
constrain, thermal constrain, and tension constrain,
which are shown in Fig. 4.

4 Results and discussion

4.1 Surface quality of AZ31 bent profile

The AZ31 as-extruded profiles after bending are
shown in Fig. 5. It can be seen that no obvious forming
defects including crack or wrinkling occur during the
bending process. The surface quality of the bent profile
is good. This indicates that the AZ31 profile with high
surface quality can be obtained by using the warm
tension-rotation bending process.

Fig. 5 AZ31 as-extruded profiles after bending

4.2 Effect of forming temperature on springback
angle
For a given bending angle of 103° and pre-tension
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amount of 0.7%, the effect of the forming temperature on
the springback angle is shown in Fig. 6. It can be seen
from Fig. 6 that, with the forming temperature increasing,
the springback angle decreases. The finite element
simulation results have the same tendency with the
experiment results, while the former is a little smaller
than the latter. When the forming temperature increases
from 100 °C to 200 °C the experimental springback
angle decreases from 11.6° to 10.7°. The relationship
between the forming temperature and the springback
angle seems to be linear and the following equation is
obtained by using least square method:

Ap=12.6-0.01¢ (1)

where Af is the springback angle, and ¢ is the forming
temperature.
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Fig. 6 Effect of forming temperature on springback angle

Figure 7 shows the relationship between the
forming temperature and the springback ratio. With the
forming temperature increasing from 100 °C to 200 °C,
the springback ratio reduces from 11.26% to 10.39%.

With the forming temperature increasing, the flow
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Fig. 7 Effect of forming temperature on springback ratio

stress and yield stress of the profile decrease, so the
elastic energy decreases with temperature increasing at
the same bending angle, which causes the decrease of the
springback angle and springback ratio.

4.3 Effect of bending angle on springback angle

Figure 8 shows the curves of bending angle and
springback angle of the profile at forming temperature
160 °C and pre-tension amount 0.7%. With the bending
angle increasing, the springback angle increases. Finite
element simulation results have the same tendency with
the experiment results, while the former is a little smaller
than the latter.
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Fig. 8 Effect of bending angle on springback angle

When the bending angles increase from 100° to
110° the experimental springback angle increases from
10.8° to 11.5°. The relationship between the bending
angle and the springback angle seems to be linear and the
following equation is obtained by using least square
method:

AB=3.74+0.075, )

where Af is the springback angel, and f. is the bending
angle before springback.

Figure 9 shows the relationship between the
bending angle and the springback ratio. With the bending
angle increasing from 100° to 110°, the springback ratio
increases from 10.48% to 11.16%.

With bending angle increasing, the deformation area
and the bending moment increase, so the elastic energy
increases, which causes the increase of the springback
angle and springback ratio.

4.4 Effect of pre-tension amount on springbak angle
For a given forming temperature of 160 °C and

bending angle of 103°, the effect of the pre-tension

amount on the springback angle is shown in Fig. 10. The
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springback decreases with pre-tension amount increasing.

The finite element simulation results have the same
tendency with the experiment results, while the former is
a little smaller than the latter.
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Fig. 9 Effect of bending angle on springback ratio
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Fig. 10 Effect of pre-tension amount on springback angle

When the pre-tension amount increases from 0.2%
to 1.1% the experimental springback angle decreases
from 12.5° to 9.8°. The relationship between the
pre-tension amount and the springback angle seems to be
linear and the following equation is obtained by using
least square method:

AB=12.98-2.865 3)

where Af is the springback angle, and 6 is the
pre-tension amount.

The curve of pre-tension amount and springback
ratio of the profile is shown in Fig. 11. When the
pre-tension amount increases from 0.2% to 1.1% the
springback ratio decreases from 12.14% to 9.51%.

With pre-tension amount increasing, the stress
distribution of profile is changed, the compression stress
of the inside of profile decreases, which causes the
decrease of springback angle and springback ratio.
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Fig. 11 Effect of pre-tension amount on springback ratio
5 Conclusions

1) The AZ31 bent profile with high surface quality
can be obtained by using the warm tension-rotation
bending process.

2) With the forming temperature increasing from
100 °C to 200 °C, the numerical and experimental
springback angles of AZ31 bent profile all decrease, the
experimental springback angle decreases from 11.6° to
10.7°, and the springback ratio reduces from 11.26% to
10.39%. The relationship between the forming
temperature and springback angle seems to be linear.

3) With bending angle increasing from 100° to 110°,
the numerical and experimental springback angles of
AZ31 bent profile all increase, the experimental
springback angle increases from 10.8° to 11.5°, and the
springback ratio increases from 10.48% to 11.16%.

4) With pre-tension amount increasing from 0.2% to
1.1%, the numerical and experimental springback angles
of AZ31 bent profile all decrease, the experimental
springback angle decreases from 12.5° to 9.8°, and the
springback ratio decreases from 12.14% to 9.51%.
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