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Abstract: In this paper, the springback of TC4 titanium alloy under hot stamping condition was studied by means of
experiment and numerical analysis. Firstly, an analytical model was established to predict the V-shaped springback
angle Aa under the stretch-bending conditions. The model took into account of blank holder force, friction, property of
the material, thickness of the sheet and the neutral layer shift. Then, the influence of several process parameters on
springback was studied by experiment and finite element simulation using a V-shaped stamping tool. In the hot
stamping tests, the titanium alloy sheet fractured seriously at room temperature. The titanium alloy has good formability
when the initial temperature of the sheet is 750900 °C. However, the springback angle of formed parts is large and
decreases with increasing temperature. The springback angle Aa decreased by 50% from 0.5° to 0.25°, and the angle Af
decreased by 46.7% from 1.5° to 0.8° when the initial temperature of sheet increased from 750 °C to 900°C. The
springback angle of titanium alloy sheet increases gradually with the increase of the punch radius, because of the
increase of elastic recovery, the complex distribution of stress, the length of forming region and the decreasing degree
of stress. Compared with the simulation results, the analytical model can better predict the springback angle Aa.
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properties such as high specific strength, excellent
fracture toughness and good heat/corrosion
resistance [1]. TC4 titanium alloy is by far the most

1 Introduction

Springback of the sheet is the most serious and
difficult problem in stamping process, because the
shape of stamping parts after springback is related
to the whole forming history. Titanium alloy has
been extensively used for aerospace and aviation
applications because of an attractive combination of

popular one among titanium alloys [2]. However,
the alloy is difficult to form into a complex part at
room temperature due to its poor formability [3].
And the part has poor dimensional precision due to
springback.

Traditional forming methods of titanium alloy,
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such as superplastic forming [4], creep aging
forming [5], isothermal forming [6], and hot gas
forming [7, 8] require a very high temperature of
sheet, and heating of tools simultaneously. In
addition, the strain rate (101072 s™") of titanium
alloy sheets needs to be strictly controlled to
prevent from forming defects in these processes.
This means that the production efficiency of these
processes is not high. It may not be able to meet the
demand of the rapid growth of these aviation parts
in the future. MOHAMED et al [9] and FOSTER
et al [10] proposed a novel forming process named
hot stamping and die quenching (HFQ®) to resolve
the poor formability of aluminum alloy and reduce
the springback of the part. In this process, the sheet
firstly was heated for a certain time. Then, it will be
transferred to the cold tool for forming and
quenching concurrently. So far, this process has
been widely wused in automobile body
manufacturing, such as AA6082 and AAS5754
aluminum alloy. At present, the research on hot
stamping process is still focused on aluminum alloy
and high strength steel. However, few
investigations have been reported focusing on the
hot stamping of titanium alloy, which has excellent
temperature stability and corrosion resistance[11].
In this study, the HFQ process was used to form
titanium alloy parts due to its productive and good
application in the aspect of controlling high strength
steel and aluminum alloy springback.

In order to study the applicability of hot
stamping process in titanium alloy forming, the
high temperature deformation behaviors of titanium
alloy must be studied. The flow stress increases
with increasing the temperature and decreasing the
strain rate in the temperature ranging from 880 °C
to 950 °C and strain rate ranging from 1 s~ to 50 s

[12]. The mainly flow softening behavior
mechanisms of titanium alloy are phase
transforming, dynamic recrystallization and

dynamic recovery. The flow softening behavior can
be promoted by increasing the material temperature
[13—15].

Springback is a geometrical and dimensional
inaccuracy in sheet metal formed components
between the fully loaded and wunloaded
configurations, which can lead to inaccurate
assembly [16]. Titanium alloy parts are more likely
to springback because of its high yield strength and
low elastic modulus [17]. The springback rules can

be obtained by experimental tests. And the
experimental study of simple parts can guide to
forming the complex accurately. CHEN et al [18]
found that the springback angle of pure titanium is
small at small punch radius and high deformation
temperature by V-shaped bend tests. However, the
negative springback angles occur in the smaller
punch radius because of the complex stress
distribution of the side wall. Therefore, the radius of
punch should be appropriately chosen. ZHAO et al
[19] studied the effect of electron pulse on
springback of Ti6Al4V alloy. It was found that 30%
duty cycle had a great effect on springback angle of
forming parts, and 30% duty cycle can reduce
residual stress by 50%. It is indicated that the
deformation temperature of sheet is not the only
factor to reduce springback in the electric current
treatment. AO et al [20] also studied the effect of
electropulsing on springback of Ti6Al4V alloy. It
was found that the distribution of f-phase particles
was contributing to reduce springback by observing
the microstructure of inner, neutral and outer layers
of the formed parts. ZONG et al [21] studied the
effects of sheet temperature, punch radius and
holding time on springback of Ti6Al4V alloy under
isothermal forming conditions. It is found that the
increasing of holding time could greatly reduce the
springback angles due to the internal stress
relaxation. GHEYSARIAN et al [22] found that
application of annealing before aging can
effectively reduce the springback of Ti6Al4V alloys.
There is a lot of research on the influence of process
on titanium alloy springback. Therefore, the
experimental schemes are determined based on the
existing experimental research. At present, due to
the emergence of new research methods and new
processes, the existing research on Ti6Al4V alloy
has been unable to adopt the current development.
Although the forming tests can obtain accurate
springback law, it takes a lot of time and cost.
Therefore, it is necessary to establish an analytical
model of sheet and predict its springback. Up to
now, some researchers used analytical model to
theoretically analyze and predict the springback of
the sheet. The springback of DP600 was predicted
using simulation with multiple cyclic stress—strain
curves proposed by Ul et al [23]. Comparing to the
other models with single stress—strain curve, the
simulation model with multiple cyclic stress— strain
curves has higher prediction accuracy in Ref. [23].
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The Bauschinger effect is a description of the
change of residual stress. The Bauschinger effect
should be considered in the analytical model for
accurate prediction of springback. GAU et al [24]
established a new model considering the
Bauschinger effect. And the springback of AA6111
can be well predicted by using this model. An
analytic model that can calculate the large strain
was proposed by ALEXANDROV et al [25].
Simultaneously, the distribution of residual stress
was studied in the sheet cross-section. An analytical
model was described the springback of advanced
high strength steel (DP780) by YANG et al [26].
The influence of the elastic modulus, material
constant K and the hardening exponent n on the
springback was analyzed. It draw conclusions that
elastic modulus is a variable in bending process and
the prediction accuracy can be improved by more
accurate expression of elastic modulus changing.
CHATTI et al [27] used three hardening models and
modified Yushida-Uemori model to predict the
springback angles of L-bending and U-bending
tests, respectively. The results show that the
combination of non-kinematic hardening and
Yushida-Uemori model can better predict the
springback of parts. The release of residual stress is
other reason to cause springback except elastic
recovery. Therefore, the distribution of stress is
important in the springback prediction model. The
modelling considering hardening law and yield
criteria was established by EGGERTSEN et al [28].
The results show that Y-U model can better fit the
change of the stress in the bending process.
However, the Y-U model is high complex.
Therefore, the Gen- Wagoner is selected due to its
prediction accuracy and low complexity. In
engineering application, the springback is not a
single direction, but multiple directions. PARSA et
al [29] established a prediction model considering
the change of sheet thickness and the displacement
of neutral surface to predict the double curved
springback. Similarly, XUE et al [30] proposed an
analytical model that can predict the springback in
the process of double-curvature forming.

In this paper, the analytical model was
proposed to describe the springback of V-shaped
under the stretch-bending conditions. Then, the hot
tensile tests were conducted at temperature ranging
from 750 °C to 900 °C and strain rate ranging from
0.01 s to 1 s”'. The springback features of TC4

titanium alloy at deformation temperature ranging
from 750 °C to 900 °C and punch radius ranging
from 5 mm to 30 mm were studied by V-shaped
tool. And the change of stress was analyzed by
finite element simulation under loading and
unloading conditions.

2 Experimental details

2.1 Material

The experimental material was TC4 annealed
titanium alloy with a thickness of 1.6 mm. The
initial microstructure of the sheet is shown in
Figure 1. It can be seen that S-phase is dispersed in
the a-phase matrix.

Figure 1 SEM iage of TC4 annealed titanium alloy

2.2 Uniaxial hot tensile tests

The hot tensile tests were conducted on a
Gleeble-1500 thermal simulation machine to
characterize the flow behavior of TC4 titanium
alloy. The specimens were fixed within high
thermal conductivity grips, clamped within jaws
having embedded water-cooling. A pair of
thermocouples was welded to each specimen to
provide signals for accurate feedback control of the
specimen temperature. Figure 2(a) shows the testing
fixture and the dimensions of the specimen.
Specimens used in the hot tensile test were
previously machined by wire-electrode cutting. The
length direction is the rolling direction.

In the hot tensile test, in order to prevent the
heating  temperature  from exceeding the
deformation temperature because the heating speed
of the sample is too fast, the following test scheme
is adopted: Firstly, the specimens were heated to a
temperature 25 °C lower than the deformation
temperature at a heating rate of 20 °C/s. Then, the
specimens were heated to the forming temperature
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Figure 2 Hot tensile test: (a) Experimental fixture
(Unit: mm); (b) Experimental route

at a rate of 5 °C/s and soaked for 180 s to guarantee
uniform temperature distribution in all parts of the
sample. After the specimens were fully heated, the
specimens were stretched to failure. The samples
were quenched immediately after fracturing to
retain its high temperature microstructure. The
deformation temperatures were 750, 800, 850 and
900 °C. The strain rates were 0.01, 0.1 and 1 s'.
The experimental route is shown in Figure 2(b).

The resistance heating mode was used in
Gleeble-1500 thermal simulation machine, and the
temperature distribution in the length direction was
non-uniform. Therefore, the isothermal region of
the sample was considered as 10 mm in the middle
of the sample shown in Figure 3, and the stress—
strain curve was calculated and modified by the
following formula.

Isothermal region

800 °C, 0.1 s7!

Figure 3 Hot tensile sample

where ¢ and ¢ represent the true stress and true
strain, respectively; A and [ represent the
instantaneous cross sectional area and length of
isothermal region, respectively; Ao and /o represent
the initial cross sectional area and length of
isothermal region, respectively; Al and A/, represent
the instantaneous extension length of isothermal
region and the instantaneous extension length of the
sample, respectively; 7 is the conversion coefficient;
Alg and Aly are the extension length of isothermal
region and the extension length of the sample,
respectively, after fracture.

2.3 Hot V-bending test

Due to the fact that the traditional forming
method of titanium alloy sheet is isothermal
forming and superplastic forming, there are few
reports on springback of titanium alloy under hot
stamping conditions. A V-shaped tool was used to
investigate springback of Ti6Al4V alloy in the hot
stamping conditions. The V-shaped tool is shown in
Figure 4. Before the tests, the titanium alloy sheet
was cut into a sample having dimensions of
180 mmx50 mmx1.6 mm. Then, the sheet was
spread with the glass lubricant on both sides to
reduce the friction. During the hot stamping test,
the titanium alloy sheet was placed in a heating
furnace and heated to forming temperature ranging
from 750 °C to 900 °C for 300 s. Then, the sheet
was rapidly transferred to the blank holder, and the

Die

Blank holder

Gas spring

Punch

Figure 4 V-shaped tool
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60 t press worked to complete the stamping. The
blank holder was supported by a gas spring and
exerted blank holder force on the sheet. After the
stamping, the sheet was held between the cold
punch and die to quench for 30 s, ensuring
sufficient cooling of the sheet. Parameters of hot
stamping are shown in Table 1.

Table 1 Parameters of hot stamping

Forming parameter Value
Initial blank temperature/°C 750, 800, 850, 900
Punch angle/(°) 90
Punch radius/mm 5,10, 30
Blank holder force/kN 3.4
Die and punch temperature/°C 25
Stamping speed/(mm-s™) 30

The springback angle is shown in Figure 5.
The change of forming region angle Aa and blank
holder region angle Af is mainly studied. The
angles to be measured after forming are 0 and Ap,
respectively. However, directly measuring Af is
difficult, so y is measured and the following
formula is adopted to calculate the springback
angles and « is the tool design angle.

Aa=(6-a)l2
AB=90°+5 /2y (4)

Figure 5 Angles defining springback for V-shape
bending

3 Stress—strain curves and FE model

3.1 True stress—strain curves

Figure 6 shows the true stress—strain curves of
TC4 titanium alloy corresponding to different
deformation conditions. It can be seen from the
figure that the stress—strain curves can be divided
into three stages: elastic deformation, work
hardening and softening.

Both deformation temperatures and strain rates
affect the flow stress of TC4 titanium alloy. At the
same deformation temperature, with the increase of
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Figure 6 Stress—strain curves: (a) 800 °C; (b) 0.01 s™!

strain rate, the cumulative rate of dislocation
increases gradually, and the ability of dislocation
recovery at high strain rate is weaker than that at
low strain rate. As the deformation increases, the
dislocation density in the material increases, which
restraints the plastic flow of the material. Eventually,
the flow stress of the material increases gradually.
At the same strain rate, the flow stress decreases
with the increase of deformation temperature. And
with the increase of deformation temperature, the
a-phase with higher strength gradually transforms
to a f-phase with lower strength, which is one of
the reasons for material softening during the tensile

tests except dynamic recovery and recrystallization
[31].

3.2 FE model

The finite software
Pam-stamp was used to establish the finite element
model of the V-shape part. Since the formed part is
symmetry, half of the cut-out part was modeled. In

element simulation
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the FE simulation, the HFQ® process was divided
into five stages: aircooling, holding, stamping, die
quenching and springback. The simulation process
is shown in Figure 7.

\
Blank holder
Punch

Holding

Stamping

Aircooling

Springback
Figure 7 Process of FE simulation

Quenching

In the model, the sheet elements are
elastic-plastic elements with the mesh size of
0.1 mm and the material stress—strain curve adopts
the curve shown in Figure 5. The elastic modulus is
110 GPa. Density of TC4 titanium alloy is
4.51 g/cm’. The other physical properties of the
materials are shown in Table 2. In order to simplify
the calculation, the tools were set to be a rigid body,
with an average element size of 2 mm, and the
initial temperature of the tool is set to room
temperature. The friction coefficient between the
sheet and the tool is set to a fixed value of 0.15. The
heat transfer coefficient which was measured by

BAlI et al [32] was used in this model.

Table 2 Physical parameters of TC4 titanium alloy
Temperature/ Specific heat capacity/ Thermal conductivity/

°C J-(kg'K) ) (W-(mK)")
25 612 6.95
200 652 8.87
400 691 10.5
600 712 12.9
800 720 15.0
1000 725 17.4

In the experiment, the die material is H13. In
the simulation model, H13 is also selected as the
tool material with a density of 7.8 g/cm’ in order to
ensure the accuracy of finite element simulation.
The change of physical
temperature is shown in Table 3.

parameters ~ with

Table 3 Physical parameters of H13
Temperature/ Specific heat capacity/ Thermal conductivity/

°C (- (kgK)™") W-mK)y™"h
25 440 36.5
100 480 30.3
200 510 29.9
300 544 29.5
400 548 29.2
500 550 28.7
4 Analytical model

In the experimental tests, the sheet was
subjected to the bending moment M and the force F
because of the friction. The deformation of TC4
titanium alloy can be considered a stretch-bending
problem. And the stretch-bending modes are shown
in Figure 8. Under the action of the stretch force F,
the tensile stress of the outer layer increases, the
compressive stress of the inner layer decreases, the
neutral layer of the sheet moves toward the inner
layer, and the neutral layer moves from the middle
surface y=0 to the neutral surface y=yr.

F
N \1 1 W
Nefﬂfra}la }n@r%er ayer ! />,
\ ~

e —
Y

N ) — /} - /

Figure 8 Stretch-bending mode

The loading moment can be calculated by:
! y
Lo -
M =b[2 G (y=yr)dy+b] "1 &(yr-y)dy (5)
T 2

where the yr is the moving distance of neutral layer
due to the influence of tensile force; b is the width
of blank; & is the equivalent stress which is
composed of plastic stress and stretching stress
(ov=F/A); A is the area of the blank cross-section; F'
is the stretching force due to the friction and it can
be described by [27]:

F = uFe" (6)

where Fy, is the blank holder force; u is the friction
coefficient between tool and blank; o is the mold
design angle.

And the plastic flow stress can be described by
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o =Ke'&" (7)

where K is the material constant; » is the strain
hardening exponent; m is strain rate sensitivity
coefficient. The relationships between the three

parameters and temperature are respectively
described by

K=1808.7166—1.7655T ()
n=0.58422—0.00067T )
m= —0.8513+0.00129T (10)

& 1s the longitudinal strain which can be calculated

Y=t (11)

where p is the curvature radius of neutral layer
before springback; “+” denotes the stress state in
the cross-section; “+” denotes the tensile stress state;
“—” denotes the compressive stress state.

As aresult, Eq. (5) can be modified as

M=b|:jy%(O'F+O-x)(y_yT)dy+

[fi(e=0)(rr —y)dy}:

2

b{jz [%K(%)"e""](y—yﬂdw

It

[ [K(%)”é’” —EJ(yT —y)dy} =

5 A

Fbt bK&™|(t oy nl
L Ly 12
y o Kz J/Tj (2 J’Tj (12)

There will be elastic recovery on the region AB
when the loading is removing. After unloading, the
part rebounds because of the elastic recovery. The
springback caused by elastic recovery is equivalent
to the reverse bending moment applied in the
deformation zone. The springback value can be

calculated by
sl LM
P Po Ebi
12

12F 12K&™|(t nH (r j”“
s N B 13
Et*A  Efp" [(2 yTj 2T (13)

where E is the elastic modulus; / is the moment of

inertia; po is the curvature radius of neutral layer
after springback.

The angle after springback can be expressed
by

=2 (14)
Po

As a result, the springback angle can be
calculated by

a—a,| |6Fap 6aKe™|(t e
@ a|_|6Fap [
| 2 | ‘ ECA ECp |\ 2 T

ijﬂ (15)

5 Results and discussion

5.1 Effect of temperature on springback

Figure 9 shows the forming parts at different
initial temperatures when the radius of the punch is
5 mm. It can be seen that the titanium alloy sheet
has serious fracture at room temperature. The
titanium alloy has good formability when the initial
temperature of the sheet is between 750 °C and
900 °C. This is because titanium alloy is mainly
composed of high strength a-phase at room
temperature, and the plastic is poor. With the
increase of temperature, the a-phase with hexagonal
close-packed crystal structure transforms into
[S-phase with body-centered cubic crystal structure,
and the material plastic increases, which makes it
easier to deform.

Although, the springback angle decreases
gradually with the increase of initial temperature of
sheet, the formed part still has a large springback
angle, because the temperature of the sheet drops
rapidly as the sheet material is transferred from the
furnace to the die. The temperature distribution of
blank was observed by infrared thermal camera
during transferring and holding. The initial blank
temperature is 850 °C. The temperature distribution
is shown in Figure 10. It can be seen that the
distribution of temperature has good consistency
between experimental test and finite element
analysis. The distribution of blank temperature
along the length of sheet is shown in Figure 10(e)
after stamping. The temperature in the side wall is
higher than the other regions due to less contacting
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with the tool. The blank holder region has the lower
temperature because of the long time contacting
with the tool. The inhomogeneous distribution of
sheet temperature results in the appearance of
The release of residual stress
increases the springback after unloading.

The prediction model is only used to predict
the springback angle Aa, because the angle Af is
affected by many factors, such as side wall and the
angle Aoa. Figure 11 shows the comparisons of
springback angles between prediction and
experimental results at different initial temperatures
of sheet. It can be seen that the analytical model can
better predict the change of angle Aa compared
with the simulation results. According to the
experimental results, when the initial temperature of
sheet increased from 750 °C to 900 °C, the
springback angle Aa decreased by 50% from 0.5° to
0.25°, and the angle Af decreased by 46.7% from
1.5° to 0.8°. It can be considered that increasing the
initial temperature of sheet is beneficial to the
reduction of springback angle. This is because the

residual stress.

Figure 9 Forming parts at different initial
temperatures: (a) Room temperature;
(b) 750 °C; (c) 800 °C; (d) 850 °C;
(e) 900 °C

yield strength of the material decreases with the
increase of the sheet temperature. In the process of
deformation, the elastic deformation energy will be
accumulated when the deforming force is smaller
than the yield strength of the material. When the
deforming force exceeds the material yield strength,
the plastic deformation energy will be accumulated,
which is the permanent deformation of the sheet.
Under the same deformation conditions, higher
temperature can make the sheet accumulate more
plastic deformation energy. The higher plastic
deformation energy makes more plastic deformation
under the same deformation conditions. And the
elastic deformation will decrease so that the elastic
recovery will decrease. Therefore, the springback
angles will reduce.

The change of equivalent stress is shown in
Figure 12 under loading and unloading conditions.
It can be seen that the equivalent stress has reduced
after springback. And it concludes that the change
of the equivalent stress is another important reason
for the change of the springback angles. The
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equivalent stress in the CD region is larger than
other regions because of the bending moment. On
the other hands, the stress in the CD region is also
affected by the stress in the 4B region and BC
region. Therefore, the springback angle Af in blank
holder region is larger than the angle Aa in the
forming region. And it can be seen that the
reduction of the equivalent stress near in the CD
region is larger than that in the 4B region. So, the
springback angle of the CD region is large
comparing to the AB region. In addition, with the
increase of the sheet temperature, the change range
of the equivalent stress decreases before and after
springback. In AB region, the equivalent stress
decreases from 125.45 MPa to 90.03 MPa at 750 °C.
The equivalent stress decreases from 37.58 MPa to
32.05 MPa at 900 °C. Therefore, the release of
equivalent stress is smaller at higher temperature,
and the springback of sheet is smaller after
unloading.

5.2 Effect of punch radius on springback

Figure 13 shows the formed parts using hot
stamping and cold die quenching process at
different punch radii when the sheet temperature is
800 °C. The TC4 titanium alloy sheet has good
formability under different punch radii. However, as
the radius of the punch increases, the formed part
rebounds. When the radius of punch increases, the
localized plastic deformation of material decreases,
and a large number of elastic deformation remains
in the forming part. After the die was removed, the
elastic deformation recovery and residual stress

Figure 13 Forming parts at different pch radii at
800 °C: (a) R=5 mm: (b) R=10 mm: (¢) R=30 mm

release lead to the increase of springback [33].

The influence of the punch radius on the
springback angle is shown in Figure 14 when the
initial blank temperature is 800 °C. It can be seen
that the springback angle increases rapidly with the
increase of punch radius. According to the
experimental results, the angle Ao increased from
0.45° to 8.5°, and the angle Ap increased from 1.3°
to 7.1°, as the punch radius increased from 5 mm to
30 mm. Large radius of punch is not conducive to
hot stamping of titanium alloy, so proper radius of
punch should be selected in hot stamping of
titanium alloy. The analytical model has a good
prediction precision.

The springback of sheet occurs
unloading process, so it is necessary to analyze the
variation of stress in the deformed zone of bending
sheet metal during unloading process. Under the
action of bending moment, the internal layer of
sheet is compressive stress and the external layer of
sheet metal is tensile stress. The elastic recovery
after unloading can be considered adding an
imaginary elastic moment in the opposite direction
of the plastic moment. Therefore, the internal stress
of sheet metal is tensile stress and the external
stress of sheet metal is compressive stress when the

in the
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Figure 14 Comparisons between prediction and

experimental results at different punch radii: (a) Change
of angle Aa; (b) Change of angle AS

elastic moment applies on the parts. When the
elastic bending moment acts on the sheet metal, the
elastic deformation restores and remains in the
sheet metal to form residual stress. In hot stamping
test of titanium alloy, with the increase of punch
radius, the bending length of V-shaped parts at the
corner of punch gradually increases, the degree of
plastic deformation decreases, the plastic bending
moment decreases, and the elastic bending moment
increases [34]. Under the effect of elastic
deformation recovery and residual stress release,
the springback angle of forming parts increases
gradually.

The comparison of equivalent stress at
different punch radii is shown in Figure 15. The
equivalent stress of forming region at punch radius
5 mm and 30 mm is in 4B, and AB, region
respectively. It can be seen that the distribution of
TC4 titanium alloy equivalent stress becomes
complex and the stress increases with the punch

radius increasing. The fluctuation of equivalent
stress is not obvious at punch radius 5 mm, but the
stress fluctuation in the forming area is obvious
when the punch radius increases to 30 mm, which
leads to the increase of springback after unloading.
The reduction of equivalent stress is greatly high at
punch radius 30 mm comparing with punch radius
5 mm. In forming region, the equivalent stress
decreases from 89.45 to 73.14 MPa at punch radius
5 mm. The equivalent stress decreases from 120.47
to 80.87 MPa at punch radius 30 mm. Finally, the
springback angle increases at high punch radius due
to the complex distribution of stress, the length of
forming region and the decreasing degree of stress.

AB, B, C D
250 -\ R=5 mm before P
! spring back Ao 5
& i~ = = R=5 mm after U res0 S
% 200 - spring back A ‘\ B,
5 i—— R=30 mm before |i| 14 4
B spring back ! | Disstance
2 150 i--- R=30 mm after |
g ! spring back |
£ 100 !
= |
Sy \ i
= |
50 '

Distance/mm
Figure 15 Comparison of equivalent stress at punch

radius 5 mm and 30 mm
6 Conclusions

1) According to the prediction model, it is
found that the change of springback angle of sheet
metal is influenced by the properties of sheet metal,
radius of the punch, blank holder force, friction
coefficient and thickness of sheet metal. The
prediction model established in this paper can better
predict the springback angle Aa by comparing the
results of the prediction model and the simulation.

2) Compared with cold forming, TC4 titanium
alloy can be better formed by hot stamping process.
With the increase of initial blank temperature, the
springback angle Aa decreased by 50% from 0.5° to
0.25°, and the angle Af decreased by 46.7% from
1.5° to 0.8°. The springback angle of the titanium
alloy V-parts increases gradually with the increase
of the punch radius. Especially when the punch
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radius is 30 mm, the springback angle is 8.5°. In
this study, the initial temperature of sheet is 900 °C
and the punch radius is 5 mm, which can obtain
better forming quality and precision.

3) According to the simulation results, it can
be seen that the inhomogeneous distribution of
sheet temperature and equivalent stress increases
the springback after unloading.
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