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Abstract: The constitutive model of TA32 titanium alloy was established, and different drawbeads were added on the die to eliminate

the wrinkles. The Barlat 89 and Hill 48 yield criterions were used to compare the prediction accuracy of the finite element

simulations. The saddle shape part of TA32 titanium alloy was hot-stamped, and the thickness distribution was measured and

compared with the simulation results. Results show that the wrinkles can be effectively eliminated by adding the drawbeads along X-

axis and Y-axis. The saddle shape part can be precisely formed without defects. The finite element model with Barlat 89 yield criterion

has better prediction accuracy than that with Hill 48 yield criterion does, indicating that the finite element simulation has good

theoretical prediction significance. The mechanical properties and microstructure of the hot-stamped part were investigated and it is

found that they all meet the practical engineering requirements.
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Over the decades, titanium and titanium alloy products have
been extensively used in aerospace, marine, and automotive
industries due to their excellent properties, such as low
density, high strength, good corrosion resistance, and great
creep resistance!?”. TA32 titanium alloy is a near- @ high-
temperature alloy with

properties and creep resistance at elevated temperatures.

titanium superior mechanical
Therefore, the mechanical properties and microstructure
evolution at high temperatures of TA32 titanium alloy have
been widely studied due to the urgent requirements of
lightweight design at high service temperature in aero
engine”™. However, the engineering application of TA32
titanium alloy is still restricted. Owing to the poor ductility of
TA32 alloy at room temperature, the hot stamping is
commonly used to improve its formability'®”. Consequently,
the forming limit stress diagram (FLSD) is adopted to

®l At elevated temperatures, the

evaluate the formability
elongation is largely increased, thereby reducing the fracture
risk. In addition, the springback can be effectively suppressed
when the flow stress drops and the stress relaxation is

enhanced”. To meet the manufacture requirements of complex
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engine exhaust pipe parts of TA32 titanium alloy, it is of great
importance to conduct the finite element simulations and
experiments about the hot stamping forming process.

In this study, the saddle shape part with double-curvature
profile was investigated, as shown in Fig.1. There is a strong
wrinkling tendency at the center of the saddle shape part,
which is difficult to eliminate, especially when the saddle
shape part is treated by step stamping. Adding drawbeads and
blank holders is effective to prevent the wrinkling!®".
Usually, the drawbeads are placed on the blank holder, and the
drawing force can be adjusted by the drawbead shape, blank
holder force, and friction coefficient"*"
investigations of the drawbeads on punch and die during hot

1. However, the further

stamping are rarely reported. Therefore, the optimal drawbead
design for wrinkle elimination is necessary.

The material model and applied yield -criterion are
important factors affecting the accuracy of the numerical
simulation. The Arrhenius and Johnson-Cook constitutive
models can provide precise prediction for the flow stress at
elevated temperatures of titanium alloy™*'?. The Hill 1948,
Barlat 1989, Barlat 1996, Barlat 2000, and Cazacu Barlat

Corresponding author: Chen Minghe, Ph. D., Professor, National Key Laboratory of Science and Technology on Helicopter Transmission, Nanjing University of
Aeronautics and Astronautics, Nanjing 210016, P. R. China, E-mail: meemhchen@nuaa.edu.cn

Copyright © 2022, Northwest Institute for Nonferrous Metal Research. Published by Science Press. All rights reserved.



Song Fei et al. / Rare Metal Materials and Engineering, 2022, 51(9):3252-3262 3253

anisotropic yield criteria have been used in numerical
investigation for warm deep drawing of Ti-6Al-4V alloy at
400 °C""™. Different anisotropic yield criteria (Barlat 1989,
Barlat 1996, Hill 1993) and different hardening models are
used to predict FLSDs of Ti-6Al-4V alloy under warm
conditions™.

In this research, the influence of drawbeads on wrinkle
suppression during the hot stamping of the TA32 alloy saddle
shape part was investigated. The Barlat 89 and Hill 48 yield
criteria were used for the numerical simulation, and the
simulated results were compared with the experimental ones
to verify the prediction accuracy. This research provides
guidance for the parameter design of the hot stamping process
for TA32 titanium alloy.

1 Materials and Anisotropic Yield Criterion

TA32 alloy is a near-a high temperature titanium alloy, and
its  phase transition temperature is 1000£10 °C*". The thick-
ness of TA32 alloy sheet was 0.8 mm, and its nominal
chemical composition is listed in Table 1.

The developed Arrhenius constitutive model®™ is as follows:
1
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where o is the flow stress (MPa); ¢ is the strain; ¢ is the strain
rate (s'); T is the absolute temperature (K); Q is the ac-
tivation energy (kJ-mol™); a, 4, and Z are the material con-
stants; R, is the universal gas constant (8.314 J-mol™-K™).
Thus, the flow stress is a function of the strain, strain rate, and
temperature. In this study, the hot stamping was conducted at
800 °C. The true stress-strain curves of TA32 alloy at 800 °C
were obtained by uniaxial tensile tests. The experimental true
stress-true strain curves are shown in Fig.2.

Fig.1 Schematic diagram of saddle shape part of TA32 alloy

Table 1 Chemical composition of TA32 titanium alloy (wt%)

Al Sn Zr Mo Si Nb Ta Ti
5.5 3.5 3.0 0.7 0.3 0.4 0.4 Bal.
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Fig.2 Experimental true stress-true strain curves of TA32 alloys
at 800 °C

2 Finite Element Analysis

2.1 Finite element model

The finite element model was established by
Dynaform5.9%". The assembled model of blank and forming
tools without drawbeads is shown in Fig. 3. The quarter
symmetry model was applied in the simulation, as shown in
Fig. 4. The die and punch were defined as rigid parts. The
models with Barlat 89 and Hill 48 yield criteria were applied
on the blank to study the effect of yield criterion on the
simulation results. The friction coefficient was set as 0.05 with
the boron nitride as lubricant™. The strain rate of 0.01 s was
simulations, and the
corresponding FLSD™ is shown in Fig. 5 to predict the
fracture of TA32 alloy at 800 °C.

applied for the finite element

Fig.3 Assembled model of blank and forming tools without

drawbeads

Fig.4 Schematic diagram of quarter symmetry finite element model
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Fig.5 FLSD of TA32 alloy at 800 °C

2.2 Anisotropic yield criterion models
2.2.1 Hill 48 yield criterion

The Hill 48 yield criterion™ has been extensively used in
finite element simulation of sheet metal forming processes to
describe the anisotropic behavior, which can be expressed by
the quadratic function, as follows:

Zf(O'l-f)E F(oy 0y )2 +G(oy 0y )2 +H (o), ~ 0y )2 %)

+2Loy, + 2Mo3, + 2No},
where F, G, H, L, M, and N are independent constants; the
subscripts 1, 2, and 3 indicate the rolling direction, transverse
direction, and the normal direction, respectively. The
relationship between the Lankford parameters and the

independent constants can be expressed as follows:

H
rO—E
H
7’90:? (8)
N 1

"STF+N 2
where r,, r,,, and r,, are the Lankford parameters measured by
uniaxial tension along the directions with an angle of 0°, 45°,
and 90° from rolling direction, respectively. At plane stress
state, the Hill 48 yield criterion can be simplified as follows:
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2.2.2 Barlat 89 yield criterion
The Barlat 89 yield criterion
element simulation to describe the anisotropic behavior of the
sheet metal at plane stress state, as follows:
o=a|lK +K|" +alK - K| +c]2K]|" =20"  (12)
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where @ is the yield function; K, and K, are stress tensor
invariants; m is the material constant; o, and o, are the stress
along the y and x axes, respectively; r, is anisotropy ratio
along the direction with the § angle from rolling direction; o,
is the stress along the direction with the 6 angle from rolling
direction; 7, is shear stress; a, ¢, and & are the functions of
anisotropy fatio; p is the anisotropy parameter. When 6=45°,

ro(1+79)
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the anisotropy parameter p can be obtained, as follows:
2mao)"
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9P 0P
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The yield loci of TA32 alloy at 800 °C with different yield
criteria are shown in Fig.6. ¢ is the yield stress.

The parameters of simulation models with Barlat 89 and
Hill 48 yield criteria are shown in Table 2 and Table 3,
respectively.

2.3 Drawbead design and optimization

The predicted wrinkling and thickness distributions with
different yield criteria are shown in Fig. 7. FLSDs with
different yield criteria are shown in Fig. 8, where ¢, is the
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Fig.6  Yield loci of TA32 alloy at plane stress state and 800 °C with

different yield criteria
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Table 2 Parameters of simulation model with Barlat 89 yield criterion of TA32 alloy

Temperature/°C  Mass density/kg'm™ Young’s modulus/MPa Poisson’s ratio m 7, Tys Too
800 4500 78 000 0.3 6 0.65 1.05 1.05
Table 3 Parameters of simulation model with Hill 48 yield criterion of TA32 alloy
Temperature/°C Mass density/kg-m™ Young’s modulus/MPa Poisson’s ratio Yield stress/MPa Anisotropic constant
800 4500 78 000 0.3 187.74 0.95
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Fig.7 Predicted wrinkling (a, c¢) and thickness (b, d) distributions
with Barlat 89 (a, b) and Hill 48 (c, d) criteria
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Fig.8 FLSDs with Balart 89 (a) and Hill 48 (b) yield criteria

major strain, &, is the minor strain, R is the thickness
anisotropy coefficient, Line 1 corresponds to the equation
g+&,(R+1)/R=0, Line 2 corresponds to the equation ¢ +¢,=0,
and Line 3 corresponds to the equation ¢ +¢,R/(R+1)=0. FLC
indicates the forming limit curve. There are severe wrinkles at
the center of the saddle shape part, as shown in Fig.7a and 7c.
The direction of wrinkles is mainly along the Y-axis. The
predicted major strain and minor strain distributions with and
without drawbeads are shown in Fig.9, and the strains and
wrinkle predictions with and without drawbeads are shown in
Fig. 10. Ten points were selected for the wrinkle prediction,
among which Point 1~5, 8, and 10 are in the thick wrinkle
area with ¢+ &R/(R+1) <0, Point 7 is in the compression
wrinkle area with ¢+¢,<0 and ¢ +¢,R/(R+1)>0, Point 6 and 9
are in the uneven stretch wrinkle area with ¢+ ¢,(R+1)/R<0
and ¢+ ¢,>0. These results suggest that the wrinkles in the
saddle shape part are mainly compression wrinkles. Thus, the
drawbead design is necessary for the elimination of wrinkles
during the forming process.

The existence of drawbead along Y-axis can restrict the
stress flow along X-axis. Three drawbeads along Y-axis with
the optimal dimensions were applied in the simulation with
Barlat 89 yield criterion. The simulation results are shown in
Fig.9. It can be seen that the drawbead along Y-axis effectively
reduces the wrinkles, and Drawbead B and C show better
resistance to wrinkle formation. The predicted major strain
and minor strain distributions in saddle shape part with and
without different drawbeads are shown in Fig. 10. Ten points
were selected to measure the strain, and the results are shown
in Fig.11. It can be found that in the saddle shape parts with
Drawbead B and C, all ten points obey the constraint
e,+&R/(R+1)>0, indicating that no thick wrinkle exists. Point
1 and 2 are located in the compression wrinkle area with
e+ &<0. At Point 1~7, the strains all obey the constraint
e+ &(R+1)/R<0, suggesting that the areas around Point 3~7
have uneven stretch wrinkle tendency and Point 1 and 2 are
located in the safe area.

In the saddle shape part with Drawbead C, most wrinkles
can be eliminated. To completely eliminate the wrinkles, the
drawbead along X-axis is added. On the basis of the
application of Drawbead C, the saddle shape parts are further
ameliorated by Drawbead D and E along X-axis under Barlat
89 vyield criterion, as shown in Fig. 12a and Fig. 13a,
respectively. The simulation results of saddle shape parts with
different drawbeads under Barlat 89 yield criterion are shown
in Fig.12 and Fig.13. It can be seen that both Drawbead D and
E further improve the forming quality on the basis of saddle
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Fig.9 Predicted wrinkle (a~c) and thickness (d~f) distributions in saddle shape parts with different drawbeads under Barlat 89 yield criterion:
(a, d) Drawbead A, (b, e) Drawbead B, and (c, f) Drawbead C
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Fig.10 Predicted major strain ¢, (a~d) and minor strain ¢, (e~h) distributions in saddle shape parts with different drawbeads under Barlat 89 yield
criterion: (a, e) without drawbead; (b, f) Drawbead A; (c, g) Drawbead B; (d, h) Drawbead C

shape part with Drawbead C. The simulation results of the to Fig. 15a, Point 2 and 4 are in the uneven stretch wrinkle
major and minor strain distributions are shown in Fig. 14, and area with ¢+&,>0 and ¢+¢,(R+1)/R<0; whereas Point 8 is in
the strains at selected points are shown in Fig. 15. According the thick wrinkle area with &+ &,R/(R+1) <0. As shown in
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Fig.11 Strains at selected 10 points of saddle shape parts with different drawbeads under Barlat 89 yield criterion: (a) without drawbead;

(b) Drawbead A; (c) Drawbead B; (d) Drawbead C
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Fig.12 Schematic diagram of saddle shape part with Drawbead D (a); predicted wrinkle (b) and thickness (c) distributions of saddle shape part

with Drawbead D under Barlat 89 yield criterion

Fig.15b, all points obey the constraint ¢+¢,(R+1)/R>0, indica-
ting that all the points are in the safe area. Therefore, the
Drawbead E has better resistance against the wrinkle than
Drawbead D does.

The simulation results of major strain and minor strain
distributions of the saddle shape part with Drawbead C and
Drawbead E under Hill 48 yield criterion are shown in Fig.16.
The strain measurement results of saddle shape part with
Drawbead E are shown in Fig. 17. Point 2 and 3 are in the
uneven stretch wrinkle area with &,+&,>0 and &,+¢,(R+1)/R<0.
Point 8 is in the compression wrinkle area with ¢+¢,<0. A few
small wrinkles can still be observed in the saddle shape part
with Drawbead E under Hill 48 yield criterion.

The simulation results show that because the drawbeads

restrict the stress flow into the middle part of the saddle shape
part, the stretching strain is increased while the compression
strain is reduced. The wrinkles can be eliminated by adding
drawbeads along X and Y directions.

3 Experiment

Based on the finite element analysis of drawbead
optimization, the hot stamping tools were manufactured, as
shown in Fig. 18. The forming tools were firstly heated to
800 °C. Then the TA32 alloy blank was processed into molds,
held for 10 min, and finally hot-stamped. The punch speed
was 5 mm/s during the forming. The hot-stamped part was
placed in the closed tools for 8 min for stress relaxion, thereby
reducing the springback. The heating path of the blank during
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under Barlat 89 yield criterion
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Fig.15 Strains at selected 10 points of saddle shape parts with Drawbead D (a) and Drawbead E (b) under Barlat 89 yield criterion

hot stamping is shown in Fig.19. Fig. 18c shows the stamped with the finite element simulation results, as shown in Fig.20.
saddle shape part without wrinkles, indicating that the The maximum thickening rate R, maximum thinning rate
drawbead design can effectively prevent the wrinkle of the R, average thickness T, thickness deviation §,, and relative
saddle shape part during hot stamping. error R, between the thicknesses measured by experiment and
simulation can be calculated by Eq.(18~22), as follows:

4 Results and Discussion R = |(To — T)/T| x 100% (18)
4.1 Thickness distribution n

T,= ST (19)

The thickness of the formed saddle shape part at 20 points i=1
was measured by ultrasonic thickness meter and compared Ry = |(T win = T)/T ’ x 100% (20)
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Fig.19 Heating path of blank during hot stamping

thickness at Point i, 7, is the minimum thickness, n is the
number of the measured points, 7 is the blank thickness (0.8
mm), 7, is the experiment thickness, and 7, is the simulation
thickness.

The calculated R, T, R, S,, and R, of the experiment
and simulation results are shown in Table 4. The simulation
results of R and 7, with different yield criteria are close to
each other, but smaller than the experiment results. The
relative error of the simulation based on Barlat 89 yield
criterion is slightly smaller.

4.2 Microstructure

The microstructures of the initial sheet and the formed part
are shown in Fig.21. The microstructure of the drawbead area
in the formed saddle shape part is shown in Fig. 22. The
volume fraction of o and S phases are presented in Fig.23. It is
clear that the microstructures of the initial sheet and the
formed saddle shape part are composed of equiaxed o phase
and intergranular f phase. After hot stamping, the volume
fraction of f phase increases by about 9.63vol%, compared
with that of the initial sheet, inferring the obvious phase trans-
formation. The microstructure evolution is mainly the grain
growth and phase transformation in the drawbead area. The
hardness of the initial sheet and the formed saddle shape part
is 3949.4 and 4106.2 MPa, respectively. It can be seen that the
hardness of the formed saddle shape part increases slightly.
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Table 4 Experiment and simulation results of R, 7., R .. S, and R,
Parameter R /% T/mm R /% S, R/%
Experiment 6.25 0.800 50 8.750 0.001 005 -
Simulation with Barlat 89 1.00 0.761 65 13.500 0.001 029 4.827 179
Simulation with Hill 48 0.75 0.758 50 14.125 0.001 088 5.224 155

Fig.21 Microstructures of initial TA32 alloy sheet (a) and formed

saddle shape part (b)

4.3 Mechanical properties

After hot stamping, the tensile specimens were cut from the
formed saddle shape parts to verify the mechanical properties.
The true stress-true strain curves of the initial sheet and the
formed saddle shape part room temperature are shown in
Fig. 24. After hot stamping, the elongation reduces from
10.1% to 6.67%, and the tensile strength reduces from 1359
MPa to 1276 MPa. This is because the reduction in equiaxed o

phase and the increase in grain size lead to a lower chaotic
level of the cluster domain direction. Thus, the obstruction
against dislocation motion is reduced, resulting in the decrease
of strength and elongation.

Fig.22 Microstructure of drawbead area in formed saddle shape part
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Fig.23 Volume fractions of a and f phases of initial TA32 alloy
sheet and formed saddle shape part
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5 Conclusions

1) The addition of drawbeads along X and Y axes
can increase the major strain and the minor strain by
restricting the stress flow into the middle part of the
saddle shape part, therefore reducing the wrinkle risk. The
drawbeads can effectively eliminate the wrinkles of saddle
shape parts.

2) The finite element models based on Barlat 89 and Hill 48
yield criteria have the similar prediction accuracy for the
thickness distribution. The simulated thickness is lower than
the experiment one. The finite element models based on Barlat
89 yield criterion is better for the numerical simulation of the
hot stamping of TA32 alloy.

3) The hot stamping process has slight effects on
mechanical properties and microstructure of TA32 alloy

saddle shape part.
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TAR2 KA EDEETHRAET ZHERY

KK E TS TR M, BREIAL MR
(RS MIRRY: BIHUE R A SRR E R P R RRE, 1175 At 210016)

o OE: B 7 TAR2RASAWBER, EBR Bl 7RI R E R, I AT 7O DO BRGS0, A8 Barlat 89 Al Hill 48 J AR 1
D) SR L A5 PR e RSB FRRG FBE o ST AR R R S8, IR T TA32 Bk & & B BRI 0 A, IF SR SE BBt AT L. 45k
W A0 XCRMRD Y b S A AT DA O PR AR, el D BOE BRI, I H AT TG . SR Barlat 89 Jiit AR v ) 1A BR G AR Y EER
FH Hill 48 Je R 0 1 A 70 B S A TR TOOAS B2, 12 BR Je RO AT B0 (9 B T R S e 98 T OB R A 10 1 M e AL T 1
F I RE IR B T SR AR T .

XA TA2EKAES: Mol DRIEEM: ARG Rk JEARdEN

e ROK H, 199284, i, MAEMRKNZETUELEIRFE SHARBE R RE R LRE, 1175 WAt 210016, E-mail:

meefsong@nuaa.edu.cn



