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Abstract: TC4 titanium alloy material will generate significant spring back during the bending process, and its elastic modulus has a

significant impact on spring back. However, previous studies have not considered the change in elastic modulus during the plastic
strain change process of the material. This study focuses on TC4 titanium alloy and conducts uniaxial tensile and cyclic loading
unloading experiments to determine the anisotropy parameters and the variation of material elastic modulus with plastic strain. On this
basis, a mathematical model for the variable elastic modulus of TC4 titanium alloy was established. Based on three different
constitutive models, namely YLD2000-2D yield criterion and variable elastic modulus, YLD2000-2D anisotropy, and Mises isotropy,
numerical simulations were conducted on the five point bending process of TC4 titanium alloy plates at room temperature. In order to

verify the numerical simulation results, a five point bending experiment was conducted on TC4 sheets at room temperature. The results
showed that the anisotropic constitutive model and the mathematical model of variable elastic modulus significantly improved the
prediction accuracy of TC4 titanium alloy bending spring back, the highest prediction accuracy increased by 31.18%.
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TC4 titanium alloy has been successfully applied in aviation,
medical, automotive manufacturing, marine and other fields
due to its excellent material properties such as low density, high
specific strength, and good fatigue resistance!!-*. However, due
to its high yield strength and low elastic modulus, it is difficult
to control the spring back of TC4 titanium alloy during bending
forming. Therefore, predicting the spring back during bending
is of great significance for product quality. Jun Z et al.[* estab-
lished a mechanical model for tensile bending of profiles based
on classical elastic-plastic theory and strain superposition char-
acteristics, and verified the theoretical analysis with U-shaped
and rectangular cross-sections. Li Hao et al.l*! established a the-
oretical model considering both the effects of the space-time
deformation history and the strain rate to predict the spring-
back behaviors. In the proposed model, a novel shape equation
is established to describe the space-time deformation history of
sheet. A. Maati® et al. demonstrated the influence of
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constitutive model on the prediction of SB degree in tensile
bending test through numerical simulation. U. M. Mert!”! and
other scholars have studied the deformation behavior of TC4
titanium alloy at high temperature and believe that the extended
Ludwik model is more suitable for modeling the mechanical
behavior within the forming temperature range.

Finite element simulation is an effective method for predict-
ing material bending spring back. In recent years, many schol-
ars have flexibly applied finite element simulation to the form-
ing process of materials and achieved good results in solving
real problems. Esat et al.®lused finite software to conduct re-
verse simulation analysis on the bending spring back of differ-
ent aluminum alloy materials with different thicknesses. They
provided the spring back amount, total equivalent plastic strain,
and equivalent Mises stress, and observed that the spring back
increased with the increase of yield strength. Wang Yan et al.[”)
studied the effect of spring back on the wall thickness reduction
and section distortion of TA18 high-strength titanium tubes
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using ABAQUS finite element explicit/implicit methods. The
results showed that the wall thickness reduction rate after un-
loading and spring back of high-strength titanium tubes was
less than 10%, and the section distortion rate was greater than
35%, even exceeding 60%. Myoung Yu Lee et al.l' provided a
plane stress formula for shell components and used finite ele-
ment software to simulate the spring back of sheet metal. They
examined the effects of deformation plasticity, volume strain,
and cooling rate on spring back. Among the influencing factors
in finite element simulation, the constitutive model is particu-
larly important for the simulation results. When studying the
anisotropy of plastic properties of steel plates, scholars such as
Zhu J et al.l"' take into account the correlation and non correla-
tion flow rules of the Hill48 yield criterion, and provide sug-
gestions for the use of flow rules in simulating high-strength
steel using the Hill48 yield criterion. Yang Xiao Ming et al.l'”]
studied the spring back of TC4 titanium alloy under hot stamp-
ing conditions through experiments and numerical analysis.
Scholars such as J W Yoon et al.'* proposed that the YLD2000-
2D yield criterion is applicable to the plane stress state. This
yield criterion uses two linear transformations to introduce the
anisotropic parameters of the material into the function and ap-
plies it to numerical simulation. Barlat et al.'¥ proposed the
YLD2000-2D vyield criterion and applied it to finite element
analysis of the forming process of aluminum alloy sheets.
Naofal et al.'” studied the prediction of spring back during
sheet metal roll bending process, indicating that the change in
elastic modulus plays an important role in bending forming.
Chaboche!*®! improved the nonlinear dynamic hardening model
(A-F) to demonstrate the phenomenon of material hardening.
Elastic modulus is one of the important mechanical perfor-
mance parameters in the process of material bending and form-
ing, and it is also a key influencing factor for the spring back of
material deformation after external force unloading. Badr et

(") studied room temperature roll bending of titanium alloys

al.
and proposed an anisotropic elastic-plastic constitutive material
model. Dongwei Ao et al.l'® studied the effect of electric pulse
frequency and peak current density on the spring back behavior
of Ti-6Al-4V titanium alloy. The results show that the spring
back angle and V-shaped bending load decrease with the in-
crease of frequency and peak current density. The results
showed that it is closer to the experiment. Chail'”! used the ex-
tended regression mapping algorithm to consider the reduction
of elastic modulus in the plastic constitutive model and simu-
lated the forming and spring back of DP600 steel U-shaped
parts. The results showed that the accuracy of spring back sim-
ulation was significantly improved when the elastic modulus

(290 proposed an em-

was reduced as described in the model. Hai
pirical expression for the relationship between elastic modulus
and plastic strain, and applied it to LS-DYNA software for
spring back simulation of U-shaped steel. The results showed
that the accuracy of spring back simulation considering changes

in elastic modulus was higher. Yoshida et al.l’!! found that the

elastic modulus decreases with increasing pre strain when stud-
ying high-strength steel. Yuan Chen et al.”?? Developed a phys-
ical based integrated constitutive model to describe stress relax-
ation. Based on the principle of increasing temperature to en-
hance stress relaxation, it is found that increasing the forming
speed is an effective way to reduce the spring back of titanium
alloy in hot stamping. Cong Liu et al. **! introduced the influ-
ence of the bending and spring back process of titanium tubes
with different bending radius and bending angle on the spring
back rate after unloading, and analyzed the distribution of tita-
nium tubes and the changes of stress and strain. The study
showed that the elastic modulus rapidly decreases with the in-
crease of plastic pre strain and eventually tends to flatten.

This article investigates the anisotropy and elastic modulus
variation of TC4 titanium alloy tensile specimens through uni-
axial tensile and cyclic loading unloading experiments, and es-
tablishes a mathematical model for variable elastic modulus.
Based on three different constitutive models: YLD2000-2D
yield criterion and variable elastic modulus, YLD2000-2D ani-
sotropy, and Mises isotropy, numerical simulations of spring
back in five points bending of sheet metal were conducted using
ABAQUS simulation software. Finally, a five point bending ex-
periment was conducted on TC4 titanium alloy plates at room
temperature, and the experimental and simulation results were
compared and analyzed.

1 Material selection

Titanium is an allotrope with two different crystal structures.
It is called a-Ti below 882°C and B-Ti above 882°C. a-Ti is an
ideal densely packed hexagonal (HCP) structure, and B-Ti has
a body centered cubic crystal structure. TC4 titanium alloy, as
an equiaxed microstructure alloy with o+f phases, has good
comprehensive properties and can be subjected to thermal
stress processing well. It can also be strengthened by quenching
and aging treatment. Its main constituent elements and content
are shown in Table 1.

Table 1 Material chemical composition

Element Proportion/%
Ti Rest
Fe 0.3
C 0.08
N 0.05
H 0.015
0} 0.2
Al 6.5
\Y% 4.5

2 Experiment, constitutive establishment, and nu-
merical simulation

2.1 Uniaxial tensile and cyclic loading unloading
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experiments

To obtain the anisotropy parameters of TC4 titanium alloy,
tensile experiments were conducted in three directions: RD
(rolling direction), DD (diagonal direction), and TD (transverse
direction). The experiment was conducted on the instron-5969
universal material testing machine, with a tensile rate of
0.01lmm/min, and deformation was measured using a contact
extensometer. The size of the tensile specimens used in the ex-
periment are shown in Figures 1.

K"ﬂ,

15

64.5

Fig.1 The size of the tensile specimen

The variation law of elastic modulus in different directions
was studied through cyclic loading unloading experiments,
which were under the same experimental conditions as the ten-
sile experiment. Set different pre strains to test the material
properties in the RD, DD, and TD directions through a cyclic
testing process of loading unloading. The pre strain is sequen-
tially set as 0.8%, 1.0%, 1.5%, 2%, 2.5%, 3.3%, 4.1%, 5.1%,
6.1%, 7.1%, 8.1%, and 9.1%.

2.2 Analysis of experimental results

The stress-strain curves of TC4 titanium alloy tensile speci-
mens in the RD, DD, and TD directions were obtained through
the uniaxial tensile test in section 2.1, as shown in Figure 2.
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Fig.2 TC4 titanium alloy stress-strain curves

The material parameters of TC4 titanium alloy in three direc-
tions: modulus of elasticity(Ey), 0.2% offset yield strength (o5),
ultimate tensile strength (ov), total elongation, and plastic-to-
strain ratio () were measured in tensile experiments, as shown
in Table 2.

Plastic strain ratio 7:

[0

In—

& a,
r=—t= t° (1)

& In —

t0

Where:¢,,,6——strain in width direction, thickness direction;
initial width, final width;
Initial thickness, final thickness of the specimen

0,0
to,t

Table 2 Material parameters of TC4 titanium alloy

obtained from uniaxial tensile test

Direction RD DD TD

Elastic modulus E,/GPa 120 113 110
0.2% offset yield strength
os/MPa

1042 851 936

ultimate tensile strength
1159 943 1168

oy/MPa
total elongation /% 12.3 13.6 11.5
plastic strain ratio © 2.52 3.73 3.11

The stress-strain curves in the three directions of RD,

DD and TD were measured by cyclic loading-unloading ex-
periments, as shown in Fig.3.
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(a) Stress-strain curves in the RD direction
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(b) Stress-strain curves in the DD direction
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(c) Stress-strain curves in the TD direction
Fig.3 Stress-strain curve of loading and unloading experiment

2.3 Definition of variable elastic modulus

There are three ways of calculating the modulus of elasticity:
loaded modulus, unloaded modulus, and chordal modulus.
Naofal et al. verified that the chordal modulus has higher accu-
racy for predicting the spring back as compared to the loaded and
unloaded moduli (Ref. 15). The chord modulus is calculated as
follows:

Eu — (O-l _Uo)
(.- &)

stress and strain values at the previous max-

2

Where: 01,¢1
imum strain point;

o0,60——Stress and strain values at the latter starting strain
point

Based on the mathematical model of variable elastic modulus
proposed by Yoshida et al. (Ref. 21), the data points in the above
three directions were fitted. The variable elastic modulus mathe-
matical model is as follows:

Eav = EO - (Eo - Ea)[l_ e(iéﬁop)] (3)

Where: E,,——average elastic modulus during deformation;
E,
E,,6—Material parameters

initial modulus of elasticity;

The parameters of the variable elastic modulus equation for the
three directions were fitted according to Eq. (3) and are shown in
Table 3.

Table 3 Variable elastic modulus mathematical

model parameters

Direction E,/GPa E,/GPa 3
0° 120.4 91.18 87.93
45° 113.5 88.91 84.02
90° 110.0 89.14 102.26

As shown in Fig. 4, after the comparison of the experimental
data with the fitted curves, it is found that the elastic modulus
in all the three directions, RD, DD, and TD, shows a significant
decreasing trend with the increase of plastic strain. Taking the
plastic strain 0.03 as the critical point, the elastic modulus de-
creases faster before the critical point and finally tends to a

constant value. With the plastic strain of 0.08, the elastic mod-
ulus decreased by 18.9% in the RD direction, 22.4% in the DD
direction, and 20.0% in the TD direction.
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Fig.4 Variable elastic modulus fitting curve for RD, DD, TD

Figure 4 presents a high degree of overlap between the fitted
curve of the mathematical model and the experimental data,
indicating that the mathematical model is able to describe the
changing law of elastic modulus of TC4 titanium alloy mate-
rial. The three directions of TC4 titanium alloy have the same
law of change, but because the initial elastic modulus of DD
direction and TD direction are similar, and with the increase of
plastic strain their elastic modulus has the same law of change,
so the elastic modulus values of DD and TD directions are
closer in the deformation process.

2.4 Anisotropic yield criterion

Based on the analysis of the above experimental results, it can
be concluded that the TC4 titanium alloy material has obvious
anisotropic characteristics, so the isotropic yield criterion is no
longer applicable.

YLD2000-2D yield criterion introduces anisotropic parame-
ters into the yield function on the basis of plane stress, which can
accurately describe the yielding behavior of anisotropic materials.

The YLD2000-2D yield function expression is as follows:

¢:¢r+¢n:2&a (4)
Where

¢ =X =X (5)

¢ =[2X7 + X" +[2X]+ X3|* (6)

where Xl' , X; , Xlﬂ R Xg are the stress principal values for

X"and X", respectively.

X, =%(Xxx+ Xy + (X~ X P 44X2) ()

1
X, =5 (Xt X, X =X, +4X2)  (®)

The components of X' and X" can be obtained by the
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following two linear transformations:

X'=C's=CTo=Lo )

X"=C"'s=C"To=L"c (10)
2 1,
3 3
1 2
T=[-2 = 0
3 3 (1)
0 0 1

The role of the transformation matrix 7 is to transform the
Cauchy stress ¢ into its corresponding partial stress tensor s.
And the role of the matrices C’and C"is to introduce anisot-
ropy parameters.

X:(x _C£1 C1'2 O Sxx
X;y = Cél Céz 0 Sy (12)
X)'(y L 0 0 Cée Sy
Xn| [CL CL 0 ]ls,
X' |=lcn cy,oo|s, (13)
_X;’y_ | 0 0 Cg| S |
>(>'<>< _L1'1 L:LIZ 0 ] O-xx
X, |=|L L, 0le, (14)
X, | [0 0 Lyloy
X no Ly 09y
X |-l o oo, (15)
_X;’y_ 10 O "6__0'Xy
Where
E 0 O
L 3
L
ull I R
L, 3 o
Lél = 0 _E 0 a, (16)
L 3 a;
' 2
| Les | 0 = 0
3
L 0 0 l_
L -2 2 8 -2 0llea,
L) T 1 -4 -4 0| e,
Ly, =§ 4 4 -4 1 0flos (17)
L), -2 8 2 -2 0|la,
Lgs 0 0 0 0 9o

a,~ag are § anisotropic parameters, when a,~ag are

equal to 1, the yield criterion is isotropic yield criterion. These
eight parameters were calculated from the eight experimental
data of 0y,045,090,0p,10,T45,T90,1p Mmeasured by uniaxial ten-
sile experiments as well as biaxial tensile experiments in the
manner of the calculation in reference to the reference 13, in
which the two experimental data of ¢;,,1;, are referenced to the
reference 16, and the results of the calculation of anisotropic
parameters are shown in Table 4.
Table 4 Anisotropic parameters of YLD2000-2D

YLD2000-2D parameter Numerical value

a, 0.9057
a, 1.2511
as 0.9941
ay 0.9906
as 0.9716
Qg 0.9674
a; 1.057
ag 1.0942
a 12

2.5 Numerical simulation

Numerical simulation of the five-point bending process of TC4
titanium- alloy plate at room temperature is carried out using
Abaqus finite element software. The numerical simulation is di-
vided into two groups, corresponding to different bending strokes
y =25 mm, 30 mm. The model dimensions and bending stroke
schematic are shown in Figure 5 (unit: mm). This numerical sim-
ulation is divided into three analysis steps, the first step: the upper
mold is in contact with the upper layer of the plate; the second
step: bending to the specified position; the third step: the upper
mold rises the plate spring back.

Upper mold

Board
Intermediate mold

i Lower mold

A2

100 _
} )

- 125 =

Fig.5 Schematic diagram of mold size and bending stroke

The three-dimensional model of five-point bending finite
element simulation of TC4 titanium alloy plate is shown in
Fig.6. The TC4 titanium alloy plate is 330 mm long, 40 mm
wide and 2 mm thick, and the upper, intermediate and lower
molds are set up as discrete rigid bodies, and the plate is set
up as a deformable shell.
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Fig.6 Finite element model

In this paper, an intrinsic model of TC4 titanium alloy was
established based on the above YLD2000-2D yield criterion
and variable elastic modulus mathematical model, and the
model was embedded into Abaqus software through Umat
subroutine interface. In order to investigate the effect of
yield criterion and variable modulus of elasticity on the
bending spring back prediction of TC4 plates, bending
spring back simulations under three different constitutive
models are carried out in this paper.

In order to accurately describe the hardening curve of TC4
titanium alloy, the Voce model is chosen in this paper to de-
scribe the variation of its flow stress. The flow stress in the
rolling direction was fitted, and the fitting results are as fol-
lows:

o, —1065+ 470.8[1— S ] 28)

The material parameter settings for the three constitutive
models in the numerical simulations are shown in Table 6.

Table 6 Input parameters of three constitutive models

Model YLD+Variable modu-
YLD Mises
Parameters lus of elasticity
a; 0.9057 0.9057 —
a; 1.2511 1.2511 —
as 0.9941 0.9941 —
ay 0.9906 0.9906 —
as 0.9716 0.9716 —
Qg 0.9674 0.9674 —
ay 1.057 1.057 —
ag 1.0942 1.0942 —
Ey/GPa 120.4 120.4 120.4
E,/GPa 91.18 — —
g 87.93 — —
v 0.36 0.36 0.36

Both YLD2000-2D and Mises in this paper are based on the
yield criterion in the plane stress state, and the S4R four-node
shell unit is used for the plate unit. In order to. make the accu-
racy of the calculation results higher, the plate is divided into
two regions to set different cell sizes, in which the deformation

of the region of the larger mesh is more fine, the deformation
of the region of the smaller mesh is more coarse, the mesh is
divided as shown in Figure 7.

82.5mm 165mm 82.5mm

Unit size: dmun Unit size: 3mm Unit size: dmm
o]

Fig.7 Element division method

In the contact surface setup, face-to-face contact is selected
as the contact type between the plate and the mold, and master-
slave selection is followed, where the rigid surface is defined as
the master and the deformable body surface as the slave. In ad-
dition, the contact properties are defined for the contact be-
tween the two surfaces, where the normal property is set to
"hard contact", the tangential property is set to Coulomb fric-
tion, and the coefficient of friction is set to 0.2.

For the setting of boundary conditions, the upper and lower
molds need to be set up with reference points, such as the RP in
Fig. 8. The lower and middle molds are set up with completely
fixed constraints at the reference points, and the upper mold is
set up with displacement loads in the Y-axis direction at the ref-
erence points.

TC4 titanium alloy produces a very pronounced spring back
phenomenon during bending due to its small modulus of elas-
ticity. Fig.8, Fig.9 and Fig.10 show the transverse elastic strain
diagrams calculated based on the "YLD+variable elastic mod-
ulus constitutive model", the YLD2000-2D anisotropic consti-
tutive model and the Mises isotropic constitutive model for a
plate with a bending stroke of 30 mm, respectively, and it can
be seen that a very obvious spring back occurs after unloading
of TC4 titanium alloy plates. During the bending process, the
region where elastic deformation occurs is mainly concentrated
in the middle region of the plate, and the elastic strain is fully
recovered after spring back.

-1.0)

(a) Before spring back

(b) After spring back
Fig.8 Transverse elastic strain cloud based on YLD-variable modulus

of elasticity for a bending stroke of 30 mm
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(a) Before spring back

Ty Wiy S

(b) After spring back

Fig.9 Transverse elastic strain cloud calculated based on YLD for a

bending stroke of 30 mm

(a) Before spring back
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(b) After spring back
Fig.10 Transverse elastic strain cloud based on Mises calculation for a

bending stroke of 30 mm

The effect of different constitutive models on the simula-
tion results of five-point bending is visualized by deriving
the variation curve of transverse elastic strain at a node with
time. Fig.11 shows the cell extraction position, and Fig.12
shows the transverse elastic strain versus time curves for se-
lected cells in the middle and left side of the plate at a bend-
ing stroke of 30 mm.

Sheet selection unit

Fig.11 Unit extraction location
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Fig.12 Transverse elastic strain curve of the node at y=30mm

According to the transverse elastic strain curves shown in
Fig.14, the "YLD+variable elastic modulus", "YLD" and
Mises constitutive models have the same influence on the
transverse elastic strain values of the nodes, both in the mid-
dle of the plate and on the left side of the plate. The values
of transverse elastic strain calculated by numerical simula-
tion of "YLD++variable modulus of elasticity" constitutive
equation is larger than those calculated by Mises and "YLD"
constitutive equations, and the value calculated by Mises
isotropic constitutive model is the smallest.
2.6 Five-point bending test at room temperature

In order to verify the accuracy of the numerical simulation
results, a five-point bending experiment of TC4 titanium alloy
plate at room temperature was carried out, and this experiment
was performed on an electronic universal testing machine. As
shown in Fig.13, the upper mold is first affixed to the upper
surface of the plate, after which the amount of under pressure
is set in the operating system, the upper mold is pressed down
to the specified amount of under pressure, and finally the upper
mold is lifted up, and the dimensions of the mold are the same
as those of the mold in the numerical simulation. The geometric
parameters of TC4 titanium alloy plate used in the experiment
are 330mm*40mm*2mm, and the plate is processed by basic
production processes such as heating, rolling, heat-straighten-
ing, heat-treating, cutting, straightening, de-phosphorizing,
pickling and other basic production processes with initially
rolled or forged slabs, where the heat-treating is hard annealing.

Upper mold i

ﬁgte moldf

(a) Plate to mold fit diagram
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(b) Plate bending diagram
Fig.13 Process flow diagram of five-point bending experiment
In this experiment, the amount of indentation was taken as
25mm and 30mm, respectively, and the schematic diagram of the
experimentally measured angle 6 between the plate and the hori-
zontal line after rebound is shown in Fig. 14.

Fig.14 Schematic diagram of the clamp angle 6

The final molding state of the five-point bending experiment
of TC4 titanium alloy plate is shown in Fig. 15.

Fig.15 Experimental results
The experimental data for the angle 0 is shown in Table 7. In

order to make the results convincing, the average of the three ex-

periments is taken as the basis for subsequent analysis. When the

bending stroke is 25mm, the angle between the plate and the hor-

izontal line after spring back is taken as 6.51°; when the bending

stroke is 30mm, it is taken as 11.12°.

Table 7 Angle of plate with horizontal line after spring back un-

der different bending strokes

Bending stroke 25mm 30mm
Experiment 1 6.50° 10.90°
Experiment 2 6.17° 11.35°
Experiment 3 6.85° 11.10°
Average value 6.51° 11.12°

3 Spring back analysis

Through numerical simulation and bending experiments at
room temperature, we obtained the plate spring back of TC4 tita-
nium alloy plates under different compression bending strokes
and different intrinsic models, as shown in Fig. 16 (the schematic

is the left half of the plate). The figure shows the effect of differ-
ent intrinsic models on the final bending and molding results of
the plates under two different bending strokes of 25mm and
30mm. The numerical simulation results based on the Mises iso-
tropic intrinsic model have the largest gap with the experimental
results for the same bending stroke. And the numerical simula-
tion results obtained based on YLD2000-2D yield criterion and
variable elastic modulus principal model are closer to the exper-
imental results. The difference between the simulated and exper-
imental results for the Mises isotropic principal model and the
experimental results is 2.38° for the 25 mm bending stroke, 1.10°
for the YLD2000-2D anisotropic constitutive model, and 0.35°
for the YLD2000-2D yield criterion and variable elastic modulus
constitutive model; at 30 mm bending stroke, the three were
4.41°, 3.13°, and 1.68° from the experimental results, respec-
tively.

Mises isotropy

YLD2000-2D anisotropy
YLD2000-2D+Variable modulus of elasticity

Experiment

(a) Bending stroke of 25 mm

Mises 1sotropy
YLD2000-2D anisotropy
YLD2000-2D+Variable modulus of elasticity

Experiment

LS{‘”{”*{”"H. IF === 1
\ I

(b) Bending stroke of 30 mm
Fig.16 Numerical simulation and experimental results based on differ-
ent intrinsic models

As shown in Fig. 17, YLD and variable elastic modulus have
higher spring back prediction accuracy compared to the other two
constitutive model. The spring back prediction accuracy of YLD
and variable modulus of elasticity for numerical simulation of
five-point bending of TC4 titanium alloy plate under 25mm
bending stroke is 11.52% and 31.18% higher than that of YLD
anisotropic model and Mises isotropic constitutive model, re-
spectively; and the spring back prediction accuracies under 30
mm bending stroke were 13.04% and 24.55% higher than those
of YLD - anisotropic model and Mises isotropic constitutive
model, respectively. In summary, the anisotropic principal model
is more suitable for the spring back prediction of TC4 titanium
alloy plates, and the spring back prediction accuracy of TC4 tita-
nium alloy plates can be significantly improved by combining
with the variable elastic modulus.
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[ Mises isotropy
L [ YLD anisotropy
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[ YLD+Variable modulus of elasticity
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Fig. 17 Difference in spring back prediction for different constitutive

models for 25mm, 30mm bending stroke
4 Conclusion

This paper takes TC4 titanium alloy as the research object,
based on finite element analysis, carried out a five points bend-
ing spring back prediction study of TC4 titanium alloy plate at
room temperature, and reached the following conclusions:

(1) The yield strength and modulus of elasticity of TC4 tita-
nium alloy have obvious anisotropy in RD, DD and TD direc-
tions.

(2) The modulus of elasticity of TC4 titanium alloy decreases
with the increase of plastic strain and finally becomes a constant
value. Based on the above law, we established a mathematical
model of variable elastic modulus of TC4 titanium alloy.

(3) Based on the anisotropic yield criterion and variable mod-
ulus of elasticity, the prediction accuracy of five points bending
spring back of TC4 titanium alloy plates is significantly im-
proved, and the prediction accuracy is up to 31.18% compared
with that of the isotropic principal model.

References

1 Wang Xin, Luo Xuekun, Yu Bo et al. Aerospace Manufacturing
Technology[J], 2022, 65(04):14-24.

2 Zhou Zhongfeng, Cai Hong, Wang Yu et al. New Technology and
New Process[J], 2022, (07):21-26.

3 Li Yonghua, Zhang Wenxu, Chen Xiaolong et al. Advances in Ti-
tanium Industry[J], 2022, 39(01):43-48.

4 ] Zhao, R.X. Zhai, Z.P. Qian et al. International Journal of Me-
chanical Sciences[J], 2013, 75:45-54.

5

10

11

12

13

14

15

16

17

18

19

20
21

22

23

Hao L ,Si-Rui X ,Shi-Hong Z et al. International Journal of Me-
chanical Sciences[J],2023,260

Maati A ,Tabourot L ,Balland P et al. Archives of Civil and Me-
chanical Engineering[J],2015,15(4):836-846.

M.U. Mert, A.Y.H. Binnaz, C.A. Sertag et al. Journal of Materi-
als Engineering and Performance[J], 2022,32(10):4376-4390.
V Esat, H Darendeliler, M.1. Gokler. Materials & design[J],
2002, 23(2):223-229.

Wang Yan, Yang He, Li Heng et al. Rare Metal Materials and
Engineering[J], 2012,41(7):1221~1225.

M G Lee, S J Kim, H N Han. Computational Materials Sci-
encel[l], 2009, 47(2):556-567.

J Zhu, Y Xia, H.L. Luo et al. International Journal of Mechani-
cal Sciences[J], 2014, 89:148-157.

Ming XY ,Ming L D ,Qi1 Y W et al. Journal of Central South
University[J],2020,27(9):2578-2591

J.W. Yoon, F Barlat, R.E. Dick et al. International Journal of
Plasticity[J], 2004, 20(3):495-522.

F Barlat ,J.C. Brem, J.W. Yoon et al. International Journal of
Plasticity[J], 2003, 19(9):1297-1319.

J Naofal, H.M. Naeini, and S Mazdak. Metals[J], 2019,
9(9):1005.

J.L. Chaboche. International Journal of Plasticity[J], 1989,
5(3):247-302.

O.M. Badr, F Barlat, B Rolfe et al. International Journal of Sol-
ids & Structures[J], 2016, 80:334-347.

Ao D ,Chu X ,Yang Y et al. The International Journal of Ad-
vanced Manufacturing Technology[J],2018,96(9-12):3197-3207.
A Ghaei. International Journal of Mechanical Sciences[J], 2012,
65(1):38-47.

H.Y. Yu. Materials & Design[J], 2009, 30(3):846-850.

F Yoshida, T Uemori, K Fujiwara. International Journal of Plas-
ticity[J], 2002, 18(5-6):633-659.

Chen Y ,Han G ,Li S et al. The International Journal of Ad-
vanced Manufacturing Technology[J],2021,115(1-2):1-17.

Liu C,Yan D X ,Yang Y et al. Materials Science Fo-
rum([J],2019,4734753-760.

ETHRERER TC4 sAE SR A S EEETT

JEOHR L, EARAN?
CLARTRBHE R =M TRE2=BE, b KR 030000)
QAR EGNMRFY B TSR (dbr), dbEE 100083)
B OE: TC4HREGEMEES M M2 sp 2= i R, Foptpia s Bl f B . A0, LAERSARE % EM R
FE SV R AR AT AR P S MR AR A . DL TC4 Sk 4 AR TRt 4, SR S bhr (RN ER N BN B S0y, A e AT RHI & 1) e 2


https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmuM7oE6XxbPBwdNB5X0roeSj5ZFuFCxU5jj2BinvDD58A0_Egk5kSfqKsu9me7HIsZTyGnyDqE7oBG1uvciZqvw3b0jEpMgPTnLD6vt28uuFOh6EEy9nWVdk0vKC92TOXjVwz6EvA5h2A==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmuM7oE6XxbPBwdNB5X0roeSj5ZFuFCxU5jj2BinvDD58A0_Egk5kSfqKsu9me7HIsZTyGnyDqE7oBG1uvciZqvw3b0jEpMgPTnLD6vt28uuFOh6EEy9nWVdk0vKC92TOXjVwz6EvA5h2A==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmvjqzpDA9v7ywovFHbavoojVovHLFZroTT_P6kEJiHNQyHePvj0NBVXmtNDhg3P-in25AsQY9UDYE6UWi5Idq7iUGGkrkgiADwzBcEYCprLsdb-SVN3VC_TrzXtnmMCrHNYQPzLqu5Ytw==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmvjqzpDA9v7ywovFHbavoojVovHLFZroTT_P6kEJiHNQyHePvj0NBVXmtNDhg3P-in25AsQY9UDYE6UWi5Idq7iUGGkrkgiADwzBcEYCprLsdb-SVN3VC_TrzXtnmMCrHNYQPzLqu5Ytw==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmshnztmW_u1TztyPrPkz9RCsg9bs4GnKXb1oOhzOnUqvwgmsOeNnYFWAruHLgDDJZRP-wFEa8US5uFYuFwyhaLUoOAjLpVsz5EP2hkM3DinL8k9R3rxbr6XubSm7QIgUTzD3q0OsvsDRA==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmshnztmW_u1TztyPrPkz9RCsg9bs4GnKXb1oOhzOnUqvwgmsOeNnYFWAruHLgDDJZRP-wFEa8US5uFYuFwyhaLUoOAjLpVsz5EP2hkM3DinL8k9R3rxbr6XubSm7QIgUTzD3q0OsvsDRA==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmsS4j6C0ZOx7dmrGaU8rWyFdzVS0XAtFmeCxZMfGU-qCLu_oZhRUY8bCTzxbwLxrp9YJ9G3WDKrIQhCiq63h46bXFPlYvawVL-tQkYZupUApiirWXw7R8lZWgC6y235pIUQ3zGTU1U9Qw==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmsS4j6C0ZOx7dmrGaU8rWyFdzVS0XAtFmeCxZMfGU-qCLu_oZhRUY8bCTzxbwLxrp9YJ9G3WDKrIQhCiq63h46bXFPlYvawVL-tQkYZupUApiirWXw7R8lZWgC6y235pIUQ3zGTU1U9Qw==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=6TwuVQQ8bf-lNv6mIu-Y_gsyXoL63BpJ1eme0KEJffzWkDxDvFC_gk8lcPEwpDs7dkGJ7OnwZV16zxUO-4OHaMEkdNmF9faYoJbhhKTpTTfRGHDai54du5m1wTknZ4DZbd7LuQP4XczHQ2kJ58qKevZdAK7yCWByp2wugswBWccTLCeRKK01GMD8vx8I99xCTP6WifiMh-v-oPc3Eg5hzrGakrqVUmAi&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=6TwuVQQ8bf-lNv6mIu-Y_gsyXoL63BpJ1eme0KEJffzWkDxDvFC_gk8lcPEwpDs7dkGJ7OnwZV16zxUO-4OHaMEkdNmF9faYoJbhhKTpTTfRGHDai54du5m1wTknZ4DZbd7LuQP4XczHQ2kJ58qKevZdAK7yCWByp2wugswBWccTLCeRKK01GMD8vx8I99xCTP6WifiMh-v-oPc3Eg5hzrGakrqVUmAi&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=6TwuVQQ8bf8DXPhxGVPrVENjp6mBHpPxBYzzToM34i13xSn8R-i1jjRmx4kOS4DbmcieIHE9vGnuIjO9AjfzJZTRyZ-JsGdsTVdrTVsN_vzGhTo8AAiWtfkxMxzLAtiggQSXqjC-ulT63pEnfEidg0LZKDQF5rkXpOSvUC2MzBOcUY8iP_PvIYpjAmLOvSHzZDJ5Ep5OMsR4GYslC8qa7vnxZEqzw0Lq059dTjVbOBc=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=6TwuVQQ8bf8DXPhxGVPrVENjp6mBHpPxBYzzToM34i13xSn8R-i1jjRmx4kOS4DbmcieIHE9vGnuIjO9AjfzJZTRyZ-JsGdsTVdrTVsN_vzGhTo8AAiWtfkxMxzLAtiggQSXqjC-ulT63pEnfEidg0LZKDQF5rkXpOSvUC2MzBOcUY8iP_PvIYpjAmLOvSHzZDJ5Ep5OMsR4GYslC8qa7vnxZEqzw0Lq059dTjVbOBc=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=su5nt4ZpZVScVQQ-ri8RpLfy3tsYEgUc_9I7kPh6Neminsv0uWqf2ZiWjdUaz9VBUS5NAa5rjWSaUMc3APcbkKdYqQtOsgNtPafcqBXThtAvCMEwnWeWtwVssZMbYa8eu8DxbWhjtAuriD7mRJZM6uR95RAZaqoTFI7bB3jGZy88-76_Xp4j3l1q1piAnGhsEj5WROwAhRcCAwKD_r8RQSF9WEU5RbupOoN1y3gF5rCz20-ZLvSbmg==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=su5nt4ZpZVScVQQ-ri8RpLfy3tsYEgUc_9I7kPh6Neminsv0uWqf2ZiWjdUaz9VBUS5NAa5rjWSaUMc3APcbkKdYqQtOsgNtPafcqBXThtAvCMEwnWeWtwVssZMbYa8eu8DxbWhjtAuriD7mRJZM6uR95RAZaqoTFI7bB3jGZy88-76_Xp4j3l1q1piAnGhsEj5WROwAhRcCAwKD_r8RQSF9WEU5RbupOoN1y3gF5rCz20-ZLvSbmg==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmsdaAsQqlMBC4RNAPt9EV1jWkj6VMFLMTAwps51aVYd7-pzsJpPlTYvHRKnFoSMpGcE6AR4IBIn2K_APNfhCArbkVLRuJPjhVKaNWTkn-o6t_qu7CGrYB_xENRMBh9jBvvlOP8wDEdouES_GlRwN0tkmX6NRIFvbe4=&uniplatform=NZKPT&language=CHS
http://www.rmme.ac.cn/rmme/article/abstract/20120720?st=search
http://www.rmme.ac.cn/rmme/article/abstract/20120720?st=search
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmvk4bjiNTu9CPoP4RbSIw249P-K-1anwb2mFjwmZzZjmXmCGWk__qILCwsAoSF5svsvjKaeo0K4vxO7ENFVXAGwDUbfmVWfDScAPa0EzDo-cxHk84VilN49bzZt9UyPOuv5nu57671s_tMngWFNuSZz38ysYUNYK64=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmvk4bjiNTu9CPoP4RbSIw249P-K-1anwb2mFjwmZzZjmXmCGWk__qILCwsAoSF5svsvjKaeo0K4vxO7ENFVXAGwDUbfmVWfDScAPa0EzDo-cxHk84VilN49bzZt9UyPOuv5nu57671s_tMngWFNuSZz38ysYUNYK64=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmsSmt7SajFsK4WhQ4LxXeslNmEJuvlkjfxfmCmYLMe7fZBzEMxFZgNmFcRjkaUDwV7LZzlz3ABS85GoW4bOjsc4it9G1lz7wMLQN857MG-hoqe9SgPFiLR0sbNlJ56ooYSXE_RaMMuyoQ==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmsSmt7SajFsK4WhQ4LxXeslNmEJuvlkjfxfmCmYLMe7fZBzEMxFZgNmFcRjkaUDwV7LZzlz3ABS85GoW4bOjsc4it9G1lz7wMLQN857MG-hoqe9SgPFiLR0sbNlJ56ooYSXE_RaMMuyoQ==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=su5nt4ZpZVRAkEKgHdg_SQ89Y-SsG_bLFzbQznrpPdu6gY_a_Pry2SKcXAWxZHk3TJQODdF4WaukGN4KMJQu3Ed_B-gngW6zTxdscqlv5OzKGBVGIEHp_iCiusmtY9it3F4V9SZHg3CDBtl24qSwSkn551ema9j0z8IMey2bLXsXbnVPzGoW3dGjq5VDkQCpGq3d9lEy2xdNrUHBTLXk4PT8GSorwH0RTjjmezM6arU=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=su5nt4ZpZVRAkEKgHdg_SQ89Y-SsG_bLFzbQznrpPdu6gY_a_Pry2SKcXAWxZHk3TJQODdF4WaukGN4KMJQu3Ed_B-gngW6zTxdscqlv5OzKGBVGIEHp_iCiusmtY9it3F4V9SZHg3CDBtl24qSwSkn551ema9j0z8IMey2bLXsXbnVPzGoW3dGjq5VDkQCpGq3d9lEy2xdNrUHBTLXk4PT8GSorwH0RTjjmezM6arU=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmtLrfjpnENNRtrrWvAKjp1uLC6JmbFflYHxdBL-935byly69fMxYv8JlOE0YvCvcPi_PIcx9l3fhJvZ_Y_SsL2RR7NuPjcOohFttUhjPjdDtirISoeKMREbsqTJoDAG02ooDGhqFbm1DcZVpeWzUT2wZcP9CzDePyU=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmtLrfjpnENNRtrrWvAKjp1uLC6JmbFflYHxdBL-935byly69fMxYv8JlOE0YvCvcPi_PIcx9l3fhJvZ_Y_SsL2RR7NuPjcOohFttUhjPjdDtirISoeKMREbsqTJoDAG02ooDGhqFbm1DcZVpeWzUT2wZcP9CzDePyU=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmsIefNCUcMADjUZWOZfcZVuGUeb0DzrZScYpCyW7A026BSo7jF1u7kRyifsnwIV71i2IijAMZeeWLciuE53FZO3MRrdervWr1amaWWn57rr1lGCDkyP5jG1VDjVvqOaGyUB6L6u423QrJZ6T_WCTlTF_nV2FaKO2Ow=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmsIefNCUcMADjUZWOZfcZVuGUeb0DzrZScYpCyW7A026BSo7jF1u7kRyifsnwIV71i2IijAMZeeWLciuE53FZO3MRrdervWr1amaWWn57rr1lGCDkyP5jG1VDjVvqOaGyUB6L6u423QrJZ6T_WCTlTF_nV2FaKO2Ow=&uniplatform=NZKPT&language=CHS
https://www.mdpi.com/2075-4701/9/9/1005
https://sci-hub.mobi/10.1016/0749-6419(89)90015-6
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmvIB8My9EbYymzKQrUc6zZk0csJXPH4ecDS-lrakFnzUw006OLoNWFSCudag2_HPA8k1sf05el_TynfQ7tfJy9I1DVII_1ktkk1pW1Q9-esKswMXx8rjL65SJOwXXp2fKRz-i9O23Ijrw==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmvIB8My9EbYymzKQrUc6zZk0csJXPH4ecDS-lrakFnzUw006OLoNWFSCudag2_HPA8k1sf05el_TynfQ7tfJy9I1DVII_1ktkk1pW1Q9-esKswMXx8rjL65SJOwXXp2fKRz-i9O23Ijrw==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=6TwuVQQ8bf8DXPhxGVPrVENjp6mBHpPxBYzzToM34i3Hk_EMImgoRfYbiY5LoX2SHx8ifLGLCNy-lKLYImz8UrXd-AM2DIXgOaEw-sGPUXQvXw88tiDghoGZNIoKLJ73RVlfjVB4Gh2z0D_WRFS7Lf_tYSmmfuS7Mk6mBo31GD8jMPH1ynQTFsLrhkBjYiRAqRU-caqpEINhJDyutOpgHENTDWLV52WybQWj9tC6bLM=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=6TwuVQQ8bf8DXPhxGVPrVENjp6mBHpPxBYzzToM34i3Hk_EMImgoRfYbiY5LoX2SHx8ifLGLCNy-lKLYImz8UrXd-AM2DIXgOaEw-sGPUXQvXw88tiDghoGZNIoKLJ73RVlfjVB4Gh2z0D_WRFS7Lf_tYSmmfuS7Mk6mBo31GD8jMPH1ynQTFsLrhkBjYiRAqRU-caqpEINhJDyutOpgHENTDWLV52WybQWj9tC6bLM=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmuco7uQi6kYbDgqqkppDga8sOpmeih2Pkut0KUofRr4xwgibkRvXVE1FPmgOn2gPUk3W7PbUqAk4QYkQwcuCqrNBq2YPgrNVFo6M7OmCo1q5lFQOW90txmhE6pBnilthwfIoTUC905Z9_P8-7tPbkO7TBT2l_NetJc=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmsTYnONWJV2MJloRa5N8mOxd1Nyq5wsvASa3ZRTNYceUUTVs9EMpYf25TX98R9mi8PpVQdx6etSWd0fTFY0v2j16Qgu8hW00W7RMyxcgtwVw4BWH8sv4latOF4vKN0POMUWwA_sxU146LyzwstekIlsH-Ui7kY8l3s=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmvZvAWqS8Do1VY0hdBhy9-1_B2wjobkQ4LkG547JqyeZwHUCJ6N5LnTED6_6TH1jvfw9U-bRlYrxYuSJAfMj1LgnRvWtxt0wBXmriv9vKYDzTdZxpYaqOMLOmq78biS61oZyxJZLD70_m7u4rC6no2-JQ4uwDXv69Y=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=MuRVhOLgpmvZvAWqS8Do1VY0hdBhy9-1_B2wjobkQ4LkG547JqyeZwHUCJ6N5LnTED6_6TH1jvfw9U-bRlYrxYuSJAfMj1LgnRvWtxt0wBXmriv9vKYDzTdZxpYaqOMLOmq78biS61oZyxJZLD70_m7u4rC6no2-JQ4uwDXv69Y=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=6TwuVQQ8bf_sMptPxlD268_GTm8ZLFEdUnZhdodRouNbE-3aRzSeBBtFNRHwmfQbcV79VnuxqP-QvhEK5cy1Wui8QsWAxRk31I-U8KWM1ChyJaQQrVOEV-cYEtHfOQhyT1B3ley3HemFaxRSMBh511wDJhJqhYpposJE3vMYf5-Q6q00_RAAEItCqe8BzVW8y2RqIM566iVmwZkcwemxdgtPvDlsDEx158Q9jl-uQTM=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=6TwuVQQ8bf_sMptPxlD268_GTm8ZLFEdUnZhdodRouNbE-3aRzSeBBtFNRHwmfQbcV79VnuxqP-QvhEK5cy1Wui8QsWAxRk31I-U8KWM1ChyJaQQrVOEV-cYEtHfOQhyT1B3ley3HemFaxRSMBh511wDJhJqhYpposJE3vMYf5-Q6q00_RAAEItCqe8BzVW8y2RqIM566iVmwZkcwemxdgtPvDlsDEx158Q9jl-uQTM=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=6TwuVQQ8bf_738FhvKkXKeQjUte9rL8xs8vFeUFSmXibnxmTWlsMGElvn_1bvMYfbREiHMWh1RAANONlYNoatPa497IqaYS5orEZtbq679nDZ-x9HL8LvWFDBe80UHALwzONj3d9qxgGwJlx9oxQW8ZUbssccjwJssMNK86UWSxB3K0U3OCFRDbr07Uj-k3vO67G_NO2ibWobk53LeZKb9pBTHMXGMep7NbryvaUhFw=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=6TwuVQQ8bf_738FhvKkXKeQjUte9rL8xs8vFeUFSmXibnxmTWlsMGElvn_1bvMYfbREiHMWh1RAANONlYNoatPa497IqaYS5orEZtbq679nDZ-x9HL8LvWFDBe80UHALwzONj3d9qxgGwJlx9oxQW8ZUbssccjwJssMNK86UWSxB3K0U3OCFRDbr07Uj-k3vO67G_NO2ibWobk53LeZKb9pBTHMXGMep7NbryvaUhFw=&uniplatform=NZKPT&language=CHS

Wi s mA LS TR S A

H UL KRR A B R N AR AR A . FEBLIERE B, BT T TC4 Bk E &AM E B AR . 35T YLD2000-2D JiE it
HEMFIAZ SRR . YLD2000-2D % [ M Al Mises 2 [7] [A 1 =R AT, Xf TC4 SK& Gt ZiR T m 25 ih i R dEAT T 8l
Bl AT IIFEUE LS R, X TCA MM T T Hih i B . 45 RRW, S 10 F M AR BB AR S P AR i AR ) I
EPREET TCA KRG &L il B TS B, S TS 3= T 31.18%

KA KE4: Ty, DrtkgiE, BT

&N B W, 55, 1998 4k, WiLATFde, RIERHEAIR RSB, ILTERIR 030000, E-mail: ¢c980221@163.com



