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criterion

Xiaocong Wang'?, Sensen Xue!* Weiguang Zhou'?, Yao Chen®, Zhijuan Meng*, Fangkun Ning!, Lidong
Ma'?*

'School of Mechanical Engineering, Taiyuan University of Science and Technology, Taiyuan 030024, China;
2 Shanxi Key Laboratory of Intelligent Technology and System for Heavy Equipment,Taiyuan 030024,
China;* Chery Automobile Co. Ltd., Wuhu 241007, China.* School of Applied Science, Taiyuan University
of Science and Technology, Taiyuan 030024, China.

Abstract: The bending springback of magnesium alloys is difficult to predict accurately in numerical
simulations because of its anisotropic characteristics. The springback of magnesium alloys in v-shaped roll
bending was analyzed more accurately using the error optimization function in Matlab to optimize the
anisotropic potential values required for the Hill’48 yield criterion in ABAQUS. The optimized Hill’48 yield
criterion model was used to numerically simulate the springback of magnesium alloy v-shaped roll bending.
The simulation results were compared with the experimental results. The error between the springback
change ratio obtained using the optimized Hill’48 yield criterion and experimentally formed parts was within
2%. Overall, the optimized Hill’48 yield criterion model can improve the springback prediction accuracy of

magnesium alloy v-shaped roll forming.
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1 Introduction

Magnesium alloys are materials with low density,
high specific strength, high vibration resistance,
and good heat dissipation that are widely used in
automobile bodies!!?l. Roll forming has broad
application prospects as an energy-efficient metal
forming technology and is one of the most applied
processing methods for mass production®.. The
roll-forming process will be an effective way for
the mass production of magnesium alloy structural
parts in the future because of the characteristics of
magnesium alloys and mature processing
technology. As an unavoidable defect in the

roll-forming technology, the impact of springback

on the forming profile of the final plate cannot be
ignored™®. Therefore, the accurate prediction of the
roll-forming springback of the magnesium alloy
material and controlling the amount of springback
has become ‘a new problem in manufacturing
complex structural parts made from magnesium
alloys.

In recent years, the springback of profile bending
have been investigated. Gattmah et al® used a
three-dimensional explicit/dynamic finite element
model to analyze the bending process of V-shaped
sheets. The effects of the punching radius and plate
thickness on the springback and residual strain

behavior were predicted. Results showed that the
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springback decreased as the punching radius

decreased and plate thickness increased.
Furthermore, the residual strain on the tensile side
was greater than that on the compressive side.Sen!®
explored the forming properties of CP800 plates
under v-bending conditions by combining
experiments with finite element analysis. The
springback amount under different bending angles
was obtained. Nie et al”! used a combination of
experiments and finite element simulations to study
the springback of titanium alloy after the unloading
of “v” hot bending. Ning et ‘al’®! examined the
diversity of microstructure, springback, and texture
of AZ31B magnesium alloy sheet at room
temperature . under continuous bending at three
loading rates. Results showed that the springback
was minimized at a bending rate of 100 mm/min.
Furthermore, the experimental process was
simulated accurately using finite element software.
The numerical simulation technique is widely used
in practical engineering applications because it can
accurately  predict the final  geometrical
characteristics, mechanical properties, and defects
generated during molding®™, which is crucial for
subsequent experimental studies. The yield
function model greatly influences the results of
finite element analysis, especially for sheets with
unique behavior. Many studies have been
conducted on the yield function model to achieve
finite element simulation analysis closer to the
material behavior. Moreover, new yield function
models have been proposed!!”. The von Mises
criterion describes the yield behavior for isotropic
materials. However, it requires some additional
parameters for anisotropic materials, for which the
Hill yield criterion was proposed in 194801, In
many finite element analysis softwares, such as
ABAQUS, the Hill 48 yield criterion is used for
anisotropic materials!!?l. Wang et all'3! obtained the
mechanical properties and various anisotropic
parameters of Al-Mg-Li alloys through uniaxial
and biaxial tensile tests and ultimate strain tests.
They predicted the forming limit curves of the

plates by combining the modified M—K model with

the Y1d2000-2d yield criterion, which was verified
experimentally. Yan et all'*! proposed an inverse
parametric method to determine the Hill’48 yield
criterion parameters based on plane strain tensile
experiments combined with finite element
simulation “analysis. Results showed that the
Hill’48  yield criterion predictions using the
obtained parameters were superior to those
obtained via the von Mises criterion. Trieu et alt*®
investigated the effect of Hill’48S, Hill’48R, and
von Mises yield criteria on various anisotropic
behaviors and fracture prediction of SECC steels.
The results showed that the fracture predictions
obtained via Hill’ 48R yield criterion were closer to
the experimental results. Furthermore, the
importance of each potential anisotropic value r
was mentioned and future research should be
conducted in this area.

In this context, the present study proposes a
method. to optimize the Hill’48 yield criterion
parameters for improving the prediction accuracy
of numerical simulation of the roll-bending process
while reducing the number of basic experiments to
obtain more accurate Hill’48 yield criterion
parameters. The error optimization function was
introduced, and the optimal anisotropic potential
values were obtained via iterative optimization
using Matlab. A finite element model  was
established based on the optimized Hill’48 yield
criterion for the “v” roll bending of magnesium
alloy plates. The results. of the numerical
simulation were experimentally verified. This study
provides a basis for further research on the Hill’48
yield criterion.

2 Materials and experimental methods

2.1 Materials



The research material used in this study
was AZ31B magnesium alloy. Table 1 lists
the chemical composition of the alloy. It
exhibits superior mechanical properties
compared with steel and is mainly used in

aerospace, automotive industry,
communications, weapons, and other
fields.

2.2 Uniaxial tensile test

The magnesium alloy tensile experiments were
conducted using an electronic universal tensile
testing machine for uniaxial tensile. According to
the test requirements, uniaxial tensile specimens of
AZ31B magnesium alloy were prepared along the
rolling direction, at 45° to the rolling direction, and
perpendicular to the rolling direction. Fig. 1 shows
the tensile specimens in each direction and their
dimensions.

2.3 Roll-bending experiment

The size of the magnesium alloy sheet used in the
V-shaped roll-bending experiment was 700 x78 x2
mm. The forming angle of the three passes was 0°—
15°-25°, and the roll gap was 2, 2.2, and 2.5 mm,
respectively. The distance between machine frames

was 480 mm. Fig. 2 shows the roll-bending

Fig. 1 Uniaxial tensile test specimens

(a) (b) (c)

Fig. 2 “v” roll forming experiment device

experimental equipment.

3 Numerical simulation of “v” roll

bending

In ABAQUS finite element simulation software,
the Mises criterion is used widely by researchers!*l,
However, for HCP magnesium alloy with
anisotropy, the embedded von Mises yield criterion
in the software cannot accurately describe the
bending behavior of magnesium alloy sheets!’].
Regarding = the anisotropic characteristics of
magnesium alloy, researchers have proposed
various criteria, such as

CaBa2004 yield criterion, CPB06 yield criterion,

anisotropic  yield

and Hill yield criterion. This study focuses on the

Hill yield criterion.

Table 1 Chemical composition of AZ31B magnesium alloy (%)

AL Si Ca Zn Mn

Fe Cu Ni Mg

32 0.08 0.04 1.4 0.7

0.03 0.01 0.001 Bal.

3.1 Method for solving anisotropic parameters of
the Hill’ 48 yield criterion

The thickness anisotropy coefficient I' expresses
the deformation anisotropy characteristics of
magnesium alloy sheets. It reflects the difference
between the plastic deformation along the width
and thickness directions under the tensile test,

which can be calculated using Eq. (1).

b M

where ¢, =Inb/b,

direction and g, =Int/t,

is the strain in the width
is the strain in the

thickness direction.

For each anisotropic material, » values along the
rolling direction, at 45° to the rolling direction, and
perpendicular to the rolling direction were obtained
by solving Eq. (1), and the three obtained values
were substituted into Egs. (2), (3), (4), and (5) to
obtain the anisotropic parameters of the Hill’48
yield criterion!*8l,
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where I, , I35, and [y, are thick anisotropy

coefficients under uniaxial tensile test along rolling,
at 45° to the rolling direction, and perpendicular to
the rolling direction.
3.2 Solving method of anisotropic potential values
for the Hill’ 48 yield criterion
In ABAQUS, the anisotropic parameters of the
Hill’48 yield function under plane stress state can
be defined using the following expression.
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where F, G, H, and N are the anisotropy

parameters and R,, R,, Ry, andR, are the

anisotropic potential values.

3.3 Optimization of anisotropic potential values for
the Hill’ 48 yield criterion

Generally, tthe anisotropic potential parameters of
the Hill’48 yield

experiments to obtain more precise results, and

criterion require multiple
these experiments generally take a significant
amount of time. Considering the constraints of
experimental conditions and time, this paper
proposes an optimization method for the
anisotropic potential parameters of the Hill’48
yield criterion in order to improve the accuracy of
simulation results.

Table 2 Data of various potential values of anisotropy

The theoretical value of the ratio of yield stress in
each direction to the yield stress in the rolling
direction of the material was introduced to
optimize the anisotropic potential values, which
could be obtained using the following equation:

1

J(F +H)sin* 0+ (G +H)cos* 0+ 2(N —H)sin’ fc

R"™(0) =

where F , G, H and N are anisotropic
parameters, and @ represents three directions, i.e.,
0°, 45°, and 90°.

In this study, the theoretical value of the ratio of
yield stress in each direction to the yield stress in
the rolling direction was obtained using Eq. (10),
which tends to have an error with the experimental
value. The error optimization function expression
was established to minimize the error, as shown in
Eq. (11).

optimization function expression, four anisotropic

Using Matlab to write the error

parameters were iterated continuously within the
range of 0.25-2 until the error between R™ and
R' reached the minimum, thereby obtaining the
optimal anisotropic parameters.

The error optimization function is expressed as:
y(F,G,H,N) =(RI"—R})*+ (R —R%)*+ (R} —R (11)
where F, G, H, and N are the anisotropy
parameters; R™is the theoretical value of ratio of
yield stress; and R'is the experimental -value of
ratio of yield stress.

The optimal anisotropic parameters derived from
the continuous iteration were substituted into Eqgs.
6), (7), (8), and (9) to calculate the optimized
anisotropic potential values of the Hill’48 yield
criterion. Table 2 lists the results, providing a basis

for accurate simulation analysis.

R11 R22 R33

R12 R13 R23

1.3056 1.4142 1.3056

2.4495 1 1

3.4 Establishment of the roll-bending simulation
model
3.4.1 Material model

The dimensions of the magnesium alloy sheet for

V-shaped roll bending were 700x78x2 mm, and the
material parameters were obtained by uniaxial
tensile test.

3.4.2 Geometric model

(10)



The forming angle of each pass was 0°, 15°, and
25°. The size of the roll gap for each pass was 2,
2.2, and 2.5 mm, respectively. Fig. 3 shows the
assembly diagram of the three passes roll bending
forming model. The rolls were set as discrete rigid
bodies when importing components because only
the sheet and not the deformation of the rolls was
being analyzed.

o

159518

The first pass The second pass The third pass

Fig. 3 Geometric modeling of “v” roll forming
3.4.3 Setting boundary conditions

In the simulation process of roll bending, the
corresponding boundary conditions should be

Table 3 Roll radius and angular velocity

given to replace the roll speed in the experiment.

The roll angular velocity was required in ABAQUS

simulation software. The angular velocity
calculation formula was as follows:

L
o= Zﬂﬁ (12)

where L was the forming path of sheet metal,
which refers to two machine frame spacings and
sheet length. R, T, and @ are the radius of the
roll, the theoretical time of the roll-bending
analysis step, and the angular speed of the forming
roll, respectively. In this study, L = 2000 mm and
T=1.

The calculation of roll angular velocity should
follow the right-hand principle, i.e., the upper and
lower roll angular velocity were positive and
negative, respectively. Table 3 lists the radius and

angular velocity of each roll in the model.

Roll Roll radius/mm
A0 63

Al 64.2

A2 64.8

BO 65

Bl 63.8

B2 63.2

Angular velocity(rad/s)

199.36
212.92
223.26
-193.23
-182.02
-175.06

3.4.4 Meshing

Due to the influence of longitudinal stress on the
solid element during the simulation of roll bending,
it can be easily distorted. Hence, the mesh type of
the roll was a discrete rigid body element. The
magnesium alloy sheet, S4R, was adopted as a
solid shell unit™. The mesh was refined in the
bending angle part of the roll to ensure
convergence; the thinning mesh can effectively
solve the influence of the hourglass phenomenon.
The total number of elements was 12,250. Fig. 4
shows the overall mesh division and an enlarged

view of the meshing of the upper roll in the second

pass.
3.5 Analysis methods

Considering the computational

efficiency and accurate calculation
results, the dynamic explicit algorithm
was first used to simulate the
sheet-forming process. Then, using this
result file as the basis, the static implicit
algorithm was employed to simulate the
sheet springback.

Fig. 4 Grid division diagram
4 Result analysis

4.1 Sheet tensile test results



The tensile test was performed on magnesium alloy
sheet to obtain engineering stress and strain. Fig.
5 shows the engineering stress and engineering

strain curve of the alloy.
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Fig. 5 Engineering stress— strain curve
4.2 Analysis of the springback results

4.2.1 Springback analysis of the FEM
In the forming region, the edge and middle sections
in the forming region of the magnesium alloy sheet
are forced to move toward the centerline of the
rolls under the action of the upper and lower rolls.
Bounded by the neutral layer of the sheet, the inner
and outer sides are the compression and tensile
regions, respectively. During the roll-bending
forming process of the magnesium alloy sheet, the
divided as
deformation, compressive plastic deformation, and
of which ' the

deformation region is the main cause of springback,

bending part is tensile plastic

elastic  deformation, elastic

as shown in Fig. 6.
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Fig. 6 Deformation state of the corners
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Fig. 7 “v”-shaped sheet profile cross section
Fig. 7(a) compares finite element simulation results
obtained using the optimized and original Hill’48

yield criterion models. The sheet cross-section

profile with the optimized Hill’48 yield criterion
under the optimization of each anisotropic potential
value has been changed in forming angle with
that of the original Hill’48 yield criterion, so the
springback situation is different. A larger forming
angle indicates a smaller springback!. The
forming angle (Fig. 7(b)) was measured using the
ABAQUS “Measurement Angle Module.” The
final bottom-line-forming angle of the sheet
cross-section profile using the optimized Hill’48
yield criterion model was 23.7°, and the springback
angle was 1.3°. Although the bottom-line-forming
angle was 21.7° under the original Hill’48 yield
criterion, the springback angle was 3.3°. Hence, the
sheet springback obtained using the original
Hill’48 yield criterion model is larger than that
obtained using the optimized Hill’48 yield criterion
model.

4.2.2  Springback

experiment

analysis of roll-forming

Fig. 8 Magnesium alloy roll-formed parts

[T}

Fig. 8 shows the formed parts of the “v

roll-bending experiment. An accurate
bottom-forming angle result was obtained using the
angle gauge to measure the bottom-line angle of
the cross-section profile of formed parts after the
roll-forming experiment. The average of the three
selected as the

the “v”

formed parts was

bottom-line-forming - angle  under
roll-forming experiment for the magnesium alloy
sheet. The final bottom-line-forming angle was
23.2°, and the springback angle was 1.8°.

4.3 Comparative analysis of FEM and roll-forming

experiment on springback
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Fig. 9 Comparative analysis of the springback
angle

The results obtained using the optimized and
original Hill’48 yield criteria were compared with
the experimental results (Fig. 9). The springback
change ratio was calculated using the following
formula to compare the springback in the three
cases:

@ ex_eo

K= (13)

where 6, are the springback angles obtained from
the original Hill’48 yield criterion simulation
analysis, the optimized Hill’48 yield -criterion
simulation  analysis, and the roll-bending
experiment. 6, is the theoretical forming angle of
the roller in the third pass, which is equal to 25°.
The springback change ratio was obtained using Eq.

(13), as shown in Fig. 10:
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Fig.10 Springback change ratio

The springback change ratio was 5.2% using the
optimized Hill’48 yield criterion by optimizing
each anisotropic potential value (Fig. 10). However,
the springback change ratio of the original Hill’48
yield criterion was 13.2%, and the formed parts of
the springback change ratio of the magnesium alloy
roll-bending experiment was 7.2%. The error value
for the springback change ratio using the optimized
Hill’48 yield criterion and the formed parts for the

roll-bending experiment was within 2%. Hence, “v”

roll-bending numerical simulation analysis on
springback using the optimized Hill’48 yield
criterion under optimized anisotropic potential
values for the magnesium alloy can improve the
springback prediction accuracy.

5 Conclusions

1) Matlab software was used to apply the error
optimization  function for optimizing the
anisotropic potential values required in ABAQUS.
The “v” roll-bending model under the optimized
Hill’48 yield criterion was constructed for the
magnesium alloy on the springback.

2) An explicit dynamic algorithm and an implicit
static algorithm were used to analyze the “v”
roll-bending springback for the magnesium alloy.
Based on the optimized Hill’ 48 yield criterion, the
bottom-line-forming angle of the formed parts was
23.7°. The theoretical forming angle and the
springback change ratio were 25° and 5.2%,
respectively. In contrast, the bottom-line-forming
angle of the numerical simulation using the original
Hill* 48 yield criterion and the springback change
ratio were 21.7° and 13.7%, respectively.

3) The springback results of the three cases were
compared. The error value for the numerical
simulation result using the optimized Hill’48 yield
criterion and the experiment result was within 2%,
confirming the accuracy of the optimized Hill’48
yield criterion model.

Funding: This research was funded by the
National Natural Science Foundation of China
(Grant No. 52274389); Key research and
development plan of Shanxi Province (Grant No.
202102010101010 . 202202150401010); Science
and technology activities for overseas students
selected funding project of Shanxi Province (Grant
No0.20220028);Raise funds to help returnees of
Shanxi Province (2022-160);National Natural
Science Foundation of China (Youth Science
Foundation Project)(Grant No.52004169);Returnee
research Province
(2021-132).

Data Availability: All data used in this work

have been properly cited within the article.

support project of Shanxi



Declarations

Ethics approval Not applicable.

Consent to participate The authors declare that all

authors have approved the manuscript and agree

with its submission to Rare Metal Materials and

Engineering.

Consent for publication The authors

give

permission for the publishing of this article.

Conflict of interest The authors declare no

competing interests.

References

1

K SHRACE I Hill’48 i AR W0 85 4 4
BEAT BUA LT FU R 5 3 I 4R 25

Kong L F, Huang X Q, Zhou H M et al. Rare

Metal Materials And Engineering[J], 2023,

52(10):3641-3646.

Han S L, Li Z Y, Wang Z Y et al. The
Advanced

2022, 118:

International Journal of
Manufacturing Technology[J],
2787 - 2803.

Han F, Liu J Y, Ai Z Q et al. Journal of
Plasticity Engineering[J], 2010, 17(5): 53-60.
Hajiahmadi S, Naeini H M, Ghadikolaee H T et
al. The International Journal of Advanced
Manufacturing Technology[J], 2023, 129:
3965 - 3978.

Gattmah J, Ozturk F, Orhan S. Arabian Journal
for Science and  Engineering[J], 2019, 44:
10285 - 10292.

Sen N, Tasdemir V. Ironmaking & Steelmaking[J],
2021, 48(7): 811-818..

Nie D M, Lu Z, Zhang K F. International
Advanced  Manufacturing
Technology[J], 2018, 94: 163 - 174.

Ning F k, Zhou X, Le Q C et al. Journal of

Journal of

10

11

12

13

14

15

16

17

18

19

20

Materials Research and Technology[J], 2019, 8(6):
6232-6243.

Bruschi S , Altan T , Banabic D et al. CIRP
Annals-Manufacturing Technology[J], 2014, 63:
727-749.

Barlat F, Aretz H, Yoon JW et al. International
Journal of Plasticity[J], 2005, 21: 1009-39.

Hill R. The
plasticity[M]. Oxford University Press, 1950.
Dassault Systemes. ABAQUS 6.11 analysis
I[M].

mathematical theory of

user’s manual, volume Dassault
Systemes, 2011.

Wang Y B, Zhang C S, Wang Y H et al. Journal
of Materials Engineering and Performance[J],
2021, 30: 8224 - 8234.

Yan Y, Wang H B, Li Q. Journal of
Manufacturing Processes[J], 2015, 20: 46 - 53.
Trieu Q-H, Luyen T-T, Nguyen D-T et al.
Materials[J], 2024, 17,2872.
Chen - M X( FRr B # ).
plasticity(# %8 ¥ 7 2%)[M]. Beijing: Science
Publishers, 2007.

Li F F(Z3EML), Lei L P(FETREE), Fang G(77N1).
Journal of Plastic Engineering(¥8 1 T.F22£3R)[J],
2020, 27(1): 1-13.

Song F, Wang N, Su N et al. Rare Metal

2022, 51(9):

Elasticity and

Materials
3252-3262.
Yang W Z(#3C&), Yan Y(j& 5), Cao K Y(EHE)

et al

and Engineering[J],

Journal of North China University of
Technology (-t 77 Tk X 2= &4 )[J], 2013, 25(3):
76-81.

Han F(# &), Sun W L(#M¥F%), Zhang R
Q(5Kk# ). China Mechanical Engineering(F [E
KU T[], 2023, 34(19): 2353-2361.

v T R

S50 Bk


http://www.rmme.ac.cn/rmme/article/abstract/20220729
http://www.rmme.ac.cn/rmme/article/abstract/20220729
https://link.springer.com/article/10.1007/s00170-021-07981-9
https://link.springer.com/article/10.1007/s00170-021-07981-9
https://link.springer.com/article/10.1007/s00170-021-07981-9
https://kns.cnki.net/kcms2/article/abstract?v=JgtjNxUAsgcVwphEq5am6bQIy1MLeC6PI_FLSY7VtfvOGPt-s_8uLy6u4rD8TagLSAfCanO-qgwg3HkGYVmq1v3TSJq-9q4tU5FbwxNlJpbHFF0ElPWfb807qtBy3pcm9hudpIdFoGd7QhJIO_ruPCp5L_2VzCzk03xBFnDL5-9NgP66GT8CaiXR_hQ0kb3d&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=JgtjNxUAsgcVwphEq5am6bQIy1MLeC6PI_FLSY7VtfvOGPt-s_8uLy6u4rD8TagLSAfCanO-qgwg3HkGYVmq1v3TSJq-9q4tU5FbwxNlJpbHFF0ElPWfb807qtBy3pcm9hudpIdFoGd7QhJIO_ruPCp5L_2VzCzk03xBFnDL5-9NgP66GT8CaiXR_hQ0kb3d&uniplatform=NZKPT
https://link.springer.com/article/10.1007/s00170-023-12516-5
https://link.springer.com/article/10.1007/s00170-023-12516-5
https://link.springer.com/article/10.1007/s13369-019-04119-8
https://link.springer.com/article/10.1007/s13369-019-04119-8
https://www.tandfonline.com/doi/full/10.1080/03019233.2021.1872466
https://link.springer.com/article/10.1007/s00170-017-0632-3
https://link.springer.com/article/10.1007/s00170-017-0632-3
https://link.springer.com/article/10.1007/s00170-017-0632-3
https://www.sciencedirect.com/science/article/pii/S2238785419308105
https://www.sciencedirect.com/science/article/pii/S2238785419308105
https://www.sciencedirect.com/science/article/pii/S0007850614001875?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0007850614001875?via%3Dihub
https://www-sciencedirect-com-s.webvpn.tyust.edu.cn/science/article/pii/S0749641904001160
https://www-sciencedirect-com-s.webvpn.tyust.edu.cn/science/article/pii/S0749641904001160
https://link.springer.com/article/10.1007/s11665-021-05981-0
https://link.springer.com/article/10.1007/s11665-021-05981-0
https://www.sciencedirect.com/science/article/pii/S1526612515001061
https://www.sciencedirect.com/science/article/pii/S1526612515001061
https://www.mdpi.com/1996-1944/17/12/2872
http://www.sxgc.cbpt.cnki.net/WKC3/WebPublication/paperDigest.aspx?paperID=a04b0b4b-3f2e-4005-8ad8-c7fbaba6e779
http://www.rmme.ac.cn/rmme/article/abstract/20210691
http://www.rmme.ac.cn/rmme/article/abstract/20210691
https://kns-cnki-net-443.webvpn.tyust.edu.cn/kcms2/article/abstract?v=5MjHqO3BiXV8mFUxHet5868S2uY9kgRhAl2aakhIEBhCSDpsUl7701C6APx7MXCseweRHlO1n4749Q2dvtIMRpcsCv1dRb87JF88fRzF-Rrgqht28GYqnUL4ZglEpTdpZFXz330VmAfal7-oJMfqzn7o3XCx7VcASArWSizwgwb3POPt7LZxzkqtWcIWnqCN&uniplatform=NZKPT&language=CHS
https://kns-cnki-net-443.webvpn.tyust.edu.cn/kcms2/article/abstract?v=5MjHqO3BiXV8mFUxHet5868S2uY9kgRhAl2aakhIEBhCSDpsUl7701C6APx7MXCseweRHlO1n4749Q2dvtIMRpcsCv1dRb87JF88fRzF-Rrgqht28GYqnUL4ZglEpTdpZFXz330VmAfal7-oJMfqzn7o3XCx7VcASArWSizwgwb3POPt7LZxzkqtWcIWnqCN&uniplatform=NZKPT&language=CHS
http://www.cmemo.org.cn/CN/10.3969/j.issn.1004-132X.2023.19.010

FNIE 2, BEARAR 1 AR PR S, &R, Torhe !, AR 2

(1. MU TR EERE, RERME RS, tvh KJE 030024)

(2. EREERWAAE AR S RGN IR E RS S, KERHRS, v K 030024)

B VR LB R Bb, AR ERMARAR, 28, 5, 241009)

(4. BEAFRF B, KIERHCORS:, (i KJE 030024)
B E: SR TSR FRE, EBUR AL b LR TN LA S AR 25 i [l sl FE .
THEAEF TR A S v B EURRIB, ASCRIA Matlab SR ZE AL R EUAL ABAQUS 1
FLER A Hill 48 J AR ) e 35 14 2% 1) S PR 308 S8, R AL S 1) HiLl 48 J IR AE AR AL 86 6 v 7
BRSOV [l P AT BUE R 72, RS R G0 8 BT b, 45 RRURAMALSE 1) Hill’48
JE PR HE U /5 T 59 A A 26 5 0 25 B SR R 1) IR AR L R 22 HE 2% LA o SR A & TR P HE AL
JE I Hill’ 48 Ji AR AE I o] AP B A 4 v BRSO () [l S FODRG FE
KR BeEE; WA, B3, Matlab; &I I #45H

R EANIE, &, 1993 44, A, KEBECORAENM TR B, Liih KJE 030024,
E-mail: :wxcsdq4107@163.com.



