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ABSTRACT The distinguishing techniques of 3D FEM simulation of multistage forming processes were
presented. A CAD integrated 3D FE M simulation system , the Forming 3 , has been developed to simulate the

industrial multistage metal forming processes . Three complicated example solutions were performed using solid

modeling of the forming tools. The simulation results showed good agree ment with the practical results or the

experimental results .
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1 INTRODUCTION

Due to the lack of syste matic analysis tools ,
metal forming design is highly based on e mpirical
idea, lots of time consuming and expensive trials
are needed to complete the die and technology
sequence design. In the early 1970’ s, Lee,
Kobayashi and Zienkie wicz developed the rigid-
viscoplastic flow formulation for the FE M analy-
sis of metal forming. Because the rigidvisco
plastic FEM can simulate any complicated bulk
forming processes and can get detailed and com-
prehensive results, the method has been widely
accepted as the most powerful analytical tool for
the bulk forming processes . Before 1990 , the re-
searches and applications of bulk forming FEM
simulation were mainly focused on 2D prob-
lemst'' " 2!, from the end of the 80’ s, more and
more 3D bulk forming process simulation exam-
ples were reported because of the rapid improve-
ment of computing hardware and the Computer
Aided Geometry Design ( CAGD) technique .
However, many researches were scholastic, they
can only solve simple or simplified 3D metal
forming processes[3'8], because several bottle-
necks , such as the automatic generation of hexa-
hedral mesh and the integration with CAD sys-

tem, are still existing in bulk forming 3D FEM
simulation .

In this paper, a CAD system integrated 3D
FEM simulation system, the Forming 3, is de-
veloped to simulate complicated industrial multr
stage bulk forming processes . The paper will de-
scribe how to resolve the technical difficulties of
bulk forming process in 3D FEM simulation, at
last , three example solutions will be provided to
de monstrate the capabilities of the Forming 3 .

2 BASIC FORMULATION

The rigid viscoplastic FEM simulation of
metal forming processes is based on the Levy and
Von Mises plasticity theory. To minimize the
plastic work and satisfy the incompressibility
condition , the bulk forming proble m is expressed
by a variational function:

o =I osedv + éfl‘ €, d v -
j F6Vds = 0 (1)

where  ais the penalty factor.

By discreting the workpiece into many
elements, Eqn. (1) is converted into the matrix

formulation :
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om(m and can only be applied in relatively simple shape
T = ou: =
o 2 ou =0 (2 (such as billet) .
where for melement: The main algorithm of the second method

e
3 v( m)

J{uw [ Kl{ wydo +

2t
jsm{ o T{ F ds (3)

then the matrix formulation is converted into
nomrlinear equations which are solved by using
Newtomr Raphson method.

3 KEY TECHNIQUES IN 3D FEM SI MULA
TION OF BULK FORMING

3.1 Hexahedral mesh generation and remesh-
ing

In the FE M simulation of bulk forming pro-
cesses , large distortion of ele ments often occurs .
Some ele ment may even degenerate, these dis-
torted ele ments may lead to an unreliable solution
or terminate the simulation because of negative
Jacobian determinant of ele ments. So, re mesh-
ing operations must be performed when severe
ele ment distortion occurs .

Usually, two kinds of ele ment are used in
3D FEM simulation of bulk forming: 8- noded
hexahedral ele ment ( referred as HEX) and 4 or
10-noded tetrahedral ele ment( referred as TET) .
The simulation of the Baden-baden benchmark
indicated only HEX FE models can get more ac-

curate results!®!

. However, automatic generation
of hexahedral mesh for any complicated objects is
a big technical difficulty in the field of CAD/
CAE, also, the problem is a main bottleneck in
3D FEM simulation of bulk forming. So, many
commercial FEM softwares, such as FORGE 3
and DEFORM 3D, have to employ interim
method using tetrahedral ele ment .

In this paper, two hexahedral mesh genera-
tion methods are proposed, the first one is the
mapped meshing technique that divides the
workpiece into simple blocks, then hexahedral
meshes are mapped through these blocks by us-
ing shape function. The method is not automatic

is, firstly, automatically generate tem noded
curve edge tetrahedral mesh in the workpiece by
using octree method, then, split each temr noded
curve edge tetrahedral ele ment into four hexahe-
dral ele ments ( Fig.1) to get the fully hexahedral
mesh model, then, instead of using Laplacian
smoothing method, constrained mesh optimiza-
tion techniques are employed to improve the
quality of hexahedral mesh because the con-
strained mesh optimization techniques can get
much better mesh qualities , specially in bound-
ary .

The second hexahedral generation method is
automatic and can be applied in any complicated
shape .

Fig.1 Split each terr noded curve edge
tetrahedral ele ment into four
hexahedral ele ments

To optimize the mesh quality, define the
objective function F as following:

F= aCj+ G+ (1- @) 2(V,-

m=1

Vi) 2/ Vi 4
where V,, is the volume of element m, ais
the weight factor. The C,-j and relative variables

are defined as

Gi= T Ty (5)

’ ]

]ij=|]|1/3 (6)
where ] is the Jacobian matrix of the hexahe-

dral ele ment .
The constrain condition is :
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Cgs <0.02 (7)
Cgis is the maximum deviation of boundary nodes
to boundary of the 3D object. The final proble m
is: minimize objective function F, and satisfy
the constraint simultaneously .

The mixed discrete continuous optimization
method algorithm is employed to optimize FE
mesh .

The main procedure of the method is:

(1) Input or automatically produce a feasi-
ble initial vector X .

(2) Adopt the relative mixed subgradient (
RMS ) of objective function as the search direc
tion to process discrete golden search, then, get
a new vector that decreases objective function
value and satisfies constraints .

The relative mixed subgradient ( RMS)
search direction is defined as following :

(a) The subgradient V fis defined as

Af Af af |t
~ Ax " Axy” T Ax,
L VI, ()
Axp+1'Axn
af  fLX+ale] - fX

A x; AT

1

i=l,2,~~~,p,‘
af  flX+ gl - fX]

Ax; &

1

7

i=p+l, p+2, -, n;

and e; is the i th normal vector; A; is the i th
positive incre ment of discrete variable ; & is the i
th incre ment of continuous variable ; pis the to-
tal number of discrete variables; n is the total
number of all variables .

Define :
o (9)
A x;

(b) So, get the relative mixed subgradient
( RMS ) search direction M:

D = max ;i=1,2, «,p

_ Y )
M_{ m; Ax,-/D'l 1,2, ..., n

(10)

(3) Take turns to repeat (2) in discrete

variable field and continuous field to get a local
optimum vector X; .

(4) Search the possible better vector in

neighboring field UN ( x) , then, get the final

optimum vector X .
The neighboring field UN( X) of X is de-
fined as :

xp+ A Sx;Sx o+ A
i,2, -, p
UN = X
(% xi- §<xSxt§;
i=p+tl, p+2, , n
(1n)
where A; is the ith negative incre ment of dis-

crete variable .

After the new mesh generated and opti-
mized, the nodal values on the old mesh are
transferred to the new mesh, to improve the
transference precision, the hybrid transference

sche mel 10’

is employed, that is, e mploy volume
weight averaging sche me for internal nodes and
employ least square fit scheme for boundary

nodes .

3.2 Integration with CAD system
3.2.1 Description of the forming tools

In 3D FE M simulation of bulk forming , the
methods of forming die description and contact
algorithms are tightly associated with the CAD
techniques . For a long time , the development of
the FEM simulation system of metal forming is
unattached with CAD system. On the other
hand, the data transfer error of forming die CAD
models will be avoided and the efficiency of the
contact algorithm will be improved if the FEM
simulation system is integrated with CAD sys-
tems .

In this paper, a CAD system integrated 3D
FEM system has been developed that tightly in-
tegrates the FEM solver with the CAD system
Unigraphics , F DEAS, CATIA and Solid Works
through the Parasolid data structure, the form-
ing die models are created by using solid model-
ing with a CADsystem . The die models are solid
and all of their surfaces are NURBS surfaces .
The models include precisely comprehensive geo-
metrical information of the die and directly e m-
ployed by FEM solver without any data trans-
forming .
3.2.2

When contact takes place , the normal direc-

Treat ment of contact

tion components of the workpiece node velocity
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must be equal to the normal components of the
die velocity on the contact point, so, the contact
workpiece nodes can only move along the die sur-
face, however, after the die moving and the
workpiece mesh adaptation according to the step
incre ment , these contact nodes may break away
from the die or pierce into the die surface. So,
these nodes must be regulated onto the die sur
face . The method is : calculate the minimum dis-
tance between the nodes and the die surface
( NURBS surface) , then, modify the nodal posi-
tion onto the die surface along the minimum dis-
tance direction. In order to avoid excessive vol-
ume loss, the displace ment of die is limited in
every step . Unlike other researches! 8! , the ef-
ficiency of the contact algorithm is very high be-
cause the core algorithm is to deal with the inter
section of line and NURBS surface .

4 SIMULATION RESULTS

4.1 Example 1 : 3D FEM simulation of an
industrial multi stage for ming process

The example 1 is the multi-stage forming
process simulation of a cross-shaft , a typical part
in automotive industry. The simulation condi
tions and die shapes are defined according to the
practical cases, two stages are needed in practical
forming. Fig.2 shows the calculation model of
the stage 1 , Fig.3 shows the effective strain dis-
tribution after stage 1 finished, Fig .4 shows the

Fig.2 The calculation model of the stage 1
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Fig.3 Effective strain distribution
after stage 1 finished

Fig.4 Calculation model of stage 2

calculation model of the stage 2, Fig .5 is the ef-
fective strain distribution after stage 2 finished.
The maximum relative error rates of the flash
outline between the simulation result and the
practical workpiece are 8 .72 % (using structured
mesh , that is, the mesh topology is regular) and
9 .43 % (using unstructured mesh, that is, the
mesh topology is not regular) respectively . Five
re meshing operations are needed by using struc-
tured mesh in whole simulation, on the other
hand, eleven re meshing operations are needed by
using unstructured mesh. The simulation results
show that structured mesh can get better results
than unstructured mesh .
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Fig.5b Effective strain distribution after stage 2 finished
(a) — Using structured mesh; (b) — Using unstructured mesh

4.2 Example 2 : 3D FEM simulation of an H

shaped part

The part is analyzed with structured hexa-
hedral mesh without re meshing operation, the
strain distribution of the analysis result is com-
pared with the experimental result of photoplas-
tic method. Fig .6 shows the effective strain dis-
tribution of the simulation result, Fig.7 shows
the comparison of strain distribution bet ween the
simulation result and the experimental result .
4.3 Example 3: 3D FEM simulation of an

experi mental part

The part is a cross-shaft without flash
bridge , the material of the part is pure Pb, three
re meshing operations are performed due to the
large deformation. Fig.8 shows the effective
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Fig.6 Effective

strain distribution

strain distribution of the simulation result, Fig .9
shows the comparison of the forming force
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Fig.7 Comparison of the distribution
of the strain when y:8 mm
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200 and process design in metal forming .
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mental result .

5 CONCLUSION

The paper proposes distinguishing tech-
niques of the 3D FEM simulation for industrial
multtstage forming processes in detail. A CAD
integrated system has been developed to simulate
the industrial multi-stage bulk forming process-
es. The simulation results show good agree ment
with the practical results or the experimental re-
sults . The system will show valuable help for die
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