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[ Abstract] In order to continuously analyze the whole fine blanking process, from the beginning of the operation up to

the total rupture of the sheet-metal, without computational divergence, a 3D rigid visco plastic finite-element method

based on Gurson void model was developed. The void volume fraction was introduced into the finite element method to

document the ductile fracture of the sheet-metal. A formulation of variation of the rigid visco plastic material was present-

ed according to the virtual work theory in which both the effects of equivalent stress and hydrostatic pressure in the defor-

mation process were considered. T he crack initiation of the sheet was predicted and the crack propagation was geometrical

ly fulfilled in the simulation by separating the nodes according to the stress state. Furthermore, the influences of different

state-variables on the deformation process were also studied.
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1 INTRODUCTION

Sheet metal forming is a widely used process in
manufacturing industries, among which fine blanking
process is the most advanced technique that offers an
effective and economical metal cutting. Similar as all
other blanking processes, fine blanking process ends
in total rupture of the sheet metal as opposed at other
processes such as stamping and drawing which are
aimed at deforming the sheet plastically without rup-
ture. At the same time, fine-blanking process is im-
plemented with triple-action tools!"': a punch, an in-
dented V-ring, and an ejector to generate a concen-
trating compressive stress state and nearly pure shear
ing forces to perform a bulk deformation of the blank
in the narrow clearance zone between the punch and
the die. Comparing with the conventional blanking
process and other metal forming processes, the mate-
rial behavior in fine-blanking process is submitted to
more complex stress and strain state, and is subject to
ductile fracture and crack propagation phenomenal” .

The ductile fracture phenomena exist in many
metalforming processes, and the ductile fracture oc
curs when the material is subject to too large plastic
deformation and stresses beyond the yield point. A lot
of researches have been done on the ductile fracture

[

by both experimental observations'”' and theoretical

“ ¥ However, the knowledge obtained so

analysis'*
far of the ductile fracture is far to be sufficient and the
related investigations in the fine-blanking process are
much less, there is still much to do in this field as the
ductile fracture plays an important role in the fine
blanking process. Fine-blanking process can be broad-
ly divided into three phases'”’. During the first phase

the punch moves downward and elastic and plastic de-
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formations take place. In the period of the second
phase, the cutting edge of the punch penetrates the
material and the deformation accumulates until the
limit shear strength of the material is reached and the
material is sheared along the cutting edge. The third
phase consists of crack growth and propagation and
the operation ends when the material is completely
separated. From a numerical point of view, the main
difficulty to simulate the fine-blanking process is to
describe the material behavior continuously from the
beginning of the operation up to the complete rup-
ture. A good description of the above stages of fine
blanking process requires the development of reliable
algorithms. Finite element method has recently been
applied extensively in the numerical analysis and is
proved to be a powerful means. There have been sev-
eral investigations into the understanding of the me-
110~ 121yt these in-
vestigations did not consider the fracture and the

chanics of fine-blanking process

studied problem was of two dimensions. Therefore,
these investigations are not sufficient to clarify the
mechanics of the process and haven’ t well simulated
the bulk deformation. Based on the above situations,
the purpose of this paper is to propose a 3D finite ele-
ment method that is capable of numerically analyzing
all the phases of the fine-blanking process without
computational divergence.

2 METHOD OF ANALYSIS

2.1 Modeling of ductile fracture

Accurate knowledge of the fracture process helps
to select a suitable damage model. Numerous authors
have studied different physical mechanisms leading to

[13~ 19]

the final rupture . It is well known that ductile
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fracture occurs on the micro-scale mainly by voids nu-
cleation, growth and coalescence. In this study, the

[20]

yield function proposed by Gurson'™", developed by

Tvergarrd and Needleman!*'~ ! by introducing ma
terial constants g1, g2, and g3 into the yield equation

on considering the voids coalescence is written as:
e, 2 oy 2
Ran( G O, f)= ()= (I+ gof (f))+
» K . gz z& _
2qf (f)oosh(Tyq 9= 0 (1)

where G is the average macroscopic Cauchy stress ten-
sor, Oy represents the equivalent tensile flow stress in the

matrix material disregarding local stress variations, O.,=

J( 3/ 2) sjsij , is the macroscopic equivalent stress, where

si= G— (1/3) Gy, is the macroscopic Cauchy tress devi-
ator, and f is the current void volume fraction. qi, ¢o,
and ¢3 are material constants and their values are here
suggested as 1. 5, 1.0, 1.5 respectively by Tvergarrd
and Needleman.

Function /~ (f) that models the material fracture is
expressed as

f (f S
[P Kdf=f) (f<f S (2
1/ g1 (f>[¥)

where [ is the value of void volume fraction when the
connection of the voids start, [ is the value of the void
volume fraction when the material is fully damaged and
K . is the voids growth acceleration factor. When the void
volume fraction / approaches f'r, the material locally loses
its stress carrying capacity. The failure mentioned above is
implemented in the numerical procedure by freezing the
evolution of f* after it reaches a value close to f ¢, the con
dition /= 0. 95/ r is used instead of f'= f r because as [ -
S ¥ the macroscopic equivalent stress O 70 causing nu-
merical difficulties.

The evolution of voids is presented by the commonly
used strain controlled criterion! >
Chu and Needleman'*°!;

F= (1= s J
‘L(ﬁ_—%)zj'&ﬁ

exp/— > o

4 21 \hich is proposed by

(3)

where fn is the volume fraction of the uniformly dis-
tributed small size particles, s, is the standard deviation of

the distribution, &; is the equivalent plastic strairr rate of
the matrix, and €, is a mean nucleation strain. The values

of fn, sn, and & are here set as 0.01, 0. 1 and 0. 3.

2.2 Formulation of variation

In this analysis a rigid viscousplastic FEM is
proposed, and the elastic effect is neglected. Based on
the resolution of virtual work functional, the formula-
tion of variation is expressed as: of all permissible
kinematic compatible velocity fields v that satisfy the

strairrrate velocity equations and the velocity bound-
ary conditions at the loading surfaces, the real velocr
ty field yields that the one-time functional of the work
rate Tl is zero, that is

&= 0 (4)

and

m= I Oug Eugd V + -LJ. O, Ed V - I P'vds
1 3Jv s,
(5)

where V is the plastic deformed volume of the ma-

terial, €qis the equivalent strain rate, O, is the aver
age stress, P is the force vector on the given force
surface So. In the above formula, both the shearing
force and the hydrostatic pressure are considered.
The void volume fraction is integrated into this for-
mulation by using the viscoplastic flow law:

: . 0 QWyry
&= A3, (6)
where  Ais the visco plastic multiplicative factor.

2.3 Matrix flow stress

The rigid viscous plastic material is adopted in
this analysis, and the isotropic flow stress of the ma-
trix is assumed as

ov= C( &))" (7)
where C is the material constant, m is the strain
rate coefficient. The parameters of the chosen materi-

al are taken as C= 814MPa, and m= 3. 50.

2.4 Modification of tool displacement

In the rigid visco-plastic finite element method,
the speed of the tool is set constant in all iteration
steps. Thus the current tool displacement of each it-
eration step depends on the time increment At of the
current step. The time increment A¢ is an important
factor that determines the coordinates of the nodes
and the state of the elements after each iteration step.
In the rigid FEM, the time increment depends on the
permissible volume loss rate, the most permissible
strain and the stability of the convergence' >, In this
paper, the biggest time increment At ., is designated
to satisfy the condition that the volumeloss rate is
less than 3% and guarantee the convergence stability
of the FE program.

The time increment At is dependent on two as-
pects:

1) Contact of the nodes and the tool boundary

In each iteration step, at most one node is al-
lowed to touch the boundary of the tools. The short-
est time that the nodes need to touch the boundary of
the tools is denoted as At;. If no node touch the
boundary of the tools, Ati= oo

2) Fracturing of elements

In each iteration step, at most one element is al-
L+ AL, o

2
lowed to fracture. If one element fractures, 0”’1 f
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dt = 0.95f ¢, which means after At, from the be
ginning of the nth step, the element fractures. If no
elements fracture, Atp,= oo,

On considering both the above aspects, the time
increment can be determined by the following formu-
la:

If min (At1, At2) < Alma, then Az = min
( Atq, Atz)

else  At= Alma
Therefore, the time increment may be modified for
the needs of the boundary-contact of the nodes and of
the fracture of the elements, and the tool displace-
ment is therefore also modified.

2.5 Geometrical method of crack propagation

As we know, the material in the fine-blanking
process is cut by shearing force and ends in separating
under tensile stresses. T he crack initiation and propa
gation are physically generated by the stresses.
Therefore, the geometrical proceeding method of the
crack initiation and propagation must take account the
stress state. In this study, we adopt the nodes sepa
rating method to fulfill this aim. The method of sepa
rating nodes includes two cases:

1) If one element fractures mainly under shear
ing force, one of the nodes of this element whose
shearing stress is the biggest is chosen to be separated
into two nodes and the two newly generated nodes are
set at a reasonable distance 6 from the original node
in the direction which is vertical to the biggest shear
ing stress.

2) If one element fractures mainly under tensile
force, one of the nodes of this element whose tensile
stress is the biggest is chosen to be separated into two
nodes and the two newly generated nodes are set at a
reasonable distance &, from the original node in the
biggest tensile stress direction.

In both of the above situations, the volume of
the newly generated crack is equal to the total volume
of the voids contained in the neighboring elements.
That is, the crack opening distances 6, and &, are
calculated according to the volume equilibrium of the
elements which generate the crack. T he balance of the
nodal force of each node is satisfied in each step.
Therefore when a node is separated, the distribution
of the nodal force is not required.

3 FINITE ELEMENT APPROACH

The problem studied here is a bulk deformation.
The shapes of most fine-blanking products are com-
plex. Thus an analysis of all the deformed body costs
much computing time and needs a computer of high
quality. Therefore, a work-piece having a partially
symmetric simplified form (see Fig. 1) is here studied
in order to reduce the computing time and in the

mean - time offer a 3- D analysis . The two vertical

Fig. 1 One quarter of finished product

plains are the two symmetric plains.

The studied part and meshes are shown in Fig.
2. The blanking process is assumed to begin when the
V-ring has already indented into the sheet material.
The material outside the V-ring’ s tooth is considered
in the numerical simulation as the material in this area
nearly doesn’ t perform any deformation. In order to
simplify the calculation, the undeformed material of
the sheet is out of consideration in the numerical sim-
ulation. The outer boundary of the material under in-
vestigation is determined according to the V-ring’s
tooth and the outer vertical boundary goes through
the V-ring’ s tooth. The assembly plan of the tools,
the sheet and their geometrical data are shown in Fig.

3.

Punch
RO.15 V..ring
| 397
- d
=
I Sheet-metal «
4 RO.15
Counter punch Die

Fig. 3 Section of tookassembly plan

4 DISCUSSION

A simulation of the fine-blanking process was
carried out. Based on the simulation results, the dis-
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tributions and the development of the state variables
and of the ductile fracture as well as the crack propa
gation were studied.

Fig. 4 and Fig. 5 show the shapes of the de
formed body when the punch penetrations into the
sheet are 30% and 60% of the sheet thickness, re
spectively. The deformed body is remeshed when the
punch penetration into the sheet is 55%. As shown
in the figures, the meshes within the narrow zone of
the clearance between the punch and the die are vio-
lently deformed and the material away from this zone
is little deformed. Fig. 5 shows that crack generates
within the clearance area of the tools and propagates
along the diagonal line of the clearance.

Figs. 6, 7 and 8 illustrate the distributions of the
state-variables: the void volume fraction, the equiva
lent stress and the equivalent strain, respectively.
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Fig. 4 Meshes of deformed body when punch
penetration is 30% of sheet thickness
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Fig. 5 Meshes of deformed body when punch

penetration is 60% of sheet thickness
(a) —Global mesh;

(b) —Zoom view of clearance area of tools
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Fig. 6 Distribution of void volume fraction
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Fig. 8 Distribution of equivalent strain

From the distributions of the state-variables

shown in the above diagrams, it is observed that all
the state-variables increase abruptly within the nar
row clearance between the punch and die. The nodes
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of the meshespresenting the value of the state varr
ables coincide with that of the deformed body’ s
meshes. From the hidden meshes and the positions of
the nodes, it is observed that all the biggest values of
the state-variables are found on the free surfaces near
the cutting edge of the tools and all the distributions
of these diagrams are generally similar to each other.

In Fig. 6 the biggest void volume fraction value
is located on the free surfaces near the cutting edges
of the punch and the die where exist the largest ten-
sile stress. This shows that the voids are sensible to
the tensile stress and grow fast under tensile stress.
The elements at this position firstly fracture and the
crack appears, then the crack propagates into the ma-
terial in the narrow clearance zone. Meanwhile, the
growth speeds of the voids volume fraction on the arc
segment, and on the line segment of the sheet are dif-
ferent. The growth speed on the arc segment is big-
ger than that on the line segment and the biggest val-
ue of void volume fraction is found at the middle part
of the arc segment, because the curvature radius of
the parts’ contour has influence on the float of the
metal during the deformation process. The arc seg-
ment is under bigger compressive stress state and has
better plasticity, therefore is deformed more. Fur
thermore, at the conjunctive part of the arc segment
and the line segment, the void volume fraction dis-
turbs because of the change of the outline radius. All
these phenomena show that the shape of the work-
piece has influence on the void volume fraction
growth.

Fig. 9 and Fig. 10 illustrate the development of
the biggest void volume fraction and that of the punch
force, respectively. Fig. 9 shows that as the punch
penetrates the sheet, the deformation of the material
increases, so does the biggest void volume. When the
void volume fraction value reaches a certain value
(0.95f ), the crack initiates and when the element
is fully fractured the void volume fraction does not in-
crease any more. Fig. 10 shows the development of
the punch force. When the punch penetration is about
30% of the sheet thickness, the punch force decreas-
es abruptly. This is due to that at this moment some
ele-ments begin to fracture and lose their carrying capacity,
resulting the softness of the elements and the initia
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Fig. 9 Biggest void volume fraction vs
punch penetration
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Fig. 10 Punch force vs punch penetration

tion of the crack. During the stable cutting process
afterwards, the punch force maintains at a certain
level to continue the deformation of fineblanking pro-
cess. This phenomenon is in agreement with the ex-
periments in Ref. [ 28].

S CONCLUSIONS

1) To perform the fine-blanking process, the
method of describing the material ductile fracture by
means of voids volume fraction is appropriate.

2) In order to get accurate results, the displace-
ment of the tool in the iteration step should be modi
fied according to contact between nodes and the tools’
boundary as well as the fracturing of the elements.

3) The propagation of the crack can be imple-
mented geometrically by dividing the elements’ nodes
according to the stress state.

4) The material near the cutting edge of the
tools firstly arrives at the critical void volume fraction
value, leading to the initiation of the crack and then
propagation into the material.

5) The shape of the work-piece has influence up-
on the distribution and development of the ductile
fracture.
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