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Finite Element Analysis and Experiments of Milli-Part
Forming of Strip Bending Using Grain Element

T.W. Ku, D.J. Kim, and B.S. Kang

Abstract
Milli-structure components are classified as a component group whose size is between macro and micro
scales, that is, about less than 20mm and larger than Imm The bending of these components of thin
sheets has a typical phenomenon of bulk deformation because of the forming size. The recent trend
towards miniaturization causes an increased demand for parts with very small dimensions. The conceptual
miniature bending process enables the production of such parts with high productivity and accuracy. The
stress values of the flow curve decrease with miniaturization, which means that, coarse grained materials
show a higher resistance against deformation, when the grain size is in the range of the sheet thickness.
In this paper, a new numerical approach is proposed to simulate intergranular milli-structure in forming
by the finite element method. The grain element and grain boundary element are introduced to simulate
the milli-structure of strip in the bending. The grain element is used to analyze the deformation of
individual grain while the grain boundary element is for the investigation on the movement of the grain
boundary. Also, the result of the finite element analysis is confirmed by a series of milli-sized forming

experiments.

Key Words : Milli-structure, Grain Element, Grain Boundary Element, Finite Element Method,
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1. Introduction

With the ongoing miniaturization in the field
of small part manufacturing, as well as many
other technical fields, there is a growing
demand for the development of
forming process for thin sheet as a general
trend towards higher integration and packaging
densities™™?.

Due to the trend of miniaturization the

accurate

specific advantages of metal forming, especially
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the high productivity and the high material
utilization, can not be exploited to the same
extent in the field of milli-component production
as in conventional metal forrm'ng(3’4).

Also, the milli-component has together with
the microscopic properties, crystal plasticity and
grain size etc.,, and macroscopic properties of
conventional metal forming(s‘G).

However, todays micro-forming is largely

characterized by empirical process design, which



leads to a merely limited application of the
specific  advantages. In contrast to the
conventional metal the numerical
simulation methods are hardly used for metal

forming,

flow analysis or tool design in micro—formingm.
The reason is that the simulation methods by
definition are size independent; i.e. they cannot
be
problems because of the size effect. One of the
the
development of such processes is the variation

applied straightway to micro-forming

problems which are encountered in
in product quality and in the magnitude of the
process force of the blank holding force and
punch loads. The occurrence of this problem is
directly related to the ratio of grain size to
sheet thickness. As the sheet thickness
decreases to the same order of magnitude as
the grain size, the mechanical properties of the
individual grains will dominate the properties of
the sheet. The problem can be solved by
integrating the size effect into the models used
in the simulation®®.

The main goal of this study is to provide
fundamental information on the milli-structure
rectangular deep drawing process, the corners
of which can be counted parts of
micro-forming while whole of the forming
characteristics show macro-forming. A
approach of the finite element
method has been carried out for the design of
the
rectangular deep drawing.
element method provides valuable information
the deformation of polyerystals, it is
impossible to simulate the motion of individual
grains in the granular polycrystalline materials.
To difficulties a
approximate model is proposed. The idea is to
represent the polycrystalline material by an
aggregate of so-called grain elements that
describe deformations of each
individual grain(m). Free grain boundary
shearing and compression are accounted for by
grain boundary elements, connecting the grains.

as

systematic

milli-structure
Although the finite

forming processes of
on
these

circumvent new

the plastic
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In the present study, formulations for
describing the motion of grains and the
interaction of grain boundary in granular

polycrystalline materials are presented on the
basis of the underlying micro-structure and
physical mechanism.

The proposed method was applied to deep
drawing as a strip bending process that sheet
thickness was 0d4mm. The
simulations and experiments were compared in
view of the deformation of individual grain. The
deformation area of the specimen was observed

results of

by a microscope facilitating the distribution and
the deformation of grains.

2. Finite Element Model of Grain and
Grain Boundary Element
polycrystalline material is
considered which consist of hexagonal grains.
Each grain is represented by a special-purpose
finite element, with the grain element to
account for plastic deformation of individual
grains. The grain elements are connected by
grain boundary elements to account for shear

A planar

deformation between grains. In the approach,
each grain element can be regarded as a six
node element that consists of two quadrilaterals
shown in Fig.1(a). The constitutive description
of the grain element is the viscoplastic, and the
grain boundary element follows the modified

viscoelastic behaviors.

2.1 Grain Element Formulation

The deforming body is composed of a
rigid-viscoplastic material which obeys the von
Mises yield criterion and its associated flow
rule. In the variational approach, a stationary
value is sought for a variational functional. The
minimization of the functional produces a set of
differential equations that is called Euler

equations which are expected to be the same as



the given boundary value problem. Thus, the
function which minimizes that functional is also
the solution of the boundary value problem.
the approach, the finite
element governing equation can be obtained

From variational

from the following functional™”

= fg?y w0 - |  haedT W

The incompressibility constraint on admissible
velocity fields may be removed by introducing
a penalty constant, K and modifying the above
equation (1). Then, the solution of the original
boundary-value problem is obtained from the
solution of dual variational problem, where the
first order variation of the functional vanishes,
where K a penalty constant, is a very large

positive constant. §€& and 36.1/ is the variation

in strain rate derived from Ou;
SIT= fga 6eaiQ+KerV65V-— fTﬁhiauidT @)

Equation (2) is the basic function of grain
element behavior for the finite element
discretization. This equation can be converted to
nonlinear algebraic equations by utilizing the
The finite element
discretization is performed on the element level

discretization procedure.

with domain Q9 and boundary T for each
The of the
simultaneous equations is obtained by direct

element. solution nonlinear

iteration method and Newton-Raphson method.

2.2 Grain Boundary Element Formulation

in the
forming, the grain elements and grain boundary
elements are used. The grains in the sheet
metal are modeled by the grain elements which
are connected by grain boundary elements™®.

Each grain element is regarded as a six-node

To consider the size effect micro
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element that consists of two quadrilaterals with
each quadrilateral being built up of four-node
element and the grain boundary element is as a

four-node element as shown in Fig.1(a).

Fig.l Schematic of grain element and grain
boundary element

The mathematical relations for the grain
boundary elements can be derived at each step
during the incremental procedure, based in the
current configuration of Fig.l(b). The grain
boundary the
segment 1-3’ and 1'-3, where 1’ and 3’ are
the orthogonal projections of 1 and 3 on the

element is associated with

opposite grain element. A local coordinate s €
[-1,1] and a local set of base vectors (e, ey)
The

compression rate @ and shearing rate £ at

are connected to each midpoint.

each node in grain boundary element are

defined like,

a=(v,—V,)-e

ﬂ=(vm_vn)'e2

3)
(4

where V,, and V, are the velocity vectors at

the nodes of the adjacent grains. Upon
discretization for finite element formulation,
Vo Ve linear
interpolations between the velocities in the
grain nodes 1, 2 and 3, 4, respectively. Equation
(3) and (4) are rewritten by using the nodal
velocities.

and are arranged as



‘az_%( u1 —u)(1=5)e + _%'(.742“ us)(1+s)ey ©)

+ %(vl — )1 —5s)e;+ -%(vl —v3)(1+ e,

B=%(u1~u4)(l—s)éz——%(uz4u3)(1+s)ez (6)
+ 5 (=01 = ey + L (0~ 1)1+ 9ey

The mathematical description of the grain
nonlinear viscous-like
constitutive equations which is quite different
from the rigid-viscoplastic constitutive equations
the For
convenience, the fictitious layer of linear elastic

shearirlg(1 3

boundary- element is

for grain  elements. numerical
springs _against compression and
The mathematical formulation of the grain
boundary element is described by the following

visco-elastic relationships,

(N
(8)

r=k(a—a,)

o=kn(B— Bw

where k; and k, are the elastic stiffness of

the shearing and compressing, @, and §,, are

small positive constant for numerical treatment,
respectively.

From the variational approach, the governing
equation of grain boundary element can be
obtained from the following functional

Hoss= [ [ka—an)+k(B~B1dR (9

\
and the first order variation of the functional is
written by following equation

M gpp = f (kuada+ k. 0B)dQ (10)

Equation (10) also is converted to nonlinear
algebraic by the
discretization procedure. The solution of the
equations is calculated with

equations utilizing

simultaneous
equation (2).
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3. Finite Element Simulations of Strip Bending
Process

The product is a tiny rectangular vibrator
phones of which the
manufacturing processes consist of five stages
of blanking, piercing
trimming. The sheet material is SPCE, and
tapping oil is used for lubrication with the
friction constant of 0.12"". The dimensions of
sheet are 30mm width and 0.4mm thickness.

case of cellular

drawing, sizing, and

The deep drawing process is analyzed to
observe the grain distribution before and after
the drawing. In this study, the finite element
analyses are assumed by plane-strain bending,
which is shown in Fig.2 as a simulation model.
The number of grain elements are 910, and of
grain boundary elements 1132. The radii of the

punch and die are 0.4mm. In this model, the
size of grain element is 50 g which is a large

than the real average initial grain size 13.2 um.

Fig.2 Initial mesh system of bending process

Figure 3 shows the result of simulation, the
grain elements and the grain boundary elements
are quite deformed at the corner and the wall
in the deep drawn cup. Especially, the grain
boundary elements in the wall are significantly
distorted and difficult to see. This is due to the
fact that the deformation mode in the corner
and wall is strongly influenced by the shear
deformation while the deformation at the bottom
appears to be extension. Detailed view of



bottom position is shown in Fig.4(a). The
bottom deforms between the punch and the die.
As shown in the figure, the deformation at the
bottom is not severe but with small amount of

extension.
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Fig.3 Deformation of grain elements
and grain boundary elements

At the corner whose deformation is shown in
Fig.4(b), the tensional deformation occurs along
the longitudinal direction while the compressive
one does through the thickness direction. Inside
the corner bending, the grain boundary elements
are severely distorted because of compression
and the grain elements are also compressed.
But, along the wall outside the corner bending,
the grain boundary elements and grain elements
become longer because of tension. These results

are typical deformation in bending process.
In the wall(Fig.d(c)), the
decreased since the grain boundary elements
are quite distorted. The shear and tensile
deformations combined in the grain
The grain elements are
with  slight rotational
the shear deformation is
more dominant and the sliding occurs between
grains. These vivid graphical displaying can not
be achieved by the conventional finite element

thickness is

are
boundary elements.
distorted
movement because

severely

analysis.
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Fig4 Detail views of deformation represented
by grain elements and grain boundary

elements (a) bottom (b) corner (c) wall
4. Rectangular Deep Drawing Experiments

For the confirmation of the previous
numerical approach, a milli-structural part with
plane-strain bending effect is formed by
rectangular deep drawing. Some part of the
experiment has been explained in the previous
publication. However, for the completion of the

paper, the summary is followed.

Fig.5 Progressive dies for the manufacturing of
the milli-structure deep drawing part

Figure 5 shows the progressive dies to
manufacture a milli-structure rectangular deep
drawing part. The press is operated with the
binder closed-loop force control, while the
punch is under position control. Binder forces in
the range of 250-350N and a constant punch
stroke of 4mm were used for all tests

The dimensions and the final - product of
rectangular deep drawing are shown in Fig6.,



and the final product of rectangular deep

drawing in Fig.7.
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Fig 6 Final product geometry(unit:mm)

Fig.7 Final product of the milli-structure rectangular
deep drawing part

The observations in view of micro-structure
of the grain distribution and the change of
grain size before and after milli-scaled part
forming were made at the section A-A in
Fig.8. Figure 8 is the sectioned configuration of
the pre-treated specimen by using SEM.

Figure 9 shows the microphotograph of the
grain distribution at the
circularization and overlapping phenomena of
the grains due to the compression force at the
inside corner, in Fig.9(a), are noticed to be
noteworthy. In contrast, the length extension

position B. The

phenomena of the grains because of the local
tension force in the outside corner appears,
which is shown in Fig.9(b).

m
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Region D

Fig.8 Sectioned configuration of the specimen

(b

Fig.9 Microphotograph of the grain distribution
at the corner B(X400)

In Fig.10, the microscopic figure shows the
grain deformation of the side wall and the
bottom, where the average grain size in the

region C(side wall), and region D(bottom
region) are about 29.87 um, 1465 um,
respectively. It is noticed that the grain

structure of the region D appears to be almost



the same as that of the initial blank, while the
grain deformation of the region C shows severe
distortion comparing with the blank
which are of finite element

initial
same results

simulation of Fig.4.

Fig.10

Grain wall(a) and

the
the bottom(b) respectively (x400)

configuration at

Compared with the initial blank grain size of
13.20 ym, the grain size after deep drawing
process in Fig.10(b) increases slightly to 14.65
u#m, indicating that small plastic deformation is
introduced at the region D. However, the grain
size at the region C after deep drawing process
in Fig.10(a) increases obviously to 29.87 um,
which is more or less two times larger than
the size of the blank. This
phenomenon attributes to the large elongation
occurred in this area. Simultaneously, the effect

initial grain

of friction condition applied to the region C is

n

much stronger than to the region D. It should
be that the grain
experiment is similar to the result from the

noted deformation in
new numerical approach using grain and grain
boundary elements, even though there is slight
the sizes  between

differences in grain

experiment and numerical approach.

4. Concluding Remarks

A new numerical approach is proposed for
the analysis of intergranular micro-structure by
the finite element method, in which the grain
and grain boundary element are introduced. The
grain element is used to analyze the
deformation of individual grain while the grain

_ boundary element is for the investigation on the

sliding and the extension between elements.

In the experimental confirmation by the deep
drawing in view of the plane-strain bending,
the deformation of the bottom is not so severe
both

simulation. At the bended corner, the size of

in the experiment and the numerical

grain element inside the bended corner becomes
smaller after forming due to compressive
deformation mode while that outside the bended
corner . does larger due to extensional
deformation mode. These trend of deformation
is shown both in the experiment and the
simulation with good agreement in view of the
deformational appearance.

Since the trend
prediction of the thickness change by
numerical analysis is almost the same as the
experimental result, it is expected that the
proposed numerical approach can be applied to

the
the

deformation and

miniature forming of milli-sized components.
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