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ABSTRACT

A new method for establishing the Forming Limit curve (FLC) in sheet metal
forming is introduced in this work. The method is based on varying the strain path by
changing the coefficient of friction between the punch and the blank.

Three finite element simulations are used for the hemispherical punch stretching
test. One simulation is for the positive minor strain side and two are for the negative
minor strain side of the FLC. Relations between the major and the minor strains are
deduced from the results of these simulations. These relations are used to draw the
FLC.

The curves obtained were compared with experimental results and found to have
a good agreement with them.
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INTRODUCTION

The metal forming simulation finite element package LS DYNA [1] is used. A
different selected specimen size [2] is used for the hemispherical punch stretching test
[3]. In this test a hemispherical punch of 25 mm in radius, blanks of different sizes
and a die corner radius of 5 mm are used.

It is well known that the FLC can be constructed either by experimental methods
or by theoretical methods. The method of construction of the FLC experimentally
was developed by Keeler [4], and by Goodwin [5].1t relies on the fact that changing
the blank shape will change the strain path. This method is still in use with some
modifications. It is well known that it is costly both in time and effort.

Theoretical methods were introduced to compensate for the experimental
methods. The conventional theoretical methods used to predict localized necking are
basically of two types:

1_ M K method. The assumption of an initial weakness, imperfection or
inhomogeniety in the sheet; as straining proceeds, the imperfection gradually
develops into a neck [6].

2 Linear method. It describes the initiation of localized band of straining in an
otherwise uniform sheet, in order to obtain an explicit expression for predicting the
limit strains [7], [8].

Both theoretical methods of prediction of FLC are found to be ineffecient. In
addition, the M_K method suffers from the arbitrary selection of an imperfect size
which often results in inconsistent predictions [9]. A series of modifications have
been introduced on these methods in order to produce FLCs that are consistent with
experimental curves.

A new method for constructing the FLC is developed in this work. It relies on the
fact that the strain path changes by changing the coefficient of friction |l between the
punch and the sheet metal [10]. The strain path is varied by changing the coefficient
of friction, the major strain € and minor strain € at the points of localized necking
for each strain path are recorded. Also the values of the strain hardening exponent n
and the major strain at plain strain state €9 are recorded when varying n and
keeping the initial thickness t, constant, then the values of t, and & are

recorded when varying t, and keeping n constant.
The steps of the procedure for drawing the FLC are:

1 Determination of the level of the FLC at plain strain state (€, = 0).

2 Finding the relation between €; and §&; at localized necking for
different strain paths.
3 This relation is used to draw the FLC.
The above procedure is followed to draw the FLCs for the three metals; mild
steel, aluminum and brass.
All the curves obtained by this new method were compared to the curves
obtained experimentally and found to be in good agreement.
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FINITE ELEMENT SIMULATION
Fig (1) shows schematics of tool set up geometry, punch, blank holder, die and
tested specimen.

punch

blanlk holder

| |

O blank e

Fig (1). Schematics of tool set up geometry

Fig (2) shows the finite element model for one of the simulations which has been
created using ANSYS (5.3) package [11].

Fig (2). Finite element model for the test (specimen c fig.3)

The three specimens which have been used in the simulations are shown in fig. (3).
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fig.(3). The three specimens used in the test [2]

Due to the two fold symmetry of the process, FE descritization is considered
for one quarter of the specimens. For simulation no.1 a uniform mesh of 400 shell
elements with one point quadrature are used for the blank (specimen a, fig 3), 192 for
the punch, 320 for the blank holder and 640 for the die. For simulation no.2 a uniform
mesh of 272 shell elements with 5 integration points are used for the
blank(specimen b, fig 3),192 for the punch, 92 for the blank holder and 254 for the
die. For simulation no.3 a uniform mesh of 152 shell elements with 5 integration
points are used for the blank(specimen c, fig 3),192 for the punch, 48 for the blank
holder and 150 for the die. The three simulations have been carried out with a punch
velocity of 10 mm/ms. The blank holding force is 100 KN and concentrated at the
center of the blank holder. The contact element is of surface to surface type and the
sliding and impact algorithm along interface is by the penalty method.

The use of one point quadrature makes substantial savings in computer time. The
biggest disadvantage to this quadrature is the need to control the zero energy modes
which arise, called hourglassing modes. A consistent hourglass control is used to
prevent formation of these modes.

Two types of material models are used, the first one is the Rigid material model,
where the tools (punch, die, blank holder) are approximated as rigid bodies. This had
proved that it gives proper and accurate results in sheet metal forming. The second
one is the Power law isotropic plasticity model. It is used to model the sheet metal.
Elasto-plastic behavior with isotropic hardening is provided by this model

o,=Keg"=K (g, +&)
Where

6, is the yield stress
K is the strength coefficient

€,, 1is the elastic strain to yield
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cP
n

is the effective plastic strain (logarithmic)
is the strain hardening exponent

€,, is found by solving for the intersection of the linearly elastic loading equation ,

6 = E g, with the strain hardening equation, 6 = K €", Which gives:

&, = (E/K) [1/n-1].

Table (1) shows the mechanical properties of the tested metals and the
parameters characterizing the uniaxial stress elasto plastic strain response of the
metals used in the FE calculations .

Table ( 1) Properties of the tested metals

material thickness t | Density Modulus of | Poisson ratio | Strength Strain hardening
mm p elasticity v coefficient exponent n
Kg/mm3 E GPa K GPa
Mild Steel 1 7.83*10° | 128 0.3 0.924 0.26
Aluminum 1 2.7%10° 38 0.33 0.2725 0.21
Brass 1 8.6¥10°° 110 0.35 0.8805 0.3215
RESULTS AND DISCUSSION

The finite element simulations revealed that each side of the FLC has its own
privacy. According to this fact each side has been dealt with separately.

The right hand side (positive minor strain) of the FLD for mild steel
The first step is to determine the level of the FLC or the major strain at

localized necking in plain strain €. According to the previous work of the
authors[10], the high friction changes the strain path towards the plain strain state, the
simulation is done with a high value of the coefficient of friction between the punch

and the sheet (n = 0.35). The values of the strain hardening exponent N and the
major strain at plain strain state €9 are recorded when varying n and keeping the
initial thickness t, constant, then the values of t, and &
and keeping N constant.

are recorded when
varying ¢,
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The effect of strain hardening exponent n

Fig (3) shows the relation between N and the major strain at plain strain €9
(or the level of the FLC). It is clear that the level of the FLC increases by increasing

the value of n.

major strain at plain strain state
l

o.00 Y T J T Y T Y T Y 1
0.00 0.05 0.10 0.15 020 0.25
strain hardining exponent

Fig (3).The relation between n and &

The effect of initial thickness t,
Fig (4) shows the relation between the value of t, and the value of major

strain € at plain strain(€,=0).Increasing t, increases €;9 and hence the level of the
FLC.

0.32 —

o
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@
I

major strain at plain strain state
2
I |

0.20

' I ' I ' I
0.40 0.80 1.20 160
initial thickness

Fig(4). The relation between t, and ¢€; at plain strain
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The level of FLC at plane strain state

From fig(3) and fig(4) the combined effect of n and t, on & canbe
represented by the following equation

€10=-0.087+0.092t,+0.9749 n (1)

Where €9 is the major strain at localized necking in plane strain state.
From this equation the level of the FLC of mild steel at plane strain state can be

determined knowing the values of t, and n.

Representation of the relation between g, and ¢, at localized necking

a cof =03
=16 cof=0.5
c coflf=005

0.50

major strain
[=]
iy
=]

i

0.00

-0.40 0.00 0.40 0.0
minor strain

Fig ( 5) the effect of the coefficient of friction on strain path

Fig(5) shows different strain paths for different coefficients of friction c.o.f. and
the points at which localized necking had occurred at each strain path. The curve
which passes through all the points of localized necking for all the strain paths (at

each value of 1) can be represented by the following equation

£=25714 £-03657 & + € )
Where €59 can be determined from eq. (1)

Equation (2) will give a value of &, at localized necking, for each corresponding
value of &,
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Construction of the right hand side of the FLC for mild steel

Choosing suitable values of € and substituting into equation (2) will give the
corresponding values of €;. Let these values of €, and €&; be the horizontal and the
vertical coordinates of points on the FLD. The curve which passes through all these
points is the right hand side of the FLC (from the plain strain to the equibiaxial strain
state).

Construction of the right hand side of the FLC for

The whole procedure is repeated for aluminum this time. The same equation
(1) will be used to determine €.
For Al equation (2) becomes:

€ =-1.5902 € +0.6559 &>+ & (3)

Construction of the right hand side of the FLC for brass
The same procedure is repeated as that for mild steel and aluminum. Equation

(1) will be used to determine &jy,

For Brass equation (2) becomes:

8 =-03241 & +026 &+ &y (4)

The left hand side of the FLC

Simulation of stretching in order to draw the left hand side proved that one
specimen will not cover the whole range of strain paths. At first simulation is
performed using the specimen(c) shown in fig.(3), which is of smallest width among

the specimens recommended by Keeler (4). At high [L, & is constrained [12] while
€ increases on the expense of the thickness. The critical thickness tf is reached early
and necking takes place at law values of both €; and & ( € =-0.08).

As W is decreased & becomes less constrained. €  increases on the
expense of both the thickness and the width which means that reaching the critical

thickness ty will be delayed and the stretching of the sheet will increase radialy and
circumferentially(-ve) to a certain extent depending on the value of [l . The limit is

when [l becomes very small where € =-1/2 &  or the state of uniaxial tension
is reached.
Considering the other specimen (b. fig. 3) whose width is just sufficient to resist

circumferential contraction[13]. With friction, &; is constrained in the contacted
region. The friction force is added to the radial stretching force so that the value of 64
is increased at the edge of contact to a sufficient level such that € increases on the
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expense of the thickness and the width. By further increasing the c.o.f., & increases
in the negative direction, i.e. more contraction in the width, outside the area of

contact. It is noticed that the maximum attained value of &; is (- 0.08). The reason is
that as soon as the friction between the punch and the sheet becomes completely

sticking, further increase in [l will not have any additional effect.
Decreasing [L will make &, less constrained but at the same time reduce the

friction force. At very law values of L the friction force is negligible so that 6
will have its lowest value; the width is sufficient to resist contraction. A state of plain

strain takes place as €& =0and & increases at the expense of the thickness
only.
1
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Fig.(6). As p is decreased the strain paths change in the
directions of the arrows.

From the above discussion it can be concluded that the vertical line in fig. (6)
which passes through the value of (€; = -0.08) separates the FLD into two regions as

regards to lubrication. Specimens which show values of €, greater than (-0.08) in
the negative direction, their strain paths are changed towards uniaxial stretching by

lubrication. While specimens which show values of € between (-0.08) and (0),
their strain paths are changed towards plain strain state, and those which show

positive & , their strain paths are changed towards equibiaxial stretching state by
lubrication.

The effect of strain hardening exponent n and initial thickness t,

It is exactly the same effect which has been found on the right hand side of the
FLC. So it is not necessary to determine the level of the FLC, &;, again.
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Representation of the relation between g, and ¢, at localized necking

It was necessary to make two simulations with two different specimens in order
to cover all the strain paths. To obtain the relation between €; and &, the points at
which localized necking had occurred at each strain path for the two specimens are
considered. The equation representing this relation is found to be:

€= 2.5659 &° — 0.2962 & + & (5)

where €;9 is the major strain at plain strainstatewhich can be determined from
equ. (1).

Construction of the left hand side of FL.C for aluminum
The whole procedure is repeated but for Aluminum this time. The same

equation(1) will be used to determine  €;9. Equation(5) becomes:

&= 19714 &° — 04877 & + &€ (6)

Construction of the left hand side of FLC for brass
The same procedure is repeated as that for mild steel. Equation (1) will be used

to determine €.
Equation (5) becomes:

€ =13571 & -0.2236 & + & — (D)

Comparison with experimental results

The forming limit curves, obtained by changing the strain path by means of
changing the coefficient of friction., are shown in figs. (7), (8) and (9) for the
Aluminum, mild steel and brass respectively. Also it is shown on the same diagrams
the forming limit curves which were obtained experimentally [13].

By comparison of empirical curves with the experimental curves it is clear that
the new method resulted into close FLCs to the experimental ones in the case of Al
and mild steel. In the case of brass the level of the empirical FLC is lower than that
obtained experimentally.According to Hill [14], the condition for localized necking is
€o=n/(1+p)
where P = €/ & 1is the strain ratio.

At plain strane state, p=0 therefore €,p=n
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Fig (7).Comparison between empirical and experimental
FLCs for Al
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Fig. (8).Comparison between empirical and experimental
FLCs for mild steel
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Fig (9).Comparison between the empirical and experimental
FLCs for brass

By comparison of the values of m for aluminum, mild steel and brass which are
(0.21, 0.26, 0.3215) respectively it can be noticed that the experimental and empirical
results of aluminum and mild steel and the empirical result of brass match well the
results obtained by Hill theory. Only the experimental result for brass does not match.
Some mistakes might have been committed in the execution or in the measurement of
the experimental test for brass.

CONCLUDING REMARKS

A new method for drawing the FLC based on the fact of changing the strain path
by changing the coefficient of friction. M, between the punch and the blank, is
developed. The finite element package LS-DYNA was used in the hemispherical

punch test to obtain the relation between n , t, and the level of the FLC at plain

strain, and to obtain the relation between B and the strain path.

In order to draw the FLC, for each sheet metal, three formulae were deduced. The
first determines the level of the FLC at plain strain. The second gives the relation
between €; and §&; at localized necking for the positive minor strain side of the FLC.
The third gives the same relation but for the negative minor strain side.

The FLCs for three metals were drawn using this method. These curves are
compared to the curves obtained experimentally. The results are very encouraging.

This new method reduces, to a large extent, the effort and time required by an
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experimental method or by a finite element simulation designed to draw the FLC.
It needs to be applied to other commonly used metals in industry to determine
their relevant formulae.
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