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METHOD OF OBTAINING FLD FOR USE IN SIMULATION
OF METAL FORMING BY MOVABLE MEDIA
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OUATPAMMbI NPEAE/IbHbIX AE®OPMALUA TOHKOJIMCTOBOIO

METAJIJ1A NMPU ®OPMOBKE NOABUXHbIMU CPEAAMMU

A combined numerical and experimental technique to obtain a Forming Limit Diagram of thin sheet
metal for metal forming by movable media was developed. The technique is based on deforming sheet
samples until failure by pressure of polyurethane into a variety of the elliptical dies. The required strain
state is defined by the proportion of elliptical die window. Through-thickness strain of the sample near
to a zone of failure or necking was measured, and major in-plane strains were obtained by finite-element
simulation based on the known metal properties. The simplicity of measurements and the absence of a
grid on the surface of the sample are the advantages of the suggested technique. Points of the Forming
Limit Diagram for the specific thin sheet stainless steel where obtained.

METAL FORMING BY MOVABLE MEDIA; FORMING LIMIT DIAGRAM; COMBINED NU-
MERICAL-EXPERIMENTAL TECHNIQUE; DESTRUCTION OF SAMPLES BY PRESSURE OF
POLYURETHANE; MEASUREMENT OF THICKNESS OF THE SAMPLE; FINITE-ELEMENT
CALCULATION OF RELATIONSHIPS BETWEEN THE MAJOR STR.

Pa3paboraHa pacueTHO-3KCIIepUMEHTaJIbHAs METOIMKA TTOJIyUYeHUs TMarpaMMbl PeaesIbHBIX e op-
Malnit TOHKOJIMCTOBOTO MeTaslla ISl TPolieccoB (HOPMOBKU MOABMKHBIMU cpenamMu. CyTb METONUKU
3aKJII04aeTcs B pa3pylieHU 00pa3ioB JaBJeHUEM TOJIMypeTaHa Mpu Bapualiuy pa3MepoB BJUTUTITH-
YECKHUX MaTPULL TSI CO3IaHUS TpedyemMoro 1ecOpMUPOBAHHOTO COCTOSIHUS. B aKcniepuMeHTax u pac-
yeTax MCIOJIb30BaHbl MaTpUIIa C KPYIJIbIM OTBepcTHeM auaMeTpoM 100 MM 1 MaTpUlIibl C OBaJIbBHBIMU
otBepcTusaMu ¢ pazmepamu 38x100 mm u 50x100 mMm. M3mepsieTcs TommHa oOpasiia BOJM3KM 30HbI
pas3pylieHus Wi ieiikooOpa3oBaHus U Bbruucisiercst nepopMaiius mo toiiHe. COOTHOIIEHMS
MEXIY IJIaBHBIMU IeopMalusiMy OTIPEAEISIIOTCS KOHEUHO-3JIEMEHTHBIM PacuyeToOM Ha OCHOBE M3-
BECTHOI KpHBOi1 1ehOpMaIlMOHHOIO YIIpoYyHeHus: Matepuaia. [Ipoctora uaMepeHuii, OTCyTCTBIE
CEeTKM Ha TIOBEPXHOCTHM oOpasiia SIBJSIOTCS TOCTOMHCTBAMMU TMpejiaraeMoil MeTonuku. [TosydeHbr
TOYKM AUArpaMMbl MpeaesbHbIX AedopMalinii ToHkoaructoBoii ctanu 12X18HI10T.

JINCTOBASA ®OPMOBKA IMTOABMXKHBIMU CPEJAMU; ANATPAMMA ITPEAEJBbHbBIX JE-
®OPMALIMI; PACHETHO-9KCIIEPUMEHTAJIbHASL METOJIMKA; PASPYIIEHUE OB-
PA311OB MOJIMYPETAHOM; U3BMEPEHUE TOJIILIMHHOMW JTE®OPMALIMU; KOHEYHO-
BJIEMEHTHBIN PACYET COOTHOILUEHUWA TIEOOPMALIM.

Introduction

The modern level of computers and finite-element
(FE) complexes and their availability for simulation
of sheet metal stamping enable numerical simulation
and prediction of the stress-strain parameters of
stamped blank with high precision. When using a
general purpose FE code such as LS-DYNA®, it is
possible to obtain the detailed distribution of all the
components of deformation tensor at every moment

during the deformation process [1]. In turn, it makes
possible to achieve one of the important goals of the
stamping process design — predicting the moment of
the blank fracture using Forming Limit Diagrams
(FLD) [2].

The processes of forming using elastomers (for
instance polyurethane) have some differences from
those where liquids are used as a pressure transmitting
media. Both liquid and elastomer accumulate some

111



* St. Petersburg Polytechnic University Journal of Engineering Sciences and Technology. 3(249)’2016

excessive energy during forming due to the uniform
compression, but, unlike liquid, elastomers cannot
leak through small openings, and pressure inside the
media drops slower after plastic instability starts. In
the work [3] experiments with piezoelectric sensors
of pulse pressure were conducted performing calibra-
tion by a “pressure leap” technique using polyure-
thane. The experiments have shown that there is a
time gap of 10—100 us (depending on fractured ma-
terial) from the beginning of plastic instability up to
the fracture occurs, after that the pressure starts drop-
ping rapidly. In the conditions of the pulse stamping,
this resource of plasticity can be used for instance
when a formed blank is stopped by a rigid die or by
precise dosage of the pulse energy [4].

At loading with using the polyurethane until the
moment of instability the blank is accelerated by ac-
cumulated energy to the high velocity, and the strain
rate at the fracture zone can reach de/dt = (1-5)-103s™!
[5]. Many of the works on obtaining and using FLD’s,
for instance [6], note that FLD at higher strain rates
significantly differs from that obtained in quasistatic
conditions. When simulating phenomena and proces-
ses with high strain rates such as Electro-Hydraulic
Forming (EHF), Electro-Magnetic Forming (EMF),
crash tests, etc., it is vital to provide FLD corresponded
in terms of strain rates to the process that is simulated.
The purpose of this work is the developing of a method
of obtaining FLD of thin sheet metals for the processes
of pulse stamping with elastomers.

Selection and rationale of the method
of obtaining FLD

Stuart P. Keeler first suggested the empirical cri-
teria of blank fracture based on measuring two planar
principal strains at the moment before fracture starts
[7]. Keeler obtained the FLDs for some carbon steels
for the area where both principal strains are positive
(i.e. the right part of diagram). The moment of frac-
ture beginning was defined as the moment when plas-
tic instability starts or, in other words, the moment
when necking becomes visible. Later, Gorton M.
Goodwin obtained similar data for the case when one
of the principal strains is negative (i.e. the left part of
the diagram) [8]. At the present time, the two variants
of FLD are distinguished: when deformations are
measured at the moment before necking and when
the deformations are measured after the fracture oc-
curred [2].
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There are many ways to obtain FLD experimen-
tally. All of them essentially are the destruction of
the blank sample at predictable or measurable de-
formation conditions. The most popular are the
Nakazima Test (by K. Nakazima [9]), Marciniak
Test (by Z. Marciniak [10]), and also known from
the beginning of the 20" century the Hydraulic Bulge
Test when a clamped blank hydrostatically formed
by liquid. The tests of Nakazima and Marciniak dif-
fer from each other mostly in shape of the punch —
cylindrical with hemi-spherical end and cylindrical
with flat end with rounded edges respectively. It is
often called by combined name Nakazima-Marci-
niak test (fig. 1,a, b).

The essence of the Nakazima-Marciniak test is
that the clamped blank sample of different shape is
formed until the fracture using a punch. To reduce
the effect from the friction between the punch and the
blank in the Nakazima test, lubrication or a layer of
antifriction material can be used. In the Marciniak
test, a companion layer with a hole in the center or a
punch with a center cut can be used which prevent the
blank from touching the punch at the center.

The deformation state (the proportion between
two principal planar strains €, and €,) is defined by

the shape and the size of the side cuts in the sample.
The side cuts can be of different shape, but the most
often used shape is circular cuts. A sample without
cuts provides biaxial state of deformation at the cen-
ter, which is: ¢, = ¢,. A sample with maximum cuts

gives an FLLD point which approximately corresponds
to the uniaxial tension, i.e. &, = -2¢,.

The actual principal strains are measured using a
mesh or some pattern on the surface of the sample.
This approach has some disadvantages. It is necessary
to determine the moment of starting plastic instabil-
ity, because this is the moment of fracture by defini-
tion. It is difficult to register such a moment by vi-
sual observation, so many researchers measured
deformations after the fracture, and in this case mea-
sured strains included the necking deformation. Us-
ing a mesh or a pattern on the surface needs not only
an operation of measuring this mesh but also correc-
tions to take into account the neutral layer offset. In
the past, that was done manually using a microscope
and was very labor intensive. Now it is more common
to use digital cameras and digital image correlation
software which requires expensive hardware and soft-
ware.
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Fig. 1. Traditional methods of obtaining FLD: a — Nakazima Test
(I — upper die, 2 — sample, 3 — spherical punch, 4 — lower die);
b — Marciniak Test (/ — upper die, 2 — sample, 3 — antifriction layer,
4 — cylindrical punch, 5 — lower die); ¢ — Hydraulic Bulge
Test (I — die, 2 — sample, 3 — liquid, 4 — chamber)

Furthermore, the mechanics of quasistatic defor-
mation and fracture, which is typical conditions at
Nakazima-Marciniak test, significantly differs from
that at pulse stamping by movable media, such as
EHF and EMF. From that perspective more appro-
priate is to use the Hydraulic Bulge Test (fig. 1, b). In
this approach, forming of the sample 2 is performed
by the hydrostatic pressure of liquid (usually oil) 3,
enclosed in chamber 4. The die 1 has rounded edges
to prevent fracture at the clamping contour. The pro-
portion between principal strains is defined by the
width a to height b dimensions of the elliptical die
cavity. The equality a = b creates uniaxial tensions
(¢, =¢,),and when a >> b, the second principal strain
can be almost zero (¢,= 0).

That way it is possible to obtain the right part of
FLD (with both principal strains positive). At the

typical conditions of forming by movable media the
right part of FLD is usually enough from practical

perspective. Nevertheless, all the disadvantages of
measuring strains are the same as in the Nakazima-
Marciniak test. In this work, an experimental-nu-
merical method of obtaining FLD similar to Hydrau-
lic Bulge Test is suggested that allows measuring very
close to the necking zone.

Combined experimental-numerical method
of obtaining FLD

The prerequisite data for the method is the
hardening curve in the form of the power law
o, = Be/,
where 6_— true stress; €, — true strain; Band m — pa-

rameters of the power law approximation. The blank
used in experiment was stainless steel 12X18H10T
(approximate US equivalent is S32100) of thickness
h,= 0,55 mm. The parameters of the power law were
approximated as: B = 1250 MPa, m = 0,287. The
experimental setup is shown in fig. 2,a.
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Fig. 2. Toolset for obtaining FLD: a — assembled
toolset, cross-sectional view (7, 7 — die beds, 2 — piston,
3 — container-chamber, 4 — polyurethane, 5 — sample,
6 — die); b — die set: round-shaped, diameter — 100 mm;
oval-shaped 38%100 mm, and 50% 100 mm; the fractured
sample corresponding the die 50% 100 mm

Loading of the blank sample 5 is performed by the
elastomer 4, enclosed in the container 3, where pres-
sure is created by moving the piston 2. By pressure of
the elastomer the sample is formed into the cavity of
the die 6 until fracture. The hydraulic press of 100
tones was used.

The polyurethane with Shore hardness of 55—60
units was used as a pressure transmitting media. The
friction coefficient is u < 0,01-0,05 for this type of
polyurethane in the conditions of the given process
[11]. Therefore it is not necessary to use antifriction
layer between the blank and the elastomer. The poly-
urethane also serves as a binder that holds the flange
of the sample 5 on the surface of the die 6.

The inner radius of the round-shaped die as well
as the major radius of the elliptic cavity of the oval-
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shaped die was b = 50 mm. The inside diameter of
the container and corresponding outside diameter of
the die was D = 150 mm. The sample diameteris 0,5
mm less than the container diameter. Although there
is no special clamping of the flange, as it is usually
done in the conventional test, such a proportion be-
tween the sample size and the die cavity size provides
enough flange resistance and prevents flange from
draw into the die thus ensuring that the strain (and
the fracture) will happen in the center of the sample.
The set of dies included round shaped die with ra-
dius 50 mm and two oval-shaped dies 5019 mm,
50x%25 mm. The edge fillet has the radius of 6 mm.

The chosen design of the toolset provided stable
fracture conditions (fig. 2, b). After forming a sample
up to the fracture, the thickness 4 of the sample was
measured as close to the necking zone as possible
using a dial indicator. About 5—10 measurements
were taken for each sample with averaging the result-
ing value. Then the average true normal deformation
is calculating as:

e, = ¢, = In(h/h).

The round-shaped die provides uniaxial strain
condition in the center of the sample (¢, = ¢,). For

this point two principal strains are calculated as:

g, =¢,=¢/2.

To obtain points of FLD other than for uniaxial
strain it is needed to know the proportion between
the major and the minor strain. That can be done
using numerical simulation of the deformation pro-
cess similar to that done in [12].

Simulation was performed with general purpose
finite element complex LSDYNA 971. The material
assumed as isotropic with the following parameters:
Young modulus £ = 202 GPa, Poisson coefficient
n = 0,31; power law parameters: B = 1250 MPa,
m = 0,287; density p = 7800 kg/m?. The LSDYNA
material card used was: MAT POWER_LAW PLAS-
TICITY. The die was simulated as a rigid object. The
friction assumed as Coulomb with friction coefficient
changing from static p = 0,2 to dynamic p = 0,15.
The pressure in the elastomer assumed linearly in-
creasing from zero to maximum necessary to fracture
the sample in 0,2 s. With given dimensions of the die
and sample it provided nearly quasistatic forming
conditions [12].

The results of the computer simulation are shown
in fig. 3.
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Fig. 3. Deformation paths for the marked points of the samples when forming
in the oval-shaped dies 38x100 mm (a, b) and 50x100 mm (c, d) respectively

The diagrams on fig. 3,6 and 3,d show paths of
deformation at the center of the four samples. The
same diagrams show the FLD obtained analytically
from hardening data. The calculated deformation
path defines the proportion between the principle
strains oo = ¢,/¢,. Together with the experimentally

measured thinning (the third principal strain €,) it
gives a point on FLD:

g, =-g/(1ta),e=o0c¢,.

The obtained FLD points are shown in tab. 1. The
deviation of the measured thinning is 10—15%.

It can be noted that the obtained points are lower
than that obtained from hardening data. It can be
explained by the fact that the deformation in this
experiment happens at high strain rate [5], which can
cause such change in fracture limits [6]. The detailed
distribution of FLD values in the range of €, > 0 can
be achieved by using dies with other proportion of
the die cavity a/b.

Table
The components of the deformation tensor of the central point depending on the die
Shape of die cavity h -€, o =g,/ g, €,
Round with radius 50 mm 0,25+0,02 | 0,79 1 0,395 0,395
Oval 50%100 mm 0,35+0,03 | 0,45 0,48 0,146 0,304
Oval 38X 100 mm 0,384+0,03 | 0,37 0,35 0,096 0,274
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Conclusion

The method of obtaining forming limit diagrams
for thin sheet metal for using in simulation of pulse
forming by movable media is developed. Because
loading of the sample is performed by elastomer
(polyurethane), the forming and fracture conditions
in developed method are close to those in the said
technologies such as electro-hydraulic and electro-
magnetic forming. The distribution of FLD values in
the range of €, > 0 can be obtained by using dies with

different proportion of the elliptical die cavity. The

range of FLD ¢, > 0 is usually enough for practical
use in simulation of pulse stamping methods. The
point of FLD is obtained as a combination of thinning
measured in the necking area and principal strains
proportion obtained from numerical simulation using
finite element code. The advantage of the developed
method is the simplicity of used tooling, simplicity
of measurement, no need to use meshes and expen-
sive hardware and software to obtain strains. The
experiment is conducted and the FLD is obtained for
the stainless steel 12XI8H10T (approximate US
equivalent is S32100) of 0,55 mm.
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