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Numerical Investigation of the Limit Strainsin Sheet For ming
I nvolving Bending

T.Balan!, F. Abed-Meraim?*
1L PMM-UMR7554, ENSAM Metz, Arts et Métiers ParisTedhrance

Summary

In this work, the finite element method is usedstmulate a typical FLD test over tools of
different radii. Parameters like the mesh densitgment type, numerical determination of the
onset of strain localization, limit strain defioiti etc. have been investigated. Finally, the limit
strain for plane strain tension has been determased function of the thickness vs. tool radius
(t/R) ratio. These simulations confirm that inciegshe curvature of the tool increases the value
of the limit strains. They also reveal that, asrs@s bending becomes important, the practical
relevance of the limit strains diminishes — at tesish their current definition. The need for new
strain localization models is emphasized, togettidr some of the associated challenges.

1. Introduction

Forming limits represent a key issue in sheet nietaling. The concept of forming limit diagram
(FLD) has proved to be very useful in describing fibrming limits of sheet metals in a general and
practically relevant manner. Decades of effort hgiven rise to standardized experimental methods,
as well as numerous modelling approaches, for ¢terahination / prediction of the FLDs.

The development e.g. of high strength steels am@slociated forming technologies revealed several
limitations of the existing formability models. Amg other limitations, FLDs were not aimed for
application in parts with very small radii, buthrat for the study or large panels in areas of messie
curvature. The influence of curvature was already pointed out in the early work of Gosh and
Hecker [1]. In an attempt to extend the range @liagtion of the FLD, Col [2,3] suggested the new
concept of FLS — “Forming Limit Surface” (see Flg. While its beneficial effect is largely

recognised in the sheet forming press-shops, dgaang data is available to support the speculation
about the quantitative impact of the sheet/die &iume on the FLD. However, such information would
be a prerequisite for the development of more sgaliormability models and criteria.

This work is an attempt to quantitatively investethe impact of curvature on the FLD. The analysis
is restrained to the “FL{ point, corresponding to the plane strain modee Tihite element method is
used to simulate typical FLD tests over dies diedént radii. Parameters like the mesh density,
element type, numerical determination of the onéstrain localization, limit strain definition etc
have been investigated. Finally, the limit strainflane strain tension has been determined as a
function of the thickness vs. die radius ratio.

2. Definition of the model problem

Due to its well known strain-path dependency, tivenfng limit diagram is formally determined for
proportional (or linear) strain paths — while afinite variety of non-linear strain-paths are often
encountered in practice. Similarly, there is hajuei manner to overlap bending to a typical (even
linear) in-plane loading of a metal sheet. Obvipusie ratio of these two contributions and itgdrig

of application could have an important role onlthmt strains. In this work, a particular choice is
made that is inspired from the practice of the Nal@FLD test: metal sheet is supposed clamped on
its external contour and it is drawn over a pundh & circular profile. Since the plane strain liwad
mode is given particular attention, a two-dimenalpplane-strain configuration is considered (see
Fig. 2).



Friction is neglected on both contact interfacesyrder to enforce localization on the top of the
punch, the die radius is chosen slightly largenttie punch radius. The length of the sheet sample
and the die radius have been tuned by means ofriaahtests, so that their particular values do not
affect the results.

In order to address the effect of the thicknespuach radius ratio, three values have been tésted
the punch radius: 50, 25 and 12.5 mm. They correspmthickness vs. punch radius ratios of 0.06,
0.12 and 0.24. An arbitrary sheet thickness of 3masbeen chosen but its particular value should no
affect the results, provided that the above raiesrespected.
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Fig. 2: Geometry and loading considered for the numerical simulations.

Solid finite elements are used for the simulatieam®rder to describe the strain heterogeneithén t
pole region, due to bending and contact. Hybrigpldicement — pressure linear elements have been
used with an enhanced strain definition aimingdoommodate incompatible modes due to bending.
The simulations are performed with Abaqus/Standaigl.3 gives an outline of the geometry and the
finite element mesh. In the zone of interest, alemof ten finite elements in the thickness dikatcti
(twenty integration points) are used to correctgatibe the strain gradient and to avoid mesh



dependency.
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Fig. 3: Finite element mesh at the beginning of the simulation and sample results at the end
of the simulation. Top: detail of the mesh at the pole region. Bottom: the in-plane major
strain is measured on the top surface of the sheet, along the thick line, starting fromthe pole.

The strain analysis is made difficult by the preseof a strain gradient through the thickness ef th
sheet, due to bending. Since the experimentahstneasurements are always made on the outer
surface of the sheet, the same surface is convatiffaised in the present analysis for the quaitéa
evaluation of strains. In fact, the principal impé strain is recorded on the outer surface oflteet,
starting from the pole — as indicated in Fig. 3 Boge values of the punch radius, the straine/alu
the pole measured in this way should correspotidetso-called FLBvalue — the lowest point of the
FLD, laying on the vertical axis. The primary aiffrtlis analysis is to quantify the evolution ofghi
value when the punch radius is diminishing.

The material is considered isotropic (von Misesdygrface); the evolution of the flow streés
(hardening) is described with a classical Voce lav= g, +Q, (1-€™) with g, =200 MPg,

Q, =400 MPa andb = 10. As already underlined, at the current stageésults are not to be

directly related to an experimental situation -trematerial has also been taken into accounign th
simplified manner.

3. Results of the FE ssimulations

Finite element simulations have been performedherthree values of punch radius. Among other
quantities, the major strain has been recordett®top surface of the sample. Fig. 4 shows a
heterogeneous strain distribution correspondirtgeaone affected by contact with the punch.
Globally, the largest values of strain are obsemetismall zone close to the pole — although the
maximum is not necessarily located at the pole.rideking process becomes more and more
catastrophic and eventually, strain localizatioouss. However, this is not an instantaneous
phenomenon and the definition of the exact momestrain localization is not unique — as it is also
the case experimentally. Moreover, the numericallte become less and less reliable as the strain
localizes — due to pathological mesh sensitivity.

Fig. 4 illustrates the evolution of the strain disttion in the zone of interest at several moménts
the loading history. The thick line designates digalar simulation increment, when most of theethe
is elastically unloaded suddenly, after what trees{it strain occurs only in small areas in the bent
zones (this is especially true when only the ositeface of the sheet is analyzed). The strain



localization relevant for sheet metal forming iteafconsidered to occur somewhat later. However, it
is clear from Fig. 4 that the subsequent curvesheadly be used for quantitative strain evaluations
Indeed, the evolution of strains becomes strongdghmdependent when most of the mesh is unloaded.
On the other hand, damage should also be considetkd constitutive model if accurate limit strain
are searched for at such large values of straicomtrast, the numerical simulations with different
mesh densities have shown almost identical stigtrilalitions at the moment of global elastic
unloading of the sample.
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Fig. 4: Major strain distribution at different stages of the simulation; punch radius 12.5 mm.

According to these observations, the sudden elast@ading of more than 80% of the sample is
formally considered as the localization criteriarthis study. Again, this criterion is not aimed to
mimic the localization criterion adopted experinadlyt it mainly allows a consistent quantitative
comparison of the results for different punch raltlis however expected that the trends of this
criterion would correspond to the trends of mouwdistic localization criteria, in terms of t/R
sensitivity — and remains representative for apgibms to sheet metal forming.

The same remarks about the strain distributiondstdmatever the value of the die radius, as seen in
Fig. 5. In order to compare the results to theliditaation with no bending, a simple, tool-lessgiée
test (plane strain) has been simulated using te saitial mesh. The thick lines from all sub-figar
in Fig. 5, corresponding to the strain distribus@t localization, are overlapped in Fig. 6 (Idft)the
four cases, the strain distribution can be rouglelscribed by two values: the value at the polee— th
so-called FLIQ value — and the value far from the pole, in theezonaffected by bending. In real
situations, this later zone is the largest onarfany real parts.

The values of these two representative strainswaranarized in Fig. 6 (right) for the different t/R
ratios. Obviously, the two values are almost id=tin the case of in-plane (tool-less) strainindue
to the particular choice of the localization ciiberconsidered here. When the t/R ratio is incregsi
the FLLO, strain is increasing, thus confirming the intwtivend from Fig. 1. By contrast, the strain
level far from the pole is decreasing with the riéRo.
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Fig. 5: Major strain distribution at different stages of the ssmulations, for different punch
radii (fromtop left to bottomright: no radius; R=50 mm; R=25 mm; R=12.5 mm).
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Fig. 6: Left: Major strain distributions at strain localization. Right: FLD limit strain

dependency to the t/Rratio.



4. Discussion and conclusions

Simple finite element simulations have shown thatitnpact of bending on the limit strains in plane
strain loading can be quantified numerically. Téfiect is beneficial — strain localization is deddy

by bending. However, the strains attained far ftbenpole are decreasing when the thickness vs.
punch radius ratio t/R is increasing. Consequetttly Jimit strains have a very local meaning are ar
no longer characteristic of the overall strainifighe sheet.

In order to relate the numerical results to experits, one has to carefully adopt the localization
criterion when limit strains are considered attdiriehe criterion adopted here was the sudden
unloading of most of the sample; this choice prévartoo important sensitivity of the results tostne
density. On the other side, this criterion is easgdopt in finite element simulations — while ibuwid
be more difficult to apply for experiments.

The current analysis has several limitations. Fifstll, the results depend at some extent on taghm
The mesh density has been tuned by numericaltteatgid such dependency — however it is far too
dense to be used in real stamping applicationatida#y, the limit strains at the pole (on the oute
surface of the sheet) have less practical relevahem bending becomes important: they give no
information about the underlying strains through tiickness of the sheet — and they are also not
representative of the strains beyond the tool sadiu

The prediction of strain localization appeals ferwlocalization criteria and models, taking into
account the curvature of the sheet. However, femodpcalization criteria currently in use allow a
straightforward extension to heterogeneous straids. Moreover, one can expect that when the
strains are increasing, damage should not be rtedlecthe material modelling. Finally, the mesh
dependency remains a major difficulty that mustdien into consideration.

Numerical simulations like the ones performed is #inalysis can bring insight about the required
features of such new models — and could provideans of validation. In future work, these
simulations will be extended to other straining m®¢uniaxial tension, balanced biaxial tension) etc.
in an attempt to simulate the forming limit surfgEeg. 1). This purely numerical study will be
accompanied by a modelling effort to take curvatote account in strain localization.
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