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The experimental study of the edge formability of high strength steel sheets

1. INTRODUCTION

1.1 PRELUDE

In the past decades, the researches in the automotive industry have been influenced by two
factors: the environmental-, and the safety regulations. Due to the growing number of vehicles
on the roads, their emissions need to be reduced in order to protect the environment. Several
ways to reduce the environmental impact are known, such as the use of start-stop engines or
electric cars, but a significant portion of cars — currently running on the roads — are still equipped
with conventional internal combustion engine. One of the most effective way to reduce
emissions in terms of mass production is, to reduce the total weight of components used in car
construction, with it reducing the total weight of vehicles. For some of the originally steel and
other metal parts, weight reduction was achieved using other groups of materials (polymers or
ceramics). Due to the degree and complexity of the mechanical stress on the car body parts, these
materials could not be considered, so a different solution was needed.

In case of car body parts, a reduction in the amount of material used will also reduce the
compliance of these components with the safety requirements, set out in the safety regulations.
The reduction in weight can therefore only be compensated by increasing the strength of the used
steel sheets. Due to this, although vehicles have been based on cold-rolled steel sheets for
decades, there have been dynamic progresses in material development over the last 20-30 years
[1]. As a result of these developments, a wide range of high-strength sheets are now available to
the automotive industry.

In addition to the advantages of using high-strength steel sheets, mention should also be made
of their limitations. The most important disadvantage of high-strength steels (and aluminiums) is
the inverse proportionality between strength and formability. To overcome the lack of
formability, multi-step — typically hot forming — technologies have been developed. However,
their use involves significant cost overruns compared to traditional procedures.

Achieving cost-effectiveness has thus induced new developments, as a result, a wide variety
of software systems are available novadays. These software helps engineers from the geometric
design of a given component, through to manufacturability analysis to its in-service testing. The
most common software in the field of sheet metal forming are finite element modelling (FEM)
software. Although there are differences between these software, the structure of the simulations
are always based on an accurate description of the material behavior. The steel sheets with the
increasing load first undergo elastic, then plastic deformation, so for the simulations the elastic
and the plastic behavior need to be described. Charaterizing the behavior of the material in these
two stages of deformation is not a challenge, as standards are available in both ranges that
accurately describe the tests required.

The limit of deformation is the failure of the material according to a given aspect, but this
aspect may differ depending on the application of the part.
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By conventional interpretation, failure is the breaking of a part. The research of the fracture
prediction, so the limit state of the formability has a significant history [2]. The aim of the
research in the beginning was to describe the fracture limit using mechanical-mathematical
models, that define the edge formability according to the stress states that occur during each
deformation. To accurately define models describing the full stress field — which can be applied
to complex deformations —, a series of test (involving different specimens and methods) have
been developed. The models defined this way, however, were not unconditionally applicable to
sheet metal parts [3] — as they tipically used bulk test to investigate different individual stress
states —, and their import into industrial software was questionable.

In the case of automotive sheet metal parts, not only the failure, but usually even 30%
thinning is not acceptable. Therefore there was a need for a method that — in addition to
predicting damage — would provide a good visualisation of the deformation states throughout the
forming process. The most common way of describing the current state of the deformation was
therefore to use the Forming Limit Diagram (FLD), which gives the limit states of the
deformation as a function of the major and minor strains. Its main component is the Forming
Limit Curve (FLC), which describes the major and minor strains, corresponding to the onset of
necking. The widespread use of FLD and FLC can be explained by the ease of definition
according to the standard [4] and their applicability in industrial software.

The forming limit curve is therefore defined by local thinning due to structural instability
during deformation. However, this instability may differ [3] for global deformation (e.g.
stretching), which affects a large volume, and local deformation (e.g. flanging), which affects a
small volume of material. Although the former is adequately approximated by the forming limit
curve, nowadays more and more emphasis is put on operations generating local deformation,
where fracture may occur in the region below the limit curve (for example due to surface
cracking on the drawn side [5]). This explains the increasing focus in industrial applications on
the consideration the true limit of forming, i.e. the occurrence of fracture, which is characterised
by the Fracture Forming Limit Curve (FFLC) in the context of major and minor strains [6].

In the case of plastic deformation of sheets, it is important to distinguish between the range of
deformation due to tensile and shear loading. Deformation in the tensile stress range is delimited
by the FLC and FFLC. However, in automotive applications, cases where no or negligible
thinning precedes fracture are becoming more common. This is typical for parts (small radius,
straight-walled deep drawn parts) where the strains fall outside of the space limited by the FLC.
In these cases, in the absence of necking, neither the forming nor the fracture limit curve define
the limit of formability.

As a result, ongoing research is being directed towards an increasingly precise definition of
the fracture limit over the entire deformation space. Research on forming limit diagrams has
shown that in the tensile stress range the fracture limit can be easily determined by conventional
standard tests, but in the shear stress field the fracture limit and the damage process itself are
significantly different. Newer and newer versions of these specimens are being developed.
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The study of pure shear strain to fracture is a crucial part of today's research. New test
methods have been developed, such as the experimental cup drawing test [7], or improved, such
as the in-plane torsion test [8]. However, the most widely used testing method remains the use of
tensile loaded specimens. The complexity of the test methods is demonstrated by the fact that the
shear strain to fracture values for a given material can vary significantly in some literature [9].

1.2 THE PURPOSE OF THE DISSERTATION

The actual limit of the formability of a given material is therefore determined by its strain to
fracture. Accordingly, today's research is focused on the determination of the fracture limit
diagram, i.e. the FFLC, and its possible applications. The validity of my research is underlined
by the fact that there are significant differences between the global —i.e. the entire material — and
the local — i.e. the small part of the material — strain to fracture of the DP (Dual Phase) steels |
investigate in this thesis. Although the FFLC is a good characterisation of the strain to fracture of
a given sheet material, there is currently no standardised method for its determination.

For the preparation of parts for manufacturing, the proper definition of the limit deformation
in finite element software has become essential. This requires the determination of the fracture
strain corresponding to a given strain (or stress) condition, which is interpreted without
standards, using specimens of different designs under varying considerations [10]. However,
differences between measurements may lead to different results and the comparability of
materials may be questionable.

The aim of my thesis is to determine the strain to fracture in the range relevant for automotive
sheet metal parts. The subject of my research is the high strength DP steels which are commonly
used in the automotive industry. My investigations on 1 mm thick DP600, DP800 and DP1000
sheets can be divided into two major parts in the space of principal shape changes, thus I have
defined two objectives.

One of my objectives is to determine the fracture strain in the range between uniaxial and
biaxial tensile. There is a commonly used, although not standardized, method for determining the
fracture behavior of sheet metal components in the range above the forming limit diagram. Thus,
to determine the fracture limit diagram in the range between uniaxial and biaxial tensile, I will
perform the conventional Nakazima test on the above mentioned DP steels and then derive the
fracture strain points based on the fracture thickness of the specimens.

My second objective is to determine the fracture strain for pure shear and the range between
shear and uniaxial tensile. For shear loading, a number of test specimens and test methods have
been developed to determine the fracture strain. Studying the specimens and test methods, it was
found that the suitability of simple specimens is questionable, and that the production of
specimens with complex geometries leads to significant cost overruns. Based on the literature
review, the objective was therefore to create a test specimen that could be produced cost-
effectively using commonly available equipment, yet still meet the requirements of the latest test
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specimens. Using the new shear specimen geometry, other specimens are being developed to
extend the shear limit into the shear-tensile range.

At the end of my dissertation, | will obtain a fracture forming limit diagram by combining the
fracture points determined in the two domains (shear versus uniaxial tensile and uniaxial versus
biaxial tensile stresses). By transforming the fracture strain points defined in the strain space to
the fracture points in the stress space, the mathematical relationship between the fracture strain
and stress triaxiality for the DP steels investigated, will be determined.

In summary, | set the following objectives for my research:

I will investigate the feasibility of replacing the technology typically used for the
manufacture of pure shear specimen (wire-EDM) with a more economical, more
achievable technology.

The contour geometry of the shear specimens used nowadays is complex. My
objective is to create a test specimen which follows a pure shear strain path using
simple geometric elements.

Optimizing the contours of the currently used test specimens for different material
grades, is a time consuming process due to their complex geometry. For the new
simple geometry test specimen, my purpose is to investigate the relationship between
strength and geometry, thus allowing simple optimization

Furthermore, my research goal is to use the geometry of the new shear specimen to
create shear-tensile test specimens, so that the range between uniaxial tensile and pure
shear deformation paths can be covered by a simple modification of the geometry.
Mathematical approximation curves were fitted to the fracture strain points determined
by the Nakazima test and using the new test specimens.
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2. METHODOLOGY

After a review of the relevant literature, physical measurements were carried out using
modern shear specimens as stated in the objectives. The results of these tests confirmed the
literature, that changing the shear zone contour geometry of the specimen results in a deviation
in the strain path and the strain to fracture [12]. An investigation of the effects of different
manufacturing technologies has shown that the application of each technology has an impact on
the fracture strain. Based on the tests carried out on specimens made by the three chosen
technologies (wire EDM, laser cutting, milling), it can be stated that the manufacturing
technology strongly influences the interpretation of the strain to fracture of shear specimens
subjected to tensile loading. The microstructure images of each contour and the measured
hardness distributions suggested that, the greater the change in the microstructure of the material
near the contour (hardening), the less it can withstand the tensile stresses occurring there, and
that crack initiation from the contour leads to an underestimation of the fracture strain.

One objectives of my research was to create a new test specimen — based on finite element
modeling — that can be manufactured using commonly available techniques, has a simple
geometry and is also suitable for state-of-the-art test specimens. The geometry was designed and
optimised in the MSC Marc Mentat 2018 finite element modelling software. Three main
requirements were defined for the new specimen namely: that the strain distribution in the shear
zone should have one local maximum, the strain path (at the local maximum) should correspond
to pure shear, and that the values of the metrics introduced to characterise the stress state during
deformation should also correspond to the pure shear stress state.

Using finite element modelling, a test specimen was created by modifying the current
standard specimen. By changing the geometry of the shear zone of the new shear test specimen,
the relationship between the geometry and the strain and stress states was investigated. The new
design of the specimen was optimized for the three steel grades that were tested in my
dissertation, by rotating the shear zone relative to the load axis. To develop test specimens to
determine the fracture strain in the range between pure shear and uniaxial tensile, also the angle
of the shear zone with the load axis was modified. In summary, by numerical modelling, a
specimen geometry built up from easily manufacturable geometric elements has been created,
which, by varying a single parameter, is suitable for determining the fracture strain of the three
tested steel grades under pure shear and shear-tensile loading.

The objective was to determine, by physical measurements, the strain to fracture in the strain
range relevant for automotive sheet metal parts for the three investigated DP steels. The
determination of the fracture limit curve was performed in two steps. First, the Nakazima test
was carried out on the tested DP steels, then the fracture region was cut out from the specimens,
and using a specially developed specimen preparation tool, the fracture thickness was measured.
In the range between uniaxial and biaxial strain paths, the fracture strain was determined using
the maximum principal strain changes in the last image recorded by DIC (Digital Image
Correlation) and the fracture thickness. The fracture limit curve was then extended to the range
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between the strain paths corresponding to uniaxial tensile and pure shear, with the two-bridge
test specimen that was created. For the shear-tensile specimens, the points corresponding to
fracture were determined using the fracture thickness, as in the Nakazima test. The specimens
were loaded to failure by uniaxial tensile loading, while the deformations were measured using
DIC technology. Using the maximum strain - measured in the last image before fracture - and the
corresponding sheet thickness on the surface of the fracture, the fracture limit was extended to
the shear-tensile range.

Although automotive software typically uses the principal strain space to define damage,
scientific software specifies damage, typically using a mechanical-mathematical model of
comparative strains to failure based on a stress space. Therefore, it was important to investigate
the fracture strain by converting it from strain space to stress space. Since the double parabola
showed the best fit of the approximation relations investigated for the equivalent strain points
recorded in the stress field, the fracture points of the three materials were approximated by this
relation.
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3. NEW SCIENTIFIC RESULTS — THESES

T1.

T2.

T3.

T4.

In the case of shear specimnes cut from high strength DP steel sheets to determine the
fracture strain of the material, conventional chipping or wire EDM cutting processes
should be preferred to laser cutting, as the laser cutting causes a change in the
microstructure of the material along the cut contour, which results a significant
underestimation of the actual fracture strain of the material. (1.)

For high-strength steel grades DP600, DP800 and DP1000, the newly developed so-called
two-bridge specimens with a shear zone rotated with respect to the load direction, which
easy to manufacture and can be constructed from simple geometric elements, are suitable
for maintaining the strain and stress state of pure shear loading. (1.)(2.)

For high-strength steel grades DP600, DP800 and DP1000, there is an inverse proportional
relationship between the tensile strength (Rn,) of the materials and the angle of rotation
(6PP600 = —13°; §PPBO0 = _17°, §PP1000 = _9°) to the shear zone, measured with
respect to the axis of the tensile load on the so-called two bridge shear test specimen,
whtich maintains the shear zone in the pure shear strain and stress state for the longest
time during the measurement. (2.)

Based on the results of my physical measurements, the range of strain paths that can be
captured by the Nakazima test can be extended from tuniaxial tensile to pure shear, thaks
to the new two bridge specimen. By converting the defined fracture points from the strain
field to the stress field, the stress- dependent fracture behaviour of the investigated
materials was described, and the following conclusions were drawn: (3.):

a. The fracture points show the best correlation with the double parabola, i.e.
with two adjacent intersecting polynomials of degree two, of the approximate
relationships that have been tested.

b. Altough the fracture strain values of the double parabolas applied to the
fracture points of the high strength DP600, DP800 and DP1000 steels show an
inverse proportionality with strength, the intersection points of the parabolas
are always at a stress triaxiality value of 0.54.
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4. INDUSTRIAL UTILIZATION AND FURTHER DEVELOPMENT

By using the fracture strains determined as a result of my research, it is now possible to
extend the fracture limit curve (FLC) - used in numerical modelling software focusing on the
field of sheet metal forming - to regions between pure shear and uniaxial tensile, where the
values of the fracture strain were not defined for the investigated materials. This will address the
discrepancies in the physical and numerical analysis of the modelling problems (small radius
drawn cylindrical pot) described in the introduction to my thesis.

The conversion of the fracture points from principal strain space to stress space can provide
the possibility to determine the parameters of fracture theories commonly used in general finite
element software, based on the extended test results. The mathematical approximation of the
measurement points with a double parabola provides the possibility to determine the fracture
strain changes over a relatively wide range of stress triaxiality.

The developed test specimen design procedure, based on numerical testing, anticipates the
testing of additional material qualities by modifying the basic geometric elements. Comparison
of the double parabola fracture strain - stress triaxiality diagrams of the investigated material
grades can serve as a basis for more general statements about fracture strains.



The experimental study of the edge formability of high strength steel sheets

5. AZ ERTEKEZES TEMAJAHOZ KAPCSOLODO PUBLIKACIOK LISTAJA

(1.) V. Gal, Zs. Lukacs; A new specimen for investigating shear fracture strain; International
Deep-Drawing Research Group Conference (IDDRG 2021), 21st June- 2nd July 2021;
IOP Conf. Ser.. Mater. Sci. Eng. 1157 012060; Stuttgart, Germany;
doi:10.1088/1757-899X/1157/1/012060

(2.)Gal V., Lukacs Zs., Béres L., Kovacs P. Z.: Nagyszilardsagu acélok torésig elviselt nyir6
alakvaltozasanak vizsgalata; XXX. Nemzetkozi Gépészeti Konferencia- OGET (2022);
Erdélyi Magyar Miiszaki Tudomanyos Tarsasag (EMT) p.:41-44

(3.) Gal V., Lukacs Zs., Kovacs P. Z.; Nagyszilardsagi acéllemezek torési hatar
alakvaltozasanak vizsgdlati modszerei; Anyagvizsgalok Lapja (2022), 2022/11. lapszam.

(4.)Gal V.; Nagyszilardsaghi aluminiumok alakithatosaganak elemzése; Jelenkori Tarsadalmi
Es Gazdasagi Folyamatok (2017), Vol. 12: 4, p.: 27-34., 8 p.)

(5.)Gal V., Lukacs Zs.; Numerical modelling of forming high strength aluminium; Iop
Conference Series: Materials Science and Engineering (2018), 448 p. 012025;
doi:10.1088/1757-899X/448/1/012025

(6.)Gal V., Lukacs Zs.; Modellezési kihivasok lemezek melegalakitasi folyamatainal; XVI.
Képlékenyalakité Konferencia (2018) pp. 1-8. ; Magyarorszag, Miskolc- Egyetemvaros,
Miskolci Egyetem Miiszaki Anyagtudomanyi Kar

(7.)Gal V., Kovacs. P. Z. ; Nagyszilardsagu autoipari anyagok alakithatosagi vizsgalatainak
numerikus modellezése; Doktoranduszok Féruma 2017: Gépészmérndki és Informatikai
Kar szekcidkiadvanya (2018), pp. 32-37., 6 p.; Miskole, Magyarorszag: Miskolci
Egyetem Tudomanyos és Nemzetkozi Rektorhelyettesi Titkarsag,

(8.)Gal V., Lukacs Zs.; Eltéré haloelemek Osszehasonlitasa lemezek képlékenyalakitasanak
végeselemes modellezése soran; XXVII. Nemzetkozi Gépészeti Konferencia OGET
2019, 632 p. pp. 141-144., 4 p; Erdélyi Magyar Miiszaki Tudomanyos Térsasag (EMT)
Nagyvarad, Romania

(9.)Gal G., Gal V., Kovacs P. Z., Kuzsella L., Lukacs Zs., Tisza M.; A LoCoMaTech H-2020
projekt alakitastechnologiai  vonatkozasai ¢és  eredményei;  Multidiszciplinaris
Tudoményok A Miskolci Egyetem Kozleménye (2019), 9: 4 p.: 91-104., 14 p,
https://doi.org/10.35925/j.multi.2019.4.7

(10)) V. Gal; Finite Element Analysis of Size Effect for Forming-Limit Curves; ACTA
MATERIALLA TRANSYLVANICA (2020), 3:2, p.: 65-69., 5p;


https://doi.org/10.35925/j.multi.2019.4.7

The experimental study of the edge formability of high strength steel sheets

(11) Gal V.; A mérethatas végeselemes vizsgélata az alakitdsi hatargorbék felvételénél
ACTA MATERIALIA TRANSYLVANICA (HU) (2020) 3:2, p.: 65-69.,, 5 p.;
https://doi.org/10.33923/amt-2020-02-02

(12) Gal V., Lukacs Zs.; Numerical modelling of the thinning behaviour of sheet metal
parts; IOP CONFERENCE SERIES: MATERIALS SCIENCE AND ENGINEERING
(2020) Vol. 903, p. 012055, 7 p.; doi:10.1088/1757-899X/903/1/012055

(13) V. Gal, Zs. Lukacs; Effect of Cooling Channels to the Press Hardening Tools
Temperature; LECTURE NOTES IN MECHANICAL ENGINEERING (2021) Vol. 22,
p.: 312-320. 9 p.; https://doi.org/10.1007/978-981-15-9529-5 28

(14) Gal G., Gal V. Kovacs P. Z., Kuzsella L., Lukacs Zs., Tisza M.
Alakitastechnologiai kutatisok a Locomatech H-2020 projektben; GEP 71 : 5-6 pp. 51-
58., 8 p. (2020)

(15.) Gal V., Gaspar M., Kovécs J., Lukécs Zs., Raghawendra S.; Anyagtechnologiai
kutatasok az Innovativ Anyagtechnoldgidk Tudomanyos Mihelyben; Multidiszciplinéris
Tudomanyok: A Miskolci Egyetem Kozleménye 11:2 pp. 80-86., 7p. (2021)
https://doi.org/10.35925/j.multi.2021.2.11

10


https://doi.org/10.33923/amt-2020-02-02
https://doi.org/10.1007/978-981-15-9529-5_28

The experimental study of the edge formability of high strength steel sheets

6. A TEZISFUZETBEN HIVATKOZOTT IRODALMAK

[1] Tisza M., Czinege I.; Comparative study of the application of steels and aluminium in
lightweight production of automotive parts; International Journal of Lightweight
Materials and Manufacture (2018) p.: 229-238;
https://doi.org/10.1016/j.ijlmm.2018.09.001

[2] F. A. McClintock; A criterion for ductile fracture by the growth of holes; Journal of
Applied Mechanics (1968) 35, p.: 363-371; https://doi.org/10.1115/1.3601265

[3] P. Hora, B. Berisha, D. Hirsiger, T. Komischke, R. Schober; Critical aspects of the
experimental and theoretical crack prediction in sheet and bulk metal forming; Forming
Technology Forum (2018) p.: 1-14

[4] ISO/DIS 12004; Metallic Materials- Sheet and strip- Determination of forming limit
curves

[5] P. Hora, B. Berisha, M. Gorji, N. Manopulo; A generalized approach for the prediction of
necking and rupture phenomena in the sheet metal forming; IDDRG 2012, Mumbai,
India, p.: 79-93

[6] A. G. Atkins; Fracture in forming; Journal of Materials Processing Technology (1996)
56, p.: 609-618; SSD10924-0136 (95) 01875-F

[7] M. Gorji, B. Berisha, N. Manopulo, P. Hora; Experimental based crack failure criterion
and its application in deep drawing operations; IDDRG 2015, Shanghai, China

[8] Z. Marciniak; Influence of the Sign Change of the Load on the Strain Hardening Curve of
a Copper Test Subject to Torsion; Archiwum Mechaniki Stosowanj, (1961)13, p.: 743-
751

[9] N. Manopulo, B. Carleer; On the way towards a comprehensive failure modelling for
industrial sheet metal stamping processes; IOP Conf. Series: Materials Science and
Engineering 651 (2019) 012004 IOP Publishing; doi:10.1088/1757-899X/651/1/012004

[10] Y. Bao, T. Wierzbicki; On fracture locus in the equivalent strain and stress
triaxiality space; International Journal of Mechanical Sciences (2004) Vol. 46, p.:81-98;
doi:10.1016/j.ijmecsci.2004.02.006

[11] D. Mohr, S. J. Marcadet; Micromechanically motivated phenomenological
Hosford-Coulomb model for predicting ductile fracture initiation at low stress
triaxialities; Internal Journal of solids and structures (2015) 67-68, p.:40-55;
http://dx.doi.org/10.1016/j.ijsolstr.2015.02.024

11


https://doi.org/10.1016/j.ijlmm.2018.09.001
https://doi.org/10.1115/1.3601265
http://dx.doi.org/10.1016/j.ijsolstr.2015.02.024

The experimental study of the edge formability of high strength steel sheets

[12] C. C. Roth, D. Mohr; Ductile fracture experiments with locally proportional
loading histories; International Journal of Plasticity (2016), Vol 79, p.:328-354;
http://dx.doi.org/10.1016/j.ijplas.2015.08.004

12


http://dx.doi.org/10.1016/j.ijplas.2015.08.004

