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1 Introduction

Ultra high strength Fe-Mn-C austenitic steels with low Stacking Fault Energy
(SFE) have been studied for more than fifty years [1]. They offer a great
potential for reducing automotive body weight through their formability and
their high mechanical properties. Tensile strength levels higher than 1000 MPa
in combination with a high ductility (>50%) are reached by the optimization
of the Twinning Induced Plasticity (TWIP) effect and the control of the
microstructure.

However, the combination of plastic instabilities and the TWIP effect can lead
to unusual macroscopic behaviour. Fe-Mn-C steels break with atypical failure
modes, e.g. in uniaxial tension, no necking is observed whereas the fracture
surface is fully ductile. Thus standard forming limit curve based analyses
cannot be applied to these materials.

The deformation mechanisms of such steels are reasonably well known. The
present work gives an additional contribution concerning damage and rupture.
The damage and rupture mechanisms of thin sheets of ultra high strength Fe-
Mn-C TWIP austenitic steels have been investigated.

The first approach focuses on the determination of a macroscopic failure
criterion (strain, stress or localization criterion). To this aim, specific
experiments are conducted in order to test the material in loading modes closer
to those encountered during real forming processes, such as deep drawing.
Loading material along the thickness direction is usually difficult for thin
sheets. Such a loading mode can be studied with shear cutting experiments
([2], [3]). Among the interesting results is the crack path because it strongly
depends on both the hardening capacity of material and its sensitivity to strain
localization. Strain and stress fields during shear cutting will be determined by
FE calculations in order to interpret the results of such an experiment. FE
calculations need in turn simple experiments on smooth, U-notched and Kahn
specimens to establish the constitutive equations of the steels. In this paper,
the full experimental basis for this approach is established.

The second objective of the study is to investigate damage mechanisms in
relation to the deformation microstructure. The aim of this approach is to
obtain information about damage initiation (cavities localized at grain
boundaries, at the intersection of grain boundaries and twins or of two twins)
and fracture mechanisms at the microscopic scale. Up until now these
mechanisms are not known. As a first step, interrupted experiments on Kahn



and shear cutting specimens were conducted torolstapped cracks and
damage beyond the crack tip was observed.

2 Experimental procedures

2.1 Material

The plasticity mechanisms of austenitic Fe-Mn-Celstgdislocation glide,

mechanical twinning and phase transformationslgakerned by the value of
the SFE which depends on the chemical compositohteamperature (Figure
1). Thus the composition has a major influencehermhechanical properties
of these alloys.
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Fig2. Phases stability after Fig3. Optical micrograph after
deformation at room temperatureetching to reveal grain
depending on manganese anthoundaries and twins from a
carbon content [1] sample deformed at 293K [2]

The study focuses a recrystallized Fe-Mn-C steeésbf 1.5mm in thickness,
containing 0.6% of carbon and 22% of manganesegfdia size is 243m.

The composition of the steel under investigatiors watimized to exhibit a
low SFE in order to keep the austenitic phase atadliring plastic
deformation. This low value promotes mechanicahting (Figure 2) - in
competition with planar dislocation glide - as maileformation mode,
inducing a TWIP (Twinning Induced Plasticity) effe€he increasing density
of twins with strain reduces the mean free pathistocations because twins
act as obstacles. It results a high hardening Rekaxation mechanisms inside
twins promote a high elongation capacity beforettree.

2.2 Experiments



All experiments were carried out at room tempemtand have been
duplicated. As experiments were highly reprodugibldy one curve is given
for each testing condition.

Tensile tests on smooth, U-notched and Kahn spe&smeere used to
characterize the mechanical behaviour of the FeZ26ah steel.

Specimens were loaded along rolling (R), long tvanse (T) and diagonal (45
between R and T) directions to examine any anipgtedfect on mechanical
characteristics and fracture surfaces.

Experiments on smooth specimens were carried odtléf's®, 4.10°s" and
4.10%s" to estimate the strain rate sensitivity of the Isteeler quasi-static
conditions. Tensile tests on U-notched specimeng werformed for various
notch radii to investigate the effect of stressuiality on the mechanical
behaviour of the Fe22Mn0.6C steel. Three notchi nadre selectedr€0.5,
r=1 andr=2) leading to different levels of triaxiality (t\gally between 1/3
and 2/3).

Cracking resistance was studied with Kahn specimehsch induce stable
crack growth due to mixed tensile and bending legdtonditions. Crack
initiation and propagation energy were measurewh figaring curves.

Shear cutting experiments were realized with ahadnse assembly mounted
on a tension-compression testing machine. Bandsmafm in thickness have
been tested at a blade displacement rate of 1 mwtlisa clearance between
blades of 6% of the sheet thickness.

Interrupted experiments on Kahn and shear cutjiegisnens were performed
in order to study damage mechanisms. The othelirspas were examined
after fracture. Fracture surfaces and cross-sextadnstopped cracks were
observed by scanning electron microscopy (FEG-SEM).

3 Results: Flow behaviour

Figure 3 illustrates the stress-strain behaviouithef Fe22Mn0.6C steel at
4.10%" along R, T and 45 directions. The results revealiéimate tensile
stress higher than 1000MPa and a uniform elongafpoio 50%.
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Fe22Mn0.6C steel along rolling along transverse direction (T) for
(R), transverse (T) and diagonal three strain rates. Same specimen
(45) directions. geometry as in Fig. 3.

The mechanical properties of Fe22Mn0.6C are nedwegic. Lankford
coefficients measured directly on the specimenr dfeecture (far from the
necking area), corroborate this result (Table 1).

Lankford coefficients
R specimen 0.95
45 specimen 1.20
T specimen 1.35

Tablel. Lankford coefficients measured on
specimens after fracture loading along rolling (R),
transverse (T) and diagonal (45) direction.

The Fe22Mn0.6C steel exhibits negative strain satgsitivity in quasi-static
testing conditions as illustrated in Figure 4. Rartmore serrations in curves
are observed. Negative strain rate sensitivity geky flow are two
characteristics of dynamic strain ageing due taipip effect of solutes at
moving dislocations. However S.Allain [2] measuraed weak value of
activation energy (13 kJ.mbl for this phenomenon which cannot be
attributed to a classical Portevin-Le Chatelieeefffoased on C diffusion to
dislocations.

Tensile tests on U-notched (Figure 5) and Kahn ispats (Figure 6) and
shear cutting experiments (Figure 7) showed theesamall effect of
anisotropy on the mechanical characteristics as tf@ smooth tensile
specimens.



No serrations were observed on the tensile curizésedJ-notched specimens
because notches localize deformation in the notchesh (Figure 5).

Surprisingly, no notch strengthening effect was eobsd. The level of

triaxiality seems to only influence fracture i.atech opening at rupture. This
result is atypical with regard to other materiaisl avill be interpreted in more
details by FE calculations in the next future.
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opening displacement  on specimen loaded along rolling
notched specimens loaded along (R-T), transverse (T-R) and
the rolling direction. diagonal (45-45) directions.

Tearing curves of Kahn specimens present a sudeemase in load as soon
as the crack is initiated (Figure 6). Then, craokppgation remains stable up
to fracture. The resistance to tearing can be ddfas the surface area under
the curves of Figure 6. These values are relatédet@nergy dissipated in the
initiation and propagation process of the crackpeetively. The initiation
energy | was calculated from O mm up to the initiation odaking (at the
maximum of the load). The propagation energywhs measured from the
maximum of the load up to 7 mm, which correspordthe opening limit of
the extensometer. Table 2 gives values of thesiesefor the Fe22Mn0.6C
steel.

Ui (3/mm?) | U (J/mm?) U (J/mm?2)
T-R 0.44 1.35 1.78
45-45 0.44 1.18 1.63
R-T 0.40 1.28 1.69

Table2. Initiation, propagation and total energyW), U, for a crack
extension along R, T and 45° directions betweend7amm.



Figure 7 illustrates the load per unit width of towg sheets vs relative
displacements of the blade.
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Fig7. Shear cutting load pe Fig8. Optical micrograph of
unit  width  (kN/mm) — interrupted shear specimen of

displacement of the blade fc Fe22Mn0.6C steel. Crack path
specimens loaded along rollin of a Dual Phase steel (Profile
(R) and transverse (T A) and a 2024 aluminum alloy
directions. (Profile B) are indicated from

2].

Serrations on shear cutting curves are linked éontlachine noise. Interrupted
shear cutting experiments were carried out. Samglee polished in cross-
section to observe the crack paths (Figure 8).

The crack path presents a convex trajectory irski@ar cutting direction.
Other authors have carried out similar shear ayttiests with similar
experimental conditions on a variety of materi§®3, (3]) including:

- a Dual Phase steel with high hardening capacity, £%25MPa,
Rm=858MPa, Elongation=21%; although less than thatwiP steels)
and not very sensitive to strain localization (Reof in Figure 8). The
crack path clearly goes toward the fixed bladegreament with FE
calculations. Here fracture is caused by decohesiar+martensite -
ferrite interfaces followed by cavity growth andctile fracture.

- Aluminium alloys with lower hardening capacity ancharked
sensitivity to strain localization (e.g. 2024 T333,0~240MPa,
Rm=441MPa). This material shows a convex crack pavh(Profile B
Figure 8), yet different from that observed in study.

In comparison, the crack path of the Fe22Mn0.6Ccispen is atypical in
regard with the mechanical characteristics of tleels The material presents
both a high hardening rate and a high sensitivatystrain localization. FE
calculations will allow determination of local stees and strains and
derivation of a fracture criterion to explain thaak path of the material.



4  Fracture behaviour

Smooth, U-notched and Kahn tensile specimens shwwvsame fracture
appearance, i.e. fracture with a 45° angle in thesls with respect to the
loading direction (Figure 9). No localized neckiisgobserved, except very
close to the fracture surfaces. These characteriate typical of slant fracture
in ductile sheet metals ([5], [6], [7]). This bel@w has already been reported
for materials which favour shear localization byvlbardening rate or even
softening effects. TWIP steels present a high hangecapacity and a very
heterogeneous deformation mode (propagation ofirechdeformation bands
[8]). Mechanisms such as dynamic strain ageing WIFA effect could
possibly explain the slant character of the fraefor this steel family.

45° angle in thickness

(@) (b)

Fig9. Fracture surface of (a) smooth and (b) U-mexdc
specimens loaded in tension, showing slant fracture

SEM micrographs of fracture surfaces of tensilecspens loaded along
rolling, transverse and diagonal directions rewkattile fracture (Figure 10).
Deep and apparently empty voids have been obsefvmy. are preferentially
elongated along the rolling direction, whatever liteding direction revealing
an anisotropic character of the fracture mechanisms

The steel under investigation contains very fewlusions such as MnS
precipitates which cannot explain the fracture acefappearance. Only a few
cavities were observed in cross section views belosv fracture surfaces,
despite the presence of coarse cavities on thetufeacsurfaces. The
segregation lines of C and Mn elements (visibl&igure 8 with appropriate
etching solution) and the orientation of grains étter clusters of grains of
similar orientation exist or not) might be anothexplanation of fracture
surface apearance. EBSD maps will allow the measeme of orientation
clustering but the metallographic preparation fBalilt and still in progress.
This fracture appearance has also been observeitheotJ-notched, shear
cutting and tearing specimens with the same awigmtrdependence. The
fracture surface depends on the material and corigstation with respect to
loading but not much on stress triaxiality.



Fig10. Fracture surfaces of tensile specimens bhatteng (a) rolling, (b)
transverse and (c) diagonal directions on Fe22MD@iéel.

Interrupted tests were used to analyse the micpps@spects of deformation
and damage by SEM observations (Figure 11). Thekctip seems to be
somewhat blunt. Only little damage beyond it wasesbed. Microvoids are
localized beyond the crack tip and along the cigask

Figll. SEM micrograph (a) showing damage beyondcthek-tip
of an interrupted Kahn specimen (b).

The deformation microstructure has not been redealy classical
metallographic preparation (chemical etching afielishing). lon polishing
must be used to avoid artefacts from metallograjpheparation for cavity
observation. With this technique the localizatidmucrovoids in regard with
the deformation microstructure will be made possibl



5 Conclusions and future work

The mechanical behaviour of a Fe22Mn0.6C TWIP steelwed a negative
strain rate sensitivity under quasi-static loadig,near-isotropy of flow
properties and serrations on smooth tensile cuMesnotch strengthening
effect was measured. Only the fracture elongatias influenced by the stress
triaxiality ratio. The steel under investigationveals a high hardening
capacity and strongly localizes deformation. Itsgrgs a high sensitivity to
shear localization before fracture.

From these data, the mechanical behaviour of ti@sl svill be accurately
described with constitutive laws that are currenthder development. New
experimental data in relation with Bauschinger &ffemust be obtained to
implement a kinematic hardening law in the constitu model. Model
parameters will be validated with other experimestsch as in-plane shear
tests on specially designed specimens [9]. Italitiw us to interpret results of
more complex experiments, e.g. the atypical craatk in shear cutting tests,
and to develop and validate a failure criterion.

We managed to interrupt tearing and shear cuttipgrements and succeeded
in having stopped cracks. Little damage was detieftten first observation of
these specimens. Metallographic preparation musiripgoved in order to
reveal damage in relation with the deformation wsttucture.

6 References

[1] C. Scott, C. Guelton, S. Allain, M. Farat, ThHevelopment of a new Fe-
Mn-C austenitic steel for automotive applicatiom Revue de Métallurgie-
CIT (2006) 293-302

[2] A. Dalloz, J. Besson, A.-F. Gourgues-Lorenzdn, Sturel, A. Pineau,
Effect of shear cutting on ductility of a dual pbagteel, Engineering Fracture
Mechanics, in press

[3] A. Bacha, D. Daniel, H. Klécker, Metal ductjlitat low stress triaxiality
application to sheet trimming, Journal of Materi&lsocessing Technology
203 (2008) 480-497

[4] S. Allain, J.-P. Chateau, D. Dahmoun, O. BomazModeling of
mechanical twinning in high manganese content aiigtesteel, Materials
Science and Engineering A 387 (2004) 272-276

[5] E. Mahgoub, X. Deng, M. A. SuttonThree-dimensional stress and
deformation fields around flat and slant cracksaerng@mote Mode | loading
conditions, Engineering Fracture Mechanics 70 (2@327-2542

[6] T. Pardoen, F. Hachez, B. Marchioni, P.H. BlythG. Atkins, Mode |
fracture of sheets metal, Journal of the Mechaarus Physics of Solids 52
(2004) 423 — 452

[7] F. Bron, J. Besson, A. Pineau, A yield functimm anisotropic materials:
application to aluminium alloys, International Joailr of Plasticity 20 (2004)
937-963

[8] S. Allain, P. Cugy, C. Scott, J.P. Chateau,Rusinek, A. Deschamps,
Influence of the plastic instabilities on the meawubal properties of a high
manganese austenitic FeMnC steel, Internationalrndbuof Materials
Research 99 (7) (2008) 734-738



[9] M. Briunig, O. Chyra, D. Albrecht, L. DriemeieM. Alves, A ductile
damage criterion at various stress triaxialitiesteinational Journal of
Plasticity 24 (2008) 1731-1755



