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Abstract: An advanced elastiglastic sekconsistent polycrystalline model, accounting for
intragranular microstructure development and evolution, is coupled with a bifurbased
localization criterion and applied to the numerical investigation of the impact of
microstructural patterns on ductility of singdase steels. The proposed multiscale model,
taking into account essential microstructural aspettsh as initial and inadwed textures,
dislocation densitiesand softening mechanisms, allows us to emphasize the relationship
between intragranular microstructure BfC.C. steels andheir ductility. A qualitative
study in terms of forming limitdiagrams for various dislocationnetworks, during
monotonic loading tests, is conducted in order to analyze the impact of intragranular
substructure parameters on the formability of skpjlase B.C.C. steels.

Keywords: forming limit diagrams; bifurcation analysisntragranular substructure;
multiscale model; crystal plasticity; B.C.C. materials
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1. Introduction

In order toplastically defornthin metallic sheetsto elaborate3D shaps, forming processesuch
as deep drawing are used in the automotive industryThese procgses consist of
multi-stage operationsinducing strairpath changes in the materialvhich often result in
softening/hardening effecthat areobserved orthe stresstrain curves. These macroscopic effects
may critically alter the strain distributioand consequently lead to flow localizatiand ultimately
sheetmetalfracture

The propermodelingfor the behavior of polycrystalline singfghase steelayhich are commonly
usedin sheet metal formingrocessesequiresan accurateescrption of the nost important sources
of plastic anisotropyacting at different characteristic lengthcales, e.g.,intragranular substructure
evolution (microscopic scaleplastic slip processefnesoscopic scalepnd texture development
(macroscopic scale)

The aim of thecurrentpaperis to investigatethe effect of microstructural features on the formability
of singlephaseB.C.C.steelslt is nowadays widelyecognizedhatlocalized neckings oneof themain
phenomena thatestrictindustrial sheet metal fming processes, arfdr stretchedmetal shees, the
associatedimit strainsarecommonlyrepresentedisingthe concept offorming limit diagram (FLD)
which depictsthe maximum allowable stragrfor various loading pathg:or ths reasonthe present
work only focuses on the onset of strain localizaiiorthe form ofmacroscopic shedrands;other
failure modesuch asuckling, wrinkling or diffuse recking are not considered.

The choice of the constitutive mode has been shown tsignificantly affect the FLD
predictions[1 8]. As most often thgghenomenological constitutiieameworkdoesnot account for
the macroscopic softening/hardening effectiicedby strainpath changesonsiderable attentidmas
been devoted in the ladecades tadvanced behavior models in order to improve FLD predictions. In
the literature, various FLD analyseshave been carried out with micromechanical models using the
full-constraim Taylor scaletransition scheme sée, e.g.,[4 8]). More recently, aselfconsistent
ratedependent polycrystalline plasticity model has egwptedor FLD investigations10].

In arecentstudy, a micromechanigrotivated multiscale model has been developed, including a
detailed description of the heterogensdlislocation distribution based on Peefgrarks [11,12]. In
this previous contribution [L3], the polycrystalline behavior was obtaineding a selfconsistent
scaletransition schemeDn the other hand, iamotherearlier investigation [14 aformability criterion
based onthe loss of ellipticity of thegoverningboundary value problerhas been coupled with
micromechanicatonstitutivemodelsthatdid not includeanyintragranular heterogeneitiescription

Given that the main objective hei®to investigate thempact of the intragranular substructure
developmenton the FLDs, only the constitutive equationsfor the microscopic modeling of the
advanced elastiplastic selfconsistenf EPSC)model and theselectedplastic instability criterion are
briefly recalledin this paperThe interestedeaderis referredto [13] for acomprehensiveresentation of
the overall multiscale modeThe ability of this multiscale modeb properlyreproducethe evolution of
the substructural featuresand to accurately predict the macroscopic behavior of spigise
polycrystalline steelfor monotonic and sequential loadipgthshasalreadybeenshownin [13].

In what follows, adetailed qualitative strain localization analysscarried outfor a 1000grain
polycrystalline aggregatewith the aim of establising relationshig betweenthe heterogeneous
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dislocation distribution anthe overallformabiity 2 as represented by the entire FLDf singlephase
B.C.C. steelsNote that goreliminal strainlocalization investigatiomas been conducted in [15] for a
similar ferritic steelhowever the analysis waestrictedto the particular loading path gflane strain
tenson, which corresponds tthe lowest point of the FLDHere, theanalysis is enlargetd the entire
FLD to determine the impact of each intragranular substructurgoponenbn theoverallformability.

2. ElasticPlastic Self-ConsistentM odeling Taking Dislocation Patterninginto Account
2.1.SingleCrystal PlasticityModeling

Plastic anisotropy otlasticiplastic materials partlydevelopsat the mesoscopic scale, atite
principal mechanism of plastic deformatior B.C.C. and F.C.C structuresis the crystallographic
slip. As the currentEPSC multiscale mod@hcorporatesnicroscopic modeling based on experimental
observations oB.C.C. structurethe application of the single crystal modeling is thus restricted to
these materials. The corresponding deformation occurs by shear on the sligl@hesd {112}, in
theslip directions <111>, constituting 24 independent slip systems potentially active.

A complete presentation of the single cryspdhsticity modeling providing the largestrain
kinematics andhe method of slip systeselectionis available in[14], while the local incremental
elasticplastic constitutiveequationsan be found in13].

2.2. IntragranularSubstructure Modeling
2.2.1. Description oDislocation Networks inside Grains of Deformed B.C.C. Metals

The development oheterogeneousntragranular substructure is regarded sasirce of plastic
anisotropy occurring at the microscopic lev&he microscopic modeling reliesn the work of
Peeter®t al.[11,12], starting fromexperimental observations &C.C. grains

Dislocation networks appearin deformed B.C.C. metals after a sufficient amount of plastic
deformation. These dislocation distributions have the same charactenst@als grains of the
polycrystal. Their sze, shape and orientatiatepend onthe applied strainpaths (monotonic or
sequential) Several experimental studie$l6 20] have revealedthat dislocations are generally
arrangd heterogeneouslgpnsisting ofalternatingcontinuousplanar regions of high local dislocation
density? the dislocation sheetssurroundinglow local dislocation density zonesalled the cell
interiors An example of these dislocation arrangements is showrthertransmission electron
microscopy TEM) micrograph of a grain of a singfghase ferritic steel after antgle test in he
rolling direction(RD), depicted in Figure la

The heterogeneous dislocation configuration generally observed inside grains of deformed B.C.C.
metals is described by three local dislocation dmssiais illustrated in Figure 1b

A single local dislocadbn density ! representsthe randomly stored dislocations inside cells
constituting the low dislocation density areas. This density is considered as responsible for the
isotropic hardening of the metallic sheet. The high local dislocation density regiohe cepresented
by two other types of dislocation densities. The first one, denffeds assumed to produce the latent
hardening of the B.C.C. metals and represents the immobile dislocations trapped in the dense
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dislocation sheets. The second one,aotied the local polarized dislocation densif{f, reproduces
asymmetry in slipesistance thanks to the siyor polarity? of its value, and expresses the movable
dislocation pilling up on both sides of the associated dense dislocation sheet.

Figure 1. (a) Longitudinal plane view transmission electron microscop{TEM)
micrograph of a grain of an i8teel(interstitiatfree stegl specimen after 20% uniaxial
tension in RD (after Peetees al.[11]). (b) Schematic representatioml the heterogeneous
dislocaton microstructure.

(@ (b)

The evolution equations of theéhree abovementioned dislocation densitiesepresentingthe
internal state variables of thmurrentmodel, presenta similar separation betweetwo elementary
mechanisms. The immobilizatigorocessbetweendislocations is reproduced thanksadardening
term while the annihilatbn of dislocations islescribedy asoftening term

The form of these equations depesdlirectly on the current slip activitgnd therefore,it is
necessar to distinguish the evolution of currently existing dislocation walls from that of previously
existing dislocation sheetahich allows usto account for the effect of the peisting microstructure
andconsequentlyor the straiapath history of the matial.

As observed experimentally on TEM micrographs of grains of deformed B.C.C. rfi€thalshe
model will construct at most two families of dislocation shegmdsallel to the {110} planes on which
the highest and second highest slip activity rates occur

At each strain incrementhe intragranular heterogeneous dislocation distribution can be defined
from the knowledge of slip activity in each grain of the pojgtalline aggregatevhich isgiven by
the single crystal plasticity modelirfiscussedn the previoussection.In Franzet al.[13], it has been
shown that the proposed model is able to correctly reproduce the intragranular substructure for single
crydals under different crystallographic orientations during various loading conditions (monotonic
tests, Bauschinger shear testsd cross tests).

2.2.2. Intensity ofCurrently Existing DenseDislocationWalls

The intensity of currently existing dense dedtion walls represents the value of the local
immobile dislocation density"® associatedvith them. Its evolution is given by a balance equation
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expressed as a function of the total slip raten the crystallographic plane on which iflegreatest

slip activity occurs

I b 1

!_wd 1 de !_wd Rwd gwd | (1)
with b the magnitude of the Burgers vector.

During a given deformation mode, a part of mobile dislocatizstored in dense sheets generated
parallel to their slip plane, in order to offer minimal resistance to the slip acfivity.mechanism is
expressedy the first termof Equation(1), wherel"® is a model interaction parameter, reflecting the
immobilizaion of dislocations inside the dense walls.

After a sufficient amount of strain, corresponding to the stage Il of the-andening curve,
annihilation processes between immobile dislocations stored in the dense dislocation sheet and the
mobile dislocationsoccur by cross slip.These processes arelescribed by thesecond term of
Equation(1), thanks to the model recovery parame®&f, thusreproducing the annihilation of stored
dislocations inside the dense walls.

2.2.3. PolarityAssigned taCurrently Existing Dense Dislocation Walls

The polaity assigned taurrently existing dense dislocation watlsrrespondto the accumulation
of mobile dislocations of the same sigmoving on the slip systems naoplanarto these sheets and
stopped on both sides of them. The sign of these mobile disloc&iopposite for the two sides of
the dense dislocation sheets. The polarity of dense dislocation iwajigen bythe valueof thelocal
polarized dislocation density"? associated witlthem. Its evolution can be expressed in the same
manner as the praus evolution law (1)

P sign R [ R @)

n S

The net flux /** : —m*® n" of the moving dislocations from all the slip systems-noplanar to
sl

thei™ currently existing dense dislocatiavall is calculatel thanks taheslip rate ° on slip systens,
whosevalue can be positive or negative in order to account for the different slip directions on a
particular slip systemThe slip systens is characterizedy its unit slip direction vectom®, and a

total of n slip systems{ = 24 for B.C.C. crystals) is considerethe currently existing dense
dislocation walli is represented hys unitnormal vectom.”.

The first part ofEquation(2) assumeshat thecreation of polarized dislocations is due to the
interaction processes between the mobile dislocations and either immobile dislocations stored in the
dense dislocation walls or movable dislocations pillpcat the boundary of these walls. This term is
associateavith the model immobilization parametEf reflecting the stopping of mobile dislocations
moving on slip systeemoncoplanar to a dense dislocation wall

The recovery processes take place only between mobile dislocations and polarized dislocations of the
opposite sign, as expressed by the second teEquation(2) with themodelrecoveryparameteR™.
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In the particular case of reversed dislocation fthe, evolution law of polarity assigned to currently
existing dense dislocation walls aly given by a recovery term expressed thanks the model
recovery parametd®.,, as follows:

P RS &)
The net flux /** contributingto a dense dislocation sheetan be positive or negative. The change

of its sign is possible during a reverse test. Slip activity occurs on the same slip systems but in the
opposite sense. Thus$etpolarity dislocations that have already been stuck along dense, sheets
the prestrain loadingcan easily move away and be annihilatgdiislocations of opposite sign

2.2.4. RandomlyStored DislocationssideCells

The randomly stored dislocationsside cells are assumed to be responsibtethe isotropic
hardening of the deformed B.C.C. materials. The evolution ofdbéd density can be expressasithe
summation of two elementary terms: therdeningone with the model immobilization pararaet and
the softening one with the model recovery paramRtdfurthermore, it was experimentalbbserved
that the localdensityof the randomlystoreddislocatiors in the cell interiors tends tdecrease during
load reversalpecause of the activation, in the opposite sensenadt ofthe slip systemshat were
previously activeln order to account for this phenomenon,aalditionalterm of annihilationcan be
activatedwith a binary switchparameter< dependingon the reversal of theet flux /** associated
with a familyi of currently existing wallsThe importancef this supplementary annihilation process
is quantifiedby the model recovergarametelR,. Thus,the evolution law othe density ofandomly
stored dislocationcan be expressed as follaws

1 n |bausch n
I =( 1Iy! R! )l < s
5 N <Rgm ©

21"

‘sat s1

where (y) yif y 10 and(y) O otherwise. The value of***" will differ dependingon the

number of reversed fluxes.
2.2.5. Previouslyexisting DenseDislocationWalls

Dislocation networksurrentlyobserved in deformed B.C.C crystals are associated with current slip
activity. When otheslip systemsareactivated consecutively to straipath changeer because of the
rotation of a grairtowards a stable orientationew families ofdense dislocatiowalls corresponding
to the current strain path will pehus formed and, at the same time, the previously generated
dislocation sheets will be also disintegrat&tie evolution of the two local densities associated with
previously existing dense dislotat walls is given thanks to a model recovgrgrameterRicq
characterizing the destruction of former dense dislocation sheets:

wd % wd [P % [P
' PE I o (5)

i b i new? ‘i

where *__ is the total slip rate on both of the crystallographic planes containing the highest slip.activity
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2.2.6. CriticalResolved Shear Stresses

As shown above, the contributions of isotropic hardening, latent hardening and polarity are related
to the threanternal state variables of the present moBellowing Mughrabi§ twophasecomposite
model R1], the dense dislocation walls can be considered as the hard phase, due to their high
dislocation density, while the randomly stored dislocaimside cells can represent the soft phase
with low dislocation densityThe resultingcritical resolved shear stress on each slip systean be
expressed as the summatuafithese three contributiorsfollows:

2 2 1 f .bJl fi_ b T |me < T me A sign 1 >..§ ©

©

wheref is the volume fraction of the dislocation sheetshe dislocatiorinteraction parametep the
shear modulusand 2, the initialcritical resolved shear stress.

2.3. Scal€élransition Scheme& MacroscopicSressBrain Respons®f Sngle-Phase B.C.CSteel

Single-phase polycrystalline aggregates feature an initial crystallographic tetktaresvolves
during loadingwith the grainsrotatingtowards preferred stable orientations. Such reorientations
responsibleat the macroscopic scafer the anisotropic behavior of the deformed B.C.C. metals.

At each strain increment,dhbehavior otheindividual constituergof the polycrystalline aggregate
is known from the single crystal plasticity modelingn order toderive the overall macroscopic
response of polycrystalline aggregatiesn the results of single crystglthe self-consistent schema
the sense of Hill32] is adoptedSuchanaveraging approach allovescounting for the morphological
and crystallographic evolutions for each grain during loadtieg.the numerical implementation of the
singlecrystalconstitutive equationghe fourthorder RungeKutta aorithmis usedwhich is known
to bemore robust andeliablethanthe forward Eulertime integratiorschemeAs this explicit scheme
is conditionally stable, the selectside for thdoadingincrementss kept sufficiently small to preserve
both stability and accuracyall along the simulationof the entire loading paths.The
self-consistent schemewhich is strongly implicit by nature,is solved using a classicalfast
convergence iterative algorithim this process, an enhancedersiontechniques introducedo deal
with ill -conditioned matricethat areencounteredh the course obading whichallows usto simulate
theentireloading patls with improvedaccuracyA completepresentation of this avaging approach is
givenin [14], along with the full details othe numerical implementation of tihecal constitutivelaw,
as well aghe computational aspectating to the sel€onsistent scalgansition scheme

As depicted in Figuree2 and3a,b, the macroscopic stressrain curves obtained with the proposed
mode]| for different loading directions with respect ®D, are in reasonableagreement with
experimental tests for an i ferritic singlephase steel. The model parameters for this steel ar
identified according to the procedure detailed 18][ and are reportetielow in Table 1.Note that
these material parametecsrrespond to a value= 0.48for the dislocation interaction parameter that
enters Equation (6). The obtained simulation results along with other validation tests reported
elsewhere, demonstratiee ability of this advanced multiscale model to reproduce the ejalstitic
behavior of singleohase polycrystalline materials.
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Figure 2. Comparison model/experiments for theesssstrain response of an i steel

along various strain paths performed parallel to RD.
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Figure 3. Comparison model/experiments for the stesgain response of an i steel along

various strain paths performed) &t 45°with respect tdRD, (b) at 90°with respecto RD.

—  EPSC model
—= Experiments

UT: Uniaxial Tension
SSh: Simple Shear

BT: Bauschinger Test
UT 10% SSh: Orthogonal Test

500
400
300 |
200 4

100 |

Cauchy Stress

-S50% -40%  -30%  -20% -10%

BT 10 BT 20 BT 30

— EPSC model
—=  Expeniments

UT: Uniaxial Tension

SSh: Simple Shear

BT: Bauschinger Test
UT 10% SSh: Orthogonal Test

300 L
Strain / Amount of shear

(@)

500
400 |

300

40% 50%

uUT

UT 10%SSh  ggp,

o

Cauchy Stress

=50%  -40%  -30%

BT 10 BT 20 BT 30

-20%  -10%

=300 -
Strain / Amount of shear

(b)

o 40% 30%



Materials2013 6 5225

Table 1.Material model parameters identifibat aninterstitiatfree(IF) i steel

| R (m) | R"“ (m) | P R"" (m)
1.8x10" 2x10' 6.6 x10" 1.9x10" 2.9 x10' 2x10'
Rncg (M) Reev (M) R> (M) f 2(110 (MPa) 2(112 (MPa)
1x10" 3x10" 5x10' 0.2 45 45

3. Ductility L ossModeling
3.1. Rice$% LocalizationCriterion

Two distinct approaches are generally used in the literature to investigate plastic instability: on the
one handengineering methods based on experimental or empirical observationenatite other
hand soundtheoreticalapproaches using either hidation or stability theories.

The criterionselectedn this study belongs to the secotategoryj.e., the secdled RudnickiRice
criterion [23,24], which corresponds to a bifurcation associated with admissible jumps for strain and
stress rates across a shear band, as illustratedureBidt is noteworthy thatmimportant difference
with the MarciniakiKuczynski[25] localization approaghwhichpostulates preexistinginitial defect
in the form of a localization band of reduced thickness in the metal sheet, is that the bifurcation theory
does not need any arbitrary us#efined fitting parameter. Another advagé with this intrinsic
bifurcation criterion, besides its sound theoreticaihdations, is that it allows a fully thre@mensional
localization analysis and thus the determination of theobptane orientation of the localization band,
contraryto mog analyseshat assumelane stress conditions.

Figure 4. lllustration of the localization of the timation along a shear banmdechanical
fields outside the band are denoted by superscript +.

[

4+ ‘+

Because field equations have to be satisfied, and becauseltogty gradientis discontinuous
across the localization band, a kinematic condition for the strain rate jump must be vérified.
addition the continuity of the stress rate vector has todxéied for the forces along the interface
created by the localization bangor more details, the interested reader may reféhdgopioneering
contributions by Rice and coworkef3[24].
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The combination oéll of these conditioneesults ina localizaion criterion, which will be useds a
ductility limit indicator. The obtained criterion corresportdsthe singularity of the acoustic tensor,
and can be interpreted as loss of ellipticity of plaetial differential equations governing tassociated
boundary value problem. It isasily expressed as a function of the only macroscopic elaistitic
tangent modulud. , for the polycrystalline aggregatand the unit vectorX, normal to the localization
band (see Figuré), which reads

det LX O 7)

3.2. FormingLimit Diagramfor SinglePhaseB.C.C Seel

The FLD for the IFH ferritic singlephase steefor which the model parameters are reported in
Table 1,is predictedusing theproposedadvancecEPSC approachoupled with the abovdiscussed
bifurcationcriterion.

In order toassesghe predictive capability of the present model in the determination ofirigr
limit strains, it is necessary to compare our results with a refefébbe The FLD provided by
ArcelorMittal is obtained using a model developed by Cayssifls The latter can be considered as
reference for comparison because it has proven igbiigly in predicting formability for linear strain
paths for a wide range of grades of sheet metals, for which experimental FLDs have been
simultaneously measured and compared.

As shown in Figuré, the FLDs obtained with the BifurcatiofEPSC model for the studied ferritic
singlephase steehave shaps similar to thatof SUFHORUOLW W D O fhéy Jall som@hstk R X J k
lower. It is noteworthy thatdr theEPSC model, two valuder the dislocation interactioparameter.
[seeEquation(6)] can befound intheliterature [Z,28] for B.C.C. materials These two values, which
will be denoted in Figure 5 %) for . = 0.48 and (2jor . = 0.2,resultinherentlyin two different sets
of material parameters after identificatidn our previous study, the value= 0.2 was taken and the
corresponding identifiednaterial parametersare providedn [15]. We investigatehere theeffect of
this dislocation interaction parametey considering the value = 0.48, for which the associated
identified material parameters are given in Tabl&ldte that his latter value of., which is taken in
the current studyis motivated by physal interpretation&nd micromechanieBasedcalculationgsee
referencq27]), andthusmore commonly adopted in the literatuB®][ FromFigure § it appeardhat
an increasdn this parametehas naosignificantimpact on the ductility limifor monotonicstrainpaths
ranging from uniaxial tension to plars¢raintension. Alower value of . leads however,to ealier
strain localizationn the biaxial expansiodomainof the FLD

In what follows, attention will be focused on the investigatbthe impact of substructure features
on formability limits of singlephase B.C.C. materials. Some of the underlying motivation in such an
attempt of establishing relationships between microstructural properties and material ductility is to
provide a preittion tool able to classify materials in terms of ductility and, at longer term, to optimize
material properties or to design new grades of steel with enharosd mechanical properties.
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Figure 5. Simulated FLDs associated with linear strain pathstiie IFHi singlephase
steel as obtained with BifurcatidBPSC and ArcO RUOLWWDOYfV PRGHOV
Bifurcation££PSC model,1) corresponds tao = 0.48 and%) to . = 0.2.
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4. Impact of Substructure Featureson the Forming Limit Strains of SinglePhaseB.C.C. Steel

The qualitativeanalysis of the impact of microstructural mechanismisitedto model parameters,
on ductility is conducted on a 10@@ain polycrystalline aggregate similar to the ferritic siqghase
steel IFH1I, for which the identifiedparametenvalues are reported in Table The results are shown
using linear FLDs plotted for monotonic loadingathsranging fromuniaxial tensionto equibiaxial
expansionDue tothe negligible influence of the paramettrat arespecific to sequentidbading tests
(i.e., Ricg Rrev, andRy) on the forming limit strains during monotonic tesialy the modeparameters
associated withthe cellinteriors and intensity of dense dislocation sheets will be analyzed in what
follows. In this process, only ongarameter is varied at a time, in order to investigate its effect on
ductility, while all of the remaining model parameters are kept constant.

4.1.Ilmpact of theRandomly Distributed Dislocation Network

Figure 6a,b is obtained byvarying the immobilization parametérand the recovery parametey
respectively, whilekeeping all theremaining parameters of Table 1 constafthe evolution of
randomly distributed dislocations is given Bguation(4) in the modeling at the microscalas
explained previously, this equation contains two opposite terms representing, respectively, the storage
and annihilation mechanisms for the dislocations randomly distributed in the cell interiors.

The proportion of dislocations that are going to b@tweed inside cells is defined by the
immobilization parameter. Thus, larger values for this parameter induce more obstacles to slip and
consequently an increase in hardening leading to better ductility. This trend is disclosed by the
proposed model, ithe whole, as shown in Figure.6

In the same way, the recovery param&eeflects the significance of the annihilation of randomly
distributed dislocations. Thus, larger values for this parameter denote a more important quantity of
dislocations that argoing to disappear, making slip motion easier and consequently an overall
softening of the material promoting early strain localization. This trend is very well reflected by the
proposed model, as shown in Figule 6
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Figure 6. Simulated FLDs associatedttilinear loading paths for the # singlephase
steel as obtained with the BifurcatidePSC model: Effect of the model parameters
associated with the randomly distributed dislocation network.
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The selected values for paramelerespectivelyR, have been chosen to represent a reasonable
range of variationife., 2.5x 10*3 9 x 10" and 2.5x 10'2 2 x 10*m', respectively) for the local
saturated dislocation density for the cells, corresponding to a stationary cell structure. Such saturatior
values for the randomly distributed dislocation density are easily obtained by equating tiamidht
side of Equatior{4) to zero, which corresponds to the stagnation of the cell structure. Larger values for
parametet induce higher values for the local saturated dislocation density of the cells, whereas larger
values for parametd® allow reaching faster this saturatistage.

4.2. Impact of théntensity oDense Dislocation Sheets

Figure 7a,b is obtained by varying the immobilization paramet&t and the recovery parameter
R" respectively, while the remainimgodelparameters of Tabledre kept constant

These two parametetd® andR" reflect the same elementary mechanisms as paranietackR,
respectively; however, they pertain to the dislocations stuck in the dense dislocation sheets.

The evolution othe local immobile dislocation densifgsociatedavith the dense dislocation sheets
is expressed b¥quation(1) in the microscopic modeling. Similarly téquation(4), this equation
distinguishes the storage and annihilation mechanisms for the dislocations stored in the walls using
two terms with oppoge sign.

Larger values for the immobilization paramet¥! produce dense dislocation walls with higher
intensity. As discussed in the previous section, the dense dislocation sheets are generated parallel to tt
crystallographic planes on which the sliptiaty is greatest. Consequently, there will be fewer
dislocations acting as obstacles to the slip of other dislocations, which leads to increased ductility as
shown in Figure &
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Figure 7. Simulated FLDs associated with linear loading paths for thi I§inglephase
steel as obtained with the BifurcatidePSC model: Effect of the model parameters
associated with the intensity of dense dislocation sheets.
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With the same way of reasoning as for paramBtdiscussed previously, the recovery parameter
R"! leads to comparable effects. Accordingly, larger values for this parameter tend to promote earlier
strain localization as shown by the overall level ofkh®s plotted in Figure 7b

The selected values fparametet™®, respectivelyR", have been chosen to represent a reasonable
range of variation (between 4.8410* and 2.77x 10" m' ) for the local saturated dislocation density
for the dense walls. Such saturation values forldbal immobiledislocation densityassociated with
the dense dislocation sheets are obtained by equating théaigihtside of Equation (1) to zero, which
corresponds to the impossibility of storing dislocations in the walls any further. Larger values for
parameter™® induce higher values for thenmobile dislocation densitpssociated with the dense
dislocation sheets, whereas larger valisesparameteR"™ allow reaching faster the saturation of this
dislocation density.

4.3. Impact of th&olume Fractiorof Dense Dslocation Sheets

We investigatenerethe influence of the volume fractidnof dense dislocation sheets by varying
this parameter while keeping constahtof the parameteri& Table 1

As suggested by Figur8, increasing the volume fractiohof dense dislocation sheeisnds to
improve the overall ductility of B.C.C. meta. This effect isin agreementvith the influence othe
immobilization parameteassociated with dense dislocation walls, because increasing the presence of
dislocation wak has an effect that is somehow similar to increasing their intensity.
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Figure 8. Simulated FLDs associated with linear loading paths for th€i Isinglephase
steel as obtained with the BifurcatidePSC model: Effect of the volume fractidérof
dense dislocation sheets.
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4.4. Impact of thénitial Critical Resolved Shear Stress

Finally, a last analysign this parametesensitivity study concerns the effect of the initial critical
resolved shear stresg, by assignig different valuedo this parametewnhile keeping constant all of
theremainingparameters in Table 1.

As shownin Figure 9, decreasing valgefor the initial critical resolved shear stress, and by
extensionthoseassociated witlithe elastic limit, leado improvel overall ductility for singlephase
B.C.C. metals. This effect is in agreement wihle work of Luft BQ], who reported that fosingle
crystals of molybdenursolicited in uniaxial tensigra decrease in temperature resulted in an increase
in theelastic limt and thus a drop in ductility.

Figure 9. Simulated FLDs associated with linear loading paths for th€i Isingle phase

steel as obtained with the Bifurcati®#PSC model: Effect of the initial criticaésolved
shear stres<? .
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5. Conclusiors

In this paper, the bifurcatiebased localizatiomriterion first proposed by Rigehas beercoupkd
with an advanceelasticplastic seHconsistenimultiscalemodel The latterincorporaés microscopic
modelingwith an elaboratelescrption ofthe developmerdnd evolution of intragranulaubstructure
of singlephase B.C.C. steels

Numerical FLBs have been first determined far ferritic singlephase steel, denoted #H, and
compared t@areference FLD provided by ArcelorMittal. In thisocessthe macroscopic behavior law
has been accurately modeled in order to take into account the most important microstructural aspects
i.e,, initial and induced textures, dislocation densities and roffemechanisms. The proposed EPSC
multiscale model has promats ability to correctly reproduce the strestgain responses for various
mechanical tests (lineas well asequentiatwo-stagestrainpaths) andat differentloadingdirections
with respet tothe rolling direction

Then qualitative numerical investigatiols have been conducted by varying different model
parameters in order to identify the impact of the intragranular dislocation netweqrthe dislocations
stored inside cells and thenmke dislocation sheetsn the formability of singlghase B.C.C. steels.
The currentinvestigationenlarges our previous preliminary study [15], which was restricted to the
only plane strain tension loading paltly, extending thanalysisto the entireset ofstrain paths that are
requiredto determinethe completeFLD. The most influential parameters revealed in the preliminary
analysis are confirmeals well aghe general trendggarding their impact on overall ductility.

The obtainedresultsalsodenonstratethe capability of theproposedheoretical and numerical tool
to predictand comparg¢heformability of B.C.C. materials and may serve for hierarchical classification
of metals with regard to ductilityrherefore, it could be used to optimize thectility of new steels or
to design materials with desired formability anelse properties.

Acknowledgments

Part of this research has been performed within a project jointly funded by ArcelorMit@aeatre
National de la Recherche Scientifiq(@\RS. The authos are gratefulto ArcelorMittal and CNRS
for their financial supporandto ArcelorMittal for having provided thexperimental data

Conflicts of Interest
The authors detare no conflict of interest.
References

1. Horstemeyer, M.F. A numerical parametric investigation of localization and forming lintits.
Damage Mech200Q 9, 255285.

2. Banabic, D.;Dannenmann, E. Prediction of the influence of yield locus on the limit strains in
sheet metalsl. Mater. Proc. Technol 2001, 109 942

3. Banabic, D.Barlat, F.; Cazacu, O.; Kuwabara, T. Advances in anisotropy and formaluoitity.
Mater. Form. 2010 3, 165489



Materials2013 6 5232

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Zhou, Y.; Neale, K.W. Predictions of forming limit diagrams using a-satesitive crystal
plasticitymodel.Int. J. Mech Sci 1995 37, 120.

Boudeau, N.; Gelin, J.C.; Salhi, S. Computational prediction of the localized necking in sheet
forming based on microstructural material aspgetsnput Mater. Sci 1998 11, 4564.

Knockaert, R.; Chastel, Y.; Massoni, E. Forming limits prediction using-imdependent
polycrystalline plasticitylnt. J. Plast 2002 18, 231247.

Inal, K.; Neale, K.W.; Aboutajeddine, A. Forming limit comparisons for FCC and BCC sheets.
Int. J. Plast 2005 21, 12554266.

Wu, P.D.; Graf, A.; MacEwen, S.R.; Lloyd, D.J.; Jain, M.; Neale, K.W. On forming limit stress
diagram analysidnt. J. SolidsStruct 2005 42, 22252241.

Yoshida, K.; Ishizaka, T.; Kuroda, M.; lkawa, S. The effects of texture on formability of
aluminum alloy sheet#\cta Mater 2007, 55, 4499#4506.

Signorelli, J.W.; Bertinetti, M.A.; Turner, P.A. Predictions of forming limit diagrams using a
ratedependenpolycrystal seHconsistent plasticity moddht. J. Plast 2009 25, 1 25.

Peeters, B.; Seefeldt, M.; Teodosiu, C.; Kalidindi, S.Ran Houtte, P.; Aernoudt, E.
Work-hardening/softening behaviour of b.c.c. polycrystals during changing strain pagrs
integrated model based on substructure and texture evolution, and its prediction of thstrsiress
behaviour of an IF steel during tvetage strain pathécta Mater 2001, 49, 1607:4619.

Peeters, B.; Bacroix, B.; Teodosiu, @gn Houtte, P.; Arnoudt, E. Workhardening/softening
behaviour of b.c.c. polycrystals during changing strain paths: Il. TEM observations of dislocation
sheets in an IF steel during tvgtage strain paths and their representation in tefrdsslocation
densitiesActa Mager. 2001, 49, 16214 632.

Franz, G.; AbeeMeraim, F.; Ben Zineb, T.; Lemoine, X.; Berveiller, M. Role of intragranular
microstructure development in the macroscopic behavior of multiphase steels in the context of
changing strain pathMater. Sci Eng A 2009 517, 3008811.

Franz, G.; AbeeMeraim, F.; Lorrain, J.P.; Ben Zineb, T.; Lemoine, X.; BerveilMr Ellipticity

loss analysis for tangent moduli deduced from a large strain efgastic seHconsistent model

Int. J. Plast2009 25, 205238

Franz, G.; AbeeMeraim, F.; Ben Zineb, T.; Lemoine, X.; Berveiller, M. Impact of intragranular
microstructure development on ductility limits of multiphase stéétger. Sci Eng A 2011, 528
37778785.

Keh, A.S.; Weissmanrs. Deformationin Body-Centeed Cubic Metals.In Electron Microscopy

and Strengthof Crystal Thomas G., WashburnJ, Eds.;InterscienceNew York NY, USA, 1963
pp.231800

RondeOustau,F.; Baudelet, BMicrostructure and strain path in deep drawiAgta Metall

1977, 25, 15234529.

Fernandez, J.V.; Schmitt, J.H. Dislocation microstructures in steel during deep drawing.
Philos Mag. A 1983 48, 841870.

Nesterova, E.V.; Bacroix, B.; Teodosiu, C. Microstructure and texture evolution undespsiitain
changes in lowcarbon IF stel. Metall. Mater. Trans A 2001, 32, 25272538.

Rauch, E.F.; Schmitt, J.H. Dislocation substructures in mstitstl deformed in simple shear.
Mater. Sci Eng A 1989 113 441#448.



Materials2013 6 5233

21. Mughrabi, H. Continuum Models of Discrete Systems W Proceedings of thd-ourth
International Conference on Continuum Models of Discrete Syst8toskholm,Sweden, 29
Junes8 July1981; pp. 241257

22. Hill, R. Continuum micremechanics of elastoplastic polycrystalsMech Phys Solids1965 13,
89401.

23. Rudnicki, J.W.; Rice, .R. Condition for the localization of deformation in pressseasitive
dilatant materialsl). Mech Phys Solids1975 23, 3718394.

24. Rice, J.R. The Localization ofPlastic Deformation. In Proceedisgof the 14h International
Congress of Theoretical and Applied Mechanics, Amsterdém, Netherlands30 August4
Septembed 976 pp. 207220.

25. Marciniak, Z.; Kuczynski, KLimit strains in the process of stretch forming sheet métalJ.
Mech Sci1967 9, 609:620.

26. Cayssials, F. ANew Method forPredicting FLC. In Proceedisgf the 2@h IDDRG Conference,
BrusselsBelgium 1749 Junel998.

27. Aubert, I.; Berveiller, M. Constrained and unstable expansion of dislocation loops using an
invariant formulation of the freenergy Mech Mater. 1997, 26, 1274.37.

28. Zehetbauer, M.; Les, P.; Stiwe, H.P.; Fang, X.F. Model calculations of large strain strengthening
characteristics of commercially pure b.c.c. irBhys Status Solidil995 151, 3058311.

29. Li, J.C.M.; Chou, Y.T. The role of dislocations in the flow stress grain size relationstaizsl.
Mater. Trans197Q 1, 11454 1509.

30. Luft, A. Microstructural processes of plastic instabilities in strengthened mtats.Mater. Sci
1991, 35, 97204.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



