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ABSTRACTS
MS1 KwansooChungMemorialSymposium:MechanicsinMaterialsForming
MS1Ͳ1
Anintegratedcomputationalmaterialsengineeringapproachforconstitutivemodellingof3rd
generationadvancedhighstrengthsteels
FarhangPourboghrat,TaejoonPark,HyunkiKim,BassamMohammed,RasoulEsmaeilpour,LouisG.
Hector
Constitutivemodelsforthe3rdgenerationadvancedhighstrengthsteels(3GAHSS)weredevelopedbased
on integrated computational materials engineering (ICME) approach. Multiple scale models from the
atomic level to the continuum level were integrated to generate material models that can be used to
accuratelymodelthematerialresponseofthe3GAHSSdependingontheirmicrostructures.Inadditionto
the shear deformation in the slip systems, martensitic phase transformation induced by the plastic
deformation of the retained austenite was accounted for in the crystal plasticity model. Atomistic
simulation results based on the density functional theory (DFT) calculations were utilized to obtain the
latticeparametersandelasticcoefficients,whilemicropillarcompressiondataandinͲsituHEXRDtestdata
wereutilizedforthecharacterizationofthedevelopedcrystalplasticitymodel.3Drepresentativevolume
elements(RVE)weregeneratedtorepresentthemechanicalbehaviourofthe3GAHSSbyconsideringthe
distributions of grain size, grain shape, and grain orientation measured from the EBSD data. To predict
macroscopic mechanicalbehaviourof3GAHSSin complexdeformations, finiteelementsimulations were
performed based on the developed crystalplasticitymodel and generated 3D RVEs. The CPFE simulation
resultswereimplementedintheadvancedphenomenologicalmodelsandutilizedtoaccuratelypredictthe
formabilityandspringbackof3GAHSS.

MS1Ͳ2
Stressupdatealgorithmbasedonfinitedifferencemethodanditsapplicationtohomogenous
anisotropichardening(HAH)model
HyunSungChoi,JeongWhanYoon,FredericBarlat
Thispaperdealswithstressupdatealgorithmbasedonfinitedifferencemethod.Theproposedalgorithmis
basedonEulerbackwardmethodwithmultiͲstepreturnmappingapproach.Centraldifferencemethodwas
utilized for the approximation of the first and second derivatives of yield function. With the proposed
algorithm, it is possible to perform elasticͲplastic finite element simulation without any analytical
derivatives of yield function. General yield functions including Hill’s (1948) and Yld2000Ͳ2d, and also the
HAHdistortionhardeningmodelwereimplementedtoanimplicitfiniteelementcodeABAQUS/STANDARD).
For the verification purpose, various finite element simulations were performed. With the anisotropic
functions, single element loadingͲunloading and cupͲdrawing simulation were carried out. The results
obtained from the proposed algorithm were compared with the results from analytical derivatives and
referencedata.TheavailabilityoftheproposedalgorithmfordistortionalplasticitysuchasHAHmodelwas
evaluated by single element loadingͲreloading simulations: tensionͲcompression and tensionͲorthogonal
tension.TheeffectivenessoftheproposedalgorithmcomparedtotheclassicalEulerbackwardmethodwas
identifiedfromthesimulationresults.

MS1Ͳ3
Effectofidealflowconditionsonspringback
SergeiAlexandrov,ELyamina,DDate
Allsheetformingprocessesincorporatesomebending.Variousaspectsofthisprocessaffectitsdesign.One
oftheimportantaspectsisspringback.Thepresentpaperconcernswiththeeffectofidealflowconditions
on springback after bending under tension. Ingeneral, this process is not an ideal flow process. An ideal
flowpathisproducediftwoinequalitiesaresatisfied.Ameasureofspringbackiscalculatedforthiscase.
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MS1Ͳ4
Mechanicalperformanceofresistancespotweldedsteelsheets
NohWooram,XinYang,JungͲHanSONG,MyoungͲGyuLee 
Mechanical performance of resistance spot welded steel sheets was evaluated under quasiͲstatic and
dynamic loading conditions. Numerical inverse calibration method was mainly utilized to characterize
mechanical properties especially for flow curves and ductile fracture criteria of constituent zones of the
weldedjoints.Forthebasesheets,standardtensiletestandhighͲspeedtensiletestwasconductedunder
quasiͲstatic and dynamic loading conditions,respectively. Mechanical properties of the weld zones were
characterized using the developed miniature tensile specimen. Implementing the mechanical properties
andstructuretothefiniteelementmodel,finiteelementsimulationwasusedtoevaluatethemechanical
performanceoftwodistinctweldcoupons.

MS1Ͳ5
Thermomechanicalsimulationsofblankingprocessoperatedoverawiderangeofpunch
velocities
JeanͲPhilippePonthot,RomainBoman,CristianCanales
A numerical model based on the finite element method has been developed to simulate the blanking
process.Thankstothismodelweanalyzetheinfluenceofpunchvelocitiesduringblankingonthequalityof
the sheared edge and the characteristic parameters governing the process (maximum punch force and
displacement, temperature increase). In this model, inertia, viscous and thermal effects are properly
consideredbymeansofaunifiedthermomechanicalframework.Afullremeshingapproachisadoptedto
overcome the high distortion of elements due to large deformations, prior to fracture. The material
strainͲratesensitivity isintroducedby meansofanextensionofelastoͲviscoplasticconstitutiveequations
forthelargestrainregime.Theinertialeffectsareconsideredthankstoanimplicittimeintegrationscheme.
Crackpropagationduringtheprocessistrackedusingtheelementdeletionmethoddrivenbyanuncoupled
damage criterion. Finally, the coupled thermomechanical problem is solved by an isothermal staggered
scheme.Experimentalandnumericalresultsarecomparedfortheentirerangeofpunchvelocitiesunder
consideration.Goodagreementbetweenbothresultshasbeenfound.

MS1Ͳ6
DeterminationofforminglimitsofhighstrengthsoundͲdeadeninglaminatedsheet
DaeyongKim,HyeonilPark,SeͲJongKim,JinwooLee 
High strength soundͲdeadening laminated sheet consists of high strength steel sheets and a viscoelastic
polymericadhesivewithhighvibrationaldamping characteristics.In thisstudy,to evaluateformabilityof
soundͲdeadening laminated sheet, forming limit curves (FLC) were determined. The high strength
soundͲdeadeninglaminatesheetwasfabricatedwithdualphase(DP)590steelsheetsasouterskinsand
polymeric adhesive as a core by roll bonding process. The punched dome tests (Nakajima tests) were
performedwithvaryingspecimenwidth.Onthespecimenpriortodeformation,astochasticpatternwas
appliedtothesurfaceusingawhiteandblackspray.Untilthefractureoccurs,thestraindistributionwas
measured in the stereo image using digital image correlation (DIC) system. FLC of the laminated was
successfullydeterminedbycapturinglimitstrainsnearfractureaswellascalculatingthemaccordingtothe
ISOstandards.FLCofthelaminatedsheetisslightlyhigherthanthatofDP590sheetbutisnotsignificantly
different.

MS1Ͳ7
Modellingtransientbehaviorduringstressrelaxation 
KrishnaswamyHariharan,JayantJain,MyoungGyuLee
Stress relaxation test is widely used to estimate activation parameters during plastic deformation. The
oneͲdimensional theoretical models used to predict the stressrelaxation behavior uses the Orowan rate
equationtoderivethestressdropasafunctionoftime.Classicalmodelsassumethattheaveragemobile
dislocation density and internal stress remaininvariant during the test. Although subsequent works have
extended the original models, thetreatment is still incomplete. In the present work, two of the existing
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stressrelaxationmodels,powerlawmodelandlogarithmicmodelareanalyzedusingtheexperimentaldata
obtainedfromSS316.Themodelsaremodifiedbasedontheunderstandingofmechanicsofdeformation
mechanism during stress relaxation. The modified power law model was found to be inconsistent
mathematicallywhereasthemodifiedlogarithmicmodelwasfoundtoimprovetheaccuracyofprediction.

MS1Ͳ8
Numericalstudyofincrementalsheetformingprocesses
HyunkiKim,TaejoonPark,RasoulEsmaeilpour,FarhangPourboghrat
Inincrementalsheetformingprocesses,materialsaredeformedbycontinuouslocalcontactwithamoving
tool along predefined tool paths so that their stress or strain histories are significantly different from
conventional forming processes such as stamping, drawing, and hydroforming. In this work, numerical
conditions, e.g., a rigid surface type, an initial blank size, an element type, and a contact algorithm
commonly assumed for the conventional forming, were reͲinvestigated to confirm whether those
assumptionsarestillvalidfortheincrementalsheetforming.Analuminiumalloysheet,AA7075ͲO,witha
thicknessof1.64mmwasconsideredforthiswork.Thesimulationresultswerecomparedregardingstress
or strain paths at the critical elements, an effective strain distribution, a thickness profile, and reaction
forcesandmomentsofthetool.Thecomputationaltimewasalsocompared,inordertoidentifyoptimum
simulationconditions.

MS1Ͳ9
PredictionoffracturebehaviorinholeexpansiontestusingmicrostructurebaseddualͲscale
model
HeungNamHan,SiwookPark,JinwookJung,SungIlKim,SeokͲJongSeo,MyoungͲGyuLee 
Areliablepredictionofsheetformabilityisrequiredfordesigningautomobileparts,especiallyfortheparts
made of Advanced High Strength Steels (AHSS) with complex microstructure. Because of the
microstructural complexity of AHSS, finite element (FE) simulations based on the representative volume
element (RVE) in which microstructural information is incorporated as a submodel have been used to
predict macroscopic mechanical properties of materials. In this work, a dualͲscale FE approach was
proposedtopredicttheholeexpansionratio(HER)ofamultiphasesteelsheet.Asalargescalesimulation,
punchinganalysisfollowedbytheholeexpansionsimulationwasfirstperformed.Thestrainhistoryofeach
element was used as a boundary condition for the subsequent smallͲscale RVE model. Deformation
behavior depends on several factors related to microstructural effects such asgrain size, and dislocation
density. The equilibrium dislocation density in the pileͲup configuration was calculated by applying the
PeachͲKohler equation and the mean free pathwas calculated from the derived dislocation density. The
dislocation density based flow stress was implemented in the model. For the failure modeling, realistic
microstructureͲbased finite element approach was presented in combination with continuum damage
mechanics to consider the microstructure of investigated steel. In the simulation of punching process, a
ductilefracturecriterionwassuggestedtopredictshearandfracturezones.Theexperimentallyobserved
holeͲexpansion formability was reasonably explained by using the presented dualscale finite element
model.

MS1Ͳ10
AmultiͲscalemodellingof3rdgenerationadvancedhighstrengthsteelstoaccountfor
anisotropicevolutionofyieldsurfaceandplasticpotential
TaejoonPark,HyunkiKim,IllRyu,FarhangPourboghrat,RasoulEsmaeilpour
MultiͲscalemodelswereintegratedtoaccountforanisotropicmechanicalbehaviorofthe3rdgeneration
advancedhighstrengthsteels(3GAHSS).Themicromechanicalresponseofindividualphasesofthe3GAHSS
in nonͲproportional loading was characterized based on the atomistically informed dislocation dynamics
(DD)simulations.Thecharacterizedmechanicalpropertieswereutilizedforthedevelopmentofthecrystal
plasticitymodeltoproperlyaccountforthecrossͲloadingeffectontheinteractionsofthedislocations.To
predict anisotropic evolution of yield surface and plastic potential in nonͲproportional loading of the
3GAHSS, 3D representative volume elements (3D RVEs) were developed based on the microstructural
information from the EBSD data. As for the practical applications such as predictions of formability and
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springͲback, an advanced phenomenological model was also developed based on a combined type
nonlinearisotropicͲkinematichardeninglawandtwoͲyieldsurfaceplasticity.

MS1Ͳ11
Formabilitypredictionsandmeasurementof316LstainlesssteelusingselfͲconsistentcrystal
plasticity
YoungungJeong,TimoManninen
AviscoplasticselfͲconsistent(VPSC)crystalplasticitymodelwasusedtodescribethemechanicalbehavior
of a 316L stainless steel sample. Mechanical anisotropy of the 316Lstainless steel was evidenced in the
experimentalresultscollectedfromtheuniaxialtensiontestsalongvariousdirections.EBSDimageswere
obtained from the asͲreceived sample, and a representative population of discrete orientations was
created to account for the initial crystallographic texture in the model. The hardening parameters were
identified by using the flow stressͲstrain curve obtained from a bulge test. The modelͲpredicted and
experimental flowͲstress curves and RͲvalues were compared in order to estimate the adequacy of the
VPSC model to describe the anisotropic behaviour of the 316L stainless steel sample. Furthermore, the
crystalplasticitymodel,inconjunctionwiththeMarciniakͲKuczyŷskiapproach,wasusedtopredictforming
limit diagram. The model was validated by comparing with the experimental flow stress curves from
uniaxial tensionandbulgetests.The predictiveaccuracyonforminglimitdiagramwasalsoestimatedby
comparingwiththeexperimentalforminglimitstrainsobtainedthroughNakajimatests.

MS1Ͳ12
FEimplementationofHAHmodelusingFDMͲbasedstressupdatealgorithmforspringback
predictionofAHSSsheets
SeongYongYoon,HyunSungChoi,JeongWhanYoon,FredericBarlat
Thehomogeneousanisotropichardening(HAH)modelwasimplementedintoafiniteelement(FE)codein
order to predict springback for an advanced high strength steel (AHSS) sheet sample after doubleͲstage
UͲdraw bending. The finite difference method (FDM) was utilized as an alternative way to calculate the
derivativesofthisadvanceddistortionalplasticitymodelallowingtheupdateoftheequivalentplasticstrain
andstresstensorateachtimestepintheuserͲmaterialsubroutines(UMATandVUMAT).TheFDMmakesit
easier to derive the stress gradient of complex yield surfaces. The proposed FDMͲbased stress update
algorithm was verified by comparing the springback profiles after the singleͲ and doubleͲstage UͲdraw
bendingtestsforaDP980sheetsamplepredicted withanalyticalandnumericalapproaches. Inaddition,
the springback measurement parameters and computational efficiencies depending on both approaches
were also compared. The results indicate that the computational efficiency and accuracy of the FE
simulationswiththeFDMͲbasedstressupdatealgorithmweresimilartothoseoftheanalyticalmethod.

MS1Ͳ13
AcrystalplasticitystudyonthedeformationofanAZ31alloysheetunderelevatedtemperature
DayongLi,ZihanLi,GuoweiZhou,YinghongPeng
In order to investigate the evolution of deformation mechanisms of AZ31B Mg alloy sheet and their
correlation with material property development under intermediate temperatures, systematic
experimental examination and the crystal plasticity analysis are performed. Themechanical responses of
AZ31B Mg alloy sheet are measured under uniaxial tension and compression along rolling direction,
transversedirectionandnormaldirectiondirectionsandoverthetemperaturerange100Ͳ300°C.Aseriesof
EBSDexperimentsisalsocarriedoutinordertoexplorenucleationfeaturesinthedynamicrecrystallization
(DRX) of AZ31 Mg alloy sheets. Furthermore, a phenomenological DRX criterion is introduced into the
viscoͲplasticselfͲconsistentmodelthroughadislocationdensitybasedhardeningmodeltoanalyzethe
deformationofAZ31Mgalloysheetsat200°C.
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MS1Ͳ14
FailurepredictionofAZ31BMgsheetatroomtemperatureconsideringmaterialanisotropyand
differentialworkhardening
KanghwanAhn
Failure predictions of AZ31B Mg sheet at room temperature were conducted considering material
anisotropy as well as differential work hardening for the range from uniaxial to balanced biaxial loading
paths. The maximum shear stress criterion was used as a failure criterion, and both the associated and
nonͲassociated flow rules were employed along with the quadratic anisotropic functions to derive the
analyticexpressionsforfailure.Differentlevelsofmaterialanisotropywereconsideredinformulation,and
procedures of determiningthe material coefficients considering the differential work hardening behavior
wereprovided.Failurepredictionsusingtheanalyticalexpressionswerecomparedwiththeexperimental
resultsobtainedbyhemisphericaldometests.TheresultsshowthatinthefailurepredictionofAZ31BMg
sheet,boththematerialanisotropyandthedifferentialworkhardeningneedtobeaddressedproperlyto
makeanaccuratefailureprediction.

MS1Ͳ15
Effectofdistortionalhardeningbehaviouronmaterialresponseofpuretitaniumsheetsduring
hydraulicbulgetest
QuocTuanPham,MyoungGyuLee,YoungSukKim
Plastic characteristics of pure titanium sheets are identified by conducting several tensile tests and
hydraulicbulgetest.Distortionalhardeningbehaviourofthetestedmaterialisexaminedexperimentallyby
comparing the uniaxial tensile results of three specimens taken from different orientations. This study
verifies the effect of the distortional hardening behaviour on the material responses for pure titanium
sheet by conducting a finite element analysis for the bulge test. For this purpose, a material model is
calibrated based on the experimentally measured data. In this model, both yield surface and potential
surfacewerewelldescribedbytheYld2000Ͳ2dfunctionunderthetheoryofassociatedflowrule.Tomatch
with experimental observation, all parameters of the yield function are implied as functions of the
equivalent plastic work duringplastic deformation. Additionally, a modified Voce hardening function was
applied to reproduce the hardening behaviour for the examined material over large strains. Based on
simulationresults,itisconcludedthattheDHbehaviourstronglyaffectstheevaluationoftheapexheight
duringthebugletest.

MS1Ͳ16
ConstitutivemodelingandFEimplementationforanisotropichardeningunderproportional
loadingconditions
EunͲHoLee,ThomasB.Stoughton,JeongWhanYoon
Anisotropichardeningresponse(orevolutionofyieldsurface)isanimportantissuefornumericalmodeling
of sheet metal forming and springback. Lee et al. (2017) recently introduced an improved constitutive
modelbasedontheStoughtonandYoon(2009)’sequation,calledtheSͲY2009modelinthispaper,inorder
tocapturetheanisotropichardeninginproportionalloadingconditions.TheLeeetal.(2017)’smodelwas
builtbycouplingtheSͲY2009modelandanonͲquadraticmodeltocontrolthecurvatureoftheyieldfitting
formoreaccuratepredictionoftheyieldsurface.TheLeeetal.(2017)’smodel(calledthecoupledmodelin
thispaper)showed good agreements withthe measureddata. However,in theaforementionedpaper,a
simulation study for sheet metal forming process with the coupled model was not reported. This paper
presentsthecoupledmodelintwopointsofview.Thefirstistheabilityofthecoupledmodeltocapture
the evolution of the yield surface. The other is the performance of the coupled model to describe the
anisotropichardeninginabulgetestsimulation.Predictingtheanisotropichardeningincludingthebiaxial
stress state is important to follow the measured data. For the simulation, the coupled model was
implementedintoVectorizedUserMATerialinterface(VUMAT)ofABAQUS.TheYld2000Ͳ2dmodelwasalso
incorporatedin thecomparisonbecausetheYld2000Ͳ2d modelhasbeenshowing good agreements with
theinitialanisotropy.Theresultsofthisstudyshowthatcapturingtheanisotropichardeningisimportant
127(7KHILUVWDXWKRURIHDFKSUHVHQWDWLRQOLVWHGDERYHLVWKHUHJLVWHUHGFRUUHVSRQGLQJDXWKRUDQGPD\QRWFRLQFLGH
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and the presented approach can be a good model in the sheet metal forming simulation under the
proportionalloadingconditions.

MS1Ͳ17
DuctilefractureofAA6111alloyincludingtheeffectofbakeͲhardening
YannisP.Korkolis,JinjinHa,MadhavBaral
The thermal cycle of paint baking for auto bodies alters the mechanical properties of aluminum alloys
including,possibly,theirfracturebehavior.Inthisstudy,theplasticityandfractureofAA6111sheetaftera
30minheatingcycleat180°Cisinvestigated.Uniaxialtension,planeͲstraintensionanddiskcompression
experiments are performed to assess the plasticity of the material. The results are used to calibrate
Yld20004Ͳ18p anisotropic yield function. An evolution of the yield locus with plastic deformation is
observed.Thisisrepresentedbyevolvingtheexponentoftheyieldfunction,ratherthanthecoefficients
themselves.ThepostͲneckinghardeningcurveisidentifiedbynumericallysimulatinganotchedͲtensiletest.
The fracture locus is probed using notchedͲtension, centerͲhole, and shear experiments. In every case,
digital image correlation (DIC) is used to acquire the surface strain fields. In parallel, finite element
simulations of the fracture specimens are used to approximate the fracture strains, triaxiality, and Lode
angle parameter. Yld2004Ͳ18p model shows good overall agreement with the experiments; thus, the
fracturelocusisprobedwiththismodel.

MS1Ͳ18
InfluenceofpaintbakingprocessonfractureinitiationofanAlͲMgͲSialloysheet
SuhyunGwak,InjeJang,JongsupLee,WooramNoh,MyounggyuLee,JunghanSong,CheolyoungJeong
Someofthealuminiumalloysheetswidelyemployedinthelightweightautomotivebodyarewellknown
tohavehardeningmechanismoriginatingfromprecipitation.Sensitivetoheattreatmentprocess,variation
of precipitation status induces change of mechanical properties f the aluminium sheets. In this study,
fracturephenomenonofapaintbakeͲhardenableAlͲMgͲSialloysheetwasinvestigated.Asapaintbaking
processofthealuminiumsheet,theheattreatmentwasisothermallyperformedonthesheetat180°Cfor
20 minutes, i.e., artificial ageing.The mechanical properties especially for the flow curve and the ductile
fracturecriterionwerecharacterizedbyconductingdifferenttypesoftensiletestsforvariationofloading
pathandbyanalyticalanalysisofhybridmethod.Furthermore,theeffectofthebakingprocessonfracture
initiationwasalsoquantitativelyevaluatedbycomparisonbetweenfracturestrainofthealuminiumsheet
beforeandafterageing.

MS1Ͳ19
ConstitutivemodellingofcarbonfiberͲreinforcedshapememorypolymercomposites
WoongͲRyeolYu,SeokBinHong,JingyunKim,NamSeoGu
Shapememorypolymer(SMP)isoneofsmartpolymerswhichexhibitshapememoryeffectuponexternal
stimuli such as heat, moisture, electricity etc. To overcome low mechanical properties of SMP, a woven
carbon fiberͲreinforced shape memory polymer composite (SMPC) has been proposed. However, the
prediction of the mechanical behavior of woven carbon fiberͲreinforced SMPC is not routine due to
anisotropyandmultidimensionaldeformationduringbendingorunfolding.Inthisstudy,a3Dconstitutive
modelofwovencarbonfiberreinforcedSMPCwasdevelopedbasedonphenomenologicalthreeelements
inparallel;rubberyandglassyphasesandanisotropicfiberpart.Totreattheanisotropicbehaviorofwoven
fabric reinforcement such as high stiffness with slight nonlinearity in the warp and weft directions and
nonlinear shear behavior, an anisotropic hyperplastic constitutive modelwas used that decompose total
strainenergyintowarpandweftstretchingandfabricshearingenergies.Finally,3Dconstitutiveequation
wasobtainedbysummingthestressesresultingfromrubberyandglassyphasesandfiberpartconsidering
interface effect between matrix and fiber. The developed equation was implemented into COMSOL
software.Finally,shapememorybendingandanisotropicbehaviorofwovencarbonfiberͲreinforcedSMPCs
wassimulated.
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MS1Ͳ20
EffectofdeformationinducednonlinearandanisotropicelastoͲplasticityonsheetforming
simulations
MyoungͲGyuLee,JeongͲYeonLeeb,HongjinChoi,YumiChoia,KijungLee,JinwooLee
Anisotropyininitialyieldandsubsequenthardeninginflowstresshasbeenmodeledinthefiniteelement
simulationstoenhancetheaccuracyofformabilityandspringbackinsheetmetalproducts.Ascontinued
effortsinthefieldofconstitutivemodeling,theevolutionofanisotropyduringtheplasticdeformationand
its dependency on deformation path were also studied by many researchers. In addition to the plastic
behavior, the elastic nonlinearity in preͲdeformed sheet metals has been also regarded as a key factor
which influences the accuracy of the sheet metal forming simulation, particularly in the springback
simulation. In this study, recent reviews on the constitutive modeling for the deformation induced
nonlinear and evolution of anisotropy are provided mainly using the published data [1,2]. To model the
initialanisotropytheHill1948yieldfunctionwithnonͲassociatedflowruleandYld2000Ͳ2dnonͲquadratic
yieldfunctionwereconsidered.Also,theseyieldsurfacesevolveasafunctionofequivalentplasticstrain.
For better modeling the nonlinearity of elastic behavior during the deformation, recently developed
multiͲsurface elasticity model was implemented in the simulation. To investigate the effect of the
considered anisotropic plasticity and nonlinear elasticity on forming simulation, cylindrical circular cup
drawingwas experimentallyconductedanditsearingprofileandspringbackaftersplitting oftheformed
cupinthecircumferentialdirectionwerecomparedwiththesimulatedresults.Theresultsshowedthatthe
finiteelementsimulationscouldpredictthedeformedshapesafterformingandspringbackwithenhanced
accuracy when the constitutivemodel could represent the complexity in the anisotropy and nonlinearity
duringplasticdeformation.

MS1Ͳ21
AnelastoͲplasticconstitutivemodelofmagnesiumalloysheetatwarmformingtemperature
understrainpathchanges
JinwooLee,DongͲHoonYoo,YoungͲSeonLee,DaeyongKim,MyoungͲGyuLee
In the current work, a continuumͲbased approach is discussed in order to describethe plastic hardening
behavior of magnesium alloy sheets under strain path changes at warm forming temperature. The
constitutive model is represented to use an anisotropic distortional yield function combining a stable
componentandafluctuatingcomponent.Thestablecomponentincludestheyieldfunctionthatrepresents
the material’s anisotropy or the strength effect between tension and compression. The evolution of the
fluctuating component is reformulated based on recently developed HCP metal’s distortional hardening
modelatroomtemperature.Themodifiedmodelswereimplementedintofiniteelement(FE)softwarevia
userͲmaterial subroutine. Predicted stressͲstrain curves of tensionͲcompressionͲtension (TCT) and
compressionͲtensionͲcompression (CTC) loadings for two preͲstrains were compared with experimental
results.Overall,theproposedmodelcouldgivereliableagreementwithexperimentaldata.

MS1Ͳ22
CrystalplasticitybasedconstitutivemodelingofZEK100magnesiumalloycombinedwithinͲsitu
HEXRDexperiments
HyukJongBong,XiaohuaHu,XinSun,YangRen,RajKMishra
In the current works, both microͲ and macroͲmechanical properties of a hexagonal closeͲpacked (HCP)
polycrystalline ZEK100 magnesium alloy were investigated. In the experimental perspective, inͲsitu high
energy XͲray diffraction (HEXRD) from a synchrotron source was conducted during the uniaxial tension
along the rolling direction (RD) and thetransverse direction (TD) to measure the lattice strain evolutions
andstressͲstrainbehaviors.Inthemodelingperspective,crystalplasticityfiniteelement(CPFE)modelwas
developedincorporatingthedeformationtwinningfortheHCPͲstructuredmetals.TheHEXRDexperiments
and crystal plasticity models were then coupled to characterize the constitutivebehaviors of the ZEK100
alloy. The lattice strain data representing the microscopic behavior of the material and the macroscopic
stressͲstrain behavior were then tied together as objectivevalues to estimate the critical resolved shear
stress (CRSS) and hardening parameters of availableslip and twin systems of the ZEK100 alloy using the
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developedCPFEmodel.ThestressͲstrainbehavioraswellasthelatticestrainvariationduringtheuniaxial
tensiontestsarepresentedusingtheCPFEmodelandcomparedwiththeactualHEXRDdata.


MS2 MaterialsandProcessModelingforHotͲStamping
MS2Ͳ1
BiaxialdeformationonAA5182ͲOaluminumalloysheetatwarmtemperature
HiroshiHamasaki,FumiakiTamashiro
Warm temperature biaxial tension test apparatus was developed in this study. This device can achieve
stressratioandstrainratecontrolssimultaneouslybecauseitisnecessarytokeepthoseparametersforan
accurate measurement of equiͲplastic work locus. The warm temperature biaxial tension tests were
conductedonAA5182ͲOaluminiumalloysheetwiththethicknessof1mm.Theobtainedresultsshowed
thattheshapesofequiͲplasticworklocididnothavestrongtemperaturedependency.

MS2Ͳ2
DevelopmentofamaterialmodelforAA7075aluminiumhotstamping
GuillaumeD'Amours,AndreyIlinich
This paper presents the development and validation of a material model for finite element analysis of 
aluminiumhotstamping.ItisbasedonHill’48yieldfunctionwithanonͲassociatedflowruleandisotropic,
temperatureandratesensitivehardening.Themodelalsoincludesphenomenologicaldamagetreatment
whichwasdevelopedforplasticinstabilityandfracturepredictioninnonͲisothermalconditions.Aspecial
attentionwasgiventothecalibrationofthermalconductance.Validationwasperformedwithaseriesof
crossdiehotstampingtestswithinͲsitutemperaturemeasurements.

MS2Ͳ3
Unifiedconstitutivemodelofaluminumalloy2219atelevatedtemperature
TianGan,ZhongͲqiYu,YiͲxiZhao,XinͲminLai
Exploringthehotdeformationbehaviorsofmaterialsisessentialfortheprecisenumericalsimulationofhot
forming processes. In this study, the hot tensile deformation behaviors of aluminum alloy 2219ͲO are
studiedbyuniaxialtensiletestsatthetemperaturerangeof473Ͳ673Kandstainraterangeof0.001Ͳ0.1sͲ1.
MechanismͲbased unified constitutive equations are developed to model the grain size, recovery and
dislocation density. The results show that under the tested deformation conditions, the flow stress
decreases with the increaseof deformation temperature or the decrease of strain rate. Additionally, the
increasingofelongationstofractureinthisstudyindicatesthattheelevatedtemperaturecanimprovethe
plasticityofAA2219ͲO.Moreover,theflowstressespredictedbythedevelopedunifiedconstitutivemodel
wellagreewiththeexperimentaldata,whichindicatethatthedevelopedconstitutivemodelisvalid.

MS2Ͳ4
Suitabilityofmaterialmodelsinfiniteelementsimulationof
stressrelaxationfortitaniumsheets
XiaoqiangLi,HongruiDong,GuiqiangGuo,DongshengLi
Titaniumalloysareimportantaerospacematerialsduetotheirlowdensity,highstrengthtoweightratio
and excellent corrosion resistance, but it is difficult to form them under room temperature due to poor
formabilityandlargespringback,whichisoftenformedbyhotforming.Andstressrelaxationbehaviourof
materialplaysanimportantroleinhotforming.Inthispaper,differentmaterialmodelsarecomparedin
simulatingstressrelaxationofTiͲ6.5AlͲ2ZrͲ1MoͲ1Vsheet,andvalidatedbyexperiments.Aseriesofuniaxial
tensilestressrelaxationtestsareperformedontheTiͲ6.5AlͲ2ZrͲ1MoͲ1Valloysheetoverthetemperature
ranging from 773 K to 973 K, and the strain 10%. According to the result of stress relaxation tests,
TimeͲHardeningmodelandHyperbolicͲSinemodelarecalibratedandvalidated.Itisshownthatforstress
relaxationprocess,from0to900seconds,themaximumstresssimulationerror(6MPa)ofTimeͲHardening
modelislowerthanHyperbolicͲSinemodel(25MPa),butfrom1800to3600seconds,themaximumstress
simulation error (15 MPa) of TimeͲHardening model is larger than HyperbolicͲSine model (5 MPa). In
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addition, it can be concluded that the stresssimulation error will have little effect on shape accuracy of
formedpartsduringthesimulation.

MS2Ͳ5
PropertiespredictionmodellingforhotstampingproductsanditsvalidationinaUͲcappart
XianhongHan,ChenglongWang,YananDing,ZhenshanCui
MicrostructureevolutionmodelswereintroducedtodescribetheultraͲhighstrengthhotstampingprocess,
where both diffusional and nonͲdiffusional phase transformations were contained. In addition, the
mechanicalpropertiesofthefinalhotstampingproductsincludinghardness,strengthandelongationetc.
werepredictedthroughaseriesofanalyticalandempiricmodels.BasedontheplatformofLSͲDYNA,the
presented models were used to simulate thehot stamping process of a UͲcup part, the predicted phase
fractionsandmechanicalpropertieswereclosetothemeasuredresults.

MS2Ͳ6
Analysisofflowstressbehaviourofinconelalloysatelevatedtemperaturesusingconstitutive
model
NitinKotkunde,GauriMahallea,RushabhaShah,AmitKumarGupta,SwadeshKumarSingh
A reliable and accurate prediction of flow behaviour of metals considering the coupled effects of strain,
strain rate and temperature is vital in analyzing the workability of the metal. In this study,
KhanͲHuangͲLiang(<,>)phenomenologicalbasedconstitutivemodelshasbeendevelopedforflowstress
prediction of Inconel 625 and 718 alloys. Firstly, uniaxial tensile tests have been performed from room
temperature to 400 °C at an interval of 100 °C and slow strain rate ranges of 0.0001–0.01 sͲ1. <,>
constitutivemodelhasbeendevelopedusinguniaxialtensiletestdata.Thepredictedflowbehaviourhas
been compared with experimental stressͲstrain data.The prediction capability of these models has been
verifiedusingvariousstatisticalmeasuressuchascorrelationcoefficient;Z),averageabsoluteerror;ȴ)and
itsstandarddeviation;^).Basedontheanalysisofstatisticalmeasuresrevealedthat<,>modelhasgoodin
agreementwithexperimentalflowstressbehaviour.

MS2Ͳ7
Deepdrawingofpresshardeningsteels
MelanieTomasch,WernerEcker,RobertKaiser,ThomasAntretter
Press hardening of low alloy steel sheets is an efficient way of manufacturing high strength automotive
components relevant for passenger safety in case of a crash. The press hardening processcombines the
advantagesofgoodformabilityatelevatedtemperaturesaswellashighstrengthandgoodformaccuracy
afterquenchinginthecloseddie.Sincecoolingduringformingandsubsequentquenchinghasasignificant
influenceonthemechanicalbehaviourofasteelsheet,astronglycoupledthermoͲmechanicalmodelhas
beendevelopedforthesimulationsoftwareABAQUS.Accuratesimulationresultsrequiretheknowledgeof
temperature dependent thermal and mechanical material properties as well as occurring interactions
betweenthesheetandthedie.Theyweredeterminedinaseriesofexperimentsandprovidetheinputfor
thenumericalmodel.Duringthequenchingstepinthecloseddie,thehighstrengthofthecomponentis
achieved by a martensite phase transformation. This transformation is strongly influenced by the
deformationintheheavilybentareasaswellasthetemperatureevolutionofthesheet.Accurateresults
fortheshapeofthefinalcomponentsandforthepropertieswithintheoperatingservicetimecanonlybe
obtained if the numerical model accounts for the microstructure formation including the TRIP
(Transformation Induced Plasticity) effect. This is accomplished by means of a user subroutine.
Consequently, the model allows to analyse the forming and cooling process in the closed die in detail
throughouttheentireprocesscycle.Concluding,thefinalgeometry,thewallthicknessdistributionofthe
componentandthepressforcesduringformingareusedasparameterstocomparethesimulationresults
withformingexperimentsandtovalidatethechosenmaterialmodel.
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MS3 AdvancedMaterialCharacterizationUsingDICandInverseMethods
MS3Ͳ1
Inverseyieldlocusidentificationusingabiaxialtensionapparatuswithlinkmechanismand
displacementfields
SamCoppieters,HakoyamaTomoyuki,DimitriDebruyne,SusumuTakahashi,ToshihikoKuwabara
The main impetus for this work is the reduction of experimental work associated with yield locus
identification of sheet metal through homogeneous tests. Inverse identification strategies have been
devised to simultaneously extract a number of model parameters from an experiment leading to
nonͲuniformstressandstrainfields.Amongstthem,theFiniteElementModelUpdating(FEMU)technique
isprobablythemostintuitiveapproachforwhichconclusiveproofofconceptcanbefoundinliterature.A
thorough understanding, however, of the keyFEMUͲingredients and their impact on the identification of
plastic anisotropy of sheet metal is currently missing. This paper scrutinizes via a virtual heterogeneous
experiment the impact of the number and spreading of load steps, the boundary conditions and DIC
settingsontheidentificationoftheyieldlocus.

MS3Ͳ2
DevelopmentofnewexperimentaltestforsheetmetalsthroughͲthicknessbehaviour
characterization
AttilioLattanzi,MRossi,ABaldi,DAmodio
The present work proposes a new testing system to evaluate the throughͲthickness shear behaviour of
anisotropicsheetmetals,thatcanbeemployedinidentificationmethodssuchastheVirtualFieldsMethod
(VFM)andtheFiniteElementModelUpdating(FEMU).Infact,onlytheplanarcomponentsofanisotropy
are usually considered due to assumption of plane stress condition, and the throughͲthickness shear
behaviour can be relevant in the prediction of failure models and plastic instabilities in such industrial
applicationswherelocalizedshearoccursduringmetalformingprocesses.Thenewexperimentalprotocol
isbasedontheapplicationofUnnotchedIosipescutesttolargestrainplasticity,usingDICforthethickness
surface displacement measurement. Here, a first configuration of the experimental setͲup is tested
employing specimens obtained from S355 steel blank. Then, the test performed is used to identify the
anisotropyshearparameterinthethicknessplaneofconstitutivemodelHill48viaFEMUmethod.

MS3Ͳ3
ApplicationoftheVirtualFieldsMethodtodeterminedynamicpropertiesatintermediatestrain
rates  
JinͲHwanKim,JinͲSeongPark,FredericBarlat,FabricePierron
Crash analysis simulation is now very important in automotive industry to assess automotive
crashworthinessandsafety.Inordertoacquirereliablecrashsimulationresults,precisematerialbehaviors
atintermediatestrainratesshouldbeusedasinputdata.TodeterminethestressͲstraincurvesatvarious
strain rates, the number of expensive and complicated experiments is large. The present study aims at
determining the stressͲstrain curves of sheet metals at various strain rates from a single dynamic
experiment.Anewtypeofhighspeedtensiletesterforsheetmetalspecimenswasbuiltandhighspeed
tensile tests were carried out. FullͲfield heterogeneous strain fields were measured by a digital image
correlationtechniqueusingahighͲspeedcamera.Theloaddatawasacquiredfromstraingaugesattached
to the elastic deformation region on the specimen. Then, an inverse identification scheme with a rate
dependent hardening law was applied to retrieve dynamic parameters. The stressͲstrain curves of
advancedhighstrengthsteelatintermediatestrainrates(100/sͲ300/s)weresuccessfullyobtainedfroma
singleexperiment.
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MS3Ͳ4
EnhancingthehydraulicbulgeͲtestusingfullͲfieldDICdata
MarcoRossi,AttilioLattanzi,DarioAmodio
The bulge test is an important experimental technique to identify the properties of materials and, in
particular, metals. One of the main advantages of such technique, in testing metals, is the possibility of
reaching high levels of deformation before fracture. For instance, a tensile test allows to evaluate the
hardeningcurveonlyuptheoccurrenceofnecking,i.e.atthemaximumforceintheloadvs.displacement
curve.Abulgetestcanbeperformedusingmechanicalpunchesorthehydraulicpressureofafluid.When
hydraulicpressureisused,thetestisnotaffectedbyfriction.Thehydraulicbulgetest(HBT)isthereforea
veryefficientmethodtoevaluatethepropertiesofmetalsatlargestrains.Usually,theoutcomeoftheHBT
is the hardening curve in the equiͲbiaxial stress state that occurs at the top of the dome, during the
expansion. In order to obtain the stress value is important to measure the curvature of the dome, this
involve a second derivative of the vertical displacement field that can lead to measurement errors,
especiallyif anopticaltechniqueisusedtoobtain theshapeof thebulge.If DICisemployedasfullͲfield
measurement technique to evaluate the displacement and thestrain field of the sheet metal during the
HBT, only few measurement points in the center ofthe dome are actually used in the evaluation of the
stressͲstrain curve. Accordingly, there is a large part of information that is not used in the identification
procedure In this paper, the whole fullͲfield measurement is exploited to derive the hardening behavior
using an adaptation of the Virtual Fields Method (VFM). Suitable virtual fields are used to write the
equilibriumequationinalargezoneofthesheetmetalduringthetest.Allthestraindatameasuredwith
DICinsuchzonearethenusedintheidentificationprocedure.Themethodisillustratedthroughsimulated
experimentsonstainlesssteelsheetmetals.

MS3Ͳ5
Predictionofmechanicalpropertiesonlargediameterweldedpipesthroughadvanced
constitutivemodelling
StevenCooreman,PhilippeThibaux,MartinLiebeherr
Largediameterweldedpipesareamongstthemostcosteffectivetransportationmeansforoilandgas.In
general,onecandifferentiatebetweenlongitudinally(LSAW)andspirallywelded(HSAW)pipes,whereby
LSAWpipesareproducedfromplateandHSAWpipesfromcoil.Pipeforminginvolvesseveralcoldforming
steps,suchas(cyclic)bendingand(mechanical)expansion.Obviously,themechanical propertiesonpipe
differ from those of the base material. Detailed understanding of how the mechanical properties evolve
during pipe forming would helpsteel mills to target specific base material properties to ensure the final
pipe strength. Therefore, an FE (Finite Element) model, capable of simulating different pipe forming
processes, was developed using the commercial FE software Abaqus. Thereby, an advanced constitutive
model,accounting for isotropic, kinematic and distortional hardening was implemented via a UMATuser
subroutine.Areverseengineeringstrategywasappliedtocalibratetheconstitutivemodel.Themodelwas
thenusedtosimulatespiralpipeformingofa28”x16mmHSAWpipe.

MS3Ͳ6
Verificationofaccuracyofyieldfunctionsofsheetsteelsundershearstrainsinuniaxialtensile
testsinmultipledirections
AkinobuIshiwatari,KanaYamamoto,YasuhiroKishigami,JiroHiramoto
Sheetsteelshavemoreorlessplasticanisotropy.Itisthereforeimportanttoconsidertheanisotropyofa
sheet steel in FE analysis of press forming. There are many anisotropic yieldfunctions proposed such as
Hill’48,Blart’sandGotoh’sorthotropicyieldfunction.Theseyieldfunctionshavematerialparametersto
expresstheanisotropyofasheetsteel,andtheparametersneedtobecalibratedbased onrͲvaluesand
stressesintensiontestsinvariousdirections,and/orstressesandstrainsinbulgetestsorinbiaxialtension
tests. The accuracy of a calibrated yield function should be confirmed by using the results of another
material test which is not used in the calibration. However, some functions have many parameters and
needmanycalibrationtests.Anewmethodtocheckparametersofyieldfunctionswasdevelopedmaking
useofshearstrainsinauniaxialtensiontest.Inthisstudy,shearstrainsweremeasuredbyDICinuniaxial
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tension tests in various directions. The results, the ratios of a share strain to the tensile strain, were
comparedwiththeoreticalvaluesfromthecalibratedyieldfunctions.


MS4 FormingofHCPMetals
MS4Ͳ1
PredictionofthetorsionalresponseinHCPmetals
BenoitRevilBaudard,NitinChandola,OanaCazacu
Oneofthegreatestchallengesthataresearcherinthefieldofthetheoryofplasticityisfacingisthatithas
toestablishgeneralmathematicalrelationsbetweenthestressesandstrainsthatshouldbeapplicableto
any loading, although the experimental information available is generally restricted to uniaxial tension
and/or compression tests. In particular, it has been long recognized that classic yield criteria cannot
accurately capture the torsional response of hcp metals. In this paper, it is shown that Cazacu et al. [1]
orthotropic yield criterion, identified based on uniaxial tests, captures the unusual characteristics of the
torsionalresponseofhcpAZ31Mg.Furthermore,forthefirsttime,onthebasisofthesamecriterion,itis
predicted the shape of the yield surface of this material for combined tensionͲtorsion and combined
compressionͲtorsion loadings. Most importantly, it is shown that from the analysis of the stressͲstrain
responsesinafewverysimplemechanicaltests,usingthiscriteriononecanpredictwhetheraxialstrains
developintorsion.

MS4Ͳ2
AmechanismͲdrivenplasticitymodelfordeformationbyglideandtwinninganditsapplication
tomagnesiumalloys
DirkSteglich,JacquesBesson
The plastic deformation of two different rolled magnesium sheets (AZ31 and ZE10) under quasiͲstatic
tensile and compressive loading conditions at room temperature is studied. Beside glide by dislocation
motion, deformation twinning leads to evolving flow stress asymmetry and evolving plastic anisotropy in
these alloys. These mechanisms cause a significant change in the shape of the yield surface. A
phenomenological plasticity model in which the primary deformation mechanisms, slip and (extension)
twinning, are treated separately is developed here and incorporated in the finite element framework.
Deformations caused by these mechanisms are modelled by a symmetric and an asymmetric plastic
potential, respectively. The hardening functions are coupled to account for the latent hardening. The
necessary input for model parameter calibration is provided by mechanical tests along different
orientations of the rolled sheets. Tensile tests of flat notched samples and shear tests of sheets are
furthermore incorporated in the parameter optimisation strategy, which is based on minimising the
difference between experimental behaviour and FE result. The model accounts for the characteristic
tensionͲcompression asymmetry and the evolution of strain anisotropy. Both, the convexͲup and the
concaveͲdown shaped stressͲstrain response are predicted. The method is further probed on the
simulationofformingoperations.

MS4Ͳ3
Crystalplasticityanalysisofanisotropicdeformationbehaviorofporousmagnesiumwith
orientedpores
TsuyoshiMayama,MasakazuTane,YuichiTadano
Numericalcalculationsforporousmagnesiumwithcylindricalorientedporesshowedsignificantinfluences
ofactive deformationmodesinmagnesium (Mg)ondistinctive “twoͲstagedeformationbehavior”during
compression.Calculatedresultsalsoimplythatlargergrainaspectratioresultsinbetterenergyabsorption
efficiency.
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MS4Ͳ4
SlipactivityinaCPͲTioligocrystal:numericalstudyandcomparisonwithexperiments 
PierreBaudoin,TakayukiHama,HirohikoTakuda,SoheiUchida
In recent years, direct comparisons between simulations and experiments dedicated to test samples
containingasmallnumberofgrains(oligocrystals)instrumentedusingfullfieldmeasurementstechniques
(DIC, grid method) have proved fruitful to investigate and accurately reproduce the behavior of BCC and
FCC crystals. The extension of this approach to HCP metals and CPͲTi in particular is the objective of the
present work. The deformation behavior of a grade 2 CPͲTi material is investigated numerically, by
comparing the predictions of strain field in a 32 grains oligocrystal loaded in tension with experimental
results. It is found that the set of constitutive parameters identified by the authors in a previous study
[Hamaetal.,Int.J.Plast.,2017(91),77]reflectstheexperimentalbehaviorsatisfactorilyforstrainfields.

MS4Ͳ5
Effectofdeformationtwinningonforminglimitanalysisofpolycrystallinemagnesium
YuichiTadano
A formability assessment using the crystal plasticity model is conducted to investigate the effect of
deformation twinning on the formability of polycrystalline magnesium sheet. For presenting the
polycrystalline behaviors of magnesium, the homogenizationͲbased finite element method is introduced,
and the MarciniakͲKuczyŷsk type sheet necking analysis is demonstrated. Two kinds of deformation
twinningmodel,i.e.,theasymmetricsliptypeandvanHoutte’smodelsareadopted,andtheeffectofthose
models on the forming limit analysis is numerically discussed. It is revealed that the lattice reorientation
duetodeformationtwinningplaysanimportantroleinplasticflowlocalizationofmagnesium,whileshear
deformationcausedbydeformationtwinninghasaninsignificanteffect.

MS4Ͳ6
Experimentalandnumericalstudyoftheinelasticbehaviorofmagnesiumalloysduringcyclic
loadingͲunloading
HuamiaoWang,DingTang,DayongLi,YinghongPeng,PeidongWu,JianWang
Magnesium alloys exhibit significant inelastic behavior during unloading, especially when twinning and
detwinning are involved. It is commonly accepted that noteworthy inelastic behavior will be observed
during unloading if twinning occurs during previous loading. However, this phenomenon is not always
observedforMgsheetswithstrongrolledtexture.Therefore,theinelasticityofAZ31Brolledsheetswith
differentrolledtexturesduringcyclicloadingͲunloadingarenumericallyinvestigatedbyelasticviscoplastic
selfͲconsistent polycrystal plasticity model. The incorporation of the twinning and detwinning scheme
enablesthetreatmentofdetwinning,whichplaysanimportantroleforinelasticbehaviorduringunloading.
The effects of texture, deformation history, and especially twinning and detwinning on the inelastic
behaviors are carefully investigated and found to be remarkable. The simulated results are in good
agreement with the available experimental observations, which reveals that the inelastic behavior for
stronglyrolledsheetsisverydifferentthanthatforextrudedbars.

MS5 AdvancesinMultiscaleͲModelingoftheEffectofAnisotropyinForming
MS5Ͳ1
YieldlocuspredictionusingstatisticalandRVEͲbasedfastFouriertransformcrystalplasticity
modelsandvalidationfordrawing
AlbertVanBael,PanagiotisSeventekidis,MarcSeefeldt,DikRoose,FengboHan,FranzRoters,PietKok 
Amethodologyispresentedtopredictyieldlociofdrawingsteelswithvirtualmechanicaltestsusing(i)the
statistical ALAMEL crystal plasticity model (VEF software of KU Leuven) and (ii) an approach based on
representative volume elements (RVE’s) solved with a spectral numerical Fast Fourier Transform (FFT)
technique (DAMASK software of MPIE). In the latter case, the RVE’s are defined in the form of a regular
mesh of grid points in 3DͲspace with a crystal orientation assigned to each grid point. The experimental
textureisderivedfromXRDpolefiguremeasurements.Onlytensilecurvesintherollingdirectionareused
tocalibratethehardeningmodelincludedinthecrystalplasticitymodels.Foraninterstitialfreesteelthe
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predictions are compared to experimental yield loci, as obtained from uniaxial tests, plane strain tests,
sheartestsandthroughͲthicknesscompressiontests.AnalyticalFACETyieldlociarecalibratedtothecrystal
plasticity(CP)modelsandtheseareusedinFEsimulationsofasquarecupdeepdrawingprocess,validated
byexperiments.

MS5Ͳ2
Anisotropicyieldcriteria
OanaCazacu
The most widely used isotropic yield criteria are defined in terms of the principal values of the stress
deviator.Inthispaper,itisdemonstratedthattheseyieldcriteriaareexpressibleaspolynomialsintermsof
thesecondandthirdinvariantsofthestressdeviator.Usingthesenewmathematicalresults,new,simple
and explicit expression of Yld91 and Karafillis and Boyce [1] orthotropic yield criteria in terms of stress
components are obtained. Moreover, it is shown that for orthotropic BCC materials, Yld 91and Karafillis
andBoyce[1]criteriaareparticularformsofCazacuandBarlat[2]orthotropicyieldcriterion. 

MS5Ͳ3
Studyontheinfluenceoforthotropyandtension–compressionasymmetryofmetalsheetsin
springbackandformabilitypredictions
MartaC.Oliveira,PedroD.Barros,DiogoM.Neto,JoséL.Alves,LuísF.Menezes
MostyieldcriteriapossessapointͲsymmetrywithrespecttoitscenter,meaningthatastressstateandits
reversestatehavethesameabsolute value. However,this can beanunrealisticapproximation,evenfor
cubic metals (both faceͲcentered cubic and body center cubic)), which can present a small asymmetry
between the yield stress in tension and compression, i.e. a strength differential (SD) effect. This work
analyzestheinfluenceoftakingornotintoaccounttheSDeffectinthemodelingofthesheetorthotropic
behaviorinthenumericalsimulationofacylindricalcupdrawingprocess.Theyieldcriterionadoptedisthe
CPB06 [1], including its version with two linear transformations [2], allowing a better fitting of the
experimental data available. The material analyzed presents a quite small tensionͲcompression ratio of
0.963.However,thissmallSDeffectleadstoaslightlyhigherpunchforceduringthebendingdominated
stage, resulting in a very small influence on the springback prediction. The influence on the thickness
evolutionduringtheprocessisnegligible.

MS5Ͳ4
Plasticdeformationofmetallicmaterialsduringdynamicevents
BenoitRevilBaudard,OanaCazacu,GeremyKleiser,NitinChandola
Recently, fully implicit computational capabilities have been developed to predict the plastic behavior of
metallic materials (i.e. Ti, Mo) during dynamic events. It is to be noted that within this formulation
framework,theequilibriumequationsaresolvedforeachtimeincrement.Thecouplingsofthenumerical
framework to the Cazacu et al. [1] plasticity model that accounts for all the key features of the plastic
behavior of airframe materials, i.e. the tensionͲcompression asymmetry and the orthotropic behavior,
results in high fidelity prediction of the mechanical behavior during dynamic events. The improved
predictive capabilities have been assessed for different strain rate conditions and different metallic
materials.Furthermore,validationofthemodelsandFEformulationforTaylorimpactconditionsthrough
comparisons of experimental deformed profiles of Taylor specimens for Ti and Mo has been done. It is
worthnotingthatforthefirsttime,theextentofthezoneofplasticdeformation,changeingeometryand
the transition from transient to quasiͲsteady plastic wave propagation was captured with great fidelity.
Furthermore,themodelwasusedtogainunderstandingofthedynamicdeformationprocessintermsof
timeevolutionofthepressure,theextentoftheplasticallydeformedzone,distributionofthelocalplastic
strain rates, and when the transition to quasiͲsteady deformation occurs for different dynamic events. It
wasthusshownthatthismodelhasthepotentialtobeusedforvirtualtestingofcomplexsystems.
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MS5Ͳ5
Predictionoffour,sixoreightearsindrawncupsofsingleͲcrystalaluminumsheets 
NitinChandola,OanaCazacu,BenoitRevilͲBaudard
The new single crystal criterion developed by Cazacu, Revil and Chandola (2017) was implemented in a
finiteͲelement (FE) code and applied to forming of singleͲcrystal cups of aluminum. Drawing simulations
wereconductedforcircularsingleͲcrystalblanksofthreedifferentorientations:{100}ࠑ001ࠒ,{111}ࠑ1Ͳ10ࠒ
and{112}ࠑ1Ͳ10ࠒusingthesamesetofparameters forthesingleͲcrystalyieldcriterion.Astronginfluence
of anisotropy (singleͲcrystal orientation) on the earing profile is found. While for the{100}ࠑ001ࠒ
orientationitispredictedthatfourearsdevelop,forthe{111}ࠑ1Ͳ10ࠒand{111}ࠑ1Ͳ10ࠒcrystalorientations
six and eight ears are predicted, respectively. The FE simulation results are consistent with experimental
observationsofTucker(1961).

MS5Ͳ6
Ontheusageofagrainsizesensitivecrystalplasticitymodelinthespectralsolverframework
SebastianHirsiger,BekimBerisha,ChristianRaemyPavelHora
Prediction of the yield loci based on crystal plasticity material models in combination with an efficient
solver, the FFTͲbased spectral solver, is the main focus of this study. Results of the CPͲbased yield locus
modeling are compared with the wellͲestablished macroscopic model YLD2000Ͳ2d for various materials;
steel as well as aluminum alloys. For this purpose, uniaxial tensile tests in various directions as well as
biaxial tests were performed. Further, the influence of grain size in crystal plasticity simulations is often
neglectedduetothefactthatmostgrainsareassumedtohavesimilarsizeortheinfluenceofgrainsizeis
directlymappedwithinmaterialparameters.Formaterialscontainingsignificantlydifferentgrainsizes,this
approach does not apply and therefore, a suitable model for crystal plasticity laws is needed. In the
frameworkofthisresearch,anadaptedHallͲPetchphenomenologicalmodelisimplementedinthecrystal
plasticity openͲsource code DAMASK. The spectral solver in combination with the phenomenological
constitutive laws allows computing of numerical results in short time, which is a key factor for the
developmentofnewmaterialsandindustrialresearch.

MS5Ͳ7
Predictionofnegativebulgeintwopointincrementalformingofanasymmetricshapepart
MihaelaBanu,JaekwangShin,AnkushBansal,RandyCheng,MayaNath,AlanTaub,BrianMartinek
The bulging effect in incremental sheet forming (ISF) has been explained by the buildup of compressive
stresses during forming resulting in the material at the center to bulge inwardor outward. In this study,
effectofstepsizeontheformationofabulgeinanasymmetricshapeintwopointincrementalforming
(TPIF)isexamined.Experimentallyvalidatedfiniteelementmodelsweredevelopedtosimulatetheforming
atboththemacroscale,andusingafinermeshtogeneratethesurfaceprofile.Theformationofthebulge
isdeterminedtobeduetoacombinationofcompressivestressesandaninstabilitycreatedbythematerial
intheunderformedareaduringtheformingoperation.

MS5Ͳ8
PredictionoftensiledeformationbehaviorofAlͲLialloy2060ͲT8bycomputational
homogenizationͲbasedcrystalplasticityfiniteelementmethod
AliAbdElͲAty,SangyulHa,ShihongZhang,YongXu
Incurrentstudy,acomputationalhomogenizationͲbasedcrystalplasticity(CP)modellingwaspresentedto
determinethedeformationbehaviorofanovelthirdͲgenerationALLialloy2060ͲT8atroomtemperature,
strain rate of 0.01 sͲ1and various loading directions. The computational homogenization strategy used a
representative volume element (RVE) which describes the real microstructure of AA2060ͲT8 sheet to
consider the inͲgrains deformation behavior. Besides, a periodically boundary condition was modified to
considerbothdeformationinducedanisotropyandthegeometricalanisotropy.Theinitialmicrostructures
and microtexturesof the AA2060ͲT8 sheet were determined by EBSD measurements, as well as used to
build up the RVE model. The material parameters used in CP modelling was determined from the
stressͲstraincurveobtainedfromthetensiletestatstrainrateof0.001sͲ1andloadingdirectionof30°with
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reference to rolling direction. The results obtained from computational homogenisation strategy keep a
remarkable agreement with the results determined from experimentation. In conclusion, the
computationalhomogenizationbasedCPFEMisabletopredictthedeformationbehaviorandcapturethe
anisotropicresponseofAA2060ͲT8sheetatvariousdeformationconditions.Theresultsdeterminedfrom
computational homogenisation keep a remarkable agreement with the results obtained from
experimentation. In a conclusion, the computational homogenization based CPFEM is able to predict the
deformationbehaviouroftheAA2060ͲT8alloyatdifferentformingconditionsandillustratetheabilityto
capturetheanisotropicmechanicalresponse.

MS5Ͳ9
Amultiscalemodeltoincorporatetextureevolutionintophenomenologicalplasticitymodels
KInal,CPKohar,JLBassani,RKMishra
Crystal plasticity is a micromechanicsͲbased model that is regularly used to simulate plastic spin during
large deformation. Although crystal plasticity can provide an accurate description of local deformation
behaviour,itisoftencomputationallyexpensiveandusuallyreplacedbyflowruleͲbasedphenomenological
models that do not capture this phenomenon. This work presents a phenomenologicalͲbased texture
evolution (PBTE) model that allows for the enhancement of flow ruleͲbased models to capture
microstructural spin in a phenomenological manner. A numerical framework is presented for generating
andcalibratingthemicrostructuralevolutionforthePBTEmodelusingcrystalplasticity.ThePBTEModelis
calibrated and employed to predict the macroscopic mechanical response and the generated
microstructuralspinforsinglecrystalFCCcubeduringnonͲproportionalstrainpaths. 


MS6 SheetMetalFormability:inhonorofProf.Marciniak’s100Ͳyearanniversary
MS6Ͳ1
Experimentalandnumericalinvestigationsondeterminationofstrainlocalizationinsheet
forming
DorelBanabic,DmytroLumelskyj,LucianLazarescu,JerzyRojek
This work presents results of investigations on the determination of strain localization in sheet forming.
Nakajimaformabilitytesthasbeenchosenfortheexperimentalstudiesandnumericalanalysis.Theonset
oflocalizedneckinghasbeendeterminedusingthecriteriastudiedintheauthors'earlierworks,basedon
the analysis of the principal strains evolution in time. The first criterion is based on the analysis of the
throughͲthicknessthinning(throughthicknessstrain)anditsfirsttimederivativeinthemoststrainedzone.
The limit strain in the second method is determined by the maximum of the strain acceleration. Limit
strainsobtainedfromthesecriteriahavebeenconfrontedwiththeexperimentalforminglimitcurve(FLC)
evaluatedaccordingtomodifiedBragardmethodusedintheISOstandard.Thecomparisonshowsthatthe 
firstcriterionpredictsformabilitylimitsclosertotheexperimentalFLCandsecondmethodpredictsvalues
of strains higher than FLC. These values are closer to the maximum strains measured before fracture
appears in experiment. These investigations show that criteria based on the analysis of strain evolution
usedinnumericalsimulationandexperimentalstudiesallowustodeterminestrainlocalization.

MS6Ͳ2
TheperformanceofMarciniak–Kuczinskyapproachonpredictionofplasticinstabilityofmetals
subjectedtocomplexloadings
GabrielaVincze,MarilenaButuc
The objective of the present paper is to analyse the performance of MarciniakͲKuczinsky(MK) theory on
the prediction of formability of sheet metals subjected to complex loadings. Advanced constitutive
equations taking into account isotropic and anisotropic hardening are applied to describe the material
mechanical behaviour under linear and complex loadings. A comparative study on their accuracy on
predictingtheforminglimitsforthestudiedmaterialisperformed.TwodeepͲdrawingqualitysheetmetals
are selected. Several strain path changes are taken into account. A good agreement between the
theoretical and experimental results was obtained. MK theory is an efficient and valuable tool on the
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prediction of plastic flow localization of sheet metals under complex loadings when proper constitutive
equationsareused. 

MS6Ͳ3
PhenomenologicalmodelforpredictionoflocalisedneckinginmultiͲstepsheetmetalforming
processesmultiͲstepsheetmetalformingprocesses
KlausDrotleff,MathiasLiewald
Prediction of localised necking is crucial for cost, time and material efficient production of sheet metal
components.EspeciallyinmultiͲstepformingoperations,nonlinearstrainpathsoccurduetocomplexpart
andtoolgeometryaswellaschangingloadingconditionsduringtheformingprocess.Today,predictionof
localised necking for such components is often based on empirical knowledge of experienced forming
specialistsorspecialiseddamagemodelsparticularlyrelatedtosheetmetalmaterials.Itiswellknown,that
calibration of such damage models can be difficult, particularly for industrial applications. The model
presentedinthispaperisaphenomenologicalapproachforpredictionoflocalisedneckingundervarying
loadingconditionswhichiseasytocalibrate.Forthecalibrationprocedureonly36uniaxialtensiletestsare
needed. The model calibration and failure prediction was carried out for DP600 material with sheet
thicknessof0.98mm.Anexperimentalformingcomponentmanufacturedinthreeformingoperationswas
usedforvalidationofthemodelpresented.Mathematicalsetupofthemodel,simulationapproachaswell
asacomparisonbetweennumericalandexperimentalresultswillbegiven.

MS6Ͳ4
Evolutionofplasticanisotropyandstrainratesensitivity
JunheLian,FuhuiShen,SebastianMuenstermann
In this study, it is aimed to formulate a constitutive model accounting for the evolving features of the
plasticanisotropy,intermsofbothstressesandrͲvalues,andthestrainratesensitivityduringtheplastic
deformation. For the model calibration and validation, a bcc ferritic steel is selected. The material
parametersarecalibratedbytensileexperimentsunderdifferentloadingconfigurationsanddifferentstrain
rates.Nakajimatestsare conducted tocharacterisethe coldformabilityof theselectedsteel.The model
predictioniscomparedwiththeexperimentalresultsanditisconcludedthattheformabilitypredictionis
significantlyimprovedwhenconsideringtheevolvingfeaturesduringtheplasticdeformation.

MS6Ͳ5
MultiͲstagetwopointincrementalsheetforming
KaiHan,XiaoqiangLi,DongshengLi
In incremental sheet forming, the thickness of parts decreases with the sine law as the forming slope
increases,resultinginseriousthinningorevenfractureofparts.Forindustrialproducts,extremethinning
of parts can not meet the design requirements, seriously affecting the application of incremental sheet
forming in the industrial field. MultiͲstageincremental sheet forming is found to effectively improve the
thickness distribution of parts. For multiͲstage two point incremental sheet forming, there are a great
varietyofmultiͲstagestrategies,suchasparallellineartoolͲpathstrategy,parallelarcstoolͲpathstrategy,
variable angle straight lines toolͲpath strategy, and stretchͲbend assist multiͲstage strategy. However,
which multiͲstage strategy is the best multiͲstage strategy is not conclusive. Therefore, in this paper, a
squareconeisselectedtoanalysetheinfluenceoftoolͲpathstrategyonthicknessdistribution.Then,the
best multiͲstage strategy is obtained by comparing the thickness distribution with different strategies.
Finally, by analysing the change of strain condition with an increase in stage, the causes of different
strategiesforincreasingthethicknessdistributionareobtained.

MS6Ͳ6
AmicrostructurebasedmodellingofhighstrengthsteelsheetunderstretchͲbending
K.Achineethongkham,P.Thanakijkasem,V.Uthaisangsuk,
Intheautomotiveindustry,advancedhighstrength(AHS)steelsheetsarewidelyusedforvariousstructural
and safety parts in car body. Such AHS steels exhibit complex microstructures containing different phase
constituents. The yield and tensile strength of these steel sheets are significantly increased, but the
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formability is very restricted due to earlier occurred local damages. Their fracture behaviours are thus
strongly governed by the microstructure characteristics and interplays between various phases. Besides,
theformingprocessesofAHSpartsmostlyshowedanonͲlinearstrainhistory,forwhichtheconventional
forminglimitcurve(FLC)couldnotbeproperlyapplied.Inthiswork,stretchͲbendingtestswerecarriedout
fortheAHSsteelsheetgrade980aftersubjectedtodifferentpreͲstrains.FEsimulationsonthemicroͲscale
of the forming experiments were performed by using 2D representative volume element (RVE) model,
whichwasgeneratedfromtherealmicrostructureofexaminedsteel.Hereby,localcrackoccurrencesinthe
microstructure of steel were described. Furthermore, the FE results by using isotropic and kinematic
hardeninglawwerecompared.Finally,thebendinglimitsofsteelgrade980aftervaryingpreͲstrainswere
predicted.

MS6Ͳ7
Predictionoftheformabilitylimitusingdamagemechanics
GianlucaIannitti,AndrewRuggiero,NicolaBonora,GabrielTesta,DomenicoGentile
Forminglimitdiagrams(FLD's)areusedtoevaluatetheworkabilityofmetalsheets.Thesediagramsprovide
thefailurelocusatwhichplasticinstabilityoccursandlocalizedneckingdevelops(commonlydesignatedas
theforminglimitcurveͲFLC),andthefailurelociattheonsetoffracturebytensionorbyinͲplaneshear.In
thiswork,thepossibilitytopredicttheFLD’susingdamagemechanicsispresented.Followingtheapproach
proposedbyLemaitre[1],thefractureforminglimit(FFL)forductilemetalsistheoreticallyderivedusing
the extended Bonora damage model (XBDM). The XBDM is used in numerical simulation with FEM of
formabilitytests(NakazimaandMarciniak)todemonstratethepossibilitytoaccountcorrectlyfornecking
development before fracture. The proposed model prediction was validated with available experimental
dataforhighpuritycopper.

MS6Ͳ8
InfluenceofalloychemistryonthetextureevolutionandplasticanisotropyofultraͲfinegrained
aluminumalloys
AbhijeetDhal,M.S.Shunmugam,S.K.Panigrahi 
In the present work, cryorolling was performed on both pure Al (AA1070) and AlͲMg alloy (AA5083).
Cryorolled materials were subjected to same level thermal treatment. The deformation behaviour and
anisotropicpropertiesofthesematerialswereextractedfromuniaxialtensiletestresults.Theseproperties
were compared for base, cryorolled and heat treated conditions for both the materials. Compared to
AA1070,AA5083showsmuchimprovedstrainhardeningcapability.Thisisattributedtoitslowerstacking
fault energy and influence of incoherent Mg solute in the Al matrix. By controlled thermal treatment
substantialductilitywasalsoregainedforAA5083,withoutmuchlossinitstensilestrength.Thisbehaviour
isattributedtothepresenceofbimodalmicrostructureinAA5083,consistingofultraͲfineaswellascoarse
grains. Due to the preservation of rolling texture even at high annealing temperature, the anisotropic
propertieswerealsofoundtobemuchfavourableincaseofAA5083.

MS6Ͳ9
TowarddevelopmentofoptimumspecimendesignsandmodelingofinͲplaneuniaxial
compressiontestingofaluminumalloy2024andAISI1008steelsheetmaterial
DKBanerjee,CACalhoun,MAIadicola,WELuecke,TJFoecke
TensionͲcompression testing is commonly conducted to understand and predict springback during a
stampingprocess.However,largestrainsaregenerallydifficulttoachieveduringtheinͲplanecompression
portionofthetest.Properspecimendesignandcontroloffrictionalforcesarenecessaryforobtaininglarge
strains.Thispaperdescribesextensivefiniteelementanalyses(FEA)andoptimizationstudies(Phase1)that
were conducted to calibrate the model test assembly for three different buckling modes obtained in
uniaxialcompressiontestsofaluminumalloy2024andAmericanIronandSteelInstitute(AISI)1008steel
specimens.Inadditiontoobtainingthesethreebucklingmodescorrectly,calibratedFEAmodelpredicted
forces matched measured forces reasonably well. Also, a good agreement between computed and
measured stressͲstrain data was demonstrated for one compression experiment. In Phase 2 of the
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optimization process, optimum specimen geometries will be developed by using these verified, optimum
FEAmodeltestassembliesinthreetypesofcompressionbucklingexperiments.


MS7 AnalysisofSheetMetalJoiningandWeldingPhenomena
MS7Ͳ1
Simulationoffatiguecrackgrowthinweldjointofthinstructuresusingcharacteristictensor
HidekazuMurakawa
It is known that fatigue life of welded structures, such as automotive and ship structures, is greatly
influencedbyweldingresidualstress.Incaseofrealstructures,theorientationofthestressesproducedby
staticloadandthatproducedbyrepeatedloadandthatofweldingresidualstressaregenerallydifferent
fromeachotherandtheyformahighlycomplexmultiaxialstressstates.Ontheotherhand,thefatigue
behaviourhasbeenmostlystudiedforuniaxialstressstatewithoutresidualstress.Thecrackgrowthrateis
relatedtothestressintensityfactorrangeDKsuchasintheParisLow[1].Topredictthefatiguebehaviour
of real welded structures, the three dimensional stresses produced by static load, repeated load and
weldingmustberationallycorrelatedwithascalarvalueDK.TheauthorproposesaCharacteristicTensor
which characterizes the singular stress field at crack tip and its invariant parameters, such as principal
valuesorinvariantswhichhassimilarformasstrainenergydensity,areusedtocomputeDKinaconsistent
manner.Itspotentialusefulnessisdemonstratedthroughsimpleexamples.

MS7Ͳ2
Thecorrosionbehaviorofcoldspraycoatingon2219aluminiumalloyjointspreparedbyfriction
stirwelding
HuaZhang,ChangyuZhao,BingCui,XuemeiYan,ChengliangDou,TonggeShao,RuiPan
Acompactcoatingwasdepositedonthesurfaceofafrictionstirwelded2219ͲT6aluminumalloyjointvia
coldsprayingforcorrosionprotection.Theresultsshowedthatarelativelydensecoatingcouldbeformed
in the FSW joint surface. Corrosion resistance of the coating is pretty good with the average discharge
potential of Ͳ0.638 V (vs. SCE) and corrosion current density is 7.034 ʅAͼcmͲ2. Immersion tests in the
exfoliationsolutionconfirmedthatthepresenceofcoatingsignificantlydecreasedthecorrosionattack.The
corrosionofcoatingbeginswithpitting,whichismainlyatthecoatingporosity.Itgraduallydevelopedinto
theintergranularcorrosionandexfoliationcorrosionultimately.

MS7Ͳ3
Studyonkeyholeandmeltflowbehaviorsoflaserweldingofaluminumunderreducedambient
pressures
GCPeng,LQLi,HBXia,JFGong
Laserweldingofaluminumalloyunderreducedambientpressurecanproducelessporositydefects.Inthis
paper, the effect of reduced ambient pressures on porosity was investigated by a combination of
experimentalandnumericalmethod.Anovelnumericalmodelwasproposedtodescribethekeyholeand
melt flow behaviors under reduced ambient pressures. Numerical results showed that, compared with
atmosphericpressure,reducedambientpressurewouldproduceamorestablekeyhole.Thevortexofmelt
flowinmoltenpoolbecameunapparentandevendisappearedunderreducedambientpressures.Theflow
velocityofthemeltonthekeyholewallbecamefasterunderreducedambientpressures.Thedifference
between boiling point and melting point decreased under reduced ambient pressure, which made a
contributiontotheformationofathinnerkeyholewallandhenceimprovedthestabilityofkeyhole.Higher
recoil pressure would be produced under reduced ambient pressures, which was responsible for the
weakenedvortexandenhancedmeltflowvelocity.Theformationofporosityduringlaserweldingprocess
couldbeeffectivelyinhibitedbasedontheabovecombinedeffects.



127(7KHILUVWDXWKRURIHDFKSUHVHQWDWLRQOLVWHGDERYHLVWKHUHJLVWHUHGFRUUHVSRQGLQJDXWKRUDQGPD\QRWFRLQFLGH
ZLWKWKDWDSSHDUVRQWKHSURFHHGLQJVSDSHU  


31

NUMISHEET2018       ProgramandAbstracts
NUMISHEET 2018

Program and Abstracts

MS7Ͳ4
EffectofdifferentcoatingsontheweldabilityofAltosteel
JunhaoSun,ZhuguoLi,JianHuang,RuiCao
TheinfluenceofdifferentcoatingsontheweldabilityofAl/steelwasassessedinthisstudy.Differentkinds
ofthecoatings,whichincludedpurezinccoating,FeͲZncoatingandwithoutcoating,wereconsidered.The
thicknessofthecoatingwasalsostudied.Differentconfigurationofoverlapandbuttjointwasused,and
different welding methods including coldmetal transfer (CMT) weldingͲbrazing and laser weldingͲbrazing
withfillermetalwereinvestigated.Sampleswerefabricatedandtheweldappearance,microstructureand
compositionanalysesofthejointswereexamined.ItwasfoundthattheAltosteelwithoutcoatingcould
notbeweldeddue totheformationoflargeamountof brittleFeͲAlintermetalliccompounds (IMC).The
coatinghelpedsuppresstheformationofIMCandaweldingͲbrazingjointwasproduced.However,pureZn
coating enhanced the wetting of molten filler onto the solid steel substrate, but FeͲZn coating barely
enhancedthemoltenfillertowetthesteelsubstrate.Thecoatingwithathicknessof10Ͳ20ʅmcontributed
toabetterperformanceofAl/steeljoint.

MS7Ͳ5
Simulationofweldingthermalconductionandthermalstressusinghybridmethodof
acceleratedexplicitandimplicitFEM
NinshuMa,KunioNarasaki
AhybridmethodcombiningtheacceleratedexplicitandtheimplicitFEMwasdevelopedforsimulationof
weldingthermalstress.Furthermore,toreducethecomputingtimeandkeepthesimulationaccuracy,the
hybridmodellingusingsolidelementsaroundtheweldedzoneandshellelementsinthezoneawayfrom
the welded zone is recommended. The applications of hybrid method and hybrid modelling to the
simulationofweldingthermalconduction,thermalstressandstrainshowedagoodefficiency.

MS7Ͳ6
NumericalsimulationofthermalsupportedselfͲpiercerivetingofanultrahighͲstrength
aluminiumalloy
MJäckel,SMaul,CKraus,WͲGDrossel
This paper will describe the experimental and numerical analysis of the thermal supported selfͲpierce
rivetingprocessofENAWͲ6016T4intoENAWͲ7075T6.Inthisregard,theexperimentalprocessanalysis,
thedevelopmentofthesimulationmodelandtheevaluationoftheFEsimulationarediscussed.

MS7Ͳ7
Numericalsimulationandanalysisofmetalfusedcoatingforming
SiyuanXu,ZhengyingWei,JunDu,GuangxiZhao,WeiLiu
3Dprintinghasbeenwidelyusedfortheformingoffunctionalparts,andelectronbeamandlaserareused
astheheatsourcemostly,whichisexpensiveandenergyconsuming[1].MetalFusedcoatingprocessisa
developingadditivemanufacturingtechnology,thehighpowerheatsourceiseliminatedandthematerialis
not confined to powder and wire [2]. In this paper, computational fluid dynamics method [3] combined
with fluid volume method are used to study the influence of process parameters on coating and
morphology. Considering the material’s thermal physical properties change with temperature, the
temperaturehistoryoffeaturepositionsandthreeͲdimensionalmorphologyareanalysed.Itisfoundthat
the differences of the melt spreading temperature histories of three key positions increase with the
printingspeed.Theinfluencerulesofdifferentlayerthicknessandratiosoffeedingspeedtonozzlemoving
speedonbondingwidth,singleͲlayerwidthandtheratioofbondingwidthtosingleͲlanewidtharegained,
whichprovidesguidancetoselecttheparametersingivenprocessconditions.

MS7Ͳ8
Couplinganalysisofmoltenpoolduringfusedcoatingprocesswitharcpreheating
GuangxiZhao,JunDu,ZhengyingWei,RuweiGeng,SiyuanXu
Fused coating process with arc preheating is a new developing additive manufacturing technology. In
addition to the high efficiency and low cost, it solves the spread difficulty of lightweight alloys such as
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aluminumalloy.Inthispaper,separatingandcouplingeffectofdrivingforcesexertedonweldmoltenpool
causedbythearcisanalyzed.Evolutionoftemperaturefieldandflowfieldisdescribedindetail.Itisfound
that the magnitude order of the force's influence is surface tension>arc pressure> Lorenz force>drag
force>buoyancy force. With the increase of the molten pool depth, the influence of the Lorentz force
gradually increases and exceeds the surface tension at the bottom of the molten pool. Heat and mass
transferbetweenthemoltenpoolandexternallyaddedliquidmetalisalsocalculated.Externalliquidmetal
rapidly flows into the molten pool at the moment of contact under the influence ofsurface tension and
molecular affinity. Weld pool size and single pass morphology are measured and compared with the
numerical simulation results to verify the accuracy of the model, and it turned out that the dimensional
errorsarealllessthan10%.

MS7Ͳ9
AnadaptiveͲdomainͲgrowthmethodforphasefieldsimulationofdendritegrowthinarc
preheatedfusedͲcoatingadditivemanufacturing
RWGeng,ZYWei,JDu,GXZhao
Aquantitativephasefield(PF)modelwithadaptiveͲdomainͲgrowthmethodwasdevelopedtoinvestigate
thedendritegrowthofthearcpreheatedfusedͲcoatingfor2024aluminumalloy.Amacroscopicnumerical
model was established to provide the solidification parameters of the molten pool. These solidification
parameters such as temperature gradient, solidification speed were calculated from the macroscopic
modelandthenfedintothephasefieldmodeltogetthemicrostructure.Columnardendritescanbefound
at the bottom of molten pool. Moreover, the micro segregation of AlͲCu alloy in arc preheated
fusedͲcoating process was studied by simulated and experimental results. The adaptiveͲdomainͲgrowth
methodisdevelopedinphasefieldsimulationwhichcanimprovetheefficiencyabout50%.TheElectron
Backscattered Diffraction (EBSD) and Energy Dispersive Spectrometer (EDS) testswere conducted on the
fusedͲcoatingspecimen,andtheresultswereingoodaccordancewiththesimulations.

MS7Ͳ10
Interactionoflaserbeam,powderstreamandmoltenpoolinlaserdepositionprocessingwith
coaxialnozzle
LiqunLi,YichenHuang
PowderͲbased laser deposition technology has widely used for parts coating, repairing and additive
manufacturing. The quality and efficiency of laser deposition largely depends on the powder stream
controlling. For some special laser deposition processing, such as ultraͲhighͲspeed laser cladding, inside
laser cladding, FGM (Functionally Graded Materials) and MMC(Metal Matrix Composite) coating or parts
manufacturing, the power stream controlling become more complex, because the powder melting
behaviour is changed and varying proportion mix powder is used. In order to achieve the best feeding
propertiesandhighestpowderefficiencyaimingtodifferentapplicationrequirement,theoptimizationof
thenozzlegeometryandcontrollingofpowderflowarequitenecessary.Forthispurpose,acomprehensive
numericalmodelisdevelopedtostudythepowderflowofcoaxialnozzles,whichincludepowderstream
spatialdistribution,flowrate,andtrajectory.Thepowderstreamconvergencecharacteristicsfordifferent
laserdepositionapplication,andtheinteractionbetweenlaserbeam,powderstreamandmoltenpoolare
studiedbynumericalandexperimentalmethods.Thenozzlegeometries,powderproperties,andshieldgas
settingareoptimizedbasedontheunderstandingofthepowderconcentrationdistribution.

MS7Ͳ11
Theeffectofsheetmetalanisotropyonthecalibrationofanequivalentmodelforclinched
connections
ABreda,SCoppieters,TKuwabara,DDebruyne
Clinchingisamechanicaljoining techniquethatinvolvessevere localplasticdeformation oftwoor more
sheetmetalpartsusingapunchanddie.Thelocaldeformationresultsinapermanentmechanicalinterlock.
It is widely applied as a reliable joining technique in automotive, heating, ventilation, air conditioning
(HVAC)andgeneralsteelconstructionsandisstillgaininginterest.InFEAmodelsofstructurescontaininga
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largenumberofclinchedjoints,itisnotcomputationallyfeasibletousedetailedsubmodelsofthejoint.
ThereforeanequivalentmodelwasproposedbyBredaetal.topredicttheforceͲdisplacementbehaviour.
ThisequivalentmodelwascalibratedusingasimpleshearͲlapandpullͲouttest.Duringthecalibrationstep,
some local effects due to the material properties are captured in the calibration parameters. Thispaper
investigates the impact of the plastic material properties on this calibration method. Theeffect of strain
hardening due to the bending process prior to pullͲout testing, potential plastic anisotropy of the base
materialandtheirrelationtothecalibrationparametersareinvestigated.Thisresearchhasbeenvalidated
withexperimentalresultsonmilddeepdrawingsteel.

MS7Ͳ12
Weldingdistortionpredictionandprocessoptimizationofturbinecomponentbyelectronbeam
welding
YichenHuang,LiqunLi,BoPan
A turbine component with 130 blades requests high dimensional precision to ensure the assembly
requirements. The dimensional precision is significantly influenced by welding distortion. In this research
work,weldingdistortionintheturbinecomponentbyelectronbeamweldingwaspredictedthroughelastic
finiteelementmethodbasedoninherentstraintheory.Theinherentstrainsofsinglebladeweldingjoints
with different welding process and fix condition were obtained through thermal elastic plastic finite
element method calculation. The simulation results indicated coherence between the predicted and
measured distortion value. The final welding distortion of turbine component in different assembly
sequenceswerecompared,byutilizingtheinherentdeformationsofoptimizedsinglebladeweldingjoints
simulation.Anoptimizedweldingprocedureandassemblysequencewasproposedtoreducethewelding
distortion. The results verify that 180Ͳdegree symmetrical welding can significantly reduce the plastic
deformation.

MS7Ͳ13
NumericalsimulationandexperimentalvalidationofselfͲpiercingriveting(SPR)of6XXX
aluminumalloysforautomotiveapplications
FlorianHönsch,JosefDomitner,ChristofSommitsch,BGötzinger,MKölz
TwoͲdimensionalaxisymmetricmodelsoftheselfͲpiercingriveting(SPR)processconsistingofpunch,blank
holder, die, rivet, upper blank and lower blank were built using the finite element software package
simufact.formingTM.Threedifferentjointconfigurationsweremodelled.Anopticalmeasurementsystem
wasusedforcapturingtheactualgeometriesofboththedieandtherivetwhichwerethenintroducedinto
the simulation model. The stiffness of the riveting pliers was modelled as numerical spring. A combined
model of Coulomb friction and shear friction was applied. Both friction coefficients were determined by
inverse modelling. The deformation behaviour of the 6xxx aluminium alloy blanks to be joined was
describedwithflowcurvesextrapolatedfromresultsofuniaxialtensiletests.Inordertovalidatetheresults
of the simulations selfͲpiercing riveting experiments using 6xxx aluminium alloy blanks and coated steel
rivetswereconducted.ForceͲdisplacementcurvesofthepunchwerecapturedduringtherivetingprocess.
Characteristic geometrical features of crossͲsections of these joints including horizontal undercut of the
rivet, bottom thickness of the lower blank and rivet head overlap were investigated using optical
microscopy. The crossͲsections of the selfͲpiercing riveting joints obtained from simulations and
experimentsshowedverygoodgeometricalagreement,andjustslightdifferenceswereobservedbetween
theforceͲdisplacementcurves.

MS7Ͳ14
InvestigatingtheinfluenceofexternalrestraintonweldingdistortioninthinͲplatewelded
structuresbymeansofnumericalsimulationtechnology
DeanDeng,WeiLiang
WeldingͲinduced deformation not only degrades the fabrication accuracy of a welded structure but also
decreasestheproductivityduetocorrectionwork.Accuratepredictionofweldingdistortionwillbehelpful
incontrollingthedimensionaccuracy.Inthisstudy,themainobjectiveistoclarifytheinfluenceofexternal
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restraintonweldingdistortioninthreedifferentthinͲplatesteelweldedstructuresbymeansofnumerical
simulationtechnology.AtwoͲstepcomputationalapproachwasemployedtosimulateweldingdistortionin
eachweldedstructure.Inthefirststep,thethermalelasticplasticfiniteelementmethod(TͲEͲPFEM)was
used to obtain inherent deformation for each typical joint. In the second step, an elastic FEM based on
inherentstraintheorywasusedtocomputeweldingdeformationforthreethinͲplatepanelswithdifferent
thickness and shape. In addition, the effects of external restraint on weldingdeformation in a thinͲplate
panelwith5mmthickness,athinͲplatepanelwith10mmthickness,andanasymmetriccurvedpanelwith
10mmthicknesswereinvestigated.

MS7Ͳ15
NumericalanalysisonstressevolutionduringGTAͲadditivemanufacturingofthinͲwalled
aluminumalloys
ZhidaNi,SanbaoLin,ChunliYang,ChengleiFan,JianxingShi
GTAͲAdditive Manufacturing (GTAͲAM) is one of the Wire Arc Additive Manufacturing (WAAM)
technologies based on Gas Tungsten Arc Welding (GTAW). During the GTAͲAM process, nonͲuniform
heating,aswellasrapidheatingandcoolingofdepositedmaterialsleadtoinevitabletemperaturestress,
while repeated remelting in subsequent deposition introduces complexity to the evolution of it. Finite
element modeling was conducted in this work to investigate the stress evolution during the GTAͲAM of
thinͲwalled 5183ͲAl. Several thinͲwalled 5183ͲAl components with different bead widths are included to
understandtheinfluencesbroughtaboutbygeometrydimensions.HoleͲdrillingmethodisusedtomeasure
the residual stress of 5183ͲAl components manufactured by GTAͲAM, which proves thereliability of this
numerical model. Results of modeling show that the temperature stress is generated and released
alternately and repeatedly as the deposition proceeds. The cycles of equivalent stress are in
synchronizationwiththethermalcycles,inwhichequivalentstressreachespeakwhentemperaturegetsto
its valley value. However, as the deposition layers pileup, the peak value of equivalent stress decreases
gradually,andfinallyachievesstabilityafteracertainlayer.Asfortheinfluencesofgeometrydimensions,
larger bead width results in higher level of stress due to much larger heat input as well as grater
constraints.

MS7Ͳ16
ModelingofprocessparametersandsectionalshapeofsampleinsingleͲlayeraingleͲpass
Sn63Pb37fusedcoatingadditivemanufacturing 
RenChuanqi,XinWang,DuJ,WeiZY,BaiH,ZhangS
Fused coating additive manufacturing is proposed to improve forming efficiency and material utilization.
The forming property of singleͲlayer singleͲpass is the basis of the process. The size of the sedimentary
sectionisthesmallestfeatureunitwhichincludesthelayerͲheightandpassͲwidth.Inthispaper,theDesign
Expert 8.0.6 software is used to design the singleͲlayer singleͲpass central composite experiment. In the
reasonable parameters, the quadratic regression equations between the single layer crossͲsectional size
and process parameters were established by performing the second regression experiments. The
misalignmentandsignificanceofthequadraticregressionequationswerecheckedandthenonͲsignificant
variables in the regression model equation were excluded. The quantitative influences of main forming
parametersonthesingleͲlayersingleͲpasscrossͲsectionalsizewerefinallyanalysedindetail.

MS7Ͳ17
ResearchonremeltingphenomenaandmetaljoiningoffusedͲcoatingadditivemanufacturing
X.Wang,J.Du,Z.Y.Wei,G.X.Zhao,C.Q.Ren,S.Zhang
MetalfusedͲcoatingisanoveladditivemanufacturingtechnologyusedtobuildingcomplexcomponents.In
ordertodeterminegoodmetallurgicalbondingbetweenlayers,atwoͲdimensionalmodelwasestablished
to predict the temperature needed to promote the metallurgical bonding of multiͲlayer specimens. The
temperature of the cladding process was tracked and measured by the thermal imaging system. The
influenceofheattransferontheformingcharacteristicsofthefusiontrackwasstudiedsystematically.In
addition, the maximum remelting depth of the liquidͲsolid interface was evaluated and the interlaminar
bonding state was further confirmed by the formation of threeͲdimensional samples and optical
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microscopy images. This work may help to develop metal fusedͲcoating to the produce effective process
controlandperformanceprediction.


MS8 NumericalSimulationofLocallyActingSheetManufacturingProcesses
MS8Ͳ1
ExperimentalandnumericalanalysisoftheflangingprocessbySPIF
GabrielCenteno
JALópezͲFernández,AndresJesusMartinezͲDonaire,DomingoMoralesͲPalma,CarpoforoVallellano
This paper analyses the flangeability of AA2024ͲT3 sheets using single point incremental forming (SPIF).
With this purpose, a series of process parameters is considered including flange length and width, tool
radiusandspindlespeed.Aninitialexperimentalcampaigniscarriedoutfortheevaluationofthelimiting
strainstatesoftheflangeswithinthematerialforminglimitdiagram(FLD).Numericalmodellingthrough
finiteelementanalysis(FEA)isusedinordertoprovideabetterunderstandingofthesheetsflangeability
andformingconditionsthateitherallowmanufacturingorleadtofailureinthisprocessusingconcavedies.
ThecapabilityoftheSPIFprocesstoimproveformabilityisdiscussed.

MS8Ͳ2
ExperimentsandsimulationofshapeandthicknessevolutioninmultiͲpasstubespinning
BiplovKumarRoy,YannisP.Korkolis,YoshioArai,WakakoAraki,TakafumiIIJIMA,JinKouyama
The primary objective of this study is to predict the geometric shape and thickness change during
multiͲpass tube spinning to a hemispherical shape. Interrupted spinning experiments are performed at
room temperature on cylinders of 6061ͲO aluminum alloy. The shape and thickness after 2, 4, 6 and 8
spinningpassesaremeasured.Anaxisymmetricfiniteelementmodelofthetubespinningexperimentsis
described. Uniaxial tensile tests are conducted for the development of the material model. The
postͲneckinghardeningcurveofthematerialisidentifiedusingahybridexperimentalͲnumericalmethod.
The stressͲstrain identified in this way is fitted to a combined SwiftͲVoce model. The results of the
simulation are compared to the interrupted spinning experiments. Good agreement is obtained on the
shape evolution in multiͲpass spinning. The effect of roller paths on shape and thickness change during
multiͲpass tube spinning targeting a hemispherical shape with uniform thickness were predicted by
axisymmetricmodelingandvalidatedwithexperimentalresults.

MS8Ͳ3
StudyonspinningprocessofthinͲwalledcurvilineargeneratrixpartsbasedonvariablethickness
blanks
YixiZhaon,LeitaoGao,JinlongSong,ShuhuiLi,HaoWang
Largethinningratioisadifficultyinspinningprocessofellipsoidcomponents,whichneedstobesolvedto
ensuretheaccuracyofparts.Basedonthemethodofreversedeformation,twodifferentvariablethickness
blanks were designed: (1) variable thickness blank based on thickness reduction of the conventional
spinningprocess;(2)variablethicknessblankbasedonsinerateoftheshearspinningprocess.Then,the
two methods were applied in the spinning simulation of ellipsoid thinͲwalled curvilinear parts with large
diameterͲthicknessratio.Theresultsofsimulationshowedthatvariablethicknessblankcouldsignificantly
improvetheformingqualityoftheformingparts.

MS8Ͳ4
Methodtoincreasedentingstiffnessofcarbodyskinpanels
MartinHeckmann,ArndtR.Birkert,MarkusScholle,MarvinSobhani,BirgitAwiszus,HaraldWeiland 
Inductionofextrinsicstressesstatesmayleadtosignificantincreasesofthedentingstiffnessofskinpanels.
Forthispurpose,thecomponentneedstobeproducedinadedicatedlymalalignedshape.Forcingthepart
intoitstargetgeometryinthejoiningoperationevokessaidstressstatesandpreservestheminthesheet.
Theapproachdiscussedhereinshallcontributetothereductionofsheetthicknessandsubsequentweight
ofskinpanelswithoutimpairingthehapticqualityofthecarbody.
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MS9 MaterialModellingforSheetMetalFormingSimulations
MS9Ͳ1
AdiscussionoftheassociatedflowrulebasedontheFAYmodelandNakajimatests
NikoManopulo,ChristianRaemy,PavelHora
ConstitutivemodelsbasedonanonͲassociatedflowrule(nonͲAFR)havereceivedincreasedattentiondue
to their flexibility in capturing laboratory experiments. On the otherhand, the recently proposed Fourier
Asymmetric Yield (FAY) model enables the definitionof convex yield functions with arbitrary complexity,
which can be used in conjunction to an associated flow rule and nevertheless accurately match
experimental data. The present contribution aims comparing AFR and nonͲAFR based approaches with
respecttotheirabilityincapturingmeasuredstrainfieldsincontrolledNakajimaexperiments.Itisshown
thatasufficientlyflexibleyieldfunctionisableofdeliveringaccurateresultswithouthavingtorenounceto
restrictionssuchasflowruleassociationorconvexity.Theanalysisiscarriedoutusingtwocommondeep
drawingmaterials,namelyanAA6016andasteelgradeDC05.

MS9Ͳ2
EffectoftheplasticitymodelontheyieldsurfaceevolutionafterabruptstrainͲpathchanges
YanfengYang,CyrilleBaudouin,TudorBalan
Abrupt strain path changes without elastic unloading have been used in the literature to investigate the
yieldsurface ofsheetmetals,bothexperimentallyand theoretically.Suchpioneeringstudiesemphasized
anapparentnonͲnormalityoftheplasticstrainratetensorwithrespecttothetraceoftheyieldsurfacein
stress space, following such a strainͲpath change. They inspired numerous subsequent developments of
plasticitymodelsincludingnonͲassociatedflowrules.Inthispaper,thistypeofabruptstrainͲpathchanges
isinvestigatedusingstateͲofͲtheͲartplasticitymodels.Theaimistoemphasizetherespectivecontributions
ofelasticity,isotropicͲkinematichardening,andratesensitivity,totheapparentviolationofthenormality
condition.Theresultsshowthattheseclassicalingredientsofplasticitymodelssignificantlycontributeto
theapparentvertexandlossofnormality.Theseeffectsarequantifiedfortypicalsheetmetalssubjectto
biaxialͲtoͲshearorthogonalstrainpathchange.

MS9Ͳ3
Anumericalschemeofconvexyieldfunctionwithcontinuousanisotropichardeningbasedon
nonͲassociatedflowruleinFEanalysisofsheetmetal
WenchengLiu,BernardKChen
A nonͲassociated flow rule (NAFR) model is developed by adopting the convexfunction YLDͲ2004 as the
yield stress function and the plastic potential function. The yield stress function coefficients are
continuouslyupdatedwhichareassociatedwiththechangeofdirectionaluniaxialyieldstressandbiaxial
yield stress to simulate the anisotropic hardening behaviour. That was achieved by implementing the
numerical identification procedure of coefficients into stress integration procedure. The coefficients of
plastic potential function areconstant and identified by the uniaxial and biaxial rͲvalue. This constitutive
model is capable ofdescribing anisotropic hardening and yield behaviour of strongly textured aluminium
alloysheetmetal.Inthispaper,themodelwasimplementedintotheFEcodeviaABAQUSsubroutineto
predict the deep drawn cup earing and directional flow stresses of the AA5042ͲH2 aluminiumalloy. The
newanisotropichardeningmodelshowsbetteragreementwithexperimentscomparedwiththeisotropic
hardeningmodel.

MS9Ͳ4
OnthecertificationofpositiveandconvexGotoh'sfourthͲorderyieldfunction
WeiTong
Gotoh proposed in 1977 a fourthͲorder homogeneous polynomial of three planestress components as a
yieldfunctiontomodelanisotropicyieldingandplasticflowofsheetmetals.Theyieldfunctionadmitsupto
eightexperimentalinputsfromuniaxialtensiontestsandonemeasurementfromanequalbiaxialtension
testforcalibratingitsninematerialconstantsandcanmodeltheformationofuptoeightearsindeepcup
drawing.However,thesuperiorGotoh’syieldfunctionhasnotbeenwidelyadoptedinsheetmetalforming
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analysesinbothacademyandindustry,especiallyoutsideJapan.Onemajorconcernisuncertainaboutthe
positivityandconvexityofacalibratedGotoh’syieldfunction.Heretheproblemofcertifyingacalibrated
Gotoh’s yield function to be strictly positive and convex is first described and its resolutions are
summarizedbasedonsomeveryrecentresearchresults.Algebraicnecessaryandsufficientconditionsfora
positiveandconvexGotoh’syieldfunctionwithonlytwononͲzerostresscomponentsarefirstpresented.
SufficientconditionsintermsofsemiͲalgebraicandalgebraicinequalitiesforestablishingthepositivityand
convexityoftriͲcomponentplanestressGotoh’syieldfunctionarethensummarized.Finally,thecomplete
necessary and sufficient conditions for a positive and convex Gotoh’s yield function in plane stress are
realized as afully numerical minimization problem. Examples of successfully applying those conditions in
certifyingpositiveandconvexGotoh’syieldfunctionsofvarioussheetmetalsarealsogiven.

D^ϵͲϱ
ĞƐĐƌŝƉƚŝŽŶŽĨŶŽŶͲůŝŶĞĂƌƵŶůŽĂĚŝŶŐĐƵƌǀĞĂŶĚĐůŽƐƵƌĞŽĨĐǇĐůŝĐƐƚƌĞƐƐͲƐƚƌĂŝŶůŽŽƉďĂƐĞĚŽŶzͲh
ŵŽĚĞů
FusahitoYoshida
ThispaperproposesacyclicelastoͲplasticitymodeltodescribenonͲlinearunloadingͲreloadingcurvesand
closure of a cyclic stressͲstrain hysteresis loop based on the YoshidaͲUemori (YͲU) model. The nonlinear
unloadingstressͲstrainresponseisexpressedbyanequationforthestressͲdependentYoung’smodulusin
the yield surface. The closure of a cyclic stressͲstrain curve is described by automatically changing YͲU
material parameters. Thegreat advantage of the above approaches is that no additional parameters are
needed.

D^ϵͲϲ
&ŝŶŝƚĞĞůĞŵĞŶƚĐĂůĐƵůĂƚŝŽŶƐŽĨŚŽůĞĞǆƉĂŶƐŝŽŶŝŶĂƚŚŝŶƐƚĞĞůƐŚĞĞƚǁŝƚŚƉŽůǇŶŽŵŝĂůǇŝĞůĚ
ĨƵŶĐƚŝŽŶƐŽĨĨŽƵƌĂŶĚƐŝǆĚĞŐƌĞĞƐ
SeungͲYongYang,WeiTong,MohammedAlharbi
AthreeͲdimensionalfiniteelementsimulationwasusedtostudytheanisotropicplasticitybehaviorofsheet
metalforming.BothGotoh’s(fourthorder)yieldfunctionandthemoreflexiblesixthorderpolynomialyield
functions with an associated flow rule were implemented as user material subroutines in the FE code
ABAQUS.Parametervaluesintheyieldfunctionsweredecidedbyfittingtheyieldstressesandplasticstrain
ratios along various directions of uniaxial and biaxial tension. To verify the FE implementation and to
evaluatethe modeling capabilities of the developed yield functions that were certified to be convex, the
hole expansion experiment by Kuwabara et al.[1] was considered as the target example. The simulation
resultsusingthesixthorderyieldfunctionshowedabetteragreementwiththeexperimentalresultsthan
thoseoflowerorderyieldfunctionssuchasHill’ssecondorderorGotoh’sfourthorderyieldfunctions.

D^ϵͲϳ
,ŝŐŚĂĐĐƵƌĂĐǇƐƉƌŝŶŐďĂĐŬƐŝŵƵůĂƚŝŽŶďǇƵƐŝŶŐŵĂƚĞƌŝĂůŵŽĚĞůĐŽŶƐŝĚĞƌŝŶŐƚŚĞ^ĞĨĨĞĐƚ
NobuyasuNoma,KojiHashimoto,TaikiMaeda,ToshihikoKuwabara
In order to enhance the accuracy of springback simulation, the strength differential (SD) effect, i.e., the
differenceinflowstressbetweentensionandcompression,ofahighstrengthcoldͲrolledsteelsheetwitha
tensilestrengthof980MPaismeasuredbymeansofinͲplanetensionͲcompressiontestapparatus.BiͲaxial
stress tests are also performed to measure the contour of plastic work of the test material. From those
experimentalresults,thematerialmodelwhichcanconsidertheSDeffectisdetermined.Furthermore,this
materialmodelisimplementedintocommercialFEMcodebyusinguserͲsubroutinefunction.Tocheckthe
validity of this model and established FEM analysis system, curvatureͲhat crush forming experiment is
performed. By comparing the experimental result and forming simulation result, the accuracy of the
materialmodelwhichcanconsidertheSDeffectisvalidated.Consequentlyitisconcludedthattheuseof
material model which is capable of reproducing the SD effect is a must to enhance the accuracy of
springbacksimulation.
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MS9Ͳ8
AplanestressyieldfunctiondescribedbymultiͲsegmentsplinecurvesanditsapplication
ToshiroAmaishi,HideoTsutamori,TakeshiNishiwaki,TakaakiKimoto
Precise prediction of the material anisotropy is an important factor of an accurate sheet metal forming
simulation.Inordertodescribethematerialanisotropyproperly,manyyieldfunctionshavebeenproposed.
Hill’48quadraticmodeliswidelyused.BarlatintroducedYld2000,whichhasaformulationusingtwolinear
transformationstorepresentayieldfunction.Vegterproposedaplanestressyieldfunctionbasedonthe
interpolation of multiͲaxial stress states by 2nd order Bezier curves. This model considers equiͲbiaxial,
planestrain,uniaxial,andpureshearstressstatesasreferencepointsoftheyieldsurface.Inthisstudy,a
plane stress yield function which is described by multiͲsegment spline curves is proposed. This model is
able to consider an arbitrary number of multiͲaxial stress points and its normal directions on the yield
surface.Toshowtheapplicabilityofthemodel,somesimulationresultsofsheetmetalformingareshown
anditsaccuracyisdiscussed.

MS9Ͳ9
EvaluationofaccuraciesofphenomenologicalyieldcriteriaforautomotiveAlsheets
KangcaiYu,ZhenshanLiu,ChengLiu,PizhiZhao
The anisotropic behavior of two typical cold rolled Al alloy sheets, AA5182ͲO and AA6016ͲT4, were
investigatedandusedtopredictivetheyieldsurfacebythewellͲknownyieldcriteria:Hill90,Barlat89and
Barlat2000.Uniaxialtensiletestswithaxialandwideextensometerswerecarriedoutatdifferentanglesto
the rolling direction (RD). Then the yield stress ʍɽ and anisotropic coefficient rɽ were obtained. Biaxial
tensile tests of crossͲshaped specimens under certain liner loading paths were conducted on the
wellͲdesignedbiaxialtensiletestingmachine.TheloadingpathsincludesFx:Fy=1:4,2:4,3:4,4:4,4:3,4:2,
4:1.Yieldstressespoints(ʍx,ʍy)andtheirstrainratiosintheyieldlocusplanecanbeobtainedfromthe
strainͲstress curves of the biaxial tensile tests. Parts of tested values were used to determinatethe yield
locus according to different yield functions. All experimental data was used toevaluate the precisions of
theyieldfunctionsbytakingintoaccountoftheaccuracyofʍɽandrɽandtheyieldstressandstrainratios
ofbiaxialtensiletests.

MS9Ͳ10
Developmentoftheusersubroutinelibrary"UnifiedMaterialModelDriverforPlasticity
(UMMDp)"forvariousanisotropicyieldFunctions
HideoTakizawa,KaiOide,KentaroSuzuki,ToshikazuYamanashi,TakashiInoue,TetsujiIda,ToruNagai,
ToshihikoKuwabara
Manyyieldfunctionshavebeenproposedinacademiatodescribethecomplicatedshapesofyieldsurfaces
ofmetals.However,manyofthecommercialFEMcodesprovideonlyclassicalyieldfunctions.Moreover,it
takes a long time for engineers to implement newlyproposed yield functions to commercial FEM codes.
The Japan Association for Nonlinear CAE (JANCAE), a nonͲprofit organization, developed the Unified
Material Model Driver forplasticity (UMMDp) subroutine suite with the cooperation of industry users of
CAE and the engineers of software venders. This subroutine provides several anisotropic yield functions,
and is applicable to most of the commercial FEM codes. The users can implement their ownanisotropic
yield functions easily using the UMMDp. This paper presents the basic framework of UMMDp and the
developmentactivitiesperformedwithmanyvolunteers.

MS9Ͳ11
DevelopmentofplugͲinsforbridgingthevariablesbetweenadvancedfiniteelementcodesand
'UMMDp'
TetsujiIda,HideoTakizawa,ToshihikoKuwabara
Foradvancedfiniteelementcodes,wecanaddoriginalmaterialmodelsbyprogrammingourselves.Onthe
other hand, as for implementation methods, we need uniquetechnique in each advanced finite element
codes,andtherewasaproblemthatitisdifficulttoimplementunlesswefullyunderstandtheprocedureof
these codes. Therefore, the Japan Association for Nonlinear CAE (JANCAE) has started to implement
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anisotropic yield functions independent of advanced finite element codes in its working group activities,
andhascreatedasubroutinelibrary"UMMDp".The"UMMDp"libraryisconnectedtoeachadvancedfinite
element codes with "plugͲins", and variables are bridged. In this report, we first explain the concept of
"plugͲins" development and verification method in implementation. Next, we introduce some examples
that we implemented "UMMDp" into the advanced finite element code “LSͲDYNA” via the plugͲins. By
comparing with the builtͲin yield function, we will explain that "plugͲins" is working properly and the
usefulnessof"UMMDp".

MS9Ͳ12
Implementationofanisotropicyieldfunctionsintothesubroutinelibrary"UMMDp"
KaiOide,HideoTakizawa,ToshihikoKuwabara
ToimplementnewyieldfunctionsintotheusersubroutinesofadvancedFEcodes,professionalskillsand
knowledge are required. The Japan Association for Nonlinear Computer Aided Engineering (JANCAE) has
beenactingasanorganizationthatprovidesinformationandknowledgeonfiniteelementanalysis(FEA)to
theresearchersandengineersinvariouspositionsinvolvedinCAE.Since2009,asoneofthesubcommittee
activities for applying FEA to practical metalͲforming problems, we have not only studied elastoplastic
theory, but have also developed the Unified Material Model Driver for Plasticity (UMMDp), a user
subroutinelibrary.Basicyieldfunctions,suchasthevonMisesandHill'squadraticyield functions,which
almostalladvancedFEcodealreadyhas,wereimplementedintheUMMDpasabasicstudyatitsbeginning
ofthedevelopment.Uptonow,manyanisotropicyieldfunctions,includingYoshida's6thͲorderpolynomial,
Barlat'sYld2000andYld2004,ComsaandBanabic'sBBC2008,Cazacu'sCPB2006,andVegter'ssplineyield
functions, have been implemented in the UMMDp, and it ispossible to add a new yield function. In this
presentation,thetechniquesforimplementingyieldfunctionsintheUMMDpareexplained.Moreover,the
problem of BM1 in NUMISHEET 2016is discussed as an example applying selected yield functions to the
implementationprocedure.

MS9Ͳ13
Practicalexamplesofsheetmetalformingsimulationsusingthesubroutinelibrary'UMMDp'
TomokageInoue,HideoTakizawa,ToshihikoKuwabara
With the common frame work of the user subroutine library, ‘UMMDp’, various constitutive models for
metalshavebeenimplementedinseveralmajorcommercialfiniteelement(FE)codes.Theimplementation
has been achieved by the material modeling working group of a nonͲprofit organization, the Japan
AssociationforNonlinearCAE(JANCAE).Herein,wereporttheresultsofthefiniteelementanalysesona
typical metal forming problem solved using UMMDp. Moreover, since 2017, the CAE modeling working
group has been tasked to provide more practical learning for the material models as well as extensive
simulationknowledge.Theseactivitiesarepresentedinthispaper.

MS9Ͳ14
Theapplicationofcrystalplasticitymaterialfilesinstampingsimulations
BartCarleer,PhilipEyckens,AlbertVanBael,MatthiasSester,DirkRoose,JerzyGawad
Representativematerialdataareinevitabletoexecuteaccuratestampingsimulations.Thesematerialdata
aregenerallygeneratedbyperformingextensivemechanicalmaterialtests.Inthisresearchthegeneration
and application of material data from a crystal plasticityͲbasedmultiscale model have been studied. The
crystal plasticity model enables to generate detailedmaterial properties which can be applied in various
yieldlocusmodels.Theevolutionoftheanisotropicpropertiesduringdeformationcanbereadilytakeninto
accountwiththecrystalplasticitymodel.Thegeneratedmaterialdatahavebeenappliedindeepdrawing
simulations of a crossͲdie. The thickness distribution of the simulation has been compared with
experiments. Results showed that crystal plasticity models are a viable alternative for material data
generation,havingasmainadvantagethatextensivemechanicalexperimentsareavoided.
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MS9Ͳ15
Predictionofmechanicalresponseandmicrostructureevolutionfor5000ͲSeriesAluminumAlloy
couplingviscoͲplasticselfͲconsistentapproachwithfiniteelementmethod
AndrewRuggiero,MagnusHörnqvistColliander,NicolaBonora,DomenicoGentile,GianlucaIannitti,
GabrielTesta,A.H.S.Iyer
Inthepresentwork,ahybridmicromacroͲapproachwasadoptedtoinvestigatethematerialbehaviorof
the A5XXXͲO object of the Benchmark 3 of Numisheet 2018. Starting from the provided uniaxial
stressͲstraincurveandinhousemicrostructuremeasurements,ameanfieldapproach,byusingtheVPSC7c
code,wasusedtoperformnumericalexperimentsinordertoderivetheanisotropicmacroscopicbehavior
ofthealuminumalloy.Then,atthemacroscale,aconstitutivemodelwasbuiltoncouplinganonͲquadratic
yield surface function with a damage model developed in the framework of the continuum damage
mechanics.Finally,byusingMSC.Marc2017.1,finiteelementsimulationsofuniaxialandNakajimabulging
tests were performed with the purpose of obtaining the Fracture Forming Limit Curve for the aluminum
alloyunderinvestigation.

MS9Ͳ16
Experimentalandnumericalinvestigationofironingindeepdrawnparts
AlperGüner,IgorBurchitz,BartCarleer,MarcoGösling
Majorityoftheindustriallyrelevantdeepdrawnsheetmetalpartsundergoesanadditionalprocessafter
the drawing operations. Operations like flanging or hole extrusion are widely used especially in the
automotiveindustry.Insuchindustrialapplicationsitisseenthatprocessplanersdesignthetoolsbyusing
aclearancelessthanthesheetthickness.Duetothissmallergapbetweentheformingsteelsandthepost,
sheetmaterialiscompressedinthethicknessdirection.Thisadditionalcompressionisdefinitelyneededfor
collar forming and it is beneficial in flanging operations in terms of springback. Addition of compressive
deformationstateonflangeregionsreducesthebendingeffectsonthoseparts.Ironinginsheetthickness
directionisachallengingdeformationstatefornumericalsimulations.Thiseffectcanbemodelledby3D
continuum elements. However, due to high computation times this solution is not feasible for industrial
applications. On theotherhand,shell elementsarewidely used insheetmetalformingproblems dueto
their efficiency but the conventional shell elements cannot predict ironing effects since the formulation
does not consider throughͲthickness deformation. In order to analyze the effect of ironing, cup drawing
experiments were performed. Ironing level is controlled by changing the die diameter while keeping the
punch diameter constant. DC04ͲSUPERMOD with 1.75 mm thickness was used in the experiments. The
thicknessdistributionalongthecupwallandheightofthecupsweremeasuredaftereachoperation.Same
experimental procedure was modeled using new thick shell elements which accounts for the
throughͲthicknessdeformation.Comparisonwiththeexperimentalmeasurementsshowthattheenhanced
formulationoftheshellelementscanbeusedtosimulatetheironingeffectsindeepdrawnparts.

MS9Ͳ17
TheevolutionofmechanicalpropertiesofAISI301asaresultofphasereversionheat
treatment,experimentandmodeling
HarmKooiker,E.S.Perdahcioglu,TonvandenBoogaard
Laser heat treatments of metastable austenitic stainless steel AISI 301 are presented aiming to elucidate
therelationbetweenheattreatment,transformationandmechanicalpropertiesafterheattreatment.Itis
assumed that the observed phase reversion of martensite to austenite is due to a diffusional
transformationmechanismgovernedbynucleationandgrowthleadingtosubmicrongrains.Basedonthis
assumption it is demonstrated that the reverse transformation can be successfully predicted by the
proposedmodel.Subsequentlytheeffectoftheheattreatmentonthehardnessisreviewed.Itisshown
thattheproposedhardnessͲmodel,incombinationwiththeproposedisothermaltransformationmodel,is
in agreement with the observed behavior. Amongst others it is successfully predicted that the
isothermaltransformation precedes the recrystallization of the retained austenite and that the postͲheat
treatmentgrainsizehasalargeeffectonthebehaviorthroughtheHallͲPetcheffect.
127(7KHILUVWDXWKRURIHDFKSUHVHQWDWLRQOLVWHGDERYHLVWKHUHJLVWHUHGFRUUHVSRQGLQJDXWKRUDQGPD\QRWFRLQFLGH
ZLWKWKDWDSSHDUVRQWKHSURFHHGLQJVSDSHU  


41

NUMISHEET2018       ProgramandAbstracts
NUMISHEET 2018

Program and Abstracts

MS9Ͳ18
WorkͲhardeningbehaviourofsheetsteelsinlargestrainregionsanditssimpleapproximation
SatoshiShirakami
YusukeTsunemi,TohruYoshida,ToshihikoKuwabara 
Theequivalentplasticstrainsinstretchflangingandbendingfrequentlyexceedthestrainequivalenttothe
uniform elongation in uniaxial tension. However, the uniaxial tensile test does not directly provide the
trueͲstress and trueͲstrain relationship in this strain region. In this study, the simple shear tests and the
hydraulic bulge tests of an interstitial free steel, and 590 and 980 MPa grade dualͲphase highͲstrength
steels were carried out to investigate the workͲhardening behaviour, i.e., the relationship between
equivalentstressandequivalentplasticstrainaswellastheevolutionofinstantaneousnͲvalue,insucha
large strain region. A parameter k that correlates stress and strain for a simple shear (or equiͲbiaxial
stretching)toanuniaxialtensionleadstoagoodagreementofstressͲstraincurvesforthesetestingmodes.
Itwasalsofoundthatkispracticallyindependentofstrainregioninthepresentstudy.TheworkͲhardening
behaviourobtainedbyasimpleshearorbulgetestwellagreeswiththatbyauniaxialtensiletest.Onthe
other hands, workͲhardening equations proposed by previous studies do not reproduce the evolution of
instantaneous nͲvalue, i.e., a strain dependency of the nͲvalue, for the present steel grades. Thus, the
authorsproposeanewworkͲhardeningequationthatcanreproducethestraindependencyofthenͲvalue
foranysteelgradeinthisstudy.

MS9Ͳ19
Biaxialdeformationandmartensitictransformationbehaviorobservationontype304stainless
sheetbybiaxialbulgetest
ShotaKusaka,HiroshiHamasaki,EiichiroIshimaru
Metallurgicalcharacteristicphenomenonontype304stainlesssteelisthedeformationinducedmartensitic
transformation.ToclarifythestressͲstraincurvesandmartensitictransformationbehaviour,biaxialbulge
testapparatuswasdeveloped.Itenablestocontrolthestressratioofaxialandcircumferencedirections
and equivalent plastic strain rate simultaneously. Biaxial bulge tests for uniaxial, equiͲbiaxial and plane
straincaseswereconductedattheconstanttemperature20 oC.Theobtainedmartensitevolumefraction
vs. equivalent stress curves for all the tests were well agreed, so that it can be said that the martensite
volumefractionwaspredictablebythemaximumaustenitestress.

MS9Ͳ20
FiniteelementanalysisofAHSsteelunderdynamicloadingusingamicromechanicalmodelling
TachawutChiyatan,P.Karin,N.Ohtake,V.Uthaisangsuk
Currently, advanced high strength (AHS) steel sheets have been increasingly used in the automotive
structural parts, where improved crashworthiness and lightweight design are required at the same time.
Such steel sheets provide an excellent combination between high strength and great energy absorption.
Most AHS steels exhibit microstructures containing several phases and constituents with different
morphologiesandmechanicalproperties.Inthiswork,thedualphase(DP)steelgrade780wasinvestigated
underdynamictensileloadingbymeansofafiniteelementmodellingonthemicroͲscale.Arepresentative
volumeelement(RVE)modelwasappliedtotakeintoaccounttheeffectsofmicrostructurecharacteristics
onthemechanicalbehaviourofsteelsheetsathighstrainrates.FortheRVEmodelling,theJohnsonͲCook
constitutivemodelwasappliedtodescribethestressͲstrainresponse,whereastheJohnsonͲCookdamage
model and damage locus were employed for predicting failure development of each individual phases of
examinedsteel.TheRVEsimulationswereperformedundervaryingstrainratesandstatesofstressandthe
resultsweresubsequentlycompared.
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MS9Ͳ21
ParametercalibrationforashearmodifiedGTNdamagemodelanditsapplicationtoforming
limitedprediction
LiangYing,WenquanLiu,MinghuaDai,PingHu,DantongWang
Damage evolution is an unavoidable problem in the forming process of sheet metal, and an improper
forming technology may cause ductile fracture of the final parts. The damage mechanics theory can give
great insight to the failure mechanism and the numerical simulation using damage model can provide a
newwaytopredictthefracturebehaviourforsheetmetal.TheshearmodifiedGTNmodelbyNahshonand
Hutchinsonwithapiecewiseinterpolationfunctionwasapplied,whichcancapturethedamageevolution
underbothlowandhighstresstriaxiality.Then,amethodcombinednumericalsimulationandoptimization
algorithm was adopted to calibrate the damageͲrelated parameters. Furthermore, the shear modified
modelwasusedtopredicttheforminglimitofahighstrengthsteel22MnB5.Withthehelpofdigitalimage
correlation technique (DIC), both the strain field and forming limit curve obtained by the numerical
simulationwerecomparedwiththeexperimentalones,andsatisfactoryresultsareobtained.

MS9Ͳ22
SimulationofelectrohydraulicfreeformingofDP600sheetsusingamodifiedRousselierdamage
model 
ImanSariSarraf,DanielE.Green 
Electrohydraulicforming(EHF)isahighͲenergyratepulsedformingprocessinwhichtheexpansionofthe
plasmachannelformedbythedischargeofelectricalenergybetweentwoelectrodesimmersedinwater
resultsinthehighͲvelocityformingof thesheetmaterial.Thisprocessisshowntohavethe capability of
increasingtheformabilityofsheetmaterialsbeyondconventionallimitsandbeingapplicabletolessductile
materials.Inthiswork,DP600sheetspecimensweredeformedinuniaxialtension,planestrainandbiaxial
tensionusingelectrohydraulicfreeforming(EHFF).AmodifiedRousselierductiledamagemodelwasthen
employed to predict the forming and damage behaviour of these specimens deformed along each strain
path.ThismodifiedRousseliermodelincludesamodifiedJohnsonͲCookhardeningmodelaswellasavoid
nucleation function and a void coalescence criterion. The limiting strains, the distribution of the scalar
damage variable and the final damage morphology obtained from the numerical simulations were
comparedtotheexperimentalresultsinordertoevaluatetheaccuracyoftheproposedmicromechanical
damagemodel.Itisshownthatpredictedstrains,damageaccumulationandthefinaldamagegeometryof
DP600 sheet specimens using the modified Rousselier model are in good agreement with experimental
resultsaswellaswiththosepredictedbyotherphenomenologicalconstitutivemodels.

MS9Ͳ23
GeneralisationofHill'syieldfunctionforplanarplasticanisotropy
RuiCardoso,MayoAdetoro
In this paper we present a new generalised quadratic yield function for plane stress analysis for the
description of the plastic anisotropy of metals and also for the study of the asymmetric behaviour in
tensionͲcompression typical of the Hexagonal ClosedͲPack (HCP) materials. The new yield function has a
quadratic form in the stress tensor and it simultaneously predicts accurately the rͲvalues and directional
flow stresses. It also describes very well the biaxial symmetric stress state which is fundamental for the
accurate modelling of aluminium alloys. The new quadratic yield function represents the nonͲsymmetric
biaxialstressstatebyperformingalinearinterpolationfrompureuniͲaxialloadingtoabiaxialsymmetric
stress state. The most advanced yield functions for plastic planar anisotropy characterise very well the
biͲaxialsymmetricstressregionbyusingexperimentalflowstressesforthesymmetricbiͲaxialstressstate.
However, the behaviour of the alloy between the uniͲaxial stress state and the symmetric biͲaxial stress
state is still not very well characterised. In this new yield function that behaviour can be assessed from
interpolationfromtheuniͲaxialstressstateintothesymmetricbiͲaxialstressstateuntilexperimentalyield
locusttingisachievedwithinareasonabletoleranceinthatregion.Themainadvantagesofthisnewyield
functionisthatitcanbeusedforthemodellingofmetalswithanycrystallographicstructure(BCC,FCCor
HCP),itonlyhasfiveanisotropiccoefficientsandalsothatitisasimplequadraticyieldcriterionthatisable
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toaccuratelyreproducetheplasticanisotropyofmetalswhilstusinganassociatedflowrule.Intheresults
anddiscussionwevalidatetheyieldlocusforFCCandHCPalloysandweapplythenewyieldfunctionina
cupdrawingsimulationfortheassessmentofthecupearingprofile.

MS9Ͳ24
EaringpredictionofAA2008ͲT4withanisotropicDruckeryieldfunctionbasedonthesecondand
thirdstressinvariants
SaijunZhang,YanshanLou,JeongWhanYoon
ThispaperappliesanisotropicDruckeryieldfunction[14](LouandYoon,2018,Int.J.Plasticity101,125Ͳ55)
topredictearingprofileaftercupdeepdrawingofAA2008ͲT4.Thenewyieldfunctionisimplementedinto
ABAQUS/ExplicitusingsemiͲimplicitintegrationalgorithmtocalculatetheincrementofplasticstrain.Both
associatedandnonͲassociatedflowrulesareincorporatedinthisstudy.Thepredictedanisotropyandcup
heightprofilearecomparedwiththeexperimentalresultsandthosepredictedfromtheHill48,Yld91and
Yld2004Ͳ18p yield functions. It is observed that the earing profile predicted from the new yield function
shows high accuracy. The computation time is also compared to investigate the computation cost of
differentyieldfunctions.ThecomparisonrevealsthatittakestheshortesttimefortheHill48function,the
anisotropic Drucker yield function reduces 30%~40% of computation cost compared with the Yld91 and
Yld2004Ͳ18pfunctions.Itisconcludedfromthesimulationofcupdeepdrawingthatthenewyieldfunction
canprovidehighaccuratenumericalanalysisofplasticdeformationforanisotropicmetalswithcompetitive
computationcost.

MS9Ͳ25
InfluenceofhardeningfunctionsonearingpredictionincupdrawingofAA3104aluminumalloy
sheet
HideakiFukumasu,ToshihikoKuwabara,HideoTakizawa,AkinoriYamanaka
Theaccuracyofcupdrawingsimulationofaluminumalloysheetsstronglydependsonthehardeningand
yield functions used in the simulation. In this study, stressͲstrain curves for an AA3104 aluminum alloy
sheet were measured by uniaxial tensile and rolling tensile tests to identify parameters for various
hardening functions. In addition, inͲplane uniaxial tensile, biaxial tensile, and combined
tensionͲcompressiontestswerecarriedouttomeasurethesuccessivecontoursofplasticworkinthestress
spaceandthedirectionsofplasticstrainratesunderlinearstresspaths.Theanisotropiccoefficients,ɲ1Ͳɲ8,
andexponentMoftheYld2000Ͳ2dyieldfunctionweredeterminedsothatthemeansquareerrorofthe
analyticalyieldlocusfromthemeasuredplasticworkcontourwasminimized.Finiteelementsimulationsof
cupdrawingofthealuminumalloysheetwerecarriedoutusingthedeterminedparametersforhardening
functionsandtheYld2000Ͳ2dyieldfunctionimplementedinLSͲDYNA.Bycomparingthesimulationresults
with the results of cup drawing experiments, the effects of the hardening functions on the accuracy of
earingprofilepredictionwereinvestigated.

MS9Ͳ26
AnalternativeproceduretoidentifystressͲstrainrelationforDP980sheetoveralargestrain
range
QuocTuanPham,YoungSukKim
In sheet metal forming, the standard uniaxial tensile test is a wellͲestablished testing method used to
achievestressͲstrainrelationorflowcurveforexaminedmaterial.Inagreementwiththedevelopmentof
materialscience,thenumberofformingprocessesthatexceededthemaximumuniformstrainobservedin
auniaxialtensiletestismyriad.Toobtaintherelationshipbetweenstressesandstrainsoveralargerange
ofdeformation,extrapolationofacommonhardeningmodel(SwiftmodelorVocemodel)isonlyaccepted
for some specific materials. Therefore, expensive calibrating methods, such as inverse finite element
analysisandvirtualfieldmethod,arewidelyusedtoidentifytheflowcurveforrecentlydevelopedsheet
materials, for example, advanced high strength steels or aluminium alloys. This study presents an
alternativeproceduretoidentifytheflowcurveforsheetmetalsbyusingtheextrapolationmethod.Keyto
thesuccessofthisprocedureisusingtheKimͲTuanhardeningmodel,anewlydevelopedhardeningmodel
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proposedbytheauthors.TheexaminedmaterialisDP980sheetthatistestedmaterialinBenchmark01of
theNUMISHEET2018conference.Toverifytheaccuracyofthecalibratedflowcurve,thiscurveisimported
intoafiniteelementanalysisforauniaxialtensilespecimenandcomputationalloadingforcesaccordingto
gaugelengthdisplacementarecomparedwithexperimentalobservationsupportedfromtheBenchmark’s
data.


MS10 Springback,ElasticityandTimeEffectsinForming
MS10Ͳ1
SpringͲbackpredictionbasedonarateͲdependentisotropicͲkinematichardeningmodelandits
experimentalverification
HoonHuh,GeunsuJoo
This paper deals with springͲback prediction with a rateͲdependent isotropicͲkinematic hardening model
withtension/compressioninhighspeedUͲdrawͲbendingtests.Inordertoverifythevalidityofthepresent
model, springͲback simulation is carried out and its results are compared with experimental results. A
rateͲdependentisotropicͲkinematichardeningmodelhasbeenproposedbycombiningtherateͲdependent
functionofmaterialparametersandtheChabochetypemodelfortheTWIP980steelsheetundertension
andcompression.Theproposedmodelcanaccommodatethestrainrateeffectonthematerialproperties
byprovidingrateͲdependenthardeningcurvesunderloadingandreverseloadingcondition.Thischangeof
therateͲdependentmaterialpropertiesisimportanttopredictspringͲbackunderhighspeeddeformation
in practical sheet metal forming undergoing tension and compression during the deepͲdrawing forming.
HighspeedUͲdrawͲbendingtestshavebeenperformedtoinvestigatethestrainrateeffectonspringͲback
oftheTWIP980steelsheetafterdrawͲbendingatintermediatestrainratesofuptoahundredpersecond.
TheexperimentalresultshavebeencomparedwithsimulationresultsofhighspeedUͲdrawͲbendingand
springͲback analysis with four hardening cases: isotropic; isotropicͲkinematic; rateͲdependent isotropic;
rateͲdependent isotropicͲkinematic hardening models. It is demonstrated with the comparison that the
rateͲdependentisotropicͲkinematichardeningmodelproposedprovidesthebestpredictionofspringͲback
afterUͲdrawͲbendingatintermediatestrainratesamongthefourhardeningcases.

MS10Ͳ2
Theeffectofloadingmodesonspringbackbehaviourofausteniticstainlesssteelssheetsin
threepointsbending
YongXu,XiaosongZhang,ShihongZhang,AliAbdElͲAty
The paper aims at investigating the bending deformation behavior and springback of austenitic stainless
steelsheet(AISI304)atroomtemperatureandunderdifferentloadingmodesusingexperimentationand
finite element simulation. Three bending experiments under both monotonic and pulsating loading were
accomplishedonAISI304sheetswiththicknessof2mminordertodetermineandcalculatethevariationof
springbackunderdifferentbendingangles.Besides,ABAQUSfiniteelementcodewasusedforsimulating
thebendingprocessinordertovalidatetheresultsobtainedfromexperimentation.Fromsimulation,the
equivalent strain in the bending section of the maximum deformation position of the specimen was
measuredandanalyzed. Accordingto thestrainvalue,the uniaxialtensiletestatroomtemperaturewas
designed and carried out. The monotonic loading and cyclic loading and unloading which is similar to
pulsating loading were selected. Through the stressͲstrain curve obtained, the elastic modulus of the
stainless steel under two loading modes were calculated respectively. The XRD methods was used to
calculatethedeformationinducedmartensitecontentinthespecimenunderdifferentloadingmodesand
bendingangle.Theexperimentalresultsshowedthatthespecimenundertheconditionofpulsatingloading
have smaller amount of springback. It’s concluded that the pulsating loading mode can increase the
fraction of martensitic phase induced by deformation in austenitic stainless steel sheet, then resulting in
theenhancementoftransformationinducedplasticityeffect(TRIP).Itleadtotheimprovementofelastic
modulusofmaterial,whichreducedthespringbackbehaviorafterbendingprocess.
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MS10Ͳ3
Investigationonstraindependentelasticbehaviorforaccuratespringbackanalysis
SimonVitzthum,MatthiasEder,ChristophHartmann,WolframVolk
Inthefieldofmetalformingtheeffectofspringbackisofgreatimportanceandisoneoftheresearchareas.
Theamountofspringbackdependssubstantiallyonthematerials’elasticbehaviorandthedegreeofstrain
hardening. Former studies showed that Young’s modulus is influenced by strain hardening and thus
detailed knowledge about this correlation is necessary. For an accurate description of strain dependent
Young’smodulus,agenerallyvalidandconsistentformulationintermsofcontinuummechanicsisrequired.
Toreconsiderexistingformulations,acloseexaminationoftheadditivedecompositionofelasticandplastic
strains is necessary that is revealed within this study. Cyclic tensile tests with mild steel DX56 are
performed to investigate the strain dependency of Young’s modulus experimentally. The theoretically
derivedformulationisappliedtotheexperimentalresults.Onthisbasisdifferentdeterminationmethods
foridentifyingYoung’smodulusareutilizedandfinallyanalyzedintermsofspringbackprediction.Finallya
newstrategytopredictspringbackisproposed.

MS10Ͳ4
Kinematichardeningperformanceof5052aluminumalloysubjectedtocycliccompressionͲ
tension
HaiyanYu,PingXu,HuiruShi,HuiqiYu,YouWang
In order to study the kinematic hardening performance of 5052 aluminium alloy, experiments of cyclic
compressionͲtension were conducted in this work. The kinematic hardening performance including the
Bauschinger effect, transient hardening and permanentsoftening shown by the forwardͲreverse
stressͲstrain curves was discussed. The famous YoshidaͲUemori hardening model was adopted to
characterizethekinematichardeningbehaviourofAA5052.TheparametersinYoshidaͲUemorihardening
model were identified with an inverse method composed by experiments, finite element simulation and
optimization.ExperimentsofcyclicloadingͲunloadinguniaxialtensionwerealsoperformedtoidentifythe
degradationoftheelasticmodulusofAA5052withtheplasticstrain.UͲbendingspringbacksimulationusing
theYoshidaͲUemorihardeningmodelwasconducted.TheresultsshowedthattheinvestigatedAA5052has
strong Bauschinger effect, transient hardening and permanent softening. The percentage of elastic
modulusdegradation couldreach16.7%at8.8% plasticstrain. The YoshidaͲUemorihardeningmodel can
capturethekinematichardeningbehaviourofAA5052verywell.

MS10Ͳ5
AconstitutivelawbasedontheselfͲconsistenthomogenizationtheoryforimprovedspringback
simulationofadualͲphasesteel
A.H.vandenBoogaard,A.Torkabadi,E.S.Perdahcioglu
Ithasbeenwidelyobservedthatbelowtheflowstressofaplasticallydeformedmaterialthestress–strain
responseofthematerialdoesnotobeythelinearrelationassumedinclassicalelastoͲplasticmodels.Asa
matter of fact, a closer observation indicates that the stress–strain response of the material is nonlinear
upon unloading. This results in a larger strain recovery than predicted by the linear elastic law which
consequently results in an error in springback prediction. Furthermore, when the material undergoes
compressionaftertension,itexhibitsBauschingereffect,transientbehaviorandpermanentsoftening.The
accuracyofthespringbackpredictionisdependentonthecapabilityofthemodelincapturingtheabove
mentioned phenomena. In this work a constitutive law based on the selfͲconsistent homogenization
methodisdeveloped.Inthismodelthestressinhomogeneityinthematerialisrealizedthroughconsidering
a distribution in yielding of individual material fractions. The model was calibrated using stress–strain
curvesobtainedfromtension–compressionexperiments.Themodelhasshowntobecapableofpredicting
the nonlinear unloading behavior and the Bauschinger effect while maintaining computational efficiency
forFEMsimulations.
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MS10Ͳ6
EffectofpreͲstrainoncreepbehavioroftitaniumalloysheetsandspringbacksimulation
YuanChen,ShuhuiLi,JiHe,YueMa 
ThispaperdiscussestheeffectofpreͲstrainonthecreepbehaviourandconstitutivemodellingoftitanium
alloy TiͲ3AlͲ5MoͲ5VͲ8Cr sheets. A set of uniaxial tensile creep tests at different preͲstrains and different
stresses were carried out to analyse the creep behaviour of titanium alloy sheets. The results show that
preͲstrains have significant influence on the creep behaviour which was opposite to the effect of stress.
Andbasedontheexperimentresults,amodifiedGarofalocreepconstitutivemodelwasestablishedwhich
canillustratethecreepagingbehaviouroftitaniumalloyTiͲ3AlͲ5MoͲ5VͲ8Crsheetat500°Cunderdifferent
stressesanddifferentpreͲstrainsverywell.

MS10Ͳ7
CrystalͲplasticityfiniteͲelementsimulationoftimeͲdependentspringbackinacommerciallyͲ
puretitaniumsheet
TakayukiHama,T.Sakai,Y.P.Korkolis,H.Takuda
A crystalͲplasticity finiteͲelement method was used to examine the deformation mechanism of
timeͲdependentspringbackinacommerciallyͲpuretitaniumsheet.Toreproducetheviscoplasticbehavior
of the sheet, the material parameters were calibrated to reproduce the strainͲrate dependency of the
stressͲstraincurveunderuniaxialtension.AtwoͲdimensionaldrawbendingprocesswassimulatedandthe
change in the sidewall curvature was evaluated. The simulation results showed that the curvature
increasedwiththeelapsedtimeafterunloading,consistentwithexperimentalresultsreportedelsewhere.
Thedeformationmechanismduringtheprocesswasdiscussedintermsofevolutionofstressandrelative
activitiesofslipandtwinningsystems.

MS10Ͳ8
InvestigationonstressrelaxationbehaviorofhighͲstrengthsteelsheetsbasedonelastoͲ
viscoplasticity
MasatoTakamura,KMurasawa,YKusuda,YSuzuki,THakoyama,YIkeda,YOtake,THama,SSuzuki
Stressrelaxationisthephenomenonwherestressofmaterialsdecreasesunderconstantstrain.Inseveral
previous studies, it was found that the stress relaxation makes uniform elongation larger, showing a
possibility that this phenomenon can be utilized to increase the forming limit in combination with the
flexible slide motion of a servo press. However, the stress relaxation phenomenon has not yet been
sufficiently clarified. Authors previously investigated the stress relaxation behavior by applying several
modelswherestressrelaxationwasdescribedasanelastoͲviscoplasticitybehavior.However,aunifiedand
quantitative description of strain rate sensitivity of flow stress and stress relaxation has not been
sufficientlystudied.Inthisstudy,weinvestigatedtheinfluenceofstrain,strainrateandrelaxationtimeon
stress relaxation phenomena of high strength steel sheets. Strain rate sensitivity of flow stress was
modelled with mͲpower law. Stress relaxation behavior was also successfully approximated by a model
derivedfromthemͲpowerlawwiththeparametersobtainedbystrainratesensitivitytests,whichsuggests
thatboththestrainratesensitivityandthestressrelaxationwerebasedonaunifiedelastoͲviscoplasticity.
Themechanismsofstressrelaxationwasalsodiscussedthroughnumericalanalyses.

MS10Ͳ9
NumericalsimulationofformingandspringbackofultraͲthincopperalloysheets
SandrineThuillier,C.H.Pham,P.Y.Manach
ThisstudydealswithformingandspringbackofUͲshapedchannelsmadeofcopperalloythinsheets.Three
materials are considered: pure Cu, copperͲberyllium CuBe2 and copperͲiron CuFe2P alloys. All these
materialsaresuppliedundersheetsofthicknessaround0.1mm.Theirmechanicalbehaviorisinvestigated
in monotonic uniaxial tension, loadingͲunloading sequences in tension and simple shear, in order to
highlight the hardening, the evolution of the unloading slope with plastic strain and the magnitude of
Bauschinger’seffect.Then,drawingofUͲshapedelongatedpartsisperformed;toenhance3Dspringback,a
misalignment of the blank with respect to the punch, die and blankͲholder is deliberately applied. The
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geometryaftertoolremovalismeasuredbylaserscanning,toquantifythemagnitudeofspringback.The
twistingparameter,definedastheratioofthetotalanglevariationbetweentwoextremesectionsoverthe
distancebetweenthetwosamesections,isstronglydependentonthematerial,withasmallvalueof8°
mо1forCuBe2,anintermediatevalueof28°mо1forpureCuandahighvalueof45°mо1forCuFe2P.The
relationshipbetween2Dspringbackandtwistingishighlighted.

MS10Ͳ10
Analysisofanisotropiceffectsinsinglepointincrementalforming
VenkataReddyN,RakeshLingam,PraveenKonka,KishorKalathiya,ShamshoddinShaik
Incremental Sheet Forming (ISF) has great potential to form complex sheet metal parts without using
component specific tooling. Formability in ISF process is higher than the conventional forming processes
but achieving good geometrical accuracy is a challenging task. Anisotropy of material causes variation of
thickness with respect to rolling direction, which effects stiffness, springͲback and accuracy. Variation of
thicknessandspringͲbackwithrollingdirectionisstudiedusingexperimentalandnumericalanalysisfora
conicalgeometryformedusingextradeepdrawingsteelhavinghighanisotropy.Comparisonofanisotropy
andisotropy isdoneusingnumericalanalysis.Resultsshowed that,thicknessislowinthe directionwith
lowratioofwidthtothicknessstrain(rͲvalue),resultinginhigherspringͲback.Thisdirectionalpropertyhas
tobeconsideredintoolpathdesigntoenhancetheaccuracy.Whenmaterialisassumedtobeisotropic,
variationofthicknessandspringͲbackwithrespecttodirectionisinsignificant.

MS10Ͳ11
Accuratepredictionofspringbackaftercoiningoperation
AlperGüner,BartCarleer,IgorBurchitz,MarcoGösling
Acommonapproachusedtoreducespringbackinflangingoperationsistoapplyadditionalcoiningaround
the bent regions. In this strategy, the sheet metal part is compressed between two rigid dies having a
clearance less than the sheet thickness. The aim is to bring additional compressive stresses especially
around bending dominated regions. These stresses are slightly larger than the current yield stress of the
material. By this way, the dominant bending stress state is reduced leading to less springback. The shell
elementswhicharethestateoftheartinproductiveutilizationoffiniteelementsimulationslacktheability
toconsidernormaldeformationwhichoccursduringcoining.Hence,itisnotpossibleforprocessplanners
todecideonthedegreeofcoiningandtopredictthespringbackresultsbeforehand.Inordertoaddress
this problem a set of experiments were performed, whereby deep drawn cups were coined around the
punch radius region and cup bottom. To investigate the changed state of residual stresses, drawn cups
werecutintohalvesandspringbackwasmeasured.Thesameprocedurewasalsosimulatedwiththenew
thickshellelementswhichareimprovedtoincorporatethenormalstressesinthicknessdirection.Itwas
seen that, by the help of this enhancement, the springback prediction is improved as compared to the
conventionalshellelements.

MS10Ͳ12
Effectofwarmformingonformabilityandspringbackofaluminumalloybrazingsheet
MichaelWorswick,KyuBinHan,RyanGeorge,SookyWinkler
This paper investigates the effect of warm forming (up to 350 °C) on the formability and springback
behaviorofAA3003/AA4045brazingsheet(0.2mmgauge)fortwotemperconditions:OͲandH24Ͳtemper.
Thekeyobjectiveistoutilizewarmformingtoformaggressivegeometriesandcontrolthespringbackto
improve the part flatness which enables the use of harder temper material with improved strength.
Simulationsandexperimentsareperformedconsideringheateddiesatseveraldifferenttemperaturesup
to350°CandtheblanksarepreͲheatedinthedies.Thegeometryunderstudyisreferredasasurrogate
heatͲexchangercomponent(SHC)andcontainscomplexfeaturesfoundoncommercialautomotivethermal
managementsystems.AninͲdepthspringbackcharacterizationwascompletedforawiderangeofforming
process parameters such as: temperature, punch load, sheet direction, and holding time. Numerical
simulations were also performed to predict the springback behavior and were compared to the
experiments. There were no clear results showing improvement in formability using the warm forming
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process. However, increased temperatures (above 250 °C) offered significant improvement in springback
fortheharderH24materialtemper.

MS10Ͳ13
Guidelinetooptimizetheconvergencebehaviourofthegeometricalspringbackcompensation
ArndtBirkert,B.Hartmann,M.Nowack,M.Scholle,M.Straub
Theneedforcarbodystructuresofhigherstrengthandatthesametimelowerweightresultsinserious
challenges for the stamping process. To produce accurate parts at the end the stamping dies must be
adjustedmoreorlessbytheamountofthespringbackintheoppositedirection.Whichstampingdiesout
ofamultistagediesetneedtobeadjusted,andhowgreattherespectiveadjustmentneedstobe,isstill
quiteoftendefinedbypracticalexperienceandtrialͲandͲerror.Normallyacertainnumberofcompensation
iterations based on the same compensation strategy must be realized and in addition to that, even the
compensationstrategyitselfmustbemodifiedinsomeiterationsinordertoachieveaccuratepartswithin
tolerance.IncontrasttothetodaystillconvenienttrialͲandͲerroroptimizationapproach,acompensation
guidelinehasbeendeveloped.Keycontentistheinfluenceoftherelevantcompensationparameters,such
asthemeasuringreferencesystem(measurementsystem)includingclampingoftheparts(orientationof
thespringbackpartrelativetothetargetpart)andtheamountofthecompensationinthedifferentstages
(compensationfactorandcompensationstrategy).

MS10Ͳ14
EvaluationofallspringbackaspectsthroughasuccessstoryonFordCargoTruckDoorOpening
Part
Fatihonhon,CemBilgili
Springbackremainsasachallengeintheautomotivestampingindustry.Useofdifferentnewmaterialsfor
lightweighting purposes like aluminium, HSS and AHSS increase studies on that subject. Moreover,
constraint timings and cost reduction targets require robust strategies on springback prediction and its
compensation. In this paper, the industrial approach to this issue is told through a successful large scale
casestudywherevariousappliedmethodsarementionedforaccuratespringbackpredictionandeffective
compensation.Onthepredictionside,thisincludeshardeningcurve,yieldcriteria,FLC,friction,drawbeads,
spacers, blankholder model, blank properties, thickness, material grade, clamping concepts, mesh
parameters. On the compensation side, strategies are playing an important role and also certainly
validation.Forthevalidation,socalled,fullcyclesimulationsareperformed.Fullcyclesimulationsmustbe
carefullyevaluatedduetomanynoisefactors.


MS11 AdvancedSimulationandMaterialCharacterizationforMicroMetalForming
MS11Ͳ1
DevelopmentofinͲsituobservationmethodsofsurfacerougheningbehaviorbyhandͲsize
stretchingtestformetalfoils
TsuyoshiFurushima,YutaroHirose
Itisknownthatthesurfaceroughnessonthefreesurfaceincreaseswithincreasingplasticstrain.Whenthe
sizeofmaterialisscalingdownintomicroscale,theratioofsurfaceroughnesstothethicknessbecomes
largeinmicrometalformingcomparedwithmacroͲscaleforming.Thus,thesurfacerougheningbehaviorof
metalfoilsisanimportantfactorinmicrometalforming.Toclarifythesurfacerougheningbehaviorofthe
metalfoils,inͲsituobservationisrequiredunderbiͲaxialtensionstate.Inthisstudy,themethodofinͲsitu
observationofsurfacerougheningduringplasticdeformationisdeveloped.ThehandͲsizestretchingtestis
developed and installed on the confocal laser micro scope which can evaluate quantitative 3D profile of
surfacewithhighresolution.TheeffectofstrainstatesuchasequiͲbiaxialonsurfacerougheningbehavior
is investigated experimentally. By using developed inͲsitu observation method, it became possible to
evaluatetheprocessofchangingthesurfaceundervariousstrainstates.
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MS11Ͳ2
CrystalplasticityfiniteͲelementanalysisofsurfacerougheningbehaviourinbiaxialstretchingof
steelsheets
MasahiroKubo,TakayukiHama,YusukeTsunemi,YoshiakiNakazawa,HirohikoTakuda
Because of the increasing demand for automobile outer panels with sharper streamlines, prevention of
surface roughening during press forming is important to obtain outer panels with better surfaces. It is
crucial to examine the effects of deformationͲmode on surface roughening, because steel sheets are
subjectedtovariousdeformationmodesduringpressforming.Moreover,surfacerougheningbehaviourof
interstitial free (IF) steels, which are now commonly utilized for fabricating outer panels, has not been
studiedenough.Inthisstudy,surfacerougheningbehavioursofIFsteelundervariousdeformationmodes
weresimulatedbycrystalplasticityfiniteͲelementanalysis(CPFEA).First,thevalidationofaCPFEAmodel
was carried out for investigating the stressͲstrain relationships in simple shear deformation and for
studying changes in crystal orientations during biaxial tension. Then, the influence of microstructures on
surface roughening was investigated. The results showed that surface roughening was larger for
planeͲstraintensionthanforequiͲbiaxialtensioninIFsteels.Topredictsurfaceroughening,itisessentialto
consider the difference of deformation resistance between crystals and the distribution of crystal
orientationsinthethicknessdirection.

MS11Ͳ3
DeformationͲinducedsurfacerougheningofanAlͲMgalloy
YannisKorkolis,PaulKnysh,KantaSasaki,TsuyoshiFurushima,MarkoKnezevic
WeanalyzethedeformationͲinducedsurfacerougheningofanAlͲMgalloy.Oneaspectofourworkisan
efforttomodeltheexactrougheningbehaviorofamesoscaleͲsizespecimenthatcontainsasmallnumber
of grains. Such a specimen is obtained using prestrain, recrystallization annealing and subsequent
machining.Itcontainsonelayerofgrainsthroughthethicknessandistestedunderuniaxialtension.Alaser
confocal microscope is then used in order to measure the surface profile of a deformed specimen. We
applycrystalplasticityfiniteelementmethodtoavoxelmodelofagivenspecimen.Theexactarrangement
of grains in the voxel model is reconstructed from a pair of electron backscatter diffraction (EBSD) scans
using a customͲdeveloped shape interpolation procedure. The material properties of the AlͲMg alloy are
found using an efficient blackͲbox optimizer. The exact shape of the deformed specimen wasn’t fully
captured, however results on average surface roughness show good matching between model and
experiment.

MS11Ͳ4
Designofareversedeepdrawingexperimentenhancingstrainpathchanges
PierreͲyvesManach,NejiaAyachi,NoamenGuermazi,SandrineThuillier
To evaluate a priori the amount of strain path changes in forming processes in order to adjust the
complexity of constitutive equations, it is necessary to develop forming tests at the laboratory scale
sensitivetostrainpathschanges.Inthiswork,amicroͲformingexperimentisdesignedinordertoperform
reverse deep drawing tests on ultraͲthin metallic sheets, typically 0.1 mmͲthick copper alloys. This
experiment is supposed to be set on a ZwickͲRoell BUP 200 device. The work presents the design of the
device and the evolution of strain path changes occurring during both stages of the process. The
experimental results obtained after both stages (forceͲdisplacement, thickness) are presented. Finally, a
sensitivity analysis of a strain path change indicator is proposed through the numerical simulation of the
reversedeepdrawingtestbyvaryingthegeometryofthetools.


MS12 FrictionandWearinSheetMetalForming
MS12Ͳ1
Frictioninsheetmetalforming:formingsimulationsofdiesintryͲout
JohanHol,MatsSigvant,JohanPilthammar,JanHarmenWiebenga,ToniChezan,BartCarleer,Tonvan
denBoogaard
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Thequalityofsheetmetalformedpartsisstronglydependentonthetribologyandfrictionconditionsthat
areactingintheactualformingprocess.ThispaperfocusesonthetribologyconditionsduringearlytryͲout
ofdiesfornewcarmodels.Themotivationforthestudyisthatthemajorityoftheformingsimulationsat
Volvo Cars are performed to secure the die tryout, i.e. solve as many problems as possible in forming
simulationsbeforethefinaldesignofthedieandmillingofthecasting.Inthecurrentstudy,threeclosure
partsforthenewVolvoV60modelhavebeenanalysedwithbothCoulombandTriboFormfrictionmodels.
Thesimulationresultsfrom thedifferentfrictionmodelsare comparedusingthickness measurementsof
realparts,and3Dgeometryscanningdataoftheparts.Resultsshowtheimprovedpredictioncapabilityof
forming simulations when using the TriboForm friction model, demonstrating the ability to accurately
describetryͲoutconditionsinsheetmetalformingsimulations.

MS12Ͳ2
DataͲdrivenmodellingintheeraofIndustry4.0:Acasestudyoffrictionmodellinginsheet
metalformingsimulations
SravanTatipala,JohanWall,ChristianMJohansson,MatsSigvant
Withgrowingdemandsonqualityofproducedparts,conceptslikezeroͲdefectmanufacturingaregaining
increasingimportance.Asoneofthemeanstoachievethis,industriesstrivetoattaintheabilitytocontrol
product/process parameters through connected manufacturing technologies and modelͲbased control
systems that utilize process/machine data for predicting optimum system conditions without human
intervention. Present work demonstrates an automated approach to process inͲline measured data of
tribology conditions and incorporate it within sheet metal forming (SMF) simulations to enhance the
prediction accuracy while reducing overall modelling effort. The automated procedure is realized using a
clientͲserver model with an inͲhouse developed application as the server and numerical computing
platform/commercial CAD software as clients. Firstly, the server launches the computing platform for
processingmeasureddatafromtheproductionline.Basedonthisanalysis,theclientthenexecutesCAD
softwareformodifyingtheblankmodeltherebyenablingassignmentoflocalizedfrictionconditions.Finally,
the modified blank geometry and accompanied friction values is incorporated into SMF simulations. The
presented procedure reduces time required for setting up SMF simulations as well as improving the
predictionaccuracy.Inadditiontooutliningsuggestionsforfuturework,paperconcludesbydiscussingthe
importanceofthepresentedprocedureanditssignificanceinthecontextofIndustry4.0. 

MS12Ͳ3
TemperaturedependentmicromechanicsͲbasedfrictionmodelforcoldstampingprocesses
ChaoWang,JavadHazrati,M.B.(Matthijn)DeRooij,MarkVeldhuis,B.Aha,EmmanuelGeorgiou,Dirk
Drees,A.H.(Ton)vandenBoogaard
Temperature rise in cold stamping processes due to frictional heating and plastic deformation of sheet
metalaltersthetoolͲsheetmetaltribosystem.Thisismoreprominentinformingadvancedhighstrength
steelsandmultiͲstageformingoperationswherethetemperatureonthetoolsurfacecanrisesignificantly.
The rise in temperature directly affects the friction due to break down of lubricant, change in physical
properties of tribolayers and material behavior. This can result in formability issues such as
workpieceͲsplitting,etc.Therefore,itisimportanttoaccountfortemperatureeffectsonfrictioninsheet
metal forming analyses. In this study, the temperature effect was included in a micromechanicsͲbased
frictionmodelwhichallowscalculationoflocalfrictioncoefficientsasafunctionofcontactpressure,bulk
strainandrelativeslidingvelocity.Thetemperatureinfluenceonfrictionwasintroducedthroughmaterial
behavior of sheet metal, viscosity of lubricant and shear strength of boundary layer in the
micromechanicsͲbasedmodel.Themodelvalidationhasbeendonebycomparingthecalculatedfractional
real contact area with the experimental results. The model can be used in formability analyses and to
predictoptimumstampingpressparameterssuchastheblankholderforceandthepressspeed.
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MS12Ͳ4
Temperatureanalysisduringthedrawingofanaluminumcylindricalcup
LuisMenezes,VascoM.Simões,DiogoM.Neto,MartaC.Oliveira,JoséL.Alves,HervéLaurent
Boththeplasticdeformationandthefrictionforcesgenerateheatinsheetmetalformingprocesses.This
yieldsatemperatureriseontheblankandtools,whichismainlydictatedbytheblankpropertiesandthe
press speed. Although modest values of temperature rise yield negligible changes in the mechanical
behavior of metals, the lubricant properties are rather influenced by the temperature. Thus, the deep
drawing of an aluminum cylindrical cup was selected to evaluate, experimentally and numerically, the
temperature variation of the forming tools and blank at room temperature. Different values of punch
speed are compared to evaluate the impact of the heat losses to the environment. The experimental
resultsshowthatthetemperatureriseonthediesurfaceishigherthan9 oCwhenthepunchspeedis10
mm/s. The temperatureisunderestimatedbythefiniteelementmodel duetotheisothermal conditions
imposedontheformingtools.

MS12Ͳ5
Strategiesforincreasingtheaccuracyofsheetmetalformingfiniteelementmodels
ToniChezan,TusharKhandeparkar,JeroenvanBeeck,MatsSigvant
Accurate modelling of sheet metal forming can contribute significantly to reduction of lead time and
development costs in manufacturing industries. The current way to improve the finite element model
accuracyistocombineadvancedconstitutivematerialmodelsandadvancedtribologicalmodels.Formodel
validation purposes the geometry of the forming tools needs to be updated and the most relevant
parametersoftheformingpressneedstobeincorporated.Theadditionofasimpleandeasiertocontrol
modeltestcanofferadditionalinformationondifficulttocharacterizeparametersoftheindustrialprocess.
TheindustrialvalidationcasepresentedinthispaperdemonstratesthattheTataSteelconstitutivematerial
modelhassimilarpredictioncapabilityasthestateoftheartmaterialmodelusedatVolvoCarsforregular
processdevelopmentforautomotivepartsproduction.Inbothindustrialandmodelteststhetribological
system appears to affect significantly the overall model accuracy. The model tests suggests that further
work is needed in order to improve the tribological model description at high contact pressure and high
strainlevels.

MS12Ͳ6
Studyoffrictionalcontactconditionsintheholeexpansiontest
DiogoNeto,PedroBarros,MartaOliveira,JoséAlves,LuísMenezes
The adoption of advanced highͲstrength steels is growing in the automotive industry due to their good
strengthͲtoͲweight ratio. However, the frictional contact conditions differ from the ones arising in mild
steels due to the high values of contact pressure. The objective of this study is the detailed numerical
analysisofthefrictionalcontactconditionsintheholeexpansiontest.TheCoulombfrictionlawisadopted
in the finite element model, using different values for the (constant) friction coefficient, as well as a
pressuredependentfrictioncoefficient.Theincreaseofthefrictioncoefficientleadstoanincreaseofthe
punch force and a slight decrease of the hole expansion. The results show that increasing the friction
coefficientpostponestheonsetofnecking,butthelocalizationdoesnotchange.

MS12Ͳ7
Evaluationofsurfaceasperitybasedcontactfrictionmodelsunderdifferentconditions
K.JLee,M.G.Lee
Finite element (FE) simulation has been often used to optimize sheet metal formingprocess. In order to
increase predictive capability for the formability and springback of sheet metals in the FE simulations,
advanced numerical techniques and constitutive models have been regarded as critical issues and thus
investigated by numerous researchers. However, most of thesheet metal forming simulations employed
theCoulombfrictionlawwithaconstantvalue,whichinfactisknowntobeafunctionofcontractpressure,
surfacequalityandslidingvelocity.Inthisstudy,theasperitybasedfrictionmodelproposedbyWesteneng
[1],asoneofmostpromisingmicroscalemodels,wasinvestigatedandevaluatedbyintroducingdifferent
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contact assumptions.Modified friction model was evaluated for estimating the friction coefficient under
differentvariablesinfluencingthefrictionalcondition.

MS12Ͳ8
Modelingofcontactzonesinairbendingofsheetmetals
JosefDomitner,REckhard,DSchweinzer,HLeumüller,BHeller,CSommitsch
Reducingunfavorablesurfaceimprints,soͲcalled“bendingmarks”,atthecontactzonesbetweenthetools
and the workpiece is a major objective in air bending of sheet metals. In this work basic numerical
investigations of the contact zones were performed in order to study the mechanisms of bending mark
formation.ForthatpurposeanumericalmodelwascreatedusingthefiniteelementsoftwareAbaqus.The
twoͲdimensionalmodelincludedthepunch,theVͲshapeddie,thedieinsertandthesteelsheetwhichhas
tobebent.Allofthesepartsweretreatedasdeformable.TheelastoͲplasticmaterialpropertiesrequiredas
input for the simulations were captured with uniaxial tensile tests. The influence of different insert
materialsontheplasticstrainfieldinsidethesteelsheetwasinvestigated.Airbendingexperimentswere
conductedforvalidatingtheresultsofthenumericalsimulations.


GS0 AdvancedTechnologyforSheetMetalForming
GS0Ͳ1
RecentdevelopmentsinmultiͲdisciplinaryapplicationsofstampingsimulation
SubirRoy 
Traditionallystampingsimulationhasfocusedonassessmentofmanufacturabilityatearlyproductdesign
phase and for process validation at the downstream phase. In the recent years, there has been an
increasingtrendtowardsexpandingthescopeofstampingsimulationtointegratewithotherCAEdomains
such as structural CAE, composite materials, fatigue, safety, optimization, CFD, casting and lately 3D
printing. The enablers are, highly streamlined graphical user interfaces for modeling and visualization
combinedwithaccurate,robustandscalablemultiͲphysicssolvers.Inthistalk,industrialcasestudiesare
presentedontopographyoptimizationandinitializationofsheetmetalpartswithmanufacturingresultsto
improve structural stiffness, process optimization of complex stampings via highly scalable and accurate
explicit analyses, topology optimization and manufacturability of stamping die structures, and
thermoͲformingofcompositematerials.

GS0Ͳ2
Validationofthestoningmethodbynumericalandexperimentalinvestigationofouterpanels
withandwithoutsurfacedeflections
AnnikaWeinschenk,WolframVolk
Surface deflections have a negative effect on the appearance of exterior body panels in the automotive
industry.Theyoccurduringspringbackanddependonpartgeometryandstressstates.Todetectwhether
aproducedparthassurfacedeflections,inspectionmethods,suchasstoning,areapplied.Iftheparthas
surfacedeflections,thetoolgeometryismodifiedinaniterativeprocessuntilnomoresurfacedeflections
are detected on the produced part. Besides stoning of physical parts, surface deflections can also be
detected in postͲprocessing of a finite element simulation by use of a numerical stoning method. The
advantage is that the design of the tool can be modified before it is manufactured. However, the
appearanceofdetectedsurfacedeflectionsdependsonthesoftwareusedanditssettings.Therefore,the
accuracyofsurfacedeflectionsdetectedinsimulationsisworthinvestigating.Thispaperdescribessurface
deflections detected by stoning method in experiments and compares them with the numerical results
from AutoForm. In doing so, the influence of the numerical settings on the appearance of the surface
deflectionsisanalyzed.Forthisstudy,variouspartswithdoorhandlepocketsareproduced.Bychanging
the shape of the blank, and as a consequence, also the stress state,it is possible to generate parts with
surfacedeflectionsofdifferentsizesorpartswithoutsurfacedeflections.AblankofAA6016withasheet
thicknessof1.0mmisused.Theresultsshowthatitispossibletodetectsurfacedeflectionsinsimulations
accuratelyifsuitablesettingsarechosen.Themeshinghasasignificantinfluenceonthedetectedsurface
deflectionwhereasthedrawbeadmodelhaslessofaneffect.
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GS0Ͳ3
Cellularautomatoncalculationfordynamicrecrystallization
SeungͲYongYang,JeoungͲHanKim
Since the mechanical behavior of superalloys can be optimized by tailoring the microstructure, the
evolutionofmicrostructureshouldbecarefullycontrolledbythermoͲmechanicaltreatments.Tostudythe
microstructure evolution of NiͲCrͲFe based 718 alloy during hot forging, computational simulation and
microstructure prediction model can be combined with experimental observation. It is necessary to
establish a microstructure prediction model considering the recrystallization during the hot working
process.Inthiswork,cellularautomaton(CA)methodwasusedtosimulatethedynamicrecrystallization
phenomenaof718alloyduringhotcompression.Thestrainrateandtemperaturewereconsideredasthe
processing variables. CA stress strain curves were compared with the experimental results and the
predictionforthegrainnucleationandgrowthwerepresented.


GS1 Composites
GS1Ͳ1
Deformationbehavioranalysisbasedonmatrix/yarnslidingfrictionmodelofwovenfabric
greencompositeundersimpletension
KenͲichiManabe,JunͲichiOzaki,NaoyaKobayashi,KiheiTsutsumi 
Finite element (FE) model of woven fabric green composites considering matrix/yarn sliding friction is
adopted to simulate deformation behavior under simple tension in this study.In this model, certain gap
werecreatedontheinterfacebetweenyarnandmatrix,wrapandweftyarns.Eachinterfacecouldcontact
and interact each other through deformation process. The interaction can be generated by the sliding
friction contact surface. The deformation simulation under simple tension was carried out using a
commercialexplicitdynamicFEcode,LSͲDYNA.Toclarifytheobviousdeformationbehaviorandasurface
unevennessconfigurationonthecomposite,tensiledeformationbehaviorwassimulatedforwovenfabric
greencompositewithfiberorientationɽ=45°totensiledirection.ThevalidationoftheFEmodelwithagap
wasconfirmedcomparedwiththeFEmodelshavingagapandnonͲgapattheinterface.

GS1Ͳ2
InfluenceoftemperatureoninͲplaneandoutͲofͲplanemechanicalbehaviourofGFRPcomposite
MichaelGrubenmann,JörgHeingärtner,PavelHora,DanieleBassan
In this work, the challenges in forming of glassͲfibre reinforced PA6, from experimental material
characterizationandparameteridentificationtonumericalmodellingusingFiniteElementAnalyses(FEA)is
reviewed and results are presented. Mechanical inͲplane behaviour is characterized by tensile and bias
extension tests. OutͲofͲplane characteristics are determined using the cantilever test. The constitutive
model is setͲup using LSͲDYNATM, in which the fibre and matrix properties are considered separately.
Therefore separate tensile experiments with unreinforced PA6 are performed. FEA is used to model the
tensileandcantilevertestsinwhichthestrainͲstresscurves,influenceofdisplacementonshearingangle
anddifferentapproachesinmodellingthebendingstiffnessarecompared.Theadvantagesanddrawbacks
ofthemodelareshownanddiscussed.Itisshownthattheconductedexperimentscanbereproducedby
usingtheimplementedmaterialmodelandreasonablygoodresultsareachieved.

GS1Ͳ3
Numericalmodelingofthermoplasticresinbehaviorforthermoformingoflaminatescomposed
ofnonͲcrimpfabrics
JuanPedroBerroRamirez,HariharasudhanPalaniswamy,SubirRoi
Although composite materials have been used for many years in aeronautic and defense industries, the
interestintheautomotiveindustryhasgrownonlyrecently.However,sincetheyareexpensive,aeronautic
materials cannot be directly used for automotive and new woven fiber composites are being developed
such as NonͲCrimp Fabrics (NCF) with thermoplastic resin. Woven fiber composite material properties
depend on many parameters such as nonͲlinearity of tensile stiffness in yarn direction, shearing effect
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between fibers, temperature and strain rate dependency. Numerical simulation becomes a helpful tool
whichcanbeusedtoestimatetheriskofdefectsafterforming.Areliablecharacterizationofresinbehavior
with respect to the process temperature and speed will allow users to optimize the process and reduce
developmentcycles.Inthisstudy,weinvestigateamethodtomodelaNCFthermoplasticcompositetaking
intoaccountboththermalandstrainratedependencyusingthenonͲlinearfiniteelementsolverRADIOSS®.
AnewmultiͲlayerpropertyisusedtomodeltheNCFresinandfabriccomponents.Fibersaremodeledwith
a hyperͲelastic anisotropic fabric material model available in RADIOSS, and the resin is modelled as an
elastoplasticthermalandstrainͲratedependentmaterial.Thelaminatebehaviorischaracterizedusingdata
fromBiastestsintwodifferentdirectionsandvalidatedprocesssimulation.Anumericalstudyisusedto
showtheinfluenceofprocesstemperatureandspeedonthefinalshapeandpresenceofdefects.


GS2 FractureandDamage
GS2Ͳ1
ExtensionoftheDF2015criterionintoananisotropicductilefracturecriterion
YanshanLou,JeongWhanYoon
The paper extends the recently proposed ductile fracture criterion of DF2016 (Lou, Chen, Clausmeyer,
Tekkaya and Yoon, 2017. Modeling of ductile fracture from shear to balanced biaxial tension for sheet
metals. International Journal of Solids and Structures 112, 169Ͳ 184) to consider the anisotropic ductile
fracturebehaviourofsheetmetals.TheDF2016criterioniscoupledwiththeHill48yieldfunctiontomodel
theanisotropyinductilefracture.Fortheverificationpurpose,experimentsareconductedforAA6082ͲT6
sheetwithathicknessof1.0mminvariousloadingconditions:inͲplaneshear,uniaxialtension,planestrain
tension,andthebalancedbiaxialtension.Testsarecarriedoutintherollingdirection,diagonaldirection
andtransversedirection.Fracturestrainsaremeasuredbydigitalimagecorrelationalongdifferentloading
directions. The anisotropic fracture of the sheet is modelled by the DF2016 criterion byincorporating an
anisotropicyieldfunction.Thepredictedanisotropicfracturelociarecomparedwithexperimentalresults
inshear,uniaxialtension,planestraintensionandbalancedbiaxialtension.Thecomparisondemonstrates
that the anisotropic DF2016 criterion accurately modelsthe anisotropic fracture behaviour of AA6082ͲT6
sheetinwideloadingconditionsfromsheartobalancedbiaxialtension.

GS2Ͳ2
IdentificationmethodofanadvancedconstitutivelawfornickelͲbasedalloyHaynes230usedin
solarreceivers
AnneHabraken,HeleneMorch,LaurentDuchene
AmodeltostudypanelsofthintubesofHaynes230nickelalloyusedinsolarreceivershasbeendeveloped.
The thermoͲmechanical behavior of these tubes is simulated using an advanced model capable of
representing specific characteristics such as viscosity, kinematic and cyclic hardening, static recovery, or
dynamicrecovery.TheconstitutivelawimplementedisafiniteͲelementviscoͲplasticmodelbasedonthe
workofChaboche.Duetoitscomplexity,themodelusesasignificantnumberofparametersthatneedto
be identified at several temperatures. The aim of this article is to define an efficient method for the
identificationoftheparametersofthisChabochemodeladaptedtocyclicthermoͲmechanicalloading.

GS2Ͳ3
AnewstrainͲbasedmethodtodetermineGTNparametersforthinstainlesssteelfoil
PengZhang,MichaelPereira,BernardRolfe,DanielWilkosz,BAbeyrathna,MatthiasWeiss
In this work, tensile tests were carried out on the 316L foil with a thickness of 0.1 mm to calibrate the
Gurson–Tvergaard–Needleman (GTN) model.Two calibrationmethodswerecomparedforcalibrating the
sametestdata.Thecommonapproachistouseiterativefiniteelementsimulationstofittheexperimental
loadͲdisplacementcurve.AnewstrainͲbasedapproach,whichusesstraindataobtainedbyaDigitalImage
Correlation (DIC) system, ispresented here. It uses a stressͲreturnͲmapping algorithm to reconstruct the
fracturerelatedstatevariable,i.e.,theaccumulatedvoidvolumefraction.Fractureispredictedwhenthe
criticalvoidfractionisreachedatthemeasuredfracturemoment.Thestudyshowsthatthenewapproach
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gives similar fracture model parameters compared to the common method, but with significantly higher
computationalefficiency.

GS2Ͳ4
OntheeffectofstressstateonthefailurelimitsofholeͲflangedpartsformedbySPIF
AndresJesusMartinezͲDonaire,DMoralesͲPalma,MBorrego,GCentenoandCVallellano
SinglePointIncrementalForming(SPIF)isanovelandflexibleformingtechnologythathasbeenusedinthe
lastfewyearstoobtainavarietyofcustomizedsheetparts.Oneofthemostvaluableadvantagesofthis
processisitsabilitytosuppressthelocalizedneckingofthesheet,allowingastableplasticdeformationup
totheductilefractureofthesheet.Traditionallythefractureinsheetmetalformingischaracterizedbythe
conventionalFractureFormingLimit(FFL)curve,obtainedwithNakazimaorMarziniaktests.However,in
many cases the SPIF processes exhibit fracture strains clearly above the conventional FFL, showing an
unexpected gain of formability. It is well known that ductile fracture in metals is highly affected by the
stressstateinthematerial.Therefore,amongothers,thisfactcouldcontributetoexplaintheexperimental
differences observed in the FFL obtained by conventional and incrementaloperations. The present work
develops a numerical model in ANSYS to study the mechanics of the fracture process during the
incremental deformation operation. The simulations focus on the holeͲflanging operation by SPIF in
AA7075ͲO metal sheets of 1.6mm thickness, recently experimentally analysed by the authors. Different
configurations of preͲcut hole diameters are simulated. The evolution of the strain paths and the
hydrostatic stress in the SPIF process are analysed and discussed. These variables help to explain the
apparentenhancementofformabilityobservedinSPIFprocessesbeyondtheconventionalFFLcurve.

GS2Ͳ5
FailurepredictioninincrementalsheetformingbasedonLemaitredamagemodel 
KNarasimhan,AbhishekKumar,AbhishekKumarSingh,AmberShrivastva,SushilMishra
SinglePointIncrementalForming(SPIF)isadielessformingprocess.Inthisprocesssheetisclampedonits
peripheryandahemisphericaltoolclampedonaCNC(ComputerNumericControl)machineappliessmall
incremental pressure to deform the sheet in three dimensional component. During the process, strain
increasesonsuccessivestepsofforminganditismuchabovetheconventionalforminglimit.Thesehigher
strainsleadtoexcessivethinningwhicheventuallyresultsinfailure.Theaimofthisworkistorevisitthe
failureanalysisinSPIFandstudytheeffectoftooldiameteronthefailure.Finiteelementmethod(FEM)is
used for theanalysis of the process and a truncated cone is simulated using different tool diameter. For
failureprediction,Lemaitredamagemodel,basedoncontinuumdamagemechanics,hasbeennumerically
implemented in FE software Abaqus/Explicit using user subroutine. Further, the results from numerical
analysissuchasstrainevolutionindeformationzoneandthicknessreductionareanalysed.

GS2Ͳ6
DamagemechanicsmodellingofmaterialseparationinselfͲpierceriveting(SPR)process
NicolaBonora,G.Iannitti,G.Testa,andA.Ruggiero
InnumericalsimulationofselfͲpiercerivetingprocess(SRP)materialseparationcriteriaplaysacriticalrole.
In most of published works, material failure is simulated using numerical techniques, such as erosion
criteria, that are calibrated on available experimentalresults. The lack of material based criteria strongly
limitstheuseofnumericalsimulationaseffectiveinvestigativetoolformanufacturingprocessparameters
assessment. In this work, damage mechanics is used to determine failure conditions in SRP considering
dissimilarmaterial sheets. In particular, the extended Bonora Damage Model (XBDM), which account for
both void growth and void sheeting, was used. Damage model parameters for metal sheets have been
determinedindependentlyandsuccessivelyusedinthesimulationofSRPprocess.Resultswerecompared
withavailableexperimentaldata.
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GS2Ͳ7
Measurementoflocalneckingintensiletestofmildsteelsheetforformingnumerical
simulation
DaisukeShimizu,SusumuTakahashi,HideyukiSunaga,MasatoTakamura,ShunsukeMihara,Eiichiro
Oohashi 
Plate forging can be applied to the reduction of the forming time and costs of parts which have large
thicknessandcomplexshape.Inmanycases,thesurfacequalityoftheshearingportionsisveryimportant
whentheirsurfacesslidealongthoseofotherparts.Theresearchanddevelopmentofanalyticalmethods
forevaluatingthesurfaceconditionofsheardeformedpartsareunderway.Fractureinplasticworkingis
generally ductile fracture. Therefore, studies on the analysis of fracture in material tensile tests are
advanced. In this report, starting point of local necking is thought as starting point of fracture. Three
methods are examined to find the starting point of local necking for mild steel sheets. Among these
methods,themeasurementmethodusingthelaserdisplacementmateristhemostaccurate.

GS2Ͳ8
Numericalinvestigationsonaframeworkforfracturepredictioninmetalformingwitha
materialmodelbasedonstressͲratedependenceandnonͲassociatedflowrule
TetsuoOya,JunYanagimoto,KoichiIto,GenUemura,NaomichiMori
Inthispaper,theproposedframeworkforfracturepredictionduringsheetmetalformingisexplainedand
somenumericalinvestigationsarepresentedtodemonstratetheeffectivenessofthismethod.Inparticular,
theroleofparametersthataffectstheforminglimitcurves,whicharerepresentedbytheinitiationoflocal
bifurcation in each stress rate, are examined; namely, anisotropic parameters and the KC value, which
means a stressͲrate dependence, and othermaterial properties. The newly proposed concept of forming
limitdiagramisusedtoevaluatetheformabilityoftheconcernedmaterialandworkingprocess.

GS2Ͳ9
Materialcharacterizationandfracturepredictionwithadvancedconstitutivemodelandpolar
EPSfracturediagramforAA3104ͲH19 
RobertDick,YanshanLou,ShunyingZhang,JeongͲWhanYoon
Material characterizations for plasticity and fracture have been conducted from uniaxial tensile tests,
biͲaxialbulgetest,anddiskcompressiontestforabeveragecanAA3104ͲH19material.Theresultsfromthe
experimental tests are used to determine material coefficients for the Yld2004Ͳ18p model [1]. Finite
elementsimulationsaredevelopedtoevaluatethepredictedearingprofile.Excellentagreementwiththe
experimental data for eightears exhibited in AA3014ͲH19 is achieved using the Yld2004Ͳ18p constitutive
model. Furthermechanical tests are also conducted on the AA3104ͲH19 to generatefracture data under
different stress triaxiality conditions. Tensile tests are performed on the samples with a centralhole and
notched specimens to achieve tensile and planeͲstrain conditions. A specially designed torsion test of a
doublebridgespecimenisconductedtogeneratethepointsnearpureshearconditions.TheNakajimatest
isalsoutilizedtoproduceabiͲaxialtensioncondition.Thedatafromtheexperimentsisusedtogenerate
thefracturelocusintheprincipalstrainspace.MappingfromtheprincipalstrainspacetoPolarEffective
PlasticStrain(PEPS)spaceisaccomplishedforageneralyieldfunction.Finiteelementmodelingisusedto
validatethefracturediagraminthepolarspace.AholeexpansiondemonstratestheaccuracyofthePEPS
fracturetheoryforthedirectionforonsetoffailure.

GS2Ͳ10
DevelopmentofthecrackͲlineͲupdatemethodfortwoͲdimensionalpiercingsimulations
TakashiMatsuno,MasatoTakamura,ShunsukeMihara,TakayukiKoda,KaoriTsujioka
We have developed the crackͲlineͲupdate method for twoͲdimensional piercing simulations by a finite
elementmethod.Thismethodiscombinedwitharemeshingprocessinvolvinganouterlineandmeshing.
ByusingthecrackͲlineͲupdatemethod,cracklines,whicharederivedfromastressandstrainanalysisof
thehighͲdamageregions,areaddedtotheouterlineineveryremeshingstep.Inthispaper,wecompare
thesimulationsbetweenthemeshdeletionandcrackͲlineͲupdatemethods.ThecrackͲlineͲupdatemethod
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successfully simulated the arresting of cracks during the piercing process, whereas the mesh deletion
methodcouldnotexpresssuchfracturebehavior.

GS2Ͳ11
Finiteelementanalysisofblankingoperationofmagnesiumalloy(AZ31)sheetusingductile
fracturecriteriaanditsexperimentalverificationatvarioustemperatures
PiemaanFazily,JeahyeongYu,ChangͲWhanLee
This study focuses on modeling and analyzing sheet blanking process of Magnesium alloy sheet (AZ31)
using finite element method at various temperatures. The computationalanalysis is then compared with
theresultsobtainedthroughtheexperimentalsetup.Inthefiniteelementmodelfractureinitiationandthe
shapeoftheblankededgeareinfluencedbythevalueofcriticaldamagecriteria(C).Thevalueofcritical
criteriaisdeterminedandcomparedusingtheductilefracturecriteriaproposedbyvariousresearchersby
varyingvariousprocessparametersand temperature. Theeffectof temperatureandprocessparameters
on the geometry of the blanked edge including burr, fracture zone, shear surface and rollover has been
investigated.Moreover,numericalpredictionswerecomparedwiththeexperimentalresults.


GS3 MaterialTesting
GS3Ͳ1
Predictionofflowstresscurveofmetallicfoamusingcompressibleconstitutiveequation
HiroshiUtsunomiya,YoheiNoguchi,WooͲYoungKim,RyoMatsumoto
For industrial applications of metallic foams, it is demanded to develop the forming processes and
technologies [1]. However, deformation of metallic foams is complicated due to changes in apparent
density and volume during the process so that numerical prediction of the deformation is not easy.
Compressibleplastic constitutiveequationswithdependenceon hydrostaticpressurehavebeen used.In
literature,theinitialapparentdensityoftheworkpiecewasconsidered,whilechangeinapparentdensity
during the process was rarely considered. Therefore the prediction is not applicable to heavy industrial
formingDeformationofmetallicfoamsinformingprocessesiscomplicatedduetolargevolumechangeso
that the prediction is not easy. In this study, cylindrical billets of openͲcell type nickel foam were
compressed uniaxially. MultiͲstep compression tests were also conducted to reveal changes in apparent
density and diameter during the compression. For numerical prediction, Oyane’s yield criterion and the
associated flow rule were assumed. With considering volume change in the compression, incremental
analysis was performed. Changes in apparent density, diameter and flow stress curveswere successfully
reproducedwithconstantsa=2.12,m=0.3andn=2.0.

GS3Ͳ2
Cruciformspecimendesignforlargeplasticstrainduringbiaxialtensiletesting
YongHou,JunyingMin,JianpingLin,JohnE.Carsley,ThomasB.Stoughton
Thecruciformbiaxialtensiletestcanbeusedtomapthehardeningevolutionoftheyieldsurfaceovera
widerangeofloadingpaths,which is usefulforcalibratingand validatingtheadvanced material models.
However,whencruciformspecimensfollowingISOStandard16842areused,equivalentplasticstraininthe
gaugeregionislimitedtoonly~0.03forDP590.Inthisstudy,anewmethodwasdevelopedtostrengthen
thearmsofISOStandardcruciformspecimeninordertoachievegreaterplasticdeformationinthegauge
region.Armstrengthofcruciformspecimenswasenhancedbylaserdepositionofthickeninglayersusing
materials compatible with the base metal. Furthermore, the slit geometry in the arms was adjusted to
improve strain distribution and delay fracture. To verify the proposed method, cruciform specimens of
differentbasematerials(Cr4,DP590,DP780andDP980)weretestedinabiaxialtensiletestingsystemwith
theaidofdigitalimagecorrelation(DIC)techniquestocharacterizethestrainfieldswithinthegaugeregion.
ThelaserͲdepositionͲaffectedzoneswerenegligibleforthebasematerialsaccordingtoopticalmicroscopy.
For DP590, the laser deposition method provided an increase of equivalent plastic strain in the gauge
region from ~0.03 to ~0.11 for various loading paths. Consequently, evolution of an experimental yield
locus was obtained atequivalent plastic strains up to ~0.11 for DP590. Continuing work with Cr4, DP780
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andDP980materialsincreasedequivalentplasticstrainstodifferentdegreesundernearlyplanestrain
conditions(biaxialforceratioof1:2).

GS3Ͳ3
Improvementofthedrawingratiooftheanisotropicmaterialbehaviourundernearplanestrain
conditionsforDP600characterizedinelliptichydraulicbulgetest
MatthiasLenzen,MarionMerklein
Theplanestrainconditionisoneofthemostfrequentreasonsforfailureinadeepdrawingprocess.State
oftheartmaterialmodelsdonotconsiderthisstrainstateinFEsimulations.Sincethereisonlythenotched
tensiletesttodeterminethefirstprincipalstress,animprovedtestingsetupisneededtocharacterizethe
first and second principal stresses up to high deformations to determine the material behaviour under
planestrainconditions.Withinthiscontribution,aninnovativetestingsetupisused,whichinducesanear
planestrainregimeinthespecimenwithanellipticalhydraulicbulgetest.Experimentsarecarriedoutin
rolling and transversal direction for DP600. Based on the experiments, stress and stain based material
characteristicsareevaluated.Forvalidationofthesetup,squarecupsaredeepdrawn,whichhaveaplane
strainareaatthedrawingradiuswhichcausescrackingunderthisstrainstate.Duetothehighlydirectional
dependentmaterialbehaviour,thedrawingratiocanbeincreasedbyconsideringtheanisotropicmaterial
behaviourbycuttingtheblankinanoptimizedpositionaccordingtotherollingdirection.

GS3Ͳ4
ExaminationofevaluationmethodofuniaxialcompressivepropertyofcoldͲformedduplex
embossedsheetmetalbyFEManalysis
TakashiIizuka,WuyangLiu
The utilization of applying periodic configurations to flat sheet metal will become a good method to
enhance functional and mechanical properties. Especially, these periodic convexities and concavities of
sheet metals are very good in enhancing functional property, such as heat radiation, improving of heat
diffusivity,soundinsulationandsoon.Inaddition,thisparticularshapecanalsoincreasebendingrigidity.
Inordertopromotedevelopmentofindustrialtechnologyforformingsuchsheetmetals,itisnecessaryto
offerinformationontheplasticfeatureofthem.Here,thisstudyfocusesonsheetmetalformingproperties
ofaduplexembossedsheet,whichhasperiodicconvexitiesandconcavities.AndFEManalysiswascarried
outtoattempttoconducttheuniaxialcompressiontestusedduplexembossedsheetbyBlankholderforce
methodwhichwasgotsomeinspirationsfromthemethodreportedbyProf.Kuwabara.Basedonanalytical
results, comparing the strainͲstress responses and theequivalent strain maps which were obtained from
uniaxialtensiontothosefromuniaxialcompression,itwasfoundthatembossingperiodicstructureitself
hadtensionͲcompressionasymmetry(SDeffect).

GS3Ͳ5
Ductilefailureundercombinedtensionandshear
SKyriakides,KChen,MScales
RecenttensionͲtorsionexperimentsonAlͲ6061ͲT6tubeshaveshownthatstrainsinsidelocalizationzones
thatprecedefailurearemuchhigherthanpreviouslyreported.Furthermore,contrarytosomeotherresults,
the measured strain at failure monotonicallydecreases as the triaxiality increases. This paper will review
these results and subsequently present numerical simulations that demonstrate that suitably calibrated
plasticity models canreproducethemeasured deformations.Thestrainsin thesimulationsapproach the
valuesmeasuredatfailurewithouttheintroductionofdamage.

GS3Ͳ6
Influenceofzinccoatingonanisotropicmechanicalpropertiesofhotdipgalvanizedsteelsheet
DP600
GLi,XYLong,SSCui,QWHuang,ZPChen,SHTan
The influence of zinc coating on the anisotropic mechanical properties of hot dip galvanized steel sheet
DP600 is studied by tensile test. The results show that zinc coating makesthe yield strength of the steel
platedecrease,buthasnoobviousinfluenceonthehardeningindex.Comparedwiththebaresteelsheet,
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inthedirectionofR00directionparalleltotherollingdirection,thetensilestrengthandyieldstrengthof
galvanizedsteelsheet decrease,while theelongationandthicknessanisotropycoefficient increase.After
comprehensive analysis, it isfound that the plastic deformation ability has decreased in the direction of
R00 direction. and the plastic deformation ability decreases after comprehensive analysis. In the R90
direction,themechanicalpropertyparametersofgalvanizedsheetallincreased,andzinccoatingimproves
theplasticdeformationabilityofthesteelsheet.However,intheR45direction,thevariationextentofthe
mechanical property parameters of galvanized steel sheet is between R00 and R90. Therefore, the
influence of zinc coating on the mechanical properties of steel plate is closely related with the rolling
direction, which also illustrates that the adhesion strength between the galvanized layer and steel plate
substrateisaffectedbythesurfacemicrostructureofrolledsteelsheet.

GS3Ͳ7
CharacterizationofmechanicalpropertiesandformabilityofasuperplasticAlͲMgalloy
OmidMajidi,MohammadJahazi,NicolasBombardier
Inordertodevelopareliableconstitutivemodelforpredictingformabilityandspringbackofsheetmetals
during superplastic forming (SPF) and quick plastic forming (QPF), characterization of elasticͲplastic
behavior,aswellasformabilityofthematerialisessential.Inthepresentstudy,themoduleofelasticity,
uniaxialflowbehaviorandanisotropy,aswellastheforminglimitcurve(FLC)ofoneofanSPF/QPFgrade
AA5083 was investigated. The variation of Young’s modulus with temperature was measured from the
uniaxialtensiletestsforfourtemperaturesrangingfrom25to500°C.Theimpactoftemperatureandstrain
rateontheflowbehaviorofthematerialwasinvestigatedviauniaxialtensiletestsforthreetemperatures
(420,450,and480°C)andatthreestrainrates(0.001,0.01,and0.1sͲ1).Thedependencyoftheflowstress
onthematerialorientationwithrespecttotherollingdirection(0,45,and90°)wasassessedusinguniaxial
tensiletestsataconstanttemperature.Inaddition,theevolutionofplasticanisotropywithplasticstrain
andstrainratewasassessedbymeasuringtheLankfordcoefficient(rͲvalue).Finally,theFLCofthematerial
at 450 °C was characterized according to Nakazima tests procedure for three strain paths (i.e. uniaxial
tension,planestrain,andbiaxialtension).

GS3Ͳ8
CharacterisationofhighstrainratematerialbehaviourforhighͲspeedformingandcutting
applications
MarcTulke,ChristianScheffler,VerenaPsyk,MaikLinnemann,DirkLandgrebe,AlexanderBrosius
Determination of the material behaviour for high speed forming processes is challenging due to high
processvelocityandsmallspecimengeometryinexperimentalanalysis.Thispaperproposestwodifferent
materialcharacterisationconceptsforhighstrainratesat103sͲ1andhigher,namelyapneumaticallydevice
and an electromagnetically accelerated hammer, for obtaining experimental values. Furthermore, two
measuringprinciplesofthehammervelocityanddisplacementarepresentedandcompared.Theauthors
describe a measurement system with an acceleration sensor for the pneumatic device and a shadowing
principle for the electromagnetically driven concept. Using the measured data, material parameters are
iteratively adapted in an optimisation procedure until an objective function, comparing the difference
betweennumericalandexperimentalresults,issatisfied.Inthiscasetheparameteridentificationisapplied
onastrainratedependent  flowcurveapproximationbasedonJohnsonͲCook.

GS3Ͳ9
EvaluationoftensionͲcompressionasymmetryofalowͲcarbonsteelsheetusingamodified
classicalcompressiontestmethod
TakayukiKoizumi,MitsutoshiKuroda
A modified classical compression test method was used to examine inͲplane tensionͲcompression
asymmetryinalowcarbonsteelsheet. In thiscompressiontestmethod,interfacialfrictionbetween the
compression platens and specimen surfaces was significantly reduced by use of polycrystalline diamond
plates installed on the compression dies. Furthermore, crosshead displacement of the universal testing
machine,whichinherentlyincludesdeflectionofthemachineitself,wascorrectedtothenetdeformation
of the specimen based on a series spring model. Consequently, precision of the compressive strains
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obtained with the present test method is equivalentto that attained in the standard tension tests using
wire strain gauges. For tension andcompression tests performed at inͲplane directions of 0Ț, 45Ț and 90Ț
relative to therolling direction (RD), significant tensionͲcompression asymmetry (i.e. strengthdifferential
effect (SDE)) was observed. In all the mechanical tests in the three testing directions, flow stresses in
tensiontestsweresmallerthanthoseincompressiontests.

'^ϯͲϭϬ
^ŚĞĞƚƚŚŝĐŬŶĞƐƐƌĞĚƵĐƚŝŽŶŝŶĨůƵĞŶĐĞŽŶĨƌĂĐƚƵƌĞƐƚƌĂŝŶĚĞƚĞƌŵŝŶĂƚŝŽŶ
MiroslavUrbanek,PedramFarahnak,MartinRund,JanDzugan
Standardly,theFLCcurve[11]isdeterminedbasedonISO12004accordingtoNakajimatestorMarciniak
test[1].Therearetwobasicinfluences:thefrictionbetweenthepunchandthespecimenandatthesame
timethepushingthepunchonthespecimen,whichaffectsthestraindistributionoverthesheetthickness
[17].Themaindisadvantageofthesetestsisthemeasurementofthelineardeformationpathsonly,but
therealformingprocessesareusuallyformedinmultiplestepsprocessesandtheloadingpathisstrongly
nonͲlinear.ThecurrenttrendforsheetsformabilityassessmentisinvestigationofnonͲlineardeformation
pathsperformedoncruciformspecimens[2,3]orusingacombinationofMarciniakandNakajimatests[6],
[7]. The cruciform specimens should have reduced thickness in the central part in order to assure main
plastic deformation and fracture in this region [18]. However, there are indications that the thickness
reduction can influence results of the formability assessment. The main goal of this present paper, is
experimentalinvestigationofeffectoflocalmaterialthicknessreductiononFLCandonFractureForming
LimitCurve (FFLC). The cruciformspecimens with a reduced thickness is investigated with the use of the
biaxialstandwithoutfrictionandpushingthepunch.AllresultsarecomparedtotheFLCvalues.

'^ϯͲϭϭ
DĂƚĞƌŝĂůƚĞƐƚŝŶŐŝŶƐƵƉƉŽƌƚŽĨƚŚĞĚĞǀĞůŽƉŵĞŶƚĂŶĚĐĂůŝďƌĂƚŝŽŶŽĨŵĂƚĞƌŝĂůŵŽĚĞůƐĨŽƌĨŽƌŵŝŶŐ
ƐŝŵƵůĂƚŝŽŶƐ
A.Gilat,J.Seidt
Materialtestingatvariousstrainrates,temperaturesandloadingconditionsprovidesdatathatisusedfor
thedevelopmentandcalibrationofconstitutiveequations(materialmodels)thatareutilizedinnumerical
simulations of sheet metal forming. In general, the testing can bedivided into characterization tests and
validationtests.Incharacterizationtestsbasicmaterialproperties(e.g.yieldstress,ultimatestress,failure
strain) are determined from a test in which a material coupon is loaded under a wellͲdefined condition
(stress, strain rate, temperature, etc.). The data is used for determining the values of parameters in
plasticityandfailuremodels.Invalidationtestsamaterialspecimenorasmallcomponentisloadedwitha
more complicated, but well defined, loadings. The test is numerically simulated and the calculated
quantities(forces,deformation,failure,temperature,etc.)arecomparedwithmeasurements.Therecent
development of the Digital Image Correlation (DIC) technique for fullͲfield measurement of deformation
has extended the useful data that can be extracted from traditional characterization tests and provide
meansfordevelopingnewexperimentsthatcanbeusedforobtainingmoreaccuratematerialmodels.This
paperreviewstheadvantagesofusingDICintraditionaltestsandpresentsseveralnewrecentlydeveloped
testing configurations for material coupons and small components. Many of these tests have been used
duringinthedevelopmentofafailuresurfacethatgivestheequivalentplasticstraintofailureasafunction
ofstresstriaxialityandtheLodeparameter.


'^ϰ /ŶŶŽǀĂƚŝǀĞ&ŽƌŵŝŶŐDĞƚŚŽĚƐ
'^ϰͲϭ
ŽƵďůĞƐŝĚĞĚŝŶĐƌĞŵĞŶƚĂůĨŽƌŵŝŶŐ͗ĐĂƉĂďŝůŝƚŝĞƐĂŶĚĐŚĂůůĞŶŐĞƐ
NVReddy,RLingam
Incremental Sheet Forming (ISF) is gaining importance because of its flexibility to form customized/low
volumesheetmetalparts.OutofdifferentvariantsofISF,DoubleSidedIncrementalForming(DSIF)ismost
flexible variant which uses two tools, one to form the geometry and the other to provide local support.
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Complex geometries with features on bothsides of sheet can be formed in single setup by changing the
roles of forming and supporting tools based on the geometrical characteristics. This article presents the
evolutionofDSIFprocess,machines,methodologiesandstrategiestoformcomplexgeometriesandtheir
prediction. A multiͲstage methodology is attempted to enhance the accuracy of large components is
presented.Resultsshowthattheaccuracyofa250mm×250mmsizeconicalcomponentisenhancedby
50%(maximumerrorreducedfrom2.9mmto1.4mm)usingtwoͲstageforming.

GS4Ͳ2
ElectromagneticallyassistedsheetmetalstampingwithnonͲdisposablefoilcoils
MingJin,MinWan,AnlinLong,WenpingWang,XiangdongWu
Coilinelectromagneticforming (EMF) processcommonlyrequireshighstrengthandlong longevityto be
robust enough to accommodate great input energy that makes the coil difficult and costly to be
manufactured. However, foil coils, in most cases, utilized for part calibration, vaporized for shearing,
weldingandembossingarelessconsuminginbothtimeandoutlay,easiertobefabricatedandreplaced,
but are mostly disposable. Therefore, the purpose of this paper is to study feasibility of utilizing
nonͲdisposablefoilcoilsinEMFprocessviaformingthepart(150mm×150mm)withhyperboliccurvelike
crossͲsectionfeaturewith1mmthicknessAA2524ͲT3aluminumalloysheet.Copperfoilof0.5mm,1mm
thickness,wrappedinpolyimideinsulationfoilareusedascoilsintwostepsofaquasiͲstatictwoͲmouldͲ
closing preͲforming and EMF process. Besides, practical orthogonal tests are deployed to explore these
coils’ forming performance and find the factors’ influential sequence to obtain appropriate process
parameters.Resultsofloosecouplingsimulationwithselectedparameters,usingANSYSAPDLmacroand
ABAQUSkeywordswillbepresentedandcomparedwithformedcomponentscorrespondingtosimulation
load steps. Eventually, formability of sheet component under conditions of diverse charging voltage, foil
thickness, foil layers and number of loading repetition and longevity of these coils were experimentally
investigated.Andthestudydemonstratesthatthistechniquecanbeusedtoimprovesheetmetalstamping
process.

GS4Ͳ3
NumericalandexperimentalinvestigationontubehotgasformingprocessforUHSS
YulongGe,PengzhiCheng,YongXia,QingZhou
UltraͲhigh strength steels (UHSS) have been regarded as one of the most attractive alternatives for
lightweightpartsinautomotiveindustry.In thisstudy,thetubehotgasforming processisintroducedto
implement high temperatures forming for UHSS tubular components. In the proposed process, the tube
blank is first heated up to 900°C for several minutes to achieve homogeneous austenitization and then
quickly transferred to a press for forming. Nitrogen gas replaces? water in traditional hydroͲforming
processasmediatoapplyinternalpressureinaheatedtube.Toenhancetheenergyabsorptioncapability
ofthecomponents,aoneͲstepquenchingandpartitioning(Q&P)processisconductedbythediecooling
during deforming simultaneously to increase the elongation and ductility of the material. Moreover, a
numericalinvestigationonatubecomponentfabricatedfrom22MnB5steelisperformed.Thetemperature
distribution and microstructure evolutions are studied, which demonstrates the forming quantity
advantagesoftubegasformingprocess.

GS4Ͳ4
CharacterizationofultraͲfinegrainedAA6061alloysheetsprocessedthroughtwodifferent
severeplasticdeformationtechniques
KandarpChangela,K.Hariharan,D.RaviKumar
AlͲMgͲSi (AA 6061) was subjected to two different severe plastic deformation (SPD) routes of cryorolling
(CYR) and constrained groove pressing (CGP) to investigate their effect on mechanical properties and
microstructure. In both the routes, large amount of plastic strains are applied in sheet metal blanks to
obtain ultrafine grained structure. Solutionized AA 6061 alloy sheets have been cryorolled to reduce the
thickness from 6.5 mm to 1mm (true strain 1.87). Samples of this alloy with 3 mm thickness have been
subjectedtoCGPwithanequivalentplasticstrainof1.16.TheCGPsampleshavebeensubsequentlycold
rolled to reduce the thickness to 1 mm (67% reduction) so that the mechanical properties and
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microstructure from both the routes could be compared with the samples of same thickness.
MicrostructureofthedeformedsampleswascharacterizedbyopticalmicroscopyandXͲraydiffractionto
investigategrainrefinementanditsinfluenceonmechanicalproperties.Fromtheresults,ithasbeenfound
thatCGPfollowedbycoldrollingisalsoasuitableprocesstoproduceUFGAlalloysheetswithmechanical
propertiessimilartothoseofcryorolledsheets.

GS4Ͳ5
Experimentalinvestigationofnovelimpacthydroformingtechnologyonsheetmetalformability
YanMa,ShiͲhongZhang,YongXu,AliAbdElͲAty,DayongChen,YanlingShang,GuoqingChen,Artur
IgorevichPokrovsky
Thepresentarticleaimsatinvestigatingtheeffectofimpacthydroforming(highstrainrateforming)onthe
formability of AA5A06. In comparison, traditional hydroforming is also conducted. The formability of
AA5A06 is investigated trough hydroͲbulge test at room temperature and strain rate range 4.67×10Ͳ3Ͳ
3.18×103 sͲ1. The results show that the effective fracture equalͲbiaxial strain was not increased
monotonically by increasing the impact velocity. There exists an optimal impact velocity, under which
velocity the maximum effective fracture strain of biaxial zone increases by 62.18% compared with the
quasiͲstatic condition. It is concluded that mpact hydroforming is an effective forming technology to
achievehighformabilityandtoformcomplexpartswithlowplasticitymetals.InthispapertheequiͲbiaxial
strainofFLCisalsotheoreticallycalculatedbySwiftandMͲKmodels.Theplasticanisotropyisalsotaken
intoaccountduringthiscalculationbyintroducingtheanisotropyyieldcriteria,whichisseldomdiscussed
inthedynamicfield.TheresultsshowthattheMͲKmodelismoresuitableforcalculatingequiͲbiaxialstrain
ofAA5A06athighstrainrate.

GS4Ͳ6
CasestudiesonchainͲdieformingforAHSS
ChunhuiYang,RajuMajji,YangXiang,ScottDing
In this study, three case studies were conducted to develop a reliable finite elementͲbased numerical
model of ChainͲdie Forming (CDF) with AHSS. These simulations demonstrated the effectiveness of this
forming process while capturing the mechanical behaviours of AHSS. The numerical modelling and
simulations serve as Computer Aided Engineering (CAE) tools which determined tool geometries and
controlunwantedspringback.AnautomotivemartensiticsteelDOCOL1400MfromSAABwasadoptedfor
thisresearchasatypicalAHSSmaterial,whichhasayieldingstrengthof1,150MPaandatensilestrength
of1400Ͳ1600MPa.Therewerethreecasestudiesinvolved(a)CaseStudy–1:FormingAHSS60osection;
(b) Case Study – 2: Forming AHSS 90° section; and (c) Case Study – 3: Forming topͲhat section. All three
caseswereconductedtoachievedesiredprofilesinminimumnumberofpasseswithoutdefects.Validation
andverificationoftheCDFprocesswerefurtherdemonstratedbasedonthesecasestudies.Accordingto
the numerical and experimental results obtained, ChainͲdie Forming (CDF) can be considered as an
affordable,sustainableandenvironmentalfriendlymanufacturingprocess.

GS4Ͳ7
Comparisonofthicknessvariationinmultistagedeepdrawingofastatormotorhousingby
experimentalandsimulationmethods
BHARGAVAMARRAPU,ROHITPATIL,KOTESWARARAOJakkula,ARUNSHETTY
Theobjectiveofthepresentworkistostudythethicknessvariationinmultistagedeepdrawingofastator
motorhousingbyexperimentalandsimulationmethods.Thefinalcomponentofastatormotorhousingis
formedinfivestages.Thestatormotorhousingcomponentineachstageisdividedintodifferentregions
like punch flat region, punch radius region, wall surface and die flange region. The thickness variation is
studiedinalltheseregionstomeettherequiredspecifications.Thethicknessateachregionismeasured
using an ultrasonic device. Finite element method (FEM) simulations were performed to predict the
thickness of the stator motor housing at different regions. It was found that the simulated thickness at
differentregionsisveryclosetoexperimentalresultsandtheexperimentalthicknessvariationinthestator
motorhousingwaswithinthespecificationlimits.Aprogressivetoolisdevelopedtoreducetheprocessto
formthestatormotorhousingsothatproductiontimecanbesavedandhighernumbersofcomponents
127(7KHILUVWDXWKRURIHDFKSUHVHQWDWLRQOLVWHGDERYHLVWKHUHJLVWHUHGFRUUHVSRQGLQJDXWKRUDQGPD\QRWFRLQFLGH
ZLWKWKDWDSSHDUVRQWKHSURFHHGLQJVSDSHU  


63

NUMISHEET2018       ProgramandAbstracts
NUMISHEET 2018

Program and Abstracts

can be produced. The stator motor housing is manufactured using this progressive tool and thickness is
measuredatthedifferentregions.

GS4Ͳ8
Developingaprogressivedrawwithironingtoolformanufacturingasolenoidcasing
ROHITPATIL,BHARGAVAMARRAPU,NAVEENCHANDMANDADAPU,KOTESWARARAOJAKKULA,ARUN
SHETTY
The present paper focuses on developing a progressive draw with ironing process for production of
solenoid casings with the main aim of reducing the number of presses required to form the component
therebyreducingthecostofthecomponentandenhancingtheproductivityrate.Thematerialusedforthe
present study is extra deep drawing (EDD) steel. In progressive draw with ironing tool, the first draw
operationtakesplacefollowedbytheironingoperationinasingletool.Theprogressivedrawwithironing
tool consists of three different die inserts planned one below the other in single station. The solenoid
casingismanufacturedbyusingthisprogressivedrawwithironingtoolandthethicknessismeasuredat
thedomeandwallregionsusinganultrasonicthinningmeasuringdevice.Tensiletestswereperformedfor
EDDsteelaccordingtoASTMstandardsandmechanicalpropertieswereevaluated.Finiteelementmethod
(FEM)simulationswereperformedusingthemechanicalpropertiesevaluatedfromtensileteststopredict
thethicknessatthedomeandwallregionsbyusingtheprogressivedrawwithironingtool.Itisfoundthat
the simulated thickness is close to experimental results. It is also found that the surface finish on the
componenthasimprovedanddielifehasincreasedduetouseofinternallubricationwithcoolantsupplied.


GS5 ProcessDesignandOptimization
GS5Ͳ1
Drawbeadupliftforceanalyticalmodelfordeepdrawingoperations
EnekoSaenzdeArgandoña,ImanolGil,LanderGaldos,JosebaMendiguren,NagoreOtegi
Drawbead uplift force calculation has been an open issue among the deep drawing tool maker and
softwaredevelopersinthelastyears.StartingfromtheoriginalworkofStoughton(1988)manyhavebeen
themodelspresentedinordertoimprovethepredictions.However,stillnowadays,themaindeepdrawing
software are not able to accurately predict the uplift force and clear example of that are the intensive
effort of the software developers in that topic as well as the conversion factors used by the main OEM
whenacquiringanewtool.Inthiswork,anewsemiͲanalyticmodelofdrawbeadclosingforcecalculationis
presented. The model is not only able to predict the uplift force for different steps of the closing (very
useful for the setͲup process) but it has been validated when using a high strength steel (DP780) for
differentdrawbeadconfiguration.

GS5Ͳ2
StudyofVͲbendingdeformationcharacteristicsofmagnesiumalloysheetinwarmforming
HyunWooKim,JeaHyeongYu,ChangͲWhanLee
Magnesiumalloyshavelowelongationatroomtemperature.Warmformingisacommonmethodusedfor
formingofmagnesiumalloysheets.IntheVͲbendingprocess,thebendingdeformationofmagnesiumalloy
sheetduetoeffectofstrainrateisdifferentattheroomtemperatureand250°C.Thebendingbehaviourat
250°C makes the radius of curvature of sheet larger than the punch radius. The results of VͲbending
deformation of magnesium alloy sheet in warm forming were investigated both experimentally and
numerically.ThreeͲpointcontactoccurredduetoeffectofstrainrateat250°C

GS5Ͳ3
Asoftwarepackagefortoolpathgenerationandprocesssimulationofincrementalsheet
forming
MichaelCElford,JaroHokkanen,AndrewJEStephan
IncrementalSheetForming(ISF)isaCNCbasedformingmethodwherebypartsareformedonelayerata
timeusingabluntmovingformingtool(stylus).Whilstformingtimescanbeontheorderofhoursforlarge
parts, the absence of expensive metal tooling makes this an attractive technology for low volume part
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production or prototyping. The long forming time can however present a significant challenge for
traditional simulation software due to the amount of physical time which must be simulated. Previous
NUMISHEETbenchmarks[1]haveshownthatsimulationsofeventwentyminutesofphysicalformingcan
require anywhere from hours to weeks of computational effort. This presentation will introduce a
dedicated ISF software package, the ‘ISFͲToolkit’, which has been designed as a companion to the ISF
manufacturing process. An example geometry will be used to demonstrate the toolpath generation and
simulationcapabilitiesofthesoftware.Withrespecttothesimulationcapability,thesoftwareislinkedto
threehighspeedGraphicsProcessingUnit(GPU)basedsolvers.Theresultsofrunningthethreesolversfor
theexamplegeometrywillbecomparedtotheexperimentalresultsobtainedusinganAminoDLNCͲPCISF
machine.

GS5Ͳ4
Intermediateshapesforincrementalsheetforming
WilliamDaniel
Incrementalsheetforminghaslimitationssuchaswhenformingasteepwallanglewithasmallradiustool.
These limits need to be anticipated by using a multistage strategy with intermediate shapes, that avoids
excessivestrains.Indesigningmethodstosmoothaformedshapetoachieveanintermediateshape,work
on digital image processing is informative. In particular, K. Crane [6] and others have used solution of
Poisson’s diffusion equation to obtain a smoothing of a surface. An alternative approach labelled false
elasticitysmoothingtoestimateintermediateshapesispresentedhere.Twoparameterscontrolsmoothing
ofthefinalshape:onetoscalebackcurvaturesandonetoscalebackmembranestrains.Membranestrains
areestimatedtogivenodalforces.Thecurvaturetensoratanyelementcentreisestimatedfromthefinal
shapetopredictnodalmoments.Scalingbackmomentswillreducelocalcurvature,andscalingbackforces
will reduce the membrane strains. An elastic finite element solution predicts an intermediate shape,
typically giving priority to reducing the local peak curvatures. This can be repeated until the sheet is
flattened.Theapplicationof thisapproach to trial geometriesispresented,and the choiceofsmoothing
parametersdiscussed.

GS5Ͳ5
Numericalinvestigationofanewsheetmetalshearcuttingtooldesigntoincreasethepart
qualitybysuperposedcompressionstress
SergeiSenn,MathiasLiewald
Nowadays, a major criterion for the quality of shear cut workpieces is characterised by a smooth final
cutting surface. Normally, this surface only can be manufactured by using fine cutting or trimming
technology.MajordisadvantageoftheseprocessesisthecomplextoolingdesigncausedbyadoubleͲacting
pressandcorrespondingtoollayout.Contentofthisnumericalstudyistoinvestigatetheimpactofanew
sheet metal cutting tool design to increase the cleanͲcut portion in conventional shear cutting of high
strengthsteel(DP600). Using FEAͲSoftwareDEFORM2D,themodelsoffine cutting,conventionalcutting
andcuttingwithnewtooldesignweremappedbycomparingcuttingsurfaceresultsandstressdistribution
intheshearingzone.ThemaincriterionoftheoptimizationoftooldesignfocusesonanenlargedcleanͲcut
areaalongthecuttingsurfacecomparedtoconventionalshearcutting.Thisstudyisbasedonthedesignof
experiments (DOE) using LatinͲHypercubeͲVariation of the factors cutting clearance, die radius, punch
radius,punchvelocity,partholderforceandspecialgeometrydesignstoidentifyandtooptimisenewtool
geometry. New tool design shows a significant increase of clearͲcut surface up to 73% compared to
conventionalcuttingsurfacesdisclosing35%whenusingtoolsaccordingtostandarddesignrules.Usingthis
new punch design, it is possible to shear high strength steels revealing a noticeably performed shearing
surfacequality.

GS5Ͳ6
Energyefficientrollformingprocessesthroughnumericalsimulations
TilmanTraub,PeterGroche 
Duetoongoingeffortstomitigateclimatechangeespeciallylargescalemanufacturingmethodssuchasroll
forminghavetobeoptimizedwithrespecttoenergyconsumption.Therequiredamountofdrivepowerin
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rollformingisstronglyaffectedbytherotationalvelocityofthetools.Duetothecontouredshapeofthe
rolls resulting in varying circumferential speed, the relative speed between tool and blank sheet can be
positive,negativeorzero.Inconsequence,neighboringsectionsofthesameformingrollcanaccelerateor
decelerate the blank sheet. Inappropriate speed ratios between different shafts cause some shafts to
decelerate the blank sheet while other shafts have to compensate this deceleration and waste energy.
Presently,therotationalspeedoftheshaftsismainlychosenbasedontheoperator’sexperienceleadingto
ahighriskofanenergyinefficientprocesssetup.Thispaperdemonstrateshownumericalsimulationscan
optimizetheenergydemandinrollformingandvalidatestheresultsexperimentally.Thedrivepowerfor
each individual shaft is minimized by balancing accelerating and decelerating tool sections. Thus, the
optimal rotational velocity for each shaft is derived. The numerical simulation predicts an energy saving
potentialof50%.However,duetolimitedcontrolaccuracyonly14%couldberealizedinexperimentsto
date.

GS5Ͳ7
NumericalstudyonthethicknesshomogenizationinholeͲflangingbySPIF
DomingoMoralesͲPalma,MarcosBorrego,AndrésJ.MartínezͲDonaire,J.A.LópezͲFernández,Gabriel
Centeno,CarpóforoVallellano 
Incremental sheet forming is a novel technology that has signicant benets compared to conventional
forming. However, it is a timeͲconsuming process that is usually carried out in several forming stages to
homogenize deformation and avoid material failure. In holeͲanging operations by SPIF, a singleͲstage
strategy might provide functional anges in considerably less time, however a nonͲuniform thickness is
obtained along the ange. This work proposes a twoͲstage process as the best strategy to increase
productionrate,andanoptimizationmethodologytoproduceahomogeneousthicknessdistributionofthe
flange.TheprocedureisusedtoautomatethedesignprocessofpartsandtooltrajectoriesbyCAD/CAM,
andvalidatetheoptimalformingstrategybyFEA.

GS5Ͳ8
AnalysesofpressformabilityofCFRPsheetconsideringthefiberkinkingandtheductile
behaviorofresin
TakahiroHayashi,TetsuoOya
Establishment of a press forming method of carbon fiber reinforced plastic (CFRP) is desired. However,
fundamentalresearchonaductilityimprovingmechanismofCFRPisstillinsufficient.Sinceunidirectional
CFRPshowsdifferentcharacteristicsincompressionandtensiledeformation,accurateexpressioninboth
characteristicsisnecessarytoinvestigatefactorsthataffectformability.Toexpressfiberkinkingandductile
behaviorofresin,amicroscalemodelthatseparatedfiberandresinwasmade.ThefiberpartinFEMmodel
wastiltedasinitialmisalignmentandGursonͲTvergaardͲNeedleman(GTN)modelwasappliedtotheresin
part. To investigate the influence of design parameters such as temperature and initial void fraction on
formability, this study performed tensile, compression and bending analyses by changing the resin
temperature and initial void fraction. Results of compression analysis showed that the higher the
temperatureandinitialvoidfraction,theearlierfiberkinkingoccurrence.Bendinganalysisshowedasimilar
tendency.Theseresultsarephysicallyreasonable.Therefore,thesenumericalexperimentsconfirmedthat
themodelusedinthisresearchisvalidforstudyingfactorsthataffectformability.

GS5Ͳ9
MetamodelͲbasedmethodstoverifythefeasibilityofaprocesscontrolindeepdrawing
DavidHarsch,JörgHeingärtner,YasarRenkci,PavelHora
Inproductionofdeepdrawnsheetmetalpartsitisoftenchallengingtoachievearobustprocess.Especially
intheproductionofkitchensinksmadeoutofstainlesssteel,thefluctuationoftheprocessandmaterial
propertiesoftenleadtorobustnessproblems.Therefore,numericalsimulationsareusedtodetectcritical
regions. By means of a series of finite element simulations with variable noise and design parameters,
metamodelsarecomputedforeachqualitycriterion.Basedonthemetamodels,theinfluencesofchanging
noise variables on the individual quality features are identified. To keep a constant product quality, the
processsettings(designparameters)shouldbeadjusted.BymeansofnewmetamodelͲbasedmethods,the
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controllabilityof qualityfeatures isverifiedforuserͲdefined productionscenariosandvisualisedforeach
design and noise parameter. Thus it is possible to identify which design parameters are indispensable to
control the desired quality feature and if it is controllable depending on the actual values of the noise
variables.FurthermorethecontrollabilityoftheentirepartisanalysedbyusingdrawͲinmeasurementsfor
the feedback loop. Thereby it is possible to simulate, based on the metamodels, the effects of a series
production, such as the heating of the tools during the first dozen of parts. Hence, the feasibility of a
process control can be verified before realisation in order to optimize the concept of process control or
eventheprocessdesign.

GS5Ͳ10
InvestigationonstretchformingprocessofthickdoubleͲcurvedaluminiumalloycomponent
XiaoxingLi,TaotaoFang,YulongGe,XiaoxingLi
Stretchformingprocessisextensivelyemployedtomanufacturealuminiumalloysaircraftpanelpartwhich
possesseslargesize.Thesepanels usuallyhaveavariousdouble curvatures geometriccontour.Astretch
formingprocessisproposedtomakethispart.Itindicatesthatthisprocesswhichisoptimizedbyresearch
workcanbeusedtomanufacturethethickaluminiumpanelpossessingdoublecurvedcontourwithhigh
accuracy. Furtherly in help of the optimization of process parameters by this research work, the
manufacturing process may be simplified by means of reducing the forming steps. This stretch forming
process has been applied in industry manufacturing. This method is feasible for further stretch process
design.

GS5Ͳ11
StampingparametersoptimizationofaAA5754AͲpillarbyresponsesurfacemethodology
MingdongHuang,ChaoLi,LeiFu,LiLi,ChengLiu
Inthispaper,anAͲpillarwasselectedasanexampletoinvestigatetheeffectofstampingparameterson
the parts forming quality of AA5754 sheet. A finite element model was established using commercial
stamping software PAMSTAMP2G. Barlat2000 yield function was used to describe yield behavior of the
material. Stamping experiment was conducted to validate the reliability of the model. The studied
parametersareblankholderforce(100Ͳ700KN)anddrawbead’sgeometricalvariables,includingtwofillet
radii R1 (8Ͳ12 mm), R2 (4Ͳ8 mm) and the height of drawbead D (2Ͳ6 mm). The central composite
experimentdesignmethodhasbeenemployedtodesignthesimulationmatrix.Inordertoobtainstamped
parts with optimal forming quality, response surface methodology was used to establish the relationship
betweenstampingparametersandformingquality(ruptureandspringback).ThenonͲdominationsorting
genetic algorithms II (NSGAͲII) was adopted to conduct an optimal calculation of the models. A pareto
optimalsolutionsetinthesolutionspacewasobtained.Areasonableoptimizedschemewasselected.The
optimumblankholderforceisfoundtobe700KNwiththedrawbead’sgeometricalparametersR1,R2and
Dof12mm,6.6mmand3.8mm,respectively.

GS6 NumericalMethods

GS6Ͳ1
MicrostructureͲbasedmultiscaleapproachtoobtainmechanicalpropertyofduplexstainless
steelaccordingtoICMEconcept
MototeruOba,SukeharuNomoto,KazukiMori,AkinoriYamanaka
We have proposed a microstructureͲbased multiscale simulation framework based on Integrated
ComputationalMaterialEngineering(ICME)conceptandappliedittothesimulationofhotrollingprocess
ofaduplexstainlesssteel.Inthestudy,thefiniteelementsimulationofthehotrollingprocessisperformed.
The mechanical property of a slab is calculated on the basis of its underlying solidified microstructures,
whicharesimulatedbythemultiͲphasefieldmethodcoupledwithCALPHADthermodynamicdatabase.The
properties of constituent phases in the solidified microstructure is obtained by the firstͲprinciples
calculation, the molecular dynamics simulation and nanoͲindentation tests. The mathematical
homogenizationmethodisusedtocalculatethepropertyofslabbasedonthemicrostructure.Thispaper
reviewstheapplicationofthemultiscalesimulationframeworktoaSUS304duplexstainlesssteel.
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GS6Ͳ2
EfficientIsogeometricshellelementwiththroughͲthicknessstretch:applicationtoincremental
sheetforming
JaroHokkanen,DorivalPedroso,  MichaelElford,AndrewStephan,YunpengZhang
AnisogeometricshellelementwiththroughͲthicknessstretchisappliedtoatwoͲpointincrementalforming
problem.TheshellelementsupportsfullthreeͲdimensionalconstitutivelawsandthereforedoesnotmake
theplanestressassumption.Ananisotropicmaterialmodelisimplementedtoaccountforthesheetrolling
direction.Automaticallyadjustingpenaltystiffnessisproposedformodelingthecontactbetweenthestylus
tool and the sheet, whereas the die contact algorithm uses traditional constant penalty stiffness. A
comparisonismadebetweenexperimentalresultsaswellasresultsfromaconventionalshellformulation.

GS6Ͳ3
Automaticcalibrationof3Danisotropicyieldcriteriausingaparallelevolutionaryalgorithm
YunpengZhang,DorivalPedroso,AndrewStephan,MichaelElford
Advanced 3D nonͲquadratic anisotropic yield criteria are usually required to describe highly anisotropic
materialssuchasaluminiumalloys.Oneissuerelatedtotheadvancedanisotropicyieldcriteriaisthatthey
oftenrequiretheidentificationofmanyparametersthataredifficulttocalibrate.Anautomaticandreliable
techniqueforthedeterminationofthecoefficientsof3Danisotropicyieldcriteriaispresentedhere.The
errorbetweenpredictionsandexperimentaldataisminimisedbyfindingtheyieldcriteriacoefficientsusing
amodificationoftheevolutionaryalgorithmdescribedin(Pedrosoetal.2017AppliedSoftComputing61
995Ͳ1012).Themethodisimplementedforparallelcomputationtobothspeedupcalculationsandtomake
suretheresultsareconsistentafterseveralruns.Theresultsshowthattheproposedmethodcanproduce
goodcoefficientsforthe3Danisotropicyieldcriteria.

GS6Ͳ4
AGPUbasedexplicitsolidͲshellfiniteelementsolver
AndrewStephan,WilliamDaniel,MichaelElford
InthisworkwepresentacoͲrotational/updatedLagrangian,strainͲratebasedexplicitfiniteelementcode
which uses hexahedral solidͲshell triͲlinear elements, intended for simulation of the incremental sheet
forming (ISF) process. This element is based heavily on the elements described in [1, 2, 3]: it is
underͲintegratedwithasinglestackofstressintegrationpointsinthethicknessdirectionpassingthrough
the elements center; it uses Assumed Natural Strain (ANS) interpolates for the thickness and transverse
shear strains; it uses a single parameter Enhanced Assumed Strain (EAS) for the thickness strain; and it
selectivelyscalesthemassinthethroughthicknessdirectiontoincreasethestabletimeͲstep.Wecombine
thesemethodswithahypoͲelasticconstitutivemodeltosimulatetheISFprocess.Initial resultsobtained
withaGPUimplementationoftheelementarepresented.

GS6Ͳ5
Investigationofblankbowdefectafterrollerlevellerbyfiniteelementanalysis
KirillTrusov,PetrMishnev,EduardGarber,NataliaBolobanova,DmitryNushtaev 
Sheetmetaloftenshowscurvature,shapedefectsandinternal(residual)stresseswhicharenotcomplying
withtheincreasingrequirementsforthequalityneededforcustomers.Rollerlevellingisoneofthewaysto
flattenametalsheets.Thesettingupofsuchmachinesisextremelycomplexandmainlydependsonthe
operator’sexperience.Themainobjectiveofthispaperisinvestigationofadjustableparametersofroller
leveller together with elasticͲplastic material behaviour on the internal stresses formation. High and
unbalancedvaluesofresidualstressesleadtoblankbowdefectsinafinalproduct.Inthisstudy,numerical
finiteelement(FE)2DͲmodelofrollerlevellingprocessisproposedtouse.Propertiesofthematerialwere
determined experimentally. The blank bow magnitude was simulated and compared with experimental
resultsandhaveagoodaccuracyforFEprediction.
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