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ABSTRACT: The formability of aluminumsheetdependsn the temperatureof the materialandthe strain

rate.E.g. thelimiting drawing ratio canbeimprovedby increasinghetemperatureiniformly, but evenmoreby

heatingthe flangeandcooling the punch. To accuratelysimulatethe deepdrawing or stretchingof aluminum
sheefat elevatedtemperaturesa materialmodelis requiredthatincorporateshetemperatur@andstrain-ratede-

pendeng. In this papersimulationsarepresenteaf the deepdraving of a cylindrical cup,usingaxi-symmetric
elements. Two materialmodelsare compared. First a phenomenologicamaterialmodelis used,in which

the parameter®f a Ludwik—Nadaihardeningcurve are madetemperatureand strain-ratedependent.Thena

physically-basednodel,accordingio Bergstiom is used.The modelincorporatesheinfluenceof thetempera-
tureontheflow stressandonthe hardeningateandincludesdynamicrecovery aspects.

1 INTRODUCTION alloy are analyzedo determinewhethera numeri-
In deepdrawing of a cylindrical cup, the limiting  cal analy5|scanpred|ctth§pgnchforce-d|s_|olacement
drawing ratio canbe increasectonsiderablyby con-  curvesandthethicknesdlistribution of thefinal prod-
trolling the temperatureof differentpartsof thealu-  uct. Uniaxial tensile testswere performedat 4 dif-
minum sheet(Wilson 1988; Bolt et al. 1999; Bolt  ferenttemperaturesind 2 strainrates.With the data
etal. 2000).By heatingthe flangeup to 250°C and ~ from theseexperimentsthe parameteror two mate-
coolingthe punchthelimiting drawing ratiocouldbe  rial modelswerefitted. This is describedn the next
increasedrom 2.1 to 2.6 for a 5754-Oalloy in an  section.With thesemodels,somedeepdraving ex-
experimentperformedby the authors(seefig. 1). It ~ perimentsveresimulated.n theexperlmentsthedle
and blank-holderwere heatedat differenttempera-
[ W turesandthe punchwas kept at room temperature.
Theresultsarepresentedn Section3.

2 MATERIAL MODEL
2.1 Experiments

Two differentmaterialmodelswereusedfor theanal-
yses.First a phenomenologicainodel was usedand
secondlya so-called physically basedmodel. The
physicallybasednodelstill hasa numberof parame-
tersthataredifficult to measurendhenceareusedas
fitting parametersThe choiceof parameterandstate
variableshoweveris basedn physicalquantitiedike
the dislocationdensities,in contrastwith the purely
phenomenologicahodels.
Figurel: Limiting drawing resultsat 20 °C (left) and Both modelsgive a flow stressas a function of
with theflangeat 250°C (right). thedeformatiorpath,temperatur@andstrainrate.The
translationof this (equialent) stressto the general
can be expectedthat the optimal temperaturadistri- ~ Stressspaceis performedby anisotropic Von Mises
bution depend®n the type of aluminumandthetool  Yield surface.
geometryln this paperexperimentswith the 5754-O Uniaxialtensiletestexperimentavereperformedat




temperaturesf 25°C, 100°C, 175°C and250°C at
strainratesof 0.002and0.02s~1. Theresultingengi-
neeringstress-straigurvesarepresentedn Figures2
and3.
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Figure 2: Measuredengineeringstress—straircurves
ate = 0.002.
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Figure 3: Measuredengineeringstress—straircurves
ate = 0.02.

2.2 TheextendedNadaimodel

The phenomenologicainodelis basedon the Nadai
hardenindaw andpower law strainratedependeng

0 =C(e+¢)" (%) (1)

Thetemperaturelependences includedby letting C,

nandmbefunctionsof thetemperaturd (in Kelvin).

Startingof with simple exponentialrelations,we fi-

nally arrivedatthefollowing functionsfor theparam-
eters,in orderto fit thetensiletests.

C(T)=Co+ay [1— exp (azT ;273)] (2a)
n(T) =no+by [1 —exp (sz _T273>] (2b)

T-— 273) 20)

Tm
Theparametersverefitted to theuniaxialtensiletests

asdescribedn Section2.1. The resultingvaluesare
presentedn Tablel.

m(T) = mpexp (c

Tablel: Parameter$or the extendedNadaimodel

Tm 800K no 0.36
g 0.009 b; 0.07
Co 475MPa |b, 4
a; 110 mg 0.02
a 4 c 3
g 0.0001s?

2.3 TheBemgsttommodel
The physically basedmodel usedin this paperis
a model describedby Bergstiom and later adapted
by Van Liempt (Bergstiom 1969; Bergstiom 1983;
Van Liempt 1994). The model incorporatesthe in-
fluenceof the temperaturen the yield stressandon
thehardeningateandincludesrecoveryaspectsThis
modelwasinitially usedfor the simulationof hotde-
formationof steel(Rietman1999).

Basically the model determinesthe (equvalent)
stressas:

0 =g(T) (00 +aGretb\/p+07(g,T)) 3)

wherethefunctiong(T) wasoriginally definedby the
ratiobetweertheelasticsheamodulusattemperature
T and at the referencetemperatureTies: G(T)/Grer.
Thesecondparton theright-hand-sidas the familiar
Taylor equationseee.g.(Estrin1996;Meyers1999).

The essentialpart is the evolution of dislocation
densityp. Thiswill giveatemperatur@andstrainrate
influenceon thehardeningwhile ¢* yieldsaninstan-
taneousemperatureand strain rate influenceon the
flow stress.The dynamicstresso* is commonlyde-
finedas

0*('8,T):0(”5{1+Ak—;oln <8£o)} (4)

for egexp(—AGy/KT) < € < &y andwith k the Boltz-
mannnumber Fromthis equationjt canbe seenthat
theinfluenceof o* decreasewith increasingemper
ature.If Figures2 and3 arecomparedit canbeseen
thatthereis hardlyary influenceof the strainrateon
theinitial yield stressandthatthesmallinfluencethat
is presentat low temperaturesloesnot decreaseat
hightemperaturesl hereforethe contribution of o* is
neglectedaltogetheiin this paper This meanghatall
the influenceof the temperaturen the flow stresss
introducedindirectly by the influenceon the harden-
ing rate.For fcc alloys, this behaior is alsonotedin
the literaturee.g. (Yao & Zajac 2000). Note that in
the presenextendedNadaimodelthe strain-rateand
temperaturenfluenceactsdirectly on theflow stress.



The evolution of dislocationdensityis formulated
asadifferentialequation:

dp )

T =U(p)—Q(gT)p (5a)

with

U =Uo/p (5b)

Q =Qp+Cex (— Q )‘s% (5¢)
=0 P\73RT

ThefunctionU representstorageof mobile disloca-
tions (making themimmobile) and Q representse-
mobilization or dynamicrecovery. The functionsU,
and especiallythe function Q determinethe shape
of the hardeningcurve at differenttemperaturesnd
strainrates.

The parametergvere fitted to the uniaxial tensile
testsasdescribedn Section2.1. Theresultingvalues
arepresentedn Table2. Thefunctiong(T) wasfitted

Table2: Parametersor the Bergstiom model

og 100MPa o* O0MPa
a 1.0 Up 55-108m1
b 2857-101%m|Qy, 175
C 3070 Qy, 87000J/mole

asapolynomialwith theinitial yield stressata strain
rate of 0.02 becausehe original scalingwith G(T)
yieldedatoo strongdecreasef theyield stress.

In Figures4 and5 thesimulatedengineeringstress-
straincurvesareplotted,togethemith theexperimen-
tal data.lt canbe seenthat both modelsare moreor
lesscapableof describingthe experimentslt should
benotedthatthecomparisons only valid for uniform
strain,soup to the maximumengineeringstress.
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Figure 4: Stress—straircurves at different tempera-
turesfor € = 0.002,experimentgdashed)Bermgstiom
model(solid) andNadaimodel(dotted).
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Figure 5: Stress—straircurves at different tempera-
turesfor € = 0.02, experiments(dashed)Bemstidm
model(solid) andNadaimodel(dotted).

3 EXPERIMENTSAND SIMULATIONS

A numberof cylindrical cupshave beendeepdravn at
differenttemperatureandwith differentpunchveloc-
ities. Theseexperimenthave beensimulatedwith the
two materialmodels,describedn the previous sec-
tion. Examplesof testproductsaregivenin Figurel.
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Figure 6: Elementmeshat differentpunchdisplace-
ments.

The simulation of the deepdraving experiments
was performedwith axi-symmetric elements.The
sheetof 1.2 mm thicknessveremodeledwith 2 ele-
mentsin thicknessdirection and an elementsize of
1 mm in radial direction. The extendedNadai ma-
terial model was implementedas a userroutine in
MSC.MARC. In this modelalsoa partof the punch,
die and blank holder were modeled,including heat
rods and cooling channels.From theseanalysesijt
appearedthat the sheetin contactwith the punch
or the die/blankholdertakesthe temperaturef that



diameter 230 mm, velocity 120 mm/min
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Figure7: Experimentaload-displacementurvesfor
the punchat differenttemperatures.
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Figure 8: Punchload-displacementurves with the
extendedNadaimodelat differenttemperatures.
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Figure 9: Punchload-displacementurves with the
Bergstiom modelat differenttemperatures.

tool, within somemamgin. The simulationwith the
Bergstiom model was performedwith the in-house
codeDIEKA. Herethe tools were modeledasrigid

contourswith a prescribedtemperatureThe unde-
formedand4 deformedmeshe®f this simulationare
presentedh figure6.

Thefriction betweentool andworkpieceis one of
the leastknown factorsin the simulation.In the sim-
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Figurel0: Experimentathicknesdistributionsat dif-
ferenttemperatures.

thickness strains: diameter 230 mm, velocity 120 mm/min
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Figure 11: Thickness distribution with extended
Nadaimodelat differenttemperatures.
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Figure 12: Thicknessdistributions with Bergstiom
modelat differenttemperatures.

ulationsa Coulombfriction coeficient of 0.06is as-
sumedbetweentool and workpiece.This value was
measureaxperimentally It canbe expectedhowever
that at high temperaturesthe friction coeficient is
higherthanat low temperaturesAll experimentsand
simulationswere performedwith blanksof 230 mm
diameterand a punch stroke of 80 mm. The blank
holder force was equivalentto an initial pressureof



temperature 175 C, diameter 230 mm

100000

80000

60000

punch force

40000

20000

v=12 mm/min
v=120 mm/min -
v:4§30 mm(min e

0 10 20 30 40 50 60 70 80 90
punch displacement
Figurel3: Experimentaload-displacemerdurvesfor
the punchat differentpunchvelocities.
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Figure 14: Punchload-displacementurveswith the
extendedNadaimodelat differentpunchvelocities.
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Figure 15: Punchload-displacementurves with the
Bergstiom modelat differentpunchvelocities.

1.0MPa.All mentionedemperaturearethetemper
aturesof the die andblank holder The punchis kept
at20°C.

3.1 Tempeatureinfluence
Threeexperimentswere performedwith a punchve-
locity of 120 mm/min. The respectre temperatures
were 20°C, 175°C and 25C°C. In Figures7-9, the
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Figurel6: Experimentathicknesdistributionsatdif-
ferentpunchvelocities.
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Figure 17: Thickness distribution with extended
Nadaimodelat differentpunchvelocities.
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Figure 18: Thicknessdistributions with Bergstiom
modelat differentpunchvelocities.

120 140

force-displacemerdiagramsof the punchareplotted
for the experimentsaandthe simulationwith extended
NadaiandBemstiom modelrespectiely.

In Figures10-12,the thicknesdistributionsof the
cup at a depthof 80 mm are plotted for the experi-
mentsandthe simulations.



3.2 Pund velocityinfluence

Three experimentswere performedwith a die tem-
peratureof 175°C and punchvelocitiesof 12, 120
and 480 mm/min. In Figures13-15 the experimen-
tal and simulatedforce-displacementurves for the
punchareplotted.

In Figures16-18 the experimentaland simulated
thicknesdistributionsareplotted.

4 DISCUSSION

In the extendedNadaimodelthe flow stressdirectly
dependon the equivalentstrain,strain-rateandtem-
peratureln the Bergstdm modelan evolution equa-
tion for the dislocationdensityis solved.As aresult,
theNadaimodelwill showv adifferentflow stressipon
strainratechangedirectly, while theBergstbom model
will reachanew flow stresonly aftersomeadditional
strain. It was expectedthat this differencewould be
clearly visible in the simulationof the deepdrawing
experiments,sincethere strain-rateand temperature
arenotconstant.

Comparingthe differentpunchforce-displacement
curves,it canbe seenthatbothnumericalmodelsun-
derestimatehe experimentalcurves. The wigglesin
the numericalcurves are dueto not fully corverged
incrementsSincetheextendedNadaimodelwasused
in ananalysismodelthatincludedthethermalanaly-
sis of the die, blank holder and punch, the wiggles
aremorepronouncedhanwith the Bergstiom model.
This hasnothingto dowith thematerialmodelsthem-
seles.

Thetrendswith changingemperaturer punchve-
locity are predictedwell, but the differencebetween
20°C and175°C andbetweeril20 mm/minand480
mm/minareoverestimated.

Thechangen thicknessafter 80 mm punchstroke
is most pronouncedn the bottom of the cup. Both
numericaimodelspredictthis, but theextendedNadai
modeloverestimateshis considerably

In thesimulationsof thedeepdraving experiments
thefriction betweentool andworkpieceis oneof the
fundamentalinknowvns. Values,basedon room tem-
peratureexperiencevereusedputit is clearthatthese
valuesare likely to changeas the temperaturein-
creasesHowever hightemperaturexperimentadata
are lacking. It is mainly attributed to the unknown
friction conditionsthat the differencesbetweensim-
ulationandexperimentareratherlarge. Anotherrea-
sonmay be the useof anisotropic Von Misesyield
surface,while a non-isotropicand lesssmoothyield
surfacewould be more appropriate For the moment
however, the actualshapeof the yield surfaceat ele-
vatedtemperaturesanonly beguessed.

With thedeviationsbetweersimulationandexperi-
ment,thedifferencedetweertheextendedNadaiand
theBemgsttbm modelcannotbedecisvely interpreted
asanadwantageof oneovertheothet
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