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ABSTRACT: The formability of aluminumsheetdependson the temperatureof the materialandthe strain
rate.E.g. thelimiting drawing ratiocanbeimprovedby increasingthetemperatureuniformly, but evenmoreby
heatingtheflangeandcooling thepunch.To accuratelysimulatethedeepdrawing or stretchingof aluminum
sheetatelevatedtemperatures,amaterialmodelis requiredthatincorporatesthetemperatureandstrain-ratede-
pendency. In thispapersimulationsarepresentedof thedeepdrawing of acylindrical cup,usingaxi-symmetric
elements. Two materialmodelsare compared. First a phenomenologicalmaterialmodel is used,in which
the parametersof a Ludwik–Nadaihardeningcurve aremadetemperatureandstrain-ratedependent.Thena
physically-basedmodel,accordingto Bergstr̈om is used.Themodelincorporatestheinfluenceof thetempera-
tureon theflow stressandon thehardeningrateandincludesdynamicrecoveryaspects.

1 INTRODUCTION
In deepdrawing of a cylindrical cup, the limiting
drawing ratio canbe increasedconsiderablyby con-
trolling the temperatureof differentpartsof the alu-
minum sheet(Wilson 1988; Bolt et al. 1999; Bolt
et al. 2000).By heatingthe flangeup to 250

�
C and

coolingthepunchthelimiting drawing ratiocouldbe
increasedfrom 2.1 to 2.6 for a 5754-Oalloy in an
experimentperformedby the authors(seefig. 1). It

Figure1: Limiting drawing resultsat 20
�
C (left) and

with theflangeat 250
�
C (right).

canbe expectedthat the optimal temperaturedistri-
bution dependson thetypeof aluminumandthetool
geometry. In this paperexperimentswith the5754-O

alloy are analyzed,to determinewhethera numeri-
cal analysiscanpredictthepunchforce-displacement
curvesandthethicknessdistributionof thefinal prod-
uct. Uniaxial tensile testswere performedat 4 dif-
ferent temperaturesand2 strainrates.With the data
from theseexperiments,theparametersfor two mate-
rial modelswerefitted. This is describedin the next
section.With thesemodels,somedeepdrawing ex-
perimentsweresimulated.In theexperimentsthedie
and blank-holderwere heatedat different tempera-
turesand the punchwas kept at room temperature.
Theresultsarepresentedin Section3.

2 MATERIAL MODEL

2.1 Experiments

Two differentmaterialmodelswereusedfor theanal-
yses.First a phenomenologicalmodelwasusedand
secondlya so-calledphysically basedmodel. The
physicallybasedmodelstill hasanumberof parame-
tersthataredifficult to measureandhenceareusedas
fitting parameters.Thechoiceof parametersandstate
variableshowever is basedonphysicalquantitieslike
the dislocationdensities,in contrastwith the purely
phenomenologicalmodels.

Both modelsgive a flow stressas a function of
thedeformationpath,temperatureandstrainrate.The
translationof this (equivalent) stressto the general
stressspaceis performedby an isotropicVon Mises
yield surface.

Uniaxialtensiletestexperimentswereperformedat



temperaturesof 25
�
C, 100

�
C, 175

�
C and250

�
C at

strainratesof 0.002and0.02s� 1. Theresultingengi-
neeringstress-straincurvesarepresentedin Figures2
and3.
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Figure2: Measuredengineeringstress–straincurves
at ε̇ � 0 � 002.

0

50

100

150

200

250

0 0.1 0.2 0.3 0.4 0.5 0.6

20 C
100 C

175 C

250 C

Figure3: Measuredengineeringstress–straincurves
at ε̇ � 0 � 02.

2.2 TheextendedNadaimodel
The phenomenologicalmodel is basedon the Nadai
hardeninglaw andpower law strainratedependency:

σ � C
�
ε � ε0 � n � ε̇

ε̇0 	 m

(1)

Thetemperaturedependenceis includedby lettingC,
n andmbefunctionsof thetemperatureT (in Kelvin).
Startingof with simpleexponentialrelations,we fi-
nally arrivedat thefollowing functionsfor theparam-
eters,in orderto fit thetensiletests.

C
�
T � � C0 � a1 
 1 � exp � a2

T � 273
Tm 	
� (2a)

n
�
T � � n0 � b1 
 1 � exp � b2

T � 273
Tm 	�� (2b)

m
�
T � � m0exp � c

T � 273
Tm 	 (2c)

Theparameterswerefittedto theuniaxialtensiletests
asdescribedin Section2.1. The resultingvaluesare
presentedin Table1.

Table1: Parametersfor theextendedNadaimodel

Tm 800K n0 0.36
ε0 0.009 b1 0.07
C0 475MPa b2 4
a1 110 m0 0.02
a2 4 c 3
ε̇0 0.0001s� 1

2.3 TheBergströmmodel
The physically basedmodel used in this paper is
a model describedby Bergstr̈om and later adapted
by Van Liempt (Bergstr̈om 1969; Bergstr̈om 1983;
Van Liempt 1994). The model incorporatesthe in-
fluenceof the temperatureon theyield stressandon
thehardeningrateandincludesrecoveryaspects.This
modelwasinitially usedfor thesimulationof hot de-
formationof steel(Rietman1999).

Basically the model determinesthe (equivalent)
stressas:

σ � g
�
T � � σ0 � αGrefb � ρ � σ � � ε̇ � T ��� (3)

wherethefunctiong
�
T � wasoriginally definedby the

ratiobetweentheelasticshearmodulusattemperature
T and at the referencetemperatureTref: G

�
T ��� Gref.

Thesecondparton theright-hand-sideis thefamiliar
Taylor equationseee.g.(Estrin1996;Meyers1999).

The essentialpart is the evolution of dislocation
densityρ. Thiswill givea temperatureandstrainrate
influenceon thehardening,while σ � yieldsaninstan-
taneoustemperatureandstrain rate influenceon the
flow stress.The dynamicstressσ � is commonlyde-
finedas

σ � � ε̇ � T � � σ �0 � 1 � kT
∆G0

ln � ε̇
ε̇0 	�� (4)

for ε̇0exp
� � ∆G0 � kT ��� ε̇ � ε̇0 andwith k theBoltz-

mannnumber. Fromthis equation,it canbeseenthat
theinfluenceof σ � decreaseswith increasingtemper-
ature.If Figures2 and3 arecompared,it canbeseen
that thereis hardlyany influenceof thestrainrateon
theinitial yield stressandthatthesmallinfluencethat
is presentat low temperaturesdoesnot decreaseat
hightemperatures.Thereforethecontributionof σ � is
neglectedaltogetherin this paper. This meansthatall
the influenceof the temperatureon theflow stressis
introducedindirectly by the influenceon theharden-
ing rate.For fcc alloys, this behavior is alsonotedin
the literaturee.g. (Yao & Zajac 2000).Note that in
thepresentextendedNadaimodelthestrain-rateand
temperatureinfluenceactsdirectlyon theflow stress.



The evolution of dislocationdensityis formulated
asadifferentialequation:

dρ
dε

� U
�
ρ � � Ω

�
ε̇ � T � ρ (5a)

with

U � U0 � ρ (5b)

Ω � Ω0 � Cexp � � Qv

3RT 	 ε̇ � 1
3 (5c)

ThefunctionU representsstorageof mobiledisloca-
tions (making them immobile) andΩ representsre-
mobilizationor dynamicrecovery. The functionsU ,
and especiallythe function Ω determinethe shape
of the hardeningcurve at differenttemperaturesand
strainrates.

The parameterswere fitted to the uniaxial tensile
testsasdescribedin Section2.1.Theresultingvalues
arepresentedin Table2. Thefunctiong

�
T � wasfitted

Table2: Parametersfor theBergstr̈ommodel

σ0 100MPa σ � 0 MPa
α 1.0 U0 5 � 5 � 108 m � 1

b 2 � 857 � 10� 10 m Ω0 17.5
C 3070 Qv 87000J/mole

asapolynomialwith theinitial yield stressat a strain
rate of 0.02 becausethe original scalingwith G

�
T �

yieldeda too strongdecreaseof theyield stress.
In Figures4 and5 thesimulatedengineeringstress-

straincurvesareplotted,togetherwith theexperimen-
tal data.It canbe seenthat both modelsaremoreor
lesscapableof describingtheexperiments.It should
benotedthatthecomparisonis only valid for uniform
strain,soup to themaximumengineeringstress.
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Figure 4: Stress–straincurves at different tempera-
turesfor ε̇ � 0 � 002,experiments(dashed),Bergstr̈om
model(solid)andNadaimodel(dotted).
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Figure 5: Stress–straincurves at different tempera-
turesfor ε̇ � 0 � 02, experiments(dashed),Bergstr̈om
model(solid)andNadaimodel(dotted).

3 EXPERIMENTSAND SIMULATIONS
A numberof cylindrical cupshavebeendeepdrawnat
differenttemperaturesandwith differentpunchveloc-
ities.Theseexperimentshavebeensimulatedwith the
two materialmodels,describedin the previous sec-
tion. Examplesof testproductsaregivenin Figure1.

Figure6: Elementmeshat differentpunchdisplace-
ments.

The simulation of the deepdrawing experiments
was performed with axi-symmetric elements.The
sheetsof 1.2mm thicknessweremodeledwith 2 ele-
mentsin thicknessdirection and an elementsizeof
1 mm in radial direction. The extendedNadai ma-
terial model was implementedas a user routine in
MSC.MARC. In this modelalsoa partof thepunch,
die and blank holder were modeled,including heat
rods and cooling channels.From theseanalyses,it
appearedthat the sheetin contactwith the punch
or the die/blankholder takesthe temperatureof that
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Figure7: Experimentalload-displacementcurvesfor
thepunchat differenttemperatures.
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Figure 8: Punchload-displacementcurves with the
extendedNadaimodelat differenttemperatures.
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Figure 9: Punchload-displacementcurves with the
Bergstr̈om modelat differenttemperatures.

tool, within somemargin. The simulation with the
Bergstr̈om model was performedwith the in-house
codeDIEKA. Here the tools were modeledas rigid
contourswith a prescribedtemperature.The unde-
formedand4 deformedmeshesof this simulationare
presentedin figure6.

The friction betweentool andworkpieceis oneof
the leastknown factorsin thesimulation.In thesim-
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Figure10:Experimentalthicknessdistributionsatdif-
ferenttemperatures.
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Figure 11: Thickness distribution with extended
Nadaimodelat differenttemperatures.
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Figure 12: Thicknessdistributions with Bergstr̈om
modelat differenttemperatures.

ulationsa Coulombfriction coefficient of 0.06 is as-
sumedbetweentool andworkpiece.This valuewas
measuredexperimentally. It canbeexpectedhowever
that at high temperatures,the friction coefficient is
higherthanat low temperatures.All experimentsand
simulationswereperformedwith blanksof 230 mm
diameterand a punchstroke of 80 mm. The blank
holder force wasequivalent to an initial pressureof
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Figure13:Experimentalload-displacementcurvesfor
thepunchat differentpunchvelocities.
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Figure14: Punchload-displacementcurveswith the
extendedNadaimodelat differentpunchvelocities.
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Figure15: Punchload-displacementcurveswith the
Bergstr̈om modelat differentpunchvelocities.

1.0MPa.All mentionedtemperaturesarethetemper-
aturesof thedie andblankholder. Thepunchis kept
at 20 � C.

3.1 Temperature influence
Threeexperimentswereperformedwith a punchve-
locity of 120 mm/min. The respective temperatures
were 20� C, 175� C and 250� C. In Figures7-9, the
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Figure16:Experimentalthicknessdistributionsatdif-
ferentpunchvelocities.
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Figure 17: Thickness distribution with extended
Nadaimodelat differentpunchvelocities.
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Figure 18: Thicknessdistributions with Bergstr̈om
modelat differentpunchvelocities.

force-displacementdiagramsof thepunchareplotted
for theexperimentsandthesimulationwith extended
NadaiandBergstr̈om modelrespectively.

In Figures10-12,thethicknessdistributionsof the
cup at a depthof 80 mm areplotted for the experi-
mentsandthesimulations.



3.2 Punch velocityinfluence
Threeexperimentswere performedwith a die tem-
perature� of 175

�
C and punchvelocitiesof 12, 120

and 480 mm/min. In Figures13-15 the experimen-
tal and simulatedforce-displacementcurves for the
punchareplotted.

In Figures16-18 the experimentaland simulated
thicknessdistributionsareplotted.

4 DISCUSSION
In the extendedNadaimodelthe flow stressdirectly
dependson theequivalentstrain,strain-rateandtem-
perature.In theBergstr̈om modelan evolution equa-
tion for thedislocationdensityis solved.As a result,
theNadaimodelwill show adifferentflow stressupon
strainratechangedirectly, while theBergstr̈ommodel
will reachanew flow stressonly aftersomeadditional
strain. It wasexpectedthat this differencewould be
clearly visible in the simulationof the deepdrawing
experiments,sincetherestrain-rateand temperature
arenotconstant.

Comparingthedifferentpunchforce-displacement
curves,it canbeseenthatbothnumericalmodelsun-
derestimatethe experimentalcurves.The wiggles in
the numericalcurvesaredue to not fully converged
increments.SincetheextendedNadaimodelwasused
in ananalysismodelthat includedthethermalanaly-
sis of the die, blank holder and punch,the wiggles
aremorepronouncedthanwith theBergstr̈ommodel.
Thishasnothingto dowith thematerialmodelsthem-
selves.

Thetrendswith changingtemperatureor punchve-
locity arepredictedwell, but the differencebetween
20
�
C and175

�
C andbetween120mm/minand480

mm/minareoverestimated.
Thechangein thicknessafter80 mm punchstroke

is most pronouncedin the bottom of the cup. Both
numericalmodelspredictthis,but theextendedNadai
modeloverestimatesthis considerably.

In thesimulationsof thedeepdrawing experiments
thefriction betweentool andworkpieceis oneof the
fundamentalunknowns.Values,basedon room tem-
peratureexperiencewereused,but it is clearthatthese
valuesare likely to changeas the temperaturein-
creases.Howeverhigh temperatureexperimentaldata
are lacking. It is mainly attributed to the unknown
friction conditionsthat the differencesbetweensim-
ulationandexperimentareratherlarge.Anotherrea-
sonmay be the useof an isotropicVon Misesyield
surface,while a non-isotropicandlesssmoothyield
surfacewould be moreappropriate.For the moment
however, theactualshapeof theyield surfaceat ele-
vatedtemperaturescanonly beguessed.

With thedeviationsbetweensimulationandexperi-
ment,thedifferencesbetweentheextendedNadaiand
theBergstr̈ommodelcannotbedecisively interpreted
asanadvantageof oneover theother.
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