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AмcombinedмnumericalмandмexperimentalмtechniqueмtoмobtainмaмFormingмLimitмDiagramмofмthinмsheetм
metalмforмmetalмformingмbyмmovableмmediaмwasмdevelopedъмTheмtechniqueмisмbasedмonмdeformingмsheetм
samplesмuntilмfailureмbyмpressureмofмpolyurethaneмintoмaмvarietyмofмtheмellipticalмdiesъмTheмrequiredмstrainм
stateмisмdeinedмbyмtheмproportionмofмellipticalмdieмwindowъмThroughщthicknessмstrainмofмtheмsampleмnearм
toмaмzoneмofмfailureмorмneckingмwasмmeasuredшмandмmajorмinщplaneмstrainsмwereмobtainedмbyмiniteщelementм
simulationмbasedмonмtheмknownмmetalмpropertiesъмTheмsimplicityмofмmeasurementsмandмtheмabsenceмofмaм
gridмonмtheмsurfaceмofмtheмsampleмareмtheмadvantagesмofмtheмsuggestedмtechniqueъмPointsмofмtheмFormingм
LimitмDiagramмforмtheмspeciicмthinмsheetмstainlessмsteelмwhereмobtainedъ
METAL FORMING BY MOVABLE MEDIA; FORMING LIMIT DIAGRAM; COMBINED NUщ
MERICALщEXPERIMENTALмTECHNIQUE;мDESTRUCTIONмOFмSAMPLESмBYмPRESSUREмOFм
POLYURETHANE;мMEASUREMENTмOFмTHICKNESSмOFмTHEмSAMPLE;мFINITEщELEMENTм
CALCULATIONмOFмRELATIONSHIPSмBETWEENмTHEмMAJORмSTRъ
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Introduction

Theмmodernмlevelмofмcomputersмandмiniteщelementм
фFEхмcomplexesмandмtheirмavailabilityмforмsimulationм
ofмsheetмmetalмstampingмenableмnumericalмsimulationм
andм predictionм ofм theм stressщstrainм parametersм ofм
stampedмblankмwithмhighмprecisionъмWhenмusingм aм
generalмpurposeмFEмcodeмsuchмasмLSщDYNA®шмitмisм
possible to obtain the detailed distribution of all the 

componentsмofмdeformationмtensorмatмeveryмmomentм

duringмtheмdeformationмprocessм[э]ъмInмturnшмitмmakesм
possibleмtoмachieveмoneмofмtheмimportantмgoalsмofмtheм
stampingмprocessмdesignмտмpredictingмtheмmomentмofм
theмblankм fractureмusingмFormingмLimitмDiagramsм
фFLDхм[ю]ъ
Theмprocessesмofм formingмusingмelastomersм фforм

instanceмpolyurethaneхмhaveмsomeмdiferencesмfromм
thoseмwhereмliquidsмareмusedмasмaмpressureмtransmittingм
mediaъмBothмliquidмandмelastomerмaccumulateмsomeм
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excessiveмenergyмduringмformingмdueмtoмtheмuniformм
compressionшмbutшмunlikeмliquidшмelastomersмcannotм
leakмthroughмsmallмopeningsшмandмpressureмinsideмtheм
mediaмdropsмslowerмafterмplasticмinstabilityмstartsъмInм
theмworkм[я]мexperimentsмwithмpiezoelectricмsensorsм
ofмpulseмpressureмwereмconductedмperformingмcalibraщ
tionмbyмaмֈpressureмleap։мtechniqueмusingмpolyureщ
thaneъмTheмexperimentsмhaveмshownмthatмthereмisмaм
timeмgapмofмэьտэььмμsмфdependingмonмfracturedмmaщ
terialхмfromмtheмbeginningмofмplasticмinstabilityмupмtoм
theмfractureмoccursшмafterмthatмtheмpressureмstartsмdropщ
pingмrapidlyъмInмtheмconditionsмofмtheмpulseмstampingшм
this resource of plasticity can be used for instance 

whenмaмformedмblankмisмstoppedмbyмaмrigidмdieмorмbyм
preciseмdosageмofмtheмpulseмenergyм[4]ъ

At loading with using the polyurethane until the 

momentмofм instabilityмtheмblankмisмacceleratedмbyмacщ
cumulatedмenergyмtoмtheмhighмvelocityшмandмtheмstrainм
rate at the fracture zone can reach de/dtм=мфэտ5х⋅эь3 sщэ 

[5]ъмManyмofмtheмworksмonмobtainingмandмusingмFLDօsшм
forмinstanceм[6]шмnoteмthatмFLDмatмhigherмstrainмratesм
signiicantlyмdifersм fromмthatмobtainedм inмquasistaticм
conditionsъмWhenмsimulatingмphenomenaмandмprocesщ 
sesмwithмhighмstrainмratesм suchмasмElectroщHydraulicм
FormingмфEHFхшмElectroщMagneticмFormingмфEMFхшм
crashмtestsшмetcъшмitмisмvitalмtoмprovideмFLDмcorrespondedм
inмtermsмofмstrainмratesмtoмtheмprocessмthatмisмsimulatedъм
Theмpurposeмofмthisмworkмisмtheмdevelopingмofмaмmethodм
ofмobtainingмFLDмofмthinмsheetмmetalsмforмtheмprocessesм
ofмpulseмstampingмwithмelastomersъ

Selection and rationale of the method

of obtaining FLD

StuartмPъмKeelerмirstмsuggestedмtheмempiricalмcriщ
teriaмofмblankмfractureмbasedмonмmeasuringмtwoмplanarм
principalмstrainsмatмtheмmomentмbeforeмfractureмstartsм
[7]ъмKeelerмobtainedмtheмFLDsмforмsomeмcarbonмsteelsм
for the area where both principal strains are positive 

фiъeъмtheмrightмpartмofмdiagramхъмTheмmomentмofмfracщ
tureмbeginningмwasмdeinedмasмtheмmomentмwhenмplasщ
ticмinstabilityмstartsмorшмinмotherмwordsшмtheмmomentм
whenмneckingмbecomesм visibleъмLaterшмGortonмMъм
Goodwinмobtainedмsimilarмdataмforмtheмcaseмwhenмoneм
of the principal strains is negative (i.e. the left part of 

theмdiagramхм[8]ъмAtмtheмpresentмtimeшмtheмtwoмvariantsм
ofмFLDмareмdistinguished:мwhenмdeformationsм areм
measuredмatмtheмmomentмbeforeмneckingмandмwhen 

theмdeformationsмareмmeasuredмafterмtheмfractureмocщ
curredм[ю]ъ

ThereмareмmanyмwaysмtoмobtainмFLDмexperimenщ
tallyъмAllмofмthemмessentiallyмareмtheмdestructionмofм
theмblankмsampleмatмpredictableмorмmeasurableмdeщ
formationм conditionsъм Theмmostм popularм areм theм
NakazimaмTestм фbyмKъмNakazimaм [9]хшмMarciniakм
TestмфbyмZъмMarciniakм[эь]хшмandмalsoмknownмfromм
theмbeginningмofмtheмюьth century the Hydraulic Bulge 

Testмwhenмaмclampedмblankмhydrostaticallyмformedм
byмliquidъмTheмtestsмofмNakazimaмandмMarciniakмdifщ
ferмfromмeachмotherмmostlyмinмshapeмofмtheмpunchмտм
cylindricalмwithмhemiщsphericalмendмandмcylindricalм
withмlatмendмwithмroundedмedgesмrespectivelyъмItмisм
oftenмcalledмbyмcombinedмnameмNakazimaщMarciщ 
niakмtestмфigъмэшaшмb). 

Theмessenceмofм theмNakazimaщMarciniakм testм isм
thatмtheмclampedмblankмsampleмofмdiferentмshapeмisм
formedмuntilмtheмfractureмusingмaмpunchъмToмreduceм
theмefectмfromмtheмfrictionмbetweenмtheмpunchмandмtheм
blankмinмtheмNakazimaмtestшмlubricationмorмaмlayerмofм
antifrictionмmaterialмcanмbeмusedъмInмtheмMarciniakм
testшмaмcompanionмlayerмwithмaмholeмinмtheмcenterмorмaм
punch with a center cut can be used which prevent the 

blankмfromмtouchingмtheмpunchмatмtheмcenterъ
Theмdeformationм stateм фtheмproportionмbetweenм

twoмprincipalмplanarмstrainsмʛэмandмʛюхмisмdeinedмbyм
theмshapeмandмtheмsizeмofмtheмsideмcutsмinмtheмsampleъм
Theмsideмcutsмcanмbeмofмdiferentмshapeшмbutмtheмmostм
oftenмusedмshapeмisмcircularмcutsъмAмsampleмwithoutм
cutsмprovidesмbiaxialмstateмofмdeformationмatмtheмcenщ
terшмwhichмis:мʛэ = ʛюъмAмsampleмwithмmaximumмcuts
givesмanмFLDмpointмwhichмapproximatelyмcorrespondsм
toмtheмuniaxialмtensionшмiъeъмʛэм=мщюʛю.
Theмactualмprincipalмstrainsмareмmeasuredмusingмaм

meshмorмsomeмpatternмonмtheмsurfaceмofмtheмsampleъм
ThisмapproachмhasмsomeмdisadvantagesъмItмisмnecessaryм
toмdetermineмtheмmomentмofмstartingмplasticмinstabilщ
ityшмbecauseмthisмisмtheмmomentмofмfractureмbyмdeiniщ
tionъмItмisмdiicultмtoмregisterмsuchмaмmomentмbyмviщ
sualм observationшм soм manyм researchersм measuredм
deformationsмafterмtheмfractureшмandмinмthisмcaseмmeaщ
suredмstrainsмincludedмtheмneckingмdeformationъмUsщ
ingмaмmeshмorмaмpatternмonмtheмsurfaceмneedsмnotмonlyм
anмoperationмofмmeasuringмthisмmeshмbutмalsoмcorrecщ
tionsмtoмtakeмintoмaccountмtheмneutralмlayerмofsetъмInм
theмpastшмthatмwasмdoneмmanuallyмusingмaмmicroscopeм
andмwasмveryмlaborмintensiveъмNowмitмisмmoreмcommonм
toмuseмdigitalмcamerasмandмdigitalмimageмcorrelationм
software which requires expensive hardware and softщ
ware.
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FigъмэъмTraditionalмmethodsмofмobtainingмFLD:мaмտмNakazimaмTest
(1мտмupperмdieшм2мտмsampleшм3мտмsphericalмpunchшм4 – lower die);

b – Marciniak Test (1 տмupperмdieшм2мտмsampleшм3мտмantifrictionмlayerш
4мտмcylindricalмpunchшм5 – lower die); c – Hydraulic Bulge

Test (1мտмdieшм2мտмsampleшм3мտмliquidшм4мտмchamberх

a) b)

)

Furthermoreшмtheмmechanicsмofмquasistaticмdeforщ
mationмandмfractureшмwhichмisмtypicalмconditionsмatм
NakazimaщMarciniakмtestшмsigniicantlyмdifersмfromм
thatм atмpulseм stampingмbyмmovableмmediaшм suchмasм
EHFмandмEMFъмFromмthatмperspectiveмmoreмapproщ
priateмisмtoмuseмtheмHydraulicмBulgeмTestмфigъмэшмb). In 

thisмapproachшмformingмofмtheмsampleмюмisмperformedм
by the hydrostatic pressure of liquid (usually oil) 3шм
enclosedмinмchamberм4ъмTheмdieмэмhasмroundedмedgesм
toмpreventмfractureмatмtheмclampingмcontourъмTheмproщ
portionмbetweenмprincipalм strainsм isмdeinedмbyм theм
width a to height bмdimensionsмofмtheмellipticalмdieм
cavity. The equality a = b creates uniaxial tensions 

фʛэм=мʛюхшмandмwhenмa >> b, the second principal strain 

canмbeмalmostмzeroмфʛюм@мьхъм
That way it is possible to obtain the right part of 

FLD (with both principal strains positive). At the 

typicalмconditionsмofмformingмbyмmovableмmediaмtheм
rightмpartмofмFLDмisмusuallyмenoughмfromмpracticalм

perspectiveъмNeverthelessшм allм theмdisadvantagesмofм
measuringмstrainsмareмtheмsameмasмinмtheмNakazimaщ
Marciniakм testъм Inм thisмworkшм anмexperimentalщnuщ
mericalмmethodмofмobtainingмFLDмsimilarмtoмHydrauщ
licмBulgeмTestмisмsuggestedмthatмallowsмmeasuringмveryм
close to the necking zone.

Combined experimental-numerical method

of obtaining FLD

Theм prerequisiteм dataм forм theм methodм isм theм
hardeningмcurveмinмtheмformмofмtheмpowerмlaw

σ
s
 = B⋅ε

i
mш

where σ
s 
– true stress; ε

i
 – true strain; B and m տмpaщ

rametersмofмtheмpowerмlawмapproximationъмTheмblankм
usedм inмexperimentмwasм stainlessм steelм эюˬэ8ˤэь˩м
фapproximateмUSмequivalentмisмSяюэььхмofмthicknessм
hьм=мьш55мmmъмTheмparametersмofмtheмpowerмlawмwere
approximatedмas:мBм=мэю5ьмMPaшмmм=мьшю87ъмTheм
experimentalмsetupмisмshownмinмigъмюшa.
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FigъмюъмToolsetмforмobtainingмFLD:мaмտмassembled
toolsetшмcrossщsectionalмviewмф1шм7мտмdieмbedsшм2мտмpistonшм
3мտмcontainerщchamberшм4мտмpolyurethaneшм5мտмsampleш
6мտмdieх;мbмտмdieмset:мroundщshapedшмdiameterмտмэььмmm;м
ovalщshapedмя8γэььмmmшмandм5ьγэььмmm;мtheмfracturedм

sampleмcorrespondingмtheмdieм5ьγэььмmm

Loadingмofмtheмblankмsampleм5мisмperformedмbyмtheм
elastomerм4шмenclosedмinмtheмcontainerм3шмwhereмpresщ
sureмisмcreatedмbyмmovingмtheмpistonм2. By pressure of 

theмelastomerмtheмsampleмisмformedмintoмtheмcavityмofм
the die 6мuntilм fractureъмTheмhydraulicмpressмofмэььм
tones was used.

TheмpolyurethaneмwithмShoreмhardnessмofм55տ6ьм
unitsмwasмusedмasмaмpressureмtransmittingмmediaъмTheм
frictionмcoeicientмisмµм≤мьшьэտьшь5мforмthisмtypeмofм
polyurethane in the conditions of the given process 

[ээ]ъмThereforeмitмisмnotмnecessaryмtoмuseмantifrictionм
layerмbetweenмtheмblankмandмtheмelastomerъмTheмpolyщ
urethaneмalsoмservesмasмaмbinderмthatмholdsмtheмlangeм
ofмtheмsampleм5 on the surface of the die 6. 

Theмinnerмradiusмofмtheмroundщshapedмdieмasмwellм
asмtheмmajorмradiusмofмtheмellipticмcavityмofмtheмovalщ

shaped die was bм=м5ьмmmъмTheмinsideмdiameterмofм
theмcontainerмandмcorrespondingмoutsideмdiameterмofм
the die was Dм=мэ5ьмmmъмTheмsampleмdiameterмisмьш5м
mmмlessмthanмtheмcontainerмdiameterъмAlthoughмthereм
isмnoмspecialмclampingмofмtheмlangeшмasмitмisмusuallyм
doneмinмtheмconventionalмtestшмsuchмaмproportionмbeщ
tweenмtheмsampleмsizeмandмtheмdieмcavityмsizeмprovidesм
enoughмlangeм resistanceмandмpreventsмlangeм fromм
draw into the die thus ensuring that the strain (and 

theмfractureхмwillмhappenмinмtheмcenterмofмtheмsampleъм
The set of dies included round shaped die with raщ
diusм5ьмmmмandмtwoмovalщshapedмdiesм5ьγэ9мmmшм
5ьγю5мmmъмTheмedgeмilletмhasмtheмradiusмofм6мmmъ

The chosen design of the toolset provided stable 

fractureмconditionsмфigъмюшмbхъмAfterмformingмaмsampleм
upмtoмtheмfractureшмtheмthicknessмhмofмtheмsampleмwasм
measuredмasм closeм toм theмneckingмzoneмasмpossibleм
usingм aмdialм indicatorъмAboutм 5տэьмmeasurementsм
wereмtakenмforмeachмsampleмwithмaveragingмtheмresultщ
ingмvalueъмThenмtheмaverageмtrueмnormalмdeformationм
is calculating as:

ʛ
h
 =мʛ

3
 = ln(hь/h).

Theм roundщshapedмdieмprovidesмuniaxialм strainм
conditionмinмtheмcenterмofмtheмsampleмфʛэм=мʛю). For 

this point two principal strains are calculated as:

ʛэм=мʛюм=мʛ3
ыюъ

To obtain points of FLD other than for uniaxial 

strain it is needed to know the proportion between 

theмmajorмandмtheмminorмstrainъмThatмcanмbeмdoneм
usingмnumericalмsimulationмofмtheмdeformationмproщ
cessмsimilarмtoмthatмdoneмinм[эю]ъм
Simulationмwasмperformedмwithмgeneralмpurposeм

initeмelementмcomplexмLSDYNAм97эъмTheмmaterialм
assumedмasмisotropicмwithмtheмfollowingмparameters:м
YoungмmodulusмEм=мюьюмGPaшмPoissonмcoeicientм 
n =мьшяэ;м powerм lawмparameters:мBм=м эю5ьмMPaш 
mм=мьшю87;мdensityмρм=м78ььмkgыm3. The LSDYNA 

materialмcardмusedмwas:мMAT_POWER_LAW_PLAS-

TICITYъмTheмdieмwasмsimulatedмasмaмrigidмobjectъмTheм
frictionмassumedмasмCoulombмwithмfrictionмcoeicientм
changingмfromмstaticмµм=мьшюмtoмdynamicмµм=мьшэ5ъм
Theмpressureмinмtheмelastomerмassumedмlinearlyмinщ
creasingмfromмzeroмtoмmaximumмnecessaryмtoмfractureм
theмsampleмinмьшюмsъмWithмgivenмdimensionsмofмtheмdieм
andм sampleм itм providedмnearlyмquasistaticм formingм
conditionsм[эю]ъ
Theмresultsмofмtheмcomputerмsimulationмareмshownм

inмigъмяъ

a)

b)
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FigъмяъмDeformationмpathsмforмtheмmarkedмpointsмofмtheмsamplesмwhenмforming
inмtheмovalщshapedмdiesмя8×эььмmmмфaшмbхмandм5ь×эььмmmмфcшмd) respectively

a) b)

c) d)

Theмdiagramsмonмigъмяшbмandмяшd show paths of 

deformationмatмtheмcenterмofмtheмfourмsamplesъмTheм
sameмdiagramsмshowмtheмFLDмobtainedмanalyticallyм
fromмhardeningмdataъмTheм calculatedмdeformationм
pathмdeinesм theмproportionмbetweenм theмprincipleм
strains αм=мʛюыʛэъмTogetherмwithмtheмexperimentally
мmeasuredмthinningмфtheмthirdмprincipalмstrainмʛ

3
) it 

gives a point on FLD: 

ʛэм=мщʛ3 
ыфэмчмαхшмʛю = α ʛэ.

TheмobtainedмFLDмpointsмareмshownмinмtabъмэъмTheм
deviationмofмtheмmeasuredмthinningмisмэьտэ5съ

It can be noted that the obtained points are lower 

thanм thatмobtainedм fromмhardeningмdataъм Itм canмbeм
explainedмbyм theм factм thatм theмdeformationм inм thisм
experimentмhappensмatмhighмstrainмrateм[5]шмwhichмcanм
causeмsuchмchangeмinмfractureмlimitsм[6]ъмTheмdetailedм
distribution of FLD values in the range of εюм>мьмcanм
be achieved by using dies with other proportion of 

the die cavity a/b.

Table

The components of the deformation tensor of the central point depending on the die

Shape of die cavity h щʛ
3

αм=мʛюыʛэ ʛю ʛэ
Roundмwithмradiusм5ьмmm

Ovalм5ьγэььмmm
Ovalмя8γэььмmm

ьшю5±ьшью
ьшя5±ьшья
ьшя8±ьшья

ьш79
ьш45
ьшя7

э
ьш48
ьшя5

ьшя95
ьшэ46
ьшь96

ьшя95
ьшяь4
ьшю74

ьюь
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Conclusion

Theмmethodмofмobtainingмformingмlimitмdiagramsм
forмthinмsheetмmetalмforмusingмinмsimulationмofмpulseм
formingмbyмmovableмmediaм isм developedъмBecauseм
loadingм ofм theм sampleм isм performedм byм elastomerм
фpolyurethaneхшмtheмformingмandмfractureмconditionsм
inмdevelopedмmethodмareмcloseмtoмthoseмinмtheмsaidм
technologiesмsuchмasмelectroщhydraulicмandмelectroщ
magneticмformingъмTheмdistributionмofмFLDмvaluesмinм
the range of εюм>мьмcanмbeмobtainedмbyмusingмdiesмwith
diferentмproportionмofмtheмellipticalмdieмcavityъмThe

range of FLD εюм>мьмisмusuallyмenoughмforмpracticalм
useм inм simulationмofмpulseм stampingмmethodsъмTheм
pointмofмFLDмisмobtainedмasмaмcombinationмofмthinningм
measuredмinмtheмneckingмareaмandмprincipalмstrainsм
proportionмobtainedмfromмnumericalмsimulationмusingм
initeмelementмcodeъмTheмadvantageмofмtheмdevelopedм
methodмisмtheмsimplicityмofмusedмtoolingшмsimplicityм
ofмmeasurementшмnoмneedмtoмuseмmeshesмandмexpenщ
sive hardware and software to obtain strains. The 

experimentмisмconductedмandмtheмFLDмisмobtainedмforм
theм stainlessм steelм эюˬэ8ˤэь˩м фapproximateм USм
equivalentмisмSяюэььхмofмьш55мmmъ
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