
Dec.2018 TransactionsofNanjingUniversityofAeronauticsandAstronautics Vol.35No.6

DynamicConstitutiveModelofPhysicalSimulationinHigh-Speed
BlankingforC5191PhosphorBronze

HuDaochun1,2,ChenMinghe1*,WangLei3,YinLiming4

1.CollegeofMechanicalandElectricalEngineering,NanjingUniversityofAeronauticsandAstronautics,

Nanjing210016,P.R.China;

2.SchoolofMechatronicsEngineering,TaizhouVocational&TechnicalCollege,Taizhou318000,P.R.China;

3.CollegeofMechanicalEngineering,TaizhouUniversity,Taizhou318000,P.R.China;

4.JiangsuEngineeringTechnologyResearchCenterofPrecisionHigh-SpeedDie,Kunshan215316,P.R.China

(Received30August2016;revised28January2018;accepted23April2018)

Abstract:Strainhardening,strainratestrengtheningandthermalsofteningdataofC5191phosphorbronzeathigh-
speedblankingarenoteasytobeobtainedwithageneralmeasuremethod,therefore,itisquitedifficulttoestab-
lishthedynamicconstitutivemodel.Tosolvethisproblem,thetensilepropertiesatastrainrateof1s-1by
GLEEBLE-3500,anddynamictensileconditionsatstrainratesof500,1000and1500s-1bysplitHopkinsonten-
silebar(SHTB)apparatusarestudied.Accordingtothesetestdata,theclassicJohnson-Cookequationismodi-
fied.Furthermore,themodifiedJohnson-Cookequationisvalidatedinthephysicalsimulationmodelofhigh-speed
blanking.TheresultsshowthatthestrengthofC5191phosphorbronzemaintainsacertaindegreeofincreaseas
thestrainrateincreasingandpresentsaclearsensitivitytostrainrate.ThemodifiedJohnson-Cookequation,which
hasbetterdescriptionaccuracythantheclassicalJohnson-Cookequation,canprovideimportantmaterialparame-
tersforphysicalsimulationmodelsofitshigh-speedblankingprocess.
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0 Introduction
Phosphorbronzepresentsmanyadvantages

includinggoodmechanicalperformance,favorable
corrosionresistance,andgoodwearresistance,as
wellaslittlepossibilityofproducingimpulse
sparks.Itisusuallyappliedin wear-resistant
partsandelasticelements[1]infieldssuchasaero-
nauticalandaerospaceengineering,electricalma-
chinesandequipment,andelectronicinformation
components.Itisparticularlyusedinconnector
terminals,andleadframesofintegratedcircuits
inpartmanufacturingbasedoninformationtech-
nologyincluding computers,communications,

and resource consumption. Moreover, metal
parts,includingelectricalconnectorsandplugsin

aeronauticalandaerospaceengineering,anddata
transmissionconnectorsinhigh-speedvehiclesin
theeraofbigdata,aremanufacturedbyconduc-
tinghigh-speedprecisionprogressivestamping
(HSPPS)onphosphorbronze.HSPPSisapress-
ingmanufacturingtechnologywhichisrealizedby
installingpreciseandcomplexprogressivepress
diesconsistingof multipleprocessesincluding
blanking,bending,drawing,andforming by
high-speedstamping.Suchpressisequippedwith
automaticmaterialfeedingandreceivingmecha-
nisms,thusrealizingautomaticandefficientmass

production.Itsstampingspeedcanrangefrom
800strokesperminutetoseveralthousandsof
strokes per minute during mass-production.



HSPPSisconsideredasanadvancedmanufactur-
ingtechnologywithhighefficiencyandprecision
asitintegratesprecisionmanufacturing,comput-
ertechnology,automaticcontrol,andgreenman-
ufacturing.Itisadevelopingtechnologyand
leadsthetrendinprecisionstamping[2-3].

Blankingisabasicprocessthataccountsfora
largeproportionoftheworkinHSPPS.Because
thebehaviorofmetalsinhigh-speedblankingis
highlynon-linear,theplasticdeformationand
fractureofthematerialsareconfinedtoanarrow
areaaroundthecuttingedge.Thisleadstosignif-
icantverticalandlateralpressureonthecutting
edge,whichtendstocauserapidfrictionheat-
ing[4-5].Meanwhile,duringhigh-speedblanking,

thereisasmallgap,andgiventhehighspeedand
longprocessingtime,theincreasedtemperature
ofthematerialsisthereforequiteobvious.Be-
sides,theconstitutivemodelofthematerialsin
theprocessofhigh-speedblankingbecomesmore
complexduetotheenhancingeffectofstrainrate
andstrainhardeningunderlargestrainathigh
speed.Existingresultsindicatethatthetime
takentoundertakehigh-speedblankingisshortas
theprocesscanbeoverwithinseveralmicrose-
conds.Asthepartialtemperatureoftheblanking
sectionreaches400℃,metalsaresubjectedto
largestrain(1—3mm/mm)andultra-highstrain
rates(103—104s-1)[6-8].Onthisbasis,itisdiffi-
cultto measure dataincluding temperature,

strain,andstrainrate,aswellastheflowstress
inducedbyhigh-speedblankingduetothelimita-
tionsofthemeasuringinstrumentsandmethods,

andthegapsbetweenmeasurements.Therefore,

itisagreatchallengetoestablishadynamiccon-
stitutivemodelthatcanidentifythehigh-speed
blankingprocess.Refs.[9,10]obtainedthe
strainandstresscurvesofQSn6.5-0.1phosphor
bronzethroughconductinguniaxialtensiletests
andintroducedtheresultsintoanfiniteelement
analyticalmodelofblanking-induceddeformation
inHSPPS.Ref.[11]constructedamodelconsti-
tutiverelationshipforthinplatesundertheinflu-

enceofsizeeffect,andprovidedareliablebasisof
materialperformanceforstudiesofthemecha-
nismofmicro-blankinginHSPPS.Refs.[12-13]

conductedatensiletesttoexplorethesizeeffect
onthemicro-scaleplasticdeformationofphos-
phor-bronzethinplates,andconstructedaconsti-
tutivemodelofthesizeeffectbasedonthethick-
nessofthematerials.Falconnetetal.[14]per-
formedauniaxialtensiletesttoobtainstress-
straincurvesofcopperalloythinplates,andbuilt
anelastoplasticconstitutiveequationtosimulate
blanking.Refs.[15-17]revealedthatthe me-
chanicalperformanceanddeformationbehaviorof
suchmaterialsunderdynamicloadweresignifi-
cantlydifferentfromthoseunderstaticandquasi-
staticloads.Theelasticmodulus,strength,and
toughnessofmaterialsvaryasthestrainratein-
crease.Deformationbehaviorsofmetalsmainly
focusonthelocalityandnon-isothermalofde-
formation,aswellastheintenseeffectsofshock
wave.Accordingtopreviousresearch,theme-
chanicalperformance measuredintensiletests
underquasi-staticloadfailstorepresentthedy-
namicresponseof materialsduringhigh-speed
blanking.Henceitisnecessarytostudythedy-
namicdeformationbehaviorofmaterialstounder-
standtheirmechanicalperformanceunderharsh
environments.Thisisconsideredtobethekeyto
theapplicationofphosphorusbronzecomponents
formedbyhigh-speedblanking.

Inthispaper,splitHopkinsontensilebar
(SHTB)testsareperformedtoacquiretheme-
chanicalperformanceofC5191phosphorbronze
underhighstrainratesathightemperatures.By
combiningthedata with numericalsimulation
output,thedynamicconstitutiverelationshipfor
thephysicalsimulationofhigh-speedblankingis
established.

1 Experiment
1.1 Material

Theexperimentalmaterialusedinthepaper
isC519-Hphosphorbronze.Itschemicalcompo-
sitions(inweight)areasfollows:Zn(5.5%—
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7.0%),P(0.11%—0.13%),Fe(≤0.02%),

Pb(≤0.05%),Zn(≤0.20%),andCu(bal-
ance).Undertheprocessofblanking,theanisot-
ropyofthethicknessdirectionofthesheetmate-
rialisnotconsidered.Therefore,itcanbeused
toobtainthestress-strainrelationshipofthema-
terialsbyusingisotropicbartensileexperiments.
Inordertoachievethestrainconcentrationinthe
centerofeachspecimen,thebarsaremachined
intotensilespecimensfortensiletest.Thedi-
mensionofthetensilespecimensunderlowstrain
ratesisshowninFig.1(a)andthatunderhigh
strainratesisshowninFig.1(b).Thespecimens
formedbymechanicalprocessingneedtobepol-
ishedwithmetallographicsandpaperstoreduce
thestressconcentrationinducedbypartialmicro-
cracks,andtheresidualstresscausedbymechan-
icalprocessing.Thesurfacesofthespecimensare
thencleanedbyethanol.

Fig.1 Geometriesoftensilespecimensat
differentstrainrates

1.2 Method

Thedynamicconstitutiveequationofthema-
terialsmustbeestablishedbytakinglowerstrain
ratedataasreferences.Fig.2(a)showsa
GLEEBLE-3500thermalsimulatorformeasuring
stress-straincurveofC5191phosphorbronzeun-
derlowerstrainrate(1s-1)atroomtempera-
ture.HSTBisadoptedinthisdynamictensile
test(Fig.2(b)).Inordertomatchthetestenvi-
ronmentwiththefieldapplicationconditionsof
high-speedblanking,thestrainratesof500,1000

Fig.2 Experimentalapparatusoftensiletestatdif-
ferentstrainrates

and1500s-1 areadoptedinthetemperature
rangeof20℃and100—400℃,respectively.

2 ResultsandDiscussion
2.1 Strain-stresscurvesobtainedfromdynamic

tensiletestsatroomtemperature

Thestrain-stresscurvesofC5191phosphor
bronzefromdynamictensiletestsatroomtem-
peratureareshowninFig.3(a).

Theincreaseofstrainratecausestheflow
stressonthespecimenstoincrease.Thisdemon-
stratesthattheinfluenceofstrainrateonthe
strengthofthematerialinthestageofplasticde-
formationis moreprominent.Thestrainrate
sensitivitymisgivenby[18-19]

m=
∂lnσ
∂lṅε

(1)

whereσisthestresscorrespondingtothesame
tensilestrainproducedataconstantstrainrate,

anḋεisthestrainrate.
Byprocessingtheexperimentalstress-strain

databasedonEq.(1),thevaryingtrendofthe
sensitivityindexm withthevariationofstrain
rateisgiveninFig.3(b).Asstrainrateincrea-
ses,malsoincreasessignificantly.However,m
tendstodecreasegraduallyathighstrainrates
(> 103 s-1).Thestrainhardeningindexn,
whichismoresensitivetouniformplasticdeform-
ation,increasesinthedynamictensiletest(Fig.3
(c)).nisconsideredasanimportantindexfor
themeasurementofthecapabilityofmetalsin
termsoftheiruniformplasticdeformation(n=
∂σ
∂ε
).Itsvaluesreflectthepossibilitythatonema-
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terial may undergo micro-plastic deformation
[20-21].Hence,theC5191phosphorbronzeexhib-
itsanapparentstrainhardeningandanincreasing
strainrate.Thedynamicmechanicalresponseof
the materialunder high strain rates (103—

104s-1)inhigh-speedblankingneedstobeinves-
tigatedfurther.

Fig.3 TensilemechanicalpropertiesofC5191phosphor
bronzeunderdifferentstrainratesatroomtem-
perature

2.2 Strain-stresscurvesobtained underhigh
strainrateatdifferenttemperatures

Toexploretheeffectofdifferenttempera-
turesonC5191phosphorbronzeunderhighstrain
rate,SHTBtestsareconductedtogetstrain-
stresscurves(Fig.4).Withtheincreasingtem-
perature,thematerialissubjectedtodecreased
flow stressand undergoesthermalsoftening.
Thissuggeststhatthethermaleffectaffectedthe

rheologicalpropertiesofthematerial.Studying
thedynamicflowstresschangesofmaterialsun-
derhighstrainratesishelpfultoanalyzethede-
formationcausedbyhigh-speedblankingatthe
maximumlocaltemperatureof400℃.

Fig.4 Truestress-straincurveatdifferenttempera-
turesunderstrainrateof1500s-1

2.3 Dynamicconstitutivemodelanditsmodifica-
tion

Johnson-Cook constitutive model and its
modifiedversionareusuallyadoptedintheanaly-
sisofthedynamicmechanicalpropertiesofmate-
rialsunderhighstrainratesathightemperatures.
Johnson-Cookmodelcandescribeflowstressasa
productofthreeitems,i.e.,strainhardening,

strainrate,andsofteningtemperature,bycon-
sideringtheeffectoftemperatureandstrainrate
onmaterials[22]

σ(εp,̇ε,T)=(A+Bεn
p)1+Cln ε̇
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whereσistheflowstress;εp,̇ε,Tarethestrain,

strainrateandtemperature,respectively;Ais
theinitialyieldstressatroomtemperaturebyre-
ferringtostrainratėε0andthereferencetempera-
tureTr;Bandnarethestrainhardeningmodulus
andthehardeningexponentofthematerial;Cis
thestrengtheningstrainrate;mdenotesthether-
malsofteningindexofthematerial;TrandTm

aretheroomtemperatureandmeltingtempera-
ture.

BasedonthephysicalconceptoftheJohnson-
Cookmodel,andthestress-straincurvesobtained
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fromtensiletestsatroomtemperatureattheref-
erencestrainrate(1s-1)andreferencetempera-
tureshowninFig.3(a),theinitialyieldstressA
canbeobtained.Thereafter,Originsoftwareis
usedtoperformregressionofthestress-strain
curve,thusobtainingthevaluesofBandn,re-
spectively.ThevaluesofCandmcanbeobtained
fromSHPBtensiletestsatroomtemperatureand
otherdifferenttemperatures,andthedetailedda-
taprocessingaregiveninRefs.[23-24].Thefit-
tingparametersoftheJohnson-Cookmodelare
listedinTable1.
Table1 FittingparametersofJohnson-Cook modelfor

C5191phosphorbronze

A B n C m
449.42 195.57 0.4947 0.031 1.53

Johnson-Cookmodelintheexistingresearch
candescribethemechanicalperformanceofmet-
alsunderthedeformationinducedbyhighstrain
ratesathightemperatures.However,thede-
formationprocessofthematerialandthedeform-
ationhistoryofthemetalmaterialhavenotbeen
takenintoaccount[23-25].Giventhestraininthe
blankingprocesscanreach1—3mm/mm,howev-
er,thestraininatensiletestisfarlessthanthat.
TheJohnson-Cookmodelneedstobeconstructed
bymodifyingthestrainhardeningbehaviorbased
onSHPBtestdata.Asastandardmaterialfor
dynamictensiletest,thedynamicJohnson-Cook
constitutivemodelofoxygen-freecoppermustbe
builtbyaddingastrainhardeningindex.Inthis
way,theeffectoftheprocessoftensiledeforma-
tiononthemechanicalperformanceofthemateri-
alscanbepreciselydescribedas[26]

σJC =(A+Bεn
p +B1e-n1εp)(1+Clṅε)·
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  BasedontheparametersoftypicalJohnson-
Cookconstitutivemodel,themodifiedmodelin
thisresearchaddstwoparameters,B1andn1.In
ordertoobtainthevaluesofthetwoparameters,

Originsoftwareisusedtofitthedynamictensile
stress-straincurvesunderdifferentstrainrates.
Thefittingresultsofthemodifiedindexofstrain

hardeningareshowninFig.5.Itrevealsthatthe
strength ofthe modified strain hardeningis
slightlyhigherthanthatoftheunmodified.The
fitting precisionincreasesfrom 0.919 4 to
0.9498.ThemodifiedJohnson-Cookmodelcan
beexpressedas
σJC =(449.42+195.57ε0.4947p +0.162e-0.18εp)·

(1+0.031lṅε)1- T-Tr
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Fig.5 Comparisonbetweenfittingresultsandexperi-
mentaldataofstrainhardeningfunctionfor
Johnson-Cookmodel

3 VerificationoftheModifiedJohn-
son-Cook ModelinSimulationof
High-SpeedBlanking

Theheightofthebrightareaoftheblanking
sectionisusedtocharacterizethequalityofthis
section.Theproportionsofthebrightareainthe
blankingsectioncanreflectthesectionquality.
ByintroducingtheobtainedJohnson-Cookmodel
ofC5191phosphorbronzeintoDEFORM soft-
ware,theprocessofhigh-speedblankingissimu-
lated.

Inthispaper,thegriddeletion methodis
usedtodealwiththosegridscorrespondingtothe
criticalductiledamagevaluesofthematerials,

namelytheCvalueforfracturecreation,when
theblankingcrackoccurs.Onthisbasis,the
processoftheformationoftheblankingsectionis
simulatedandthe morphologyoftheblanking
sectionisobtainedforcomparisonwiththemor-
phologiesoftheblanksectionsinrealproduction
attheJiangsuEngineeringTechnologyResearch
CentreofPrecisionHigh-SpeedDies.Moreover,
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theprecisionofthesimulatedprocessofhigh-
speedblankingisfurthervalidatedbycombining
thevariationoftheblankingforcesobtainedby
comparingexperimentalandmeasureddata.

Thephysicalmodeloftheprocessofhigh-
speedblankingisillustratedinFig.6(a),andthe
geometricparametersofblankingprocessarelis-
tedinTable2.Thepunch,die,andstripper
plateareconsideredtoberigid,whereasthesheet
metalmaterialisconsideredtobeplastic.Itis
usefultoreducethenumberofelementsbydefi-
ningadifferentmeshdensityindifferentzonesof
thesheet.Forexample,averydensemeshisde-
finedintheshearingregion(relativeelementsize

ofabout0.00001),whereasacoarsemeshis
usedfortheoutsideareas.Thetotalnumbersof
elementsandnodesare16004and15644,re-
spectively.Forthefinite-elementsimulationwith
aninitialtemperatureof20℃,thepunchpene-
trationdepthisincreasedby0.004mmforeach
stepandthecalculationisinterruptedafterevery
10steps.Additionalsimulationparametersand
boundaryconditionsareshowninTable3.

Table2 Geometricparametersofblankingprocess
mm

Thickness Dimension Clearance Fillet Strippergap

0.12 ϕ0.5 0.007 0.01 0.003

Table3 Objectboundaryconditions

Punch Die Stripperplate Sheetmetal
Heattransfer
coefficient

Thermalsoftening
coefficient

Rigidbody
Vx=0

Vy=1000mm/s

Rigidbody
Vx=Vy=0

Rigidbody
Vx=Vy=0
Py=5MPa

Plasticbody
(Axisymmetric)

Vx=0,Vy=free
0.95 0.8

  Asthefractureoftheblankingisfoundon
theinterfacebetweenthepunchanddie,thegrids
ofthematerialssurroundingtheblankinggapare
locallyrefined(Fig.6(b)).Theblankingspeedis
setto1000mm/s,whichisequivalentto1200
strokesperminuteinpracticalproduction.

Fig.6 Simulationmodelofhigh-speedblanking

Themorphologyoftheblankingsectionis
showninFig.7(a),andthecomparisonresultsof
blankingforcesareillustratedinFig.7(b).The
ratiosofH1andH0tothethicknessofthemate-
rialsare53.3929%and53.7197%,respective-
ly.Whilethesimulatedandactual maximum
blankingforcesare553and545N.Theresults
showthatthemodifiedJohnson-Cookconstitutive
modelforC5191phosphorbronzecanbetterpre-
dicttheheightofthebrightareasinitsblanking
sectionandthevariationofblankingforce.

Fig.7 Comparisonbetweensimulatedandexperimentalresults
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4 Conclusions
(1)ThestrengthofC5191phosphorbronze

increasestodifferentextentsduringdynamicten-
siletestathighstrainrate,whichshowsobvious
sensitivitytostrainhardeningandstrainrate.

(2)Thedynamicconstitutiverelationshipfor
C5191phosphorbronzeisobtainedbasedonHop-
kinsontensiletest.ThemodifiedJohnson-Cook
equationtakesstrainhardeningintoaccountand
hashigheraccuracythanthetypicalform.

(3)Theobtaineddynamicconstitutiveequa-
tioncandescribethedynamicdeformationcharac-
teristicsofC5191phosphorbronzeunderlarge
strainandhighstrainrate.

Thisstudyprovidesthetechnologicalparam-
etersfortheFEMnumericalsimulationofhigh-
speedblankingofC5191phosphorbronze.
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