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Sp臥llbehaviorofSteelsunderhyperveloeityimpact

TatsumiMORITOH*,ShoheiMATSUOKA*,TbshiyukiOGURA★,
KazutakaG.NAKAMURA★,Ken-ichiXONDO★,MaSahideX〟mだAMA★★,
andMasatakeYOSHIDA★★★

Weperformedhypervelocityimpactexperimentsonsteelmaterial8(SS400,SUS304,and

SCM440)atvelocitiesupto9km8~1.Microstructureandmicrodamagesnearacraterandon

thespallplanewereexaminedusingopticalmicroscopyandscannlngelectronmicroscopy.The

cL･CPhasetransitionreglOnWasObservednearthecraterofSS400andSCM440sample8recovered.

CracksWhichareparalleltotheimpactdirectionbelowthecrat,erwereobserved,andradial

cracksgrewfromtheα･gPhaseinterfaceAthigh velocityimpacttests.Cleavagewasdominant

mechanismforaBpallfractureSurfaceOfbothofSS400andSCM440,whileductilefracture

wasObservedatthefracturesurfaceOfSUS304.Geometric8PAllbehaviorswerecompared

withnumericalSimulationsusinghydrocode,Spalldiameterswerewellreproducedbyoptimidng

yieldStrengthforeachsteelathigh impactvelocities,particularlyabove6km8'I.spallstrength

wasdeterminedtobe1.1,2.7,and2.1GPaforSS400,SUS304,andSCM440,respectively.

1.lntrodu¢tion

Dynamicloadingssuchasdetonationofhigh

explosiveandhypervelocityiJnpaCtinduce8pall

fracturesneartherearSurfaceofthetarget.The

spalliSdefinedaSrupturewithinabodydueto

stressStatesinexcessofthetensilestrengthof

themateriall).severalparAmeter8Sucha白Stmin

rate2)andinitialteJnperature3)havebeenfoundto

changetheSpallbehavior.Thespallbehaviorsof

manykindsOfSteelhavebeenstudiedforits
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industrialusesanddevelopJnent80fabumper

Sy8temtOASSe88theprotectionoforbitalspace

debrisimpactsontheSpacecraft.Steelmaterials

arealsoofinterestinconnectionwithmartensitic

transformation4),formationofadiabaticShear

bands).andductile･twittletransition6)under

dynamichigh-pre8Bureloading,I)ynamicphase

transitionfromtheq･pha8e(bcc)tothee-phase

(hcp)inpureironandferritic8teelSha8been

reportedtooccurataround13GPa71.

Althoughgasgun8areOfadvantagetOimpact

experimentsCOmParedwithflyeracceleration

u$lnglasershocktechnologybecauseOfitsability

toaccelerateaheavyprojectileweighingmorethan

SeVeralhundred80fmilligramwithoutchanging

initialStateOftheflyermaterialssucha8initial

temperature,almOStconventionaltwolStageligh七一

gasgunsarelimitedtolaunchatvelocitiesless

than7kms~l.wedevelopedacompacttwo･Stage

light-gasgun,Whichcouldaccelerateaprojectile

weighing0.6gramliptO8.9kmsl.u8inghydrogen

aSadrivergas,havingthetotallengthof12m8).

Inthi8WOrk,weperformedhypervelocityimpact

experimentsofthreeBteelsattheroom

temperatureinthevelocityrangeof3-9km8-Iby
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usingthisgun.ThepurposeofthiBStudyisto

examinethedifferencesirLSPallbehaviorofthree

kindsofsteelexperienceddynamicloadings.

Numericalsimulationsusinghydrocodewerealso

performedtoinvestigatefracturemechanism.

2.ExperimentaJandNurnericalSimu一ation

Impactexperimentswaremadebyusingthe

two･stagelight･gaBgunn. Theimpactvelocity

wasmen"redbyMagnetoflyermethodn.

Polycarbonatewasusedastheprojectilematerial,

andasmallmagnetwasembeddedintheSabot

forprojectilevelocitymeasurement.The8aboti8

ll.85･mmindiameter,anditsm888Variedfrom

0.6gto1.7gbyvarylngitslengthfrom4mmto

12mm,respectively.The8ample8usedwereSSIIOO.
SUS304,andSCM440:SS400SteelisaferriticSteel,

whichhasamicroStruCtureC.On8i8tingofa

dispersionofcementiteparticlesembeddedinferrite

particles,SUS304isanausteniticSteelwhichhas

fccstructure,andSCM440isaSteelquenchedat

850K.Chemicalcompositionandmechanical

properties0fthe8eStee18arelistedinTableI.The

targetSizewas70mmindiameter,and20mmor

30mminthieknes8.Afterimpact,thetargets

warerecovered,Sparkcutjustacrossthecrater

center,polished,andsometimesetchedbylOICm3

cone.rLitricacidin90･cm･lethanol801ution.

MicrostructureandmicrodamagesWereexamined

usingopticalmicroscopyandscanningelectron

microscopy,andthespalldiameterwasmeasured.

Atwo･dimensionalhydrocode,AUTODYN･2D

(CenturyDynamicsInc.).wasusedtosimulate

impactphenomena.TheEulerianframeof

referencewasappliedtocomparethegeometric

spallbehaviorsandinternalfailure8Withthe

experimentalreSult8.Mie-Grunei8enformofthe

8hockHugoniotequationorstateWasappliedfわr

allmaterials.MaterialStrengthmodelsfor

projectilewere888umedtobehydrodynAmiC,and

theSteinberg･Guinanmodelwasappliedforsteels.

BecausematerialpropertiesorSteinberg-Guinan

modelforSS400andSCM440arenotreported,

thoseofSUS304andSS21-6･9Steelwereused,

respectively.Initialden8itiesforeachsteelwere

derlnedbythose)istedinTable1.Weusedafailure

model,inwhichthematerialfailureoccur8bya

hydroBtatictensilestreSS,a8aSpallfracture

criteria.Thespallstrengthwasdeterminedby

changlngyieldstressinordertoreproduceaspall

diameteratthemaximumimpactvelocityforeach

eteel.

3.ExperimentalResultsandDiscussions

PDliBhedandetchedcrossSeCtionBOf30･mm

thickSS400targetimpactedAtdifferentvelocities

areShowninFig.1.Thedepthanddiameterof

craterweredependentonStronglyimpactvelocity

and8abotthickness,respectively.Attherear

surface,spa)1fracture,whichthediameter

increasedwithincreasingImpactVelocity.was

observed.Acraterdepth,acmterdiameter,a

maximumsp811depth,andaSpalldiameterof

SS400impactedat8.8kms●lwitha4･mmthick

sabotwereILO,25,8,4.9,and50.0mm,

respectively.Therewerecracksparalleltothe

impactdirectionoftheprojectileaswellaSthose

extendingfromthecraterSurfaceintothetarget

belowthecrater.Itisalsofoundthattherewere

radialcrackseSpeCi811yintargetsimpactedathigh

velocityabove6kms'-.Alloftheimpactedtargets

etchedShowedacrescent･Bhapedwhiteregion

Table1Chemicalcompositionandmechanicalproperties0fSteel8used

SS400 Fe-0.IC･0.05>P･0.05>S
SUS30LI Fe-0.08>CII.0>Sil2.0>Mn-9Ni-19Cr
SCM440 Fe･0.LIC･0.7Mn-1.0Cr･0.25Mo
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ss4005.8bns･1 scM4405.8kms･t SUS3045･6km s･I

sUs3047.4kms･lFig.2PolishedandetchedcrossSectionsofthreeBteelsIKinds0f
Steelandimpactvelocityareshowedaboveeachphotograph.Linesaredrewinordertoc

omparethe8ize80fcrescent-Shapedreg

lOnObservedatbothofSS400andSCM440･Fig.3SEMimages0f8pallfractureplaneoreachsteel.
(心 SS400,atthecenterofSPallplane.(B)SS400,attheedgeorspa)1plane

.(C)and(D)SUS304･(E)and(F)SCM440.nece

ssarytOOptimizeyieldstrengthforeachmaterialinthecalculationusingSteinberg･Guinan

modeLWealsocalculatedbulkfailureregions

0fSS400Steelat50psafterimpact.TtwasClear

thattherearemanybalkfailurereglOnSbelowc

rater,Whichseemtobecracksorthetargetrecov

ered,inthecaseOf1.1GPa,butafewbulkfai



Fig.4Effects0ryieldstressonSp811diameterandspall

streng thorS SIOOsteel.
Thesoli dlinewasobtained

u8ing8yie ldStressOf2 40MPaand88pallstrength

of1.5GPa.whiledashedlinew88Obtainedusinga

yieldStressOf503

MPaAndaspallstrengthor1.1GPa.SO劇

30孤叩ELuJJqeut岩lLdS ¢70x20mm

taqet411.85x4rrlrTl耶血ot●SW 叩catc(-1.1GPa)pSUS30

4叩I.･･･････ Cah=(･2.7GPa)▲SCM440o】中cab:(･2.1GPa.了 ..■･･●lトー一一l●●●■l●●●●●●■ _■一一一●･●-iーノ ノ-
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●■●II .▲●0.0 1.0 2.0 3.0 4.0 5.0 6

.0 7.0 8.0 9.0 10.0lmpctVelocityIkm

･IllFig.5Relationsbetweenspalldiameterandi
mpactVel∝ityforeaChsteel.Sp811Strengthw88

derlnedtobe1.1GP8.2.7GPaand2.IGPafo

rSS400,SUS304andSCM440.respectively.SUS3

04AndSCM440wasdefinedtobe2.7GPazlnd2.)GPa

byusingavalueof410MPaand830MPaforyie

ldstrength.respectively.Theobtainedvalueor

spallstrengthforSUS304issmallerthan3.0GPa

reportedbyD･J･Steinberg… ･Thespalldiameterofeach8tee18taSa

meimpactvelocitywasnotproportionalt08pa

llstrength,aridSUS304Steelhaveahighcr叩all

StrengththanthatOfSCM440,butanimpact

velocity,whichthesp也llStartstOoccur,Was

lowerthatthatorSCMJIJIO.ThisWouldbeduetodifferenceinfracture mechanism.4.60n

GlusionSpallbehaviorsorSS400,SUS304,and

SCM440athigh impactvelocitiesParticularlyabov

e6kms-1areWellreproducedbyusinghydrocode

c



strength.Perfectspallfractureoccursatallover

thearea,inwhichmaterialsreachtostresslevel

necessaryforbrittlefracture,inthecaseofSS400

andSCM440.TheSpallStrengthofSUS304steel,

inwhichtheductilefractureisdominant,Willbe

relatedtoaStresslevelnecessaryfornucleationof

voids,andgrowthandcoalescencestages(perfect

spallfrACture)willneedmuchmoretensilestress

orfractureenergy.ltwillbenecessarytouse

diLrerentfracturemodelBforeachSteel,whichspall

fractureformAtionoccursbydiLrerentmechanisms,

incalculation8usingAUTODYN･2D.
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