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Failureofceramicsduetoimpactloading

WingCheng★,K.C.Jin**,andShigerultoh***

FailureofceramicstOimpactloadingwasinvestigateddeterministic811yuSlngquaSi･8tatic

finiteelementanalyBiBandtheoryoffraCturemeChnicS.ItWASdemonstratedthatmultiple

cracksWereinitiated,however.notallcrackswouldpropagate.ModeIIfracturedominatedthe

fractureconoidwithinthecontactzonewhileModeIdominatedout8idethecontactzone.From

theanaly8e8,theforceversuspenetrationcurvewasderivedandappliedtoAballiSticdesign

programwithwhichtheballisticperformanceofceramicpanelscouldbedetermined.

1.lntroduction

Thehigh compressiveStrengthofceramicshas

madeitapotentialmaterialforlightweightarmor

ByStemS.Ceramicshasbeenusedinconventional

armora8Wella8hybridarmorSystems.Thesubject

ofthisStudywasthecaseofaductileandsharp･

noSedprojectilewhichmaybedefeatedbyplastic

deformationofthetipresultinglnalargercontact

surfacewhenimpactingaceramictarget.

Quasi･8taticfiniteelementanalyBi80fAnela8tic･

plasticbodycontactwasusedtoapproximatethe

phenomenonwhenAductile8hrp･no8edprojectile

impactedaceramicpenaLTheextentoftheplastic

deformationintheprojectile(fromSharptoblunt)

waspredictedbytheanalyBiB,however.theamount

ofanydefeatedmaterialwasnotSeparatedinthis

staticanaly8i8Sincethefailureofthismaterialis

adynamicprocessandwasnotCOnSideredinthis

Studyandreservedforfutureresearch.

ThepurposeOftheanalysisreportedherewas

two-folded.First,itw88tOObtainabetter

understandingofthefailuremechanismsof

ceramicsWhenimpactedbyaductilebutsharp-
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noSedprojectile.Itwasa88umedthatthis

relationshipi8SimilartotheBtaticindentation

forcerelationshipinprinciple.Suchrelationship

wasincorporatedintoadesignprogram ll]

formulatedbasedonanequivalentenergy

dissipatedsystem【2,31.

Oncetheprojectilewasdefeated,itresultedin

alargercontactZoneaSWell88manyfracture

conoids,Moreover,eachfractureCOnOidpropagated

atadifferentvelocity(dynamically)AndAdiLrerent

time(i.e.innerconoidoccursearlier).Thefracture

proce8BiSVeryCOmplexinnatureAndiSdynamic.

Tounderstandthi8Phenomenon,A8erieBOfqua8i･

StaticfiniteelementAnaly8e80fmultiple･crack

SyStemswereemployedusingtechniquesderived

fromfracturemechanic8.Abrittlefracture

mechanics-basedprogre88ivefailuremodelwas

developedtopredictinitiation,location,and

directiona8WellaSpropagationofmultiplecracks.

ItwasfoundthatModelldominatesthefracture

conoidsinsidethecontact2;One,andModeI

dominatesthefractureCOnOid(neglectingwave

effect,onlyonemajorconoid)outsidethecontact

2iOne.Therefore,ifthepropagationSpeedthrough

thethicknessoftheoutsidefractureCOnOidisfaster

thanthedefeatedprojectile,thefractureconoid

maybeSeparatedfromthearmor(complete

penetration).

2.Materials

TheceramicusedinthisStudyisalumina
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porcelain(90-95%Al20,).Thematerialconstants

arel47

Young'8Modulus(Et) =53Ⅹ106pSI

Pois80n'sRatio(n) =0.3

Density(d) =3.0Ⅹloll1b･sec2/inI

CompreBSiveStrengthfYc) =5.8Ⅹ106psi

TensileStrength(Ⅹt) =4.35冗101pst

Tnadditiontotheseproperties,thedensityof

thesteelprojectileis0.00071b･SeC2/in1.TheYbung's

modulu80rtheprojectileiS30Ⅹ106psi;itsradius

andlengthis0.4''and0.9",respectively.

3.ccramicfailuremechanisms

Experimentsshowthattheceramic-fracture

conoidsarerelativelyindependentofimpact

velocitybecausethesameconoidsalwaysoccur

overtheimpactvelocityrangeofintereSt【5,6】.One

conclusionwhichcanbedrawniBI.hatthe5.8Ⅹ

106psi(40GPA)compres白iveyieldStrengthofthe

aluminaceramiC仏120.)issuWICienttodestroythe

tipoftheprojectileinthe丘rst10psl7】.Thisallows

agreatersurfaceareatocontactthearmorand

thereforetheprojectileenergycanbemorerapidly

disper8ed,whichwouldbepossiblewitharrnor-

grade8teels,butnotaluminumormildsteel.A

simplificationispoB8ibleiftheforce･defeated

materiallengthrelationcanbefound.Inorderto

studytherelation,anaxisymmetricfiniteelement

modelisanAly2:edwiththeABAQUSgeneral

purposefiniteelementprogram.Theanaly8iS

consideredacircularceramicthatispushed

transverselyatthecenterbyasharpindentor;

SeeFig.1.Theceramicandtheindentorareboth

modeledasdeformablebodies.TheaxISymmetric

finiteelementmodelisdemonstratedinFig.1.
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00DEペ氾STEPINCRm瓜m 24Fig.1Finaldeformedgeometr

yofastaticindentationproces8 Theradius

andthickness0ftheceramicis1.81'and0.9

●●,re8peCtively.Theindentorisgivenamotioninthe-ydirectionbypre8Cribingaspecif

icdisplacementatthetailoftheindentor.The

Analysis,b

eingnonlinear,isconductedinanincrementalm

anner.Thus,inthefollowinganalyses,theanaly

Be8areperformeduntilthepointedindentorbecome

sfht(山11ycontactwiththearmor).Umderthe

pressingactionoftheindentor,boththeindentor

andceramicsdeformedprogressivelyandasshow

ninFig.1,theindentorexperiencedAtremendoousdeformation(fromSharptoblunt).

Atthatinstant,themaximumprlnCIPalstress

areallcompressive.Sincethecompressivestrengt

hofthealuminaoxide(Al20｡) iB5.8Ⅹ106,noco

mpre88ivedamageoccursintheceramics.flowev

er,thereiscompreB8ivedamageattheimpactreg1

0nOftheindentorasthestressesexceeditscom

pressivestength(I.5Ⅹ10SpSi).Inotherwords,iti

snaturaltoseetheindentorbeingdefeated(b

reakingofrthepoint)whenpushedintotheceramics.

Unfortunately,theamountofthedefeatedmateria

liSnotreflectedfromthisquasi-staticanaly

sis.An alternativeapproachSimilarto【1】i8tO

findtheforce･displacementrelationofthisenergy

di88ipatingSyBtem.Thecontactforceversusindent

ationdepthhaBbeenrecordedbasedontheaboveanalyses.TheresultsareShownin
Fig.
2
.
Apolynomi且Icurve丘ttingisalsoshownin

thepicture.
Thiscurveca n



4.HultipJecracksystems

Knowiedgeofthe8treS8e8Whichdevelopinthe

ceramici8importantinunder8tandingtheon8et

Andpropagationofthebrittlefracturetobe

evaluated.AsimpleconstitutivemodelthatWas

usedtode8Cribethefracture(initiationand

propagation)oftheceramicincorporatedthe

followinga88umptionBandprinciples:(1)fracture

isimitiatedonsurfaces;(2)thecriterionforfracture

initiationwasamaximumpnnctpalstre88greater

than43.5k8ioftension,thecrackdirectionis

a880CiatedwiththeprincipalBtreSSdirection;(3)

thestrainenergyreleaserate(G)8880Ciatedwith

thenew(longer)crackgeometrymustbechecked.

Ifthenewaforthenewlyformedcrackexceed8

theoriginalG(initialShortercrack).crack
propagationwa島pOBSible.ThisCrackpropagation

wasalloweduntilGfellbelowtheoriginalG

(fk･acturetoughneBS);(4)iftheprojectilehasbeen

defeatedbeforefractureSpa88throughtheceramic,

morecircumferentialfracturesWillbegenerated

duetomorecontactarea;(5)themultip)e

circumferentialcrackswillcompetewitheach

otherbasedonthedrivingforceofeachcrack;(6)

acompletepenetrationoccurswhenacertain

conoidunderneAththeprojectiledropsout(&acture

passesthrough thethickne8S).Requirements(4)-

(5)havetobecheckedeachtimebefore(6).

Theinitialfiniteelementmodel(withoutcracks)

arLdtherigidpointedprojectileiSusedto8imulate

theinitialcontactwithoutdefeatingtheprojectile

tipasdemonstratedinFig.3.Sincetheceramic

isllSuallystrongincompressionandweakin

tension,itisveryeasytoobservetensilecracksin
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DIINCRZm 9Fig.3Deformedgeometryofceramicsw
ithacracksize(a.)atthecontactSite. Cer&

m)CB.Analy8isre飢lltSindicatedthzLtCrackswouldbei

nitiatedatthecontactsite.ThedisplacementOfthe

projectile(0.0021')iBtoo8mallandcanbeneglected(i.e.thecracksWillinitiateattheinstant

theprojectileandtheceramicsareincontact).Th

edirectionoftheseCracksi8betweenO0-400.1nreality,manycracks(rangingfromOointhecen

terlinetoaSpecificangleAWAYfromthecenter

line)willexistatVariousOrientationsduetothep

ointedprojectileandthebrittlenatureofcer

amics.Figure38how8thatafractureconoid

developsat.thecontactSitewithanorientation30

0totherightofthecenterline,aSObtainedfr

omtheanalyslB.Theinitialcracklengthi8a.,th

ecalculatedtotalGi80.01431b･in/in2atproj

ectiledi8plaCementequalto0.002■'.Thecrackclosu

retechniquel2】wasusedtocalculatetheGla

ndGH.ASubroutinewasdevelopeda8apost-prOCe88

1ngSteptOca一culatetheStrainenergyrelease

rateGi.Alongercracksize(a.)WASusedfortheS

ameprojectiledi8placement(0.002"),thenewGfor

thisnewlyformedcrackiB0.OILlb･in/in2,wh

ichis8mallerthantheoriginalG(0.01431b-in/in2

)whenthecrackSizei8a｡.Therefore,thecrack

wouldnotpropagateWhentheprojectiledoe8n'

tpushfurther.A8tAblecrackgrowthi8Seenatthi

sstage.Theactualfractureoftheneighboring

2:Onei8governedbythecrackpropagatio

nvelocityandtimee18p8ed(i.e.dynamicproce88).A

8y8tematicqua8i･8tAticanalysisiSusedtounderstan

dthemechanismbehindthedynamicprocess.TheadvantageOftheceramiciSitshardnessproperties.

Itcandestroytheprojectiletipinthefirst10ps

.Thisallows8greaterSurfacetocontactthetar

getandthereforetheprojectileenergycanbe

morerapidlydispersed.Moreover,the

proce88i8a8tablecrackgrowthStagea8Stated

above.Therefore,iti8morelikelytohaveagreaterC

OntaCtareabetweentheprojectileandthetarget.

Adifferentprojectile(rigid)8hapei8usedtosimulatetheprojectilebeingdefeatedafteracer

tainperiod.InordertoBatiSfythecriterionofcr

ackinitiation(Le.themaximumtemSilestre8SShouldbegreaterthan



Smallwhencomparedtothethickness(0,9'')ofthe

target,soitcanbeneglected(i.e.theadditional

CrackwillinitiateOntheedgeortheprqjectile

(contactsite).808nadditionalcrACkwiIIinitiate

attheedge.Iti8concludedthatduringtheprojectile

defeatingproce8B,moreCOnt8Ctareai8being

generated(i.e.morecircumrerentialcracks8tthe

edgeso∝urredwhentheprt)jectilebeingflattened

out).Thecrackorientationi8Obtainedfromthe

prlnCipa18tre88directioncontours0fanumberof

elementsinthevicinityorthecontactedge.The

angle(orientation)isdeterminedtobearound一oo
totherightofthecenterline.ThereEbre,thereare

manycracksrangingfromOotoJIOounderneath

thecontactarea.

InordertoSimplifythemultiplecmck

propagation8y8tem,Onlytwocracks(innerand

outer)aredemonstratedtosimu18tethedifferent

fracturebehaviors(modes).TheyareShownin

Figure4.Theinitialcracklength80fbothcracks

Area..thecalculatedtotalGfortheinnerandouter

cracksare0.2321b･in/inZand21b･in/in2.

respectively.ItShouldbenotedthatGl(ModeI)of

bothcracksareZero(bycrackclosuremethod),

whichmeans0rLlyModeIIfracturei8 βeen

underneaththecontactArea.Moreover.the

fracturetOughne88(G)ofModeIIisusuallyone

orderofmagnitudehigherthanModelformost

materia18,thereforeiti8moredimculttoseeMode
IItypecrackpropagationinArealSituation.
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P1INCRかl正NT9Fig･4Deformedgeometryo
fceramicsWithacentercrack(I)
Andacrackatco

ntactBite(2)However,8inceapPrOXimatedva

luesoffraCturetoughneSSforModesIandIIareknown,Only qualitativephenomenacanbeextra

ctedfromtheseanAly8e8.Thatis,theGoftheout

ercrack(21b-in/inZ)i8OneOrderhigherthanthei

nnerone(0.2321b-in/in2). Therefore,ifcrack

propagationispo88ible.theoutercraCkwillpropagat

efaster.Also.ModeIfracturehasBOmerelationto

theangleαoftheprojectileshape.ThismeansWh

enqi8greaterthanaSpecificangle.theopem

ngCOmpOnentOfthecracktipexiStS,Whichresultsi

nanonzeroGl.Thisphenomenonwillbedi8Cu8

8edagainlaterwhenthesidewallortheprojectileconta

ct8theLargeLttisassumedthattheprojectile

continuestobedefeatedbeforefracturepa

88e8through theceramics.Moreevidencei8required

toverifythatthefractureisactuallyunderstab

lecrackgrowthprocedure.lftheoutercrackisl∝&

tedjustinsidethecontactarea(i.e.,moreprojectil

em8terialbeingdefeated),thetotalGi8droppedfrom
21b･in/in2too.2481b･in/in2.Thisindicatesthat

aStablecrackgrowthi8Observedwhenacrac

ki8in8idethecontactregion.Moreover,theGl(open

mode)i82:erOduetothe8tre8Se8Withintheconta

ctareaareallcompre8Bion.Whenconside

rablydifferentprojectileShapeisu8edfor8imu)a

tingcontinuousdefeatoftheprojectile,thecal

culatedtotalGcontinuesdroppingto0

.1391b･inJin2.ThelargestCOntaCtareaO∝urSW

henthecontactedgei8thesidewalloftheprojecti

le.Themaximumprinclpa18treSSCOntOur8areillustr

atedinFig.9.ThecriticalStreSSeSarelocatedon

theedgeoftheprojectile(contactSite)andbacks

urface(bendingcrack)･Thebendingcrack(radial

crack)willtrytopropa卵teupward.Inaddi

tion,thecrackorientationatthecontact8ite(edge

)iBdeterminedfromthepnnclpa18tre88direction

contourofsixelementsaroundthecontact

Site･Theangle(orientation)isfoundtobeabout60

血totherightofthecenterline･TheShearcom

ponentplaysanimportantroleofpositioningthecra

ck80nthefreesurfaces･Theorientationis45o

inapureShearcaBe･Therefore･inthegraphicalb

alli8ticdesignpro肝8m,theorientationi8Simplifiedanda8

8umed一obe450.TherearefourmaJO

rCrack8yStem8representingthebrittlefractu

rephenomenaofceramicsaSShowninFig･5･They

areCategorizedKayakLJG8kbisM･Vol･63.No･6.



TDJECOhdnETD JN価 STロl+I.000El伽

TOTALACCuJULATEDThdE+1.(馴 STEP1NCR姐 汀p

Fig.5Deformedgeometryofceramicswith
rourmajorcracksystem (ashort
outsidecrack).

into:(1)thecentercmck;(2)Cracksllnderneath

thecontactarea;(3)theoutsidemajorcrack.,and

(4日hebendingcrack(SeeFigure5).Theinitial

crackSizeof(2)isassumedlongerthan(I)because

ofthepreviou8COnClu8ion(i.e.,theGortheouter

crack(2)isoneorderhigherthantheinnerone

(I),sotheoutsidecrackwillpropagatelongerもhan

theinsideoneevenirthecrackgrowthisStable).

ThecalculatedG(G]&GH)ataprojectile

TabJe1Calculatedstrainenergyreleaserateof
cracks(I)-(4)atprojectiledisplacement
of0.0051'(shortoutsidecrack)

Stmin Center(1) Under Outside Bending(4)Energy ProjectileProj
ectileReleaseRate

(2) (3)Gl
0. 0. 0. 0G∫l 0.345 10

.22 9.36 6.0旦_G(GI+GJl)

0.345 10.22 9.36 0.03displacementofO.005■'

isglVeninTable1.Itisobviousthatthestrainene

rgyreleaserateOfcracks(I)and(4)aremuch

smallerthncracks(2)and(3).Therefore,itisrea

sonabletoa86umethatthecracks())and(4)w

ouldnotpropagateatall.Moreover.ifthecracks

ystems(2)propagate,theywillpropagateinModeII

manner･ltisinterestingLonotethattheoutsidema

jorcrack(:1)hasalargeG,()6.71b-in/in2).wh

ichiscausedbythecrackcontactingthesidewall(

α=900)ortheprojectile･Thecrackopening(ten

sile)StressconcentrationresultsAroundtheouts

idemajorcracktip.-392However,theinsidec

racktipsaredominAtedbycompression.Therefore,it

i8morelikelytoSeetheoutsidefracture(Mode

I)propagatingmuchraSterthanthe

innerfractures(Modell).Theoutsidemajorcra

ckisextendedtoAlongersize(largerthancracks(

2))tosimulatetheraStercrackprop叩ation.The

Strainenergyreleaserateattheprojectiledisplace

mentequals0.0051'rorallcracksystemsWhichar

epresentedinTable2.Itisnotedthatthestraine

nergyreleaserate(Gl&T8ble2Ca)culatedstr
ainenergyreleaserateofcracks())-(4)
atprojectiledisplacementoro.

005叩(mediumoutsideCrack)Strain Center(1) Under Outside Bending(4)Energy ProjectHe ProjectileR

eleaseRate (2) (3)G

】 0 0. 2.5 0Gll 0.35 5

.74 1.54 0.035G(Gl+GIJ)0.35 5.74 4.04 0.035

GTT)ofcracks(2)and(3)hvebeenreducedbecaus

etheboundaryCOnditionshaveChanged(i.e,

alongeroutsidemajorcrack).Thereft)re,both

crackSystemspropagateinaStablemanner.This

Canbeverifiedbycontinuingtomovethepr

ojectiledownward.ThecalculatedG(G.aGll)

attheprojectiledisplacementequals0.0061.an

di8providedinTables3.TtleStrainenergyrele

aseratesorbothcrackssystems((2)and(3))sho

waTable3Calculatedstrainenergyreleasera
teOfcracks(1)-(4)aLprojectiledisplacement

of0.006'.(mediumoutsidecrack)

Center(I) Un

derProjectile(2)0. __｣!.0.45 8.77

0.45 8.7｢ 46.28tremendo118increase,buuhe

maximumprojectiledisplacement(0.01'■)is

stiltverysmallwhencomparedtothetargetthicknes

s(0.9■')･1naddition,theGT(openingmode)oft

heoutsidemajorcrackincreaSeSVeryrapidly(i.

e,itwilltrytopropaga



specificprojectiledisplacement).Thestress

concentrationbehaviorofthecrackshas

cmphBizedthismostimportantun8tAb]eModeI

crackpropagation.

Next,8muchlongeroutsidemajorCrackis

illustratedinFig.6toSimulatetheunstableMode

Icrackpropagation.ThecalculatedStrainenergy

rele88erate(Gl&G(-)AtaSpecificprojectile
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Fig.6Deformedgeometryo
fceramicsWithfourmajorcr

ackBy8tem(8longoutsideeraCk).T8b

le4Calculatedstrainenergyreleaserateofc
raCks(1)-(4)atprojectiledisplacementof0

.006'1(longoutsidecrack)Strain Center(1) Under Outside Bending(4)Energy PrqjectileProject

ileReleaseRate (2) (3)GⅠ 0. 0. 115.4

0G]] 0.113 1.026 85.6 0.126G(Gl+Gll) 0

.113 1.026 201,0 0.126displacement(0.006●■)iss

howninTable4.ComparingtoTable3,iti8Clea

rthattheoutsidemajorcrack(3)isunderanunstab

lecrackgrowthproce88(Gincreases),butcracks(2)areinastable

growthprocedure(Gdecreases).Averyhigh

tensileBtreBSCOnCentrationisconrlnedtoth

eoutsidemajorcracktip.SincetheG-(115.4

1b･in/in2)drivingforceissohighforthecr

ack(3)tip,iti8verylikelytopa88throughth

etargetthicknessresultinglnadropoutorthef

ractureconoid.Thisisduetounstablecrackgrowth(ModeI)of

theoutsidemajorCrack. Fina11y,themulti

plecracksystemscanbe
drawnSChematicallyinFig.
7whichshowsthe

crackpro pagatio nphenomenonint hismultiple

cracksystemasfollows:(theinnercracksare

alwayspropagateslower(shorter)thantheouter

one8).
Also,t
h econtactforceiBreducedwhenthe

outsidemaJOrCrackextendstoalargerlength,
SeeFig.
8
.

示

､

Fig.
7SchemAtic白Ofamultiplecracksystem.
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Fig.
8Cont8CtforceverBuSi ndentationdepth
withdifferentoutsidecracklengths.

5
.
Otherimpactdamagemodes

Themostgeneralfeaturesofprojectileimpact

damage(circumferentialcracks)onceramic

targetsaredescribedintheprevioussections.
Moreover.
(1)bendingcracks(radialdirection)will

generatefromthebackface;and(2)compreBSion･

typecracks(Mi8eSBtre88)willintroduceunderthe

contactareaifthereiBabackupplateundemeath

the(:eramiCarmor.
ThesetwoOtherdistinctfわrms

ofdomimntfractureareradial(bending)and

compre88ion(Mi白esStress)cracks.
Radialcracks

arelessimportant(notpropagatingbecausethe

circumferentialcracksaredominantinthe

previouscase).
Radialcracksinthebottomsurface

tendtobe
comedominantiftheceramicsarethinenough.Them



thatareStronglnCOmpre88ionareu8uallyweak

intension.Thishasledtothedevelopmentof

compositetargetsinwhichaceramicfaceplateiB

backedupbyamaterialthatCanre8iStfailure

fromtensile8tre88eS.Thi卓reBult8intheprojectile

penetratingtheeeramie88lowlyiandthematerials

underneaththecontact2:Onehavefractureddue

tosqueezingactionbetweentheproj即tileandback

upplate.Mi8e$Stre8SiBu8edtoevaluatethistype

ofcompre88ionfailure.

Twotensile(circumferential)cracksOutsidethe

′) Fiど.9Max

imumprlnClp818tre8 8distribution

ofcerarni cSWithoutsidemaJOrCracks
8ndacompre88ioncrack(

Bymbol◎･①).contactareaandACOmpreSSioncrack

(Symbol◎･① inFig.9)i8illustratedinFig.9.TheMi8eS･

typefailurecanbederivedfromthecriticalMiseS

reglOnOftheMiSeSStre88distributionofthi8

multiplecrackSy8tem.
Thecontactforcever8u8

indentationdepthrelationofdifferentcracking

systemi8plottedinFig.
10
.
Therefore.t
heactual

contactforcewillswitchfromthecurve(n o

(qD
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Fjg.
TOContact forceversusindentationdepth

ofceramicsWithtensileandMises
failures.

fracture)tothe one(tensilefracture),an
d80forth.
lrwe8lowlydeactivatethematerialpropertiesin

thecriticalMi8e8Area.t
henthecurve(MiSe8and

tensilefracture)88ShowninFig.
10wi11StarttO
leveloffandmaycontinuedropplnga8more

materi818Arede8Ctivated.
FutureresearchShould

beConcentratedinthi8area.

6
.Adualpanelexample
AlthoughtheapplicationoftheAnalysisof

separatetargetplatesi8Straightforwardfor
determiningthepenetrationcharaCteriStic8【1】,
i
.
e
..
themodeliBappliedtoeachplateSeparately
inSuCCe88iveorder80thattheresidualvelocityof

theprojectilea一terperforatingthefirstlayer,
become8theinitialimpactVelocityfortheSecond

layer.
ItiBinterestingtoperform8mexampleto

predicttheb811i8ticperformanceOfakevlar/

ceramic仏120}
)dualpanelinthedesignprogram.
TheinitialvelocityortheFSPprqjectilei86,
217

ft/Bee(74.
600irL/SeC).
ItslengthAnddiameteri8

I
.
077'-and0.
877"
,respect
ively.
Ataperreg10n
(projectiletip)i8extendedfromlengthequa180.
913"

tothetip.
Also.t
hediameterofthetipiBOAOr.
Thefirst paneli881.

75●●thickkevlarlaminat
e,theSecondpaneli881.5●●仏1203)ceramicp

anel.Forthefirstpanel,punchingSheardamageisthe

onlydamagemodeA8inll],thepunchi

ngShearStrength(S')i8equalto40kSi.Th

efinalpenetrationofthefi

rstpaneli8demonstratedSChemAticallyinFig.1I.Theresidualveloc

ityoftherlrStPanel



topenetratetheFirstPaneL

TheexitvelocityfromtheKevlarpanelwasused

astheinitialimpactVelocitytotheceramics.The

defeatedprojectileandtargetfailureAtthefhAI

stageisillustratedinFig.12･Theultimatefracture

wasassumedtoinitiateandpropagatethroughthe

ouTSDETENSIONFRJkCTUREOCCURS.

Ttha(SEC)
0.2500eJ)5
INCREMENT
25
DEFEAT

LENGTH(rN)
0.1043
nqTIALK.E.
0.5409E+06
FINALK.E.
0.I534E+06

｢ ノ

PROJ.VELC(IN/SEC)
BASE
28464.
hdDJ)OIm
28464.
TP-lJ
28464.
TIP
28464.

Fig.12Finalfracturestageat2nd(ceramic)
pane1-8t2.5psec.

thicknessWhentheprojectileStartstObouncebck.

ThefinalresidualvelocityiB2,371fu8eC(28,460

in/8eC).Itisconcludedthattheprojectiletipi8

de8trOyedwithin2.5micro･Second8.TherateOf

projectileenergylossincreA8eBASthe8urfacearea

oftheprojectileincontactwiththetarget

increaSe8.Thisisduetothehighcompressibleyield

strengthoftheceramiC8.Thetarget(ceramics)

ab80rbSapproximately70%oftheprojectileenergy,
whichcanbeeasilycalculatedfromtheresidual

kineticenergy.

7.Conclusions

Thecurrentinvestigationdemonstratedthe

complexityofceramicfailuremechanicsand

models.Severalimportantconclusionscanbe

drawnfromthisStudy.(1)Theprojectiletiphas

beendefeatedbeforepenetratingintotheceramic

(duetohigh compressivestrengthofceramics).

(2)Abrittlefracture.mechanicsbasedprogressive

failuremodelwasdevelopedtopredictinitiation

locationanddirectionaSWellaspropagationof

multiplecracking8yStemS.(3)Thefractures

insidethecontact芝oneareModeIIdominant;but

thefracturesOutsidethecontactzonearemostly

ModeI.Modeicrackspropagatemuchfasterthan

Modellcracks.(4)Bendingcracksaremostly

initiatedonthebottomSurfaceandpropagatein

theradialdirection.Compre88ioncracksoccur

betweentheprojectileandthecerAmiC与,ifthereis

abackupplate.

Finally,aballiSticdesignprogrampreviously

developedforcompo8iteStargetsWasmodifiedto

accommodatetheAbovemechani8m8andwa島

appliedtoapureceramicArmorSyBtem.The

resultingprogramdeliveredanextremelyfastand

relativelyaccurateSimulationofelapsedtimeand

projectileresidualvelocity.AndiBu8efulfor812lng

ofarmorsy8temB.
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