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  Abstract:Dynamiccylindricalcavityexpansionmodelanditsapplicationtopenetrationproblemswere
studied.Bothincompressibleandcompressiblebilinearstrain-hardening materialmodelswereconsidered.
First,solutionsfordynamiccylindricalcavityexpansion(DCCE)areobtainedintermsofthevelocityofplastic

wavefront,radialstressdistributionandstressonthecavitysurface.Theinfluenceofmaterialpropertiessuch
ascompressibility,elastic-plasticconstitutiveequationsandplasticmodulusisdiscussed.BasedontheDCCE
models,penetrationequationsarethenconstructed.Comparisonwithexperimentalpenetrationdatashowsrea-
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lushaveconsiderableeffectsonthedynamicscavityexpansionanditsresistancetopenetration.
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1 Introduction
  Anunderstandingoftheresponseofstructuressubjectedtointensedynamicloadingswhichpro-
ducelargeplasticdeformationandfailureareofgreatsignificanceforsafetycalculationsandassess-
mentinavarietyofengineeringsuchasaerospace,transportation,navalarchitecture,chemical,nuclear
anddefenseindustry.Inparticular,thepenetrationandperforationoftargetsareveryimportantfor
protectiveengineering.

Cavityexpansionapproximationsareoftenusedtosimplifythetargetanalysesandtoformulate
penetrationmodels.Whilequasi-staticanalyseshavebeenusedfordeep-punchingproblemsinelastic-
plasticmaterialsbyBishopetal.[1],Wrightetal.[2],andSatapathyetal.[3],dynamicanalyseshaveal-
sobeendevelopedinliteraturesofGoodier[4],Forrestal[5],Luketal.[6],Luketal.[7],andForrestalet
al.[8]etc.

Previousmodelsforthedynamicexpansionofcylindricalcavitiesassumedmaterialsaseitherper-
fectlyplastic[9-10]orpowerlawstrain-hardening[7]materials.However,ithasbeenobservedexperimen-
tallythatmostductilematerialsshowelastic,linearplastichardeningbehaviorinthetruestress-true
strainrelationshipbothintensionandcompression.Alinearplastichardeningmaterialmodelisproba-
blymoresuitableforlargedeformationproblemssuchaspenetrationandperforationofductile
targets.

Theobjectivesofthepaperaretwofolds.First,atheoreticalstudyisconductedonthedynamic
cylindricalcavityexpansion(CSCE)fromzeroradiusforbilinearstrain-hardeningmaterial.Then,the
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CSCEisemployedtoderiveequationsforpenetration.Comparisonofthepresentmodelswithavailable
experimentaldataandexistingpowerlawmodelismade.Theinfluenceofmaterialspropertiessuchas
compressibility,plastichardeningmodulusandelastic-plasticconstitutiveequations,ontheCSCEand
penetrationisdiscussed.

Fig.1 Responseregions

2 CavityExpansionModels
  Cylindricalcavityexpansion modelassumes
thetargetresponseisone-dimensionalaxisymmet-
ricandonlyradialmotionisallowed.Acylindrical
symmetriccavityisexpandedfromzeroinitialradi-
usatconstantvelocityvc,asshowninFig.1.This
expansionproducesplasticandelasticresponsere-
gions.Theplasticresponseregionisboundedby
theradiir=vctandr=ct,whereristheradial,Eu-
leriancoordinate,tisthetime,andcistheelastic-
plasticinterface velocity.Forthecompressible
modeltheelasticregionisboundedbyr=ctandr
=cdt,wherecdistheelasticdilatationalvelocity.
Fortheincompressiblemodel,thereisnoelasticwavefront,andtheelasticregionoccupiesr>ct.
2.1 ControlEquationsinPlasticRegion
  FromthemomentumandmassconservationequationsinEuleriancoordinateswithspherical
symmetry,oneobtains

∂σr

∂r +σr-σθ

r =- (ρ
∂v
∂t +v∂v∂ )r

(1a)

ρ [0 ∂
∂r
(r-u)]2 =2ρr (1b)

whereσr,σθaretheradialandhoopcomponentsofCauchystress,takenpositiveincompression;ρ0and

ρarethedensitiesoftargetmaterialsintheundeformedanddeformedstates;uandvarethedisplace-
mentandparticlevelocityintheradialdirection,withoutwardmotionconsideredpositive.Particleve-
locityanddisplacementarerelatedby

v(1-∂u/∂r)=∂u/∂t (2)

Fig.2 Schematicdiagramofstress-strainrelationship
forbilinearstrain-hardeningmaterials

2.2 EquationsofMaterialMechanicalProperty
  Forabilinearstrain-hardeningmaterial,theuniaxi-
altruestress-truestrainrelationshipisshownschemat-
icallyinFig.2whereE1andE2aretheelasticand
plasticmoduli,respectivelyandYistheyieldstress.
Theuniaxialstress-strainrelationshipcanbewrittenas

(settingk=(1- E2

E1
)forsimplification)

σ=E1ε      σ≤Y (3a)

σ=E2ε+kY    σ>Y (3b)

Thecylindricalcavityexpansionproblemsareassumed
asplane-strain,soεz=0.εrandεθaredefinedaslogarithmicstraincomponentsinradialandcircumfer-
entialdirection,respectively.Thelogarithmicstrain-displacementrelationshipis
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εr=ln(1-∂u/∂r) (4a)

εθ=ln(1-u/r) (4b)

AstheassumptionofBishopetal[1],theoctahedralshearstressτnisadefinitefunctionoftheoctahe-
dralshearstrainγnforallstrainstates.Inthecaseofuniaxialstressstate

τn= 2σ/3 (5a)

γn=223
(1+ν)ε (5b)

whereνisPoisson’sratioandforincompressiblematerialsν=1/2.
SubstitutingEqs.(5a)and(5b)intoEq.(3b),then

τn= E2

(1+ν)γn+
2
3kY (6)

FollowingHill[11],weassumethatinplasticregiontheaxialstressisequaltotheaverageradialand
circumferentialstresses,or

σz=(σr+σθ)/2 (7)

whereσr,σθaretheradialandcircumferentialcomponentsofCauchystresstakenpositiveincompres-
sion.

Forincompressiblematerials,εr+εθ=0,then

τn= 6
6
(σr-σθ) (8a)

γn=263 εr (8b)

Forcompressiblematerials,

γn=23 ε2r +ε2θ +(εr-εθ)2 (8c)

Therefore,plasticflowforthecavityexpansionproblemisgovernedbyEq.(9a)forincompressible
materialsandEq.(9b)forcompressiblematerialsasfollows

σr-σθ=43E2εr+233 kY (9a)

σr-σθ= 23E2

3(1+ν)
(ε2r +ε2θ -εrεθ)2+233 kY (9b)

Materialcompressibilityismodelsbyalinearpressure-volumerelation.Thatis
p=(σr+σθ+σz)/3=K(1-ρ0/ρ) (10)

whereρ,ρ0aretheinitialandcurrentdensities,Kisthebulkmodulusandpisthepressure.
2.3 BoundaryConditions
  TheplasticandelasticregionsofresponsearelinkedthroughtheHugoniotjumpconditionthat
conservesmassandmomentumacrosstheelastic-plasticinterface(where,r=ct)

ρ2(c-v2)=ρ1(c-v1) (11a)

ρ2v2(c-v2)-ρ1v1(c-v1)=σr2-σr1 (11b)

wherethesubscripts1,2denotethevariablesinelasticandplasticregions.Itisobviousthatforin-
compressiblematerialsthevelocityandradialstressarebothcontinuous.Onbothsidesoftheinterface
betweenelasticandplasticregions,thevon-Misesyieldconditionmustbesatisfied,viz.

σr2-σθ2=23Y/3 (12a)

σr1-σθ1=23Y/3 (12b)

Ontheelasticinterface
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p=ν(σr+σθ) (13)

CombiningEqs.(11a),(11b),(12a),(12b),(13)and(10)andeliminatingρ1,ρ2,v2,σ2canbedenoted
intermsofv1,σ1,whichisshowninsection2.5informsofdimensionlessvariables.

Furthermore,theboundaryconditionatthecavitysurfaceis
u(r=vct)=vct (14)

2.4 IncompressibleBilinearStrain-HardeningMaterials
2.4.1 PlasticRegion
  WeadoptthesamesimilaritytransformationasCrozierandHunter[9],viz.

ξ=r/ct (15)

andthedimensionlessvariables
S=σr/Y, 췍u=u/ct, U=v/c, γ=vc/c (16)

Thus,withEqs.(9a),(10),(15)and(16)controlEqs.(1a),(1b),(2),canberecastinto

dS
dξ

+4E2

3Y
·1

ξ
(ln1-d

췍u
d )
ξ

+2
/ 3
ξ

k=ρ0c2
Y
(ξ-U)dUdξ

(17a)

d
dξ
(ξ-췍u)2=2ξ2 (17b)

(U 1-d
췍u
d )
ξ

=췍u-ξ
d췍u
dξ

(17c)

Boundaryconditionsforincompressiblematerialsyield
췍u(ξ=γ)=γ (18a)

S(ξ=1)=S1 (18b)

U(ξ=1)=U1 (18c)

whereS1denotesthedimensionlessradialstressonelasticsideofelastic-plasticinterface.Substituting
Eq.(18a)intoEq.(17b),gives

췍u=ξ-(ξ2-γ2)1/2 (19)

FromEq.(19),weget
U=γ2/ξ (20)

CombiningEqs.(17a),(18b),(18c),(19)andEq.(20),weobtain

S(ξ)=S1-233 klnξ+ρ0c2
2Yγ (2 γ2-2lnξ-γ2

ξ
)2 +43

E2

Y∫
1

ξ

1
xln

x
(x2-γ2)1/2dx (21a)

TheintegrationterminEq.(21a)canberewrittenas

∫
1

ξ

1
xln

x
(x2-γ2)1/2dx=-12∫

1

ξ

1
x (ln1-γ2

x )3 dx=-14∫
1-γ2

1-(γ/ξ)
2

lnx
1-xdx=

- (14∫
1

1-(γ/ξ)
2

lnx
1-xdx+∫

1-γ2

1

lnx
1-xd )x =

- {14 dilog(1-γ2)-dilo [g1 (- γ )
ξ ] }2 (21b)

wherethedilogarithmaticfunctionisdefinedasfollows

dilog(x)=∫
x

1

lnt
1-tdt

(21c)

2.4.2 ElasticRegion
  Fortheelasticregion,thedeformationissmall.Then,thesecondorderinfinitesimaltermscanbe
neglected.Thus,themassconversationequationyields

d췍u
dξ

+1
ξ
췍u=0 (22)

IntegratingEq.(22)andrearranginggive,
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췍u=D·1
ξ

(23)

Similarly,thedisplacement-velocityrelationshipis

U=췍u-ξ
d췍u
dξ

(24a)

or

U=2D·1
ξ

(24b)

Inelasticregion,wehave

σr-σθ= E1

1+ν
(εθ-εr) (25)

Ontheelastic-plasticboundary,usingtheconditionξ=1togetherwiththevon-Misesyieldcriterion,

viz.σr-σθ=23Y/3,weobtain

D= 3Y
2E1

(26)

Themomentumconversationequationcanberewrittenas
dS
dξ

+2E1

3Y
·1 (

ξ
췍u
ξ

-d
췍u
d )
ξ

=-ρ0c2
Y ξ2

d2췍u
dξ2

(27)

Attheinfiniteboundary,Smustbeoffinitevalue.Thus

S(ξ)=
3
3ξ2

- 3ρ0c2
E1

lnξ (28a)

alongwithξ=1attheelastic-plasticinterface,oneobtains

S1=233
(28b)

2.4.3 ResponseEquations
  Attheelastic-plasticinterface(ξ=1),thecontinuityconditionU2=U1mustbesatisfied.Hence

γ=(2D)1/2 (29a)

c=vc/γ=vc(E1/ 3Y)1/2 (29b)

SubstitutingEq.(28b)andEq.(29b)intoEq.(21)thestressatthecavitycanbewrittenas

S(ξ=γ)= 23
3 -233 klnγ+ E2

3Y
[dilog(0)-dilog(1-γ2)]+ρ0v2c (Y

3Y
2E1 -12-ln )γ (30a)

or
σr0/Y=A+B[(ρ0/Y)1

/2vc]2 (30b)

whereσr0representsstressatthecavitysurfaceandA,Bareevaluatedbythefollowingexpressions

A= 3 {3 2-kln 3Y
E1

+ E2

3
[

Y
dilog(0)-dilo (g1- 3Y

E ) ] }1
(31a)

B= (12
3Y
E1

-1-ln 3Y
E )
1

(31b)

2.5 CompressibleBilinearStrain-HardeningMaterials
2.5.1 PlasticEquations
  Forthecompressiblebilinearstrain-hardeningmaterials,thedensityρisnolongeraconstant,

whichmeansthattheplasticwavevelocityisalsonolongeralinearfunctionofcavityexpansionveloc-
ityandthecompressibilityequationmustbetakenintoconsideration.ByEq.(15),Eq.(16),Eqs.
(1a),(1b),andEq.(9b)canberecastinto
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dS
dξ

+ E2

Y
1
ξ

(fξ,w,
dw
d )
ξ

+1
ξ
23
3 k=ρ0c2

Y
w3

ξ
d2w/dξ2
(dw/dξ)2

(32a)

S=12
E2

Y (fξ,w,
dw
d )
ξ

+ K
Y (ln dw

dξ
w )
ξ

+ 3
3k (32b)

where

(fξ,w,
dw
d )
ξ

= 23
3(1+ν ()ln

2 dw
dξ

+ln2 w
ξ

-lndwdξ
lnw )

ξ
1/2 (32c)

w=ξ-췍u (32d)

Ontheplasticsideinterface,velocity,stressandyieldcriterionproduces
S(ξ=1)=S2 (33a)

w(ξ=1)=(1-U2)dwdξ ξ=1
(33b)

(fξ,w,
dw
d )
ξ ξ=1

=233 k Y
E2

(33c)

Eq.(14)canberewrittenas
w(ξ=γ)=0 (33d)

TheinterfaceconditionisobtainedinSection2.3,viz.

U2=U1+
(1-2ν)(S1-1/ 3)
3(K/Y-ρ0c2/Y)

(33e)

S2=S1+ ρ0c2
3(K-ρ0c2)

(1-2ν)(S1-1/ 3) (33f)

whereU1,S1 willbegiveninthefollowingsection.Obviously,aboveequationscanonlybesolved
numerically.
2.5.2 ElasticEquations
  Thestraincanbeseenasafirstorderinfinitesimal.Thenthecontrolequationcanbeobtainedby
neglectingthenonlinearitemsofthesecondorderinfinitesimal,viz.

E1(1-ν)
(1+ν)(1-2ν ()

∂2u
∂r2 +1r

∂u
∂r -u2

r )2 =ρ0
∂2u
∂t2

(34)

Theelasticwavevelocityisdefinedas

c2d= E1(1-ν)
(1+ν)(1-2ν)ρ0

(35)

Eq.(34)canberewrittenintothefollowingformswiththesimilaritytransformationanddimension-
lessvariables,i.e.

(1-α2ξ2)
d2췍u
dξ2

+1
ξ
d췍u
dξ

- 1
ξ2
췍u=0 (36a)

or

췍u=
æ

è
çC 1-α2ξ2

αξ
-αξln

1+ 1-α2ξ2
α

ö

ø
÷

ξ
+Dξ (36b)

whereCandDareconstantstobedeterminedand
α=c/cd (36c)

Theboundaryconditionsare
췍u(ξ=1/α)=0 (37a)

σr1-σθ1=2Y/ 3 (37b)

Therefore,CandDcanbeevaluatedthroughEqs.(36a),(36b),(36c),(37a),(37b),constitutive
equationandstrain-stressrelationsinelasticregion.Thus
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췍u= 3
3
(1+ν)Y

E1

α
1-α

æ

è
ç

2

1-α2ξ2
αξ

-αξln
1-α2ξ2

α
ö

ø
÷

ξ
(38a)

U=췍u-ξ
d췍u
dξ

=233
(1+ν)Y

E1

1-α2ξ2

1-α2ξ
(38b)

S= 3
3

α2

(1-2ν) 1-α
é

ë
ê
ê2
(1-2ν) 1-α2ξ2

α2ξ2
+ln1+ 1-α2ξ2

α
ù

û
ú
úξ

(38c)

Thevelocityandstresssolutionsattheelastic-plasticinterfacearegivenbyEqs.(38b),(38c),viz.

U1=233
(1+ν)Y

E1
(39a)

S1= 3
3

α2

(1-2ν) 1-α
é

ë
ê
ê2
(1-2ν) 1-α2

α2 +ln1+ 1-α2 ù

û
ú
úα

(39b)

2.5.3 NumericalCalculation
  Inplasticregion,Eqs.(32a),(32b)containtheunknownphysicalquantities,S,w,(dw/dξ)c,γ.
Therefore,tosolvethevariablesS,w,dw/dξwemustfirstsetavalueforc,andthencalculationstarts
backwardfromtheelastic-plasticinterfaceξ=1.Whenw=0,γisknown,andtheexpansionvelocityvc
=γccanalsobecomputed.Thecalculatedvciscomparedwiththeactualexpansionvelocityandaloop
ofcalculationiscarriedoutwithcalculatedoflaststepuntiltheprecisionissatisfied.

Forconvenience,wedifferentiateEq.(32b)andmakethereplacement
y1(ξ)=S(ξ), y2(ξ)=w(ξ), y3(ξ)=w′(ξ) (40)

Then,asystemofdifferentialequationsisdeducedfromEqs.(32a),(32b)and(40),Viz.
y′1+H1y′3=H2 (41a)

y′1+Q1y′3=Q2 (41b)

y′2=y3 (41c)

Where

H1=-ρ0c2
Y

y3
2

ξ·y23
(42a)

H2=-1 [ξ
23
3 k+ E2

Yf(ξ,y2,y3 ]) (42b)

Q1=- 1
y [
3

E2

Y
2lny3-ln(y2/ξ)
3(1+ν)2f(ξ,y2,y3)

+K ]Y
(42c)

Q2 (= y3
y2 -1 ) [ξ

E2

Y
-lny3+2ln(y2/ξ)
3(1+ν)2f(ξ,y2,y3)

+K ]Y
(42d)

Then
y′1=(H2Q1-H1Q2)/(Q1-H1) (43a)

y′2=y3 (43b)

y′3=(Q2-H2)/(Q1-H1) (43c)

Theinitialconditionsatboundaryξ=1fory1,y2,y3canbegivenbyEqs.(33b),(33c),(33f).
WedevelopedAdams-Bashforthfinitedifferencecodestocarryonthecalculation.Itisrobustal-

thoughitwillencounterthedifficultyasthosediscussedbyLuketal[6].Theintegratorcanmonitor
y′3andadjusttheintegrationstepincasethatitbecomestoolargeasy2→0.

3 PenetrationEquations
  Weconsiderthepenetrationofductilemetaltargetssubjectedtoimpactbyconical-nosedprojec-
tiles.Thegeometryofconical-nosedprojectilesisshownschematicallyinFig.3(a).Twosituations
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mayariseconsideringthepenetrationoftheprojectileimpactingonsemi-infinitetargetsasshown
schematicallyinFig.3(b)andFig.3(c).Oneisthatthefinaldepthofpenetrationhasnotreachedthe
shoulderoftheprojectilesasshowninFig.4(b),andtheotheristhatthefinaldepthofpenetrationis
largerthanthenoselengthLnasshowninFig.3(c)[12-14].

 (a)Geometry      (b)ImpactingwhenP≤Ln     (c)ImpactingwhenP>Ln

Fig.3 Schematicdiagramofaconical-nosedprojectile

Fromtheprojectilegeometry,theradialvelocity,vr,atthenoseinterfacecanbeexpressedas
vr=vztanφ (44a)

where,vzistheprojectileimpactvelocityandφisdefinedasinFig.3(a).
AsdiscussedbyForrestal[16],wecanassumethatduringpenetrationafilmofmeltedtargetmate-

rialisformedbetweenthenoseandtarget.Thus,penetrationresistanceisassumedtoconsistofstres-
sesnormaltothenoseandatangential,frictionalcomponent.Weassumethetangentialstressonthe
noseσtisproportionaltothenormalstressσn

σt=μσr (44b)

Asforthefrictionalcoefficient,μ,BowdenandTabor
[17]foundexperimentallythatvaluesofμwere

velocitydependentandvariedbetweenμ=0.10~0.20.Montgomery
[18]measuredslidingfrictionalre-

sistanceonprojectilerotatingbandsduringfieldtestofgunlaunchesandsuggestsafrictionalcoeffi-
cientofμ=0.02athigh-velocity.Inthefollowingsection,weconsiderasetofvaluesofμtoselectthe
mostsuitableμinthecalculation.

Forthepresentpenetrationproblem,wecanapproximatethat
σr=σr0(vz) (44c)

whereσr0istheradialstressonthecavitysurface,whichcanbededucedσr0isdeterminedbyEq.(30b)

andthecoefficientsA,BaregivenbyEqs.(31a),(31b)forincompressiblemodelsandbycurve-fitting
fromthenumericalresultsofstressonthecavitysurfaceversusimpactvelocitiesforcompressible
model.
3.1 CaseⅠ P≤Ln

  Definingzasthepositionofnoseinthepenetrationdirectionatamoment,theforceactingonthe
projectilenoseinthepenetrationdirection(axialdirection)is

Fz=πz2tanφ(μ+tanφ)(AY+Bρ0v2z·tan2φ) (45a)

UsingNewton’ssecondlawofmotion,weobtain

m dvz

dt =mvz
dvz

dz =-Fz (45b)
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Or
mvzdvz

AY+Bρ0v2ztan2φ
=-πtanφ(μ+tanφ)z2dz (45c)

IntegratingEq.(44c)yieldstheexpressionforthedepthofpenetration

P
é

ë

ê
ê=
3m (ln1+ B

A
ρ0v20
Y tan2 )φ

2πBρ0tan3φ(μ+tanφ

ù

û

ú
ú)

1/3

(45d)

3.2 CaseⅡ P>Ln

  Inthiscase,thenoseofprojectileiscompletelyembeddedinthetarget.Therefore,theforceacting
ontheprojectilenoseinthepenetrationdirection(axialdirection)cannowbeexpressedas

Fz=πa2(1+μ/tanφ)(AY+Bρ0v2ztan2φ) (46a)

SubstitutingEq.(45a)intoEq.(44b)andintegratingit,weobtain

P= a
tanφ

+
m (ln1+ B

A
v~20
Ytan

2 )φ
2πBρ0a2tanφ(μ+tanφ)

(46b)

wherev~0denotingtheresidualvelocityafterthesituationofCaseⅠ.IntegratingEq.(45c)yields

m
2πBρ0tan3φ(μ+tanφ [) (ln1+ B

A
ρ0v

~
0

Y tan2 )φ - (ln1+ B
A

ρ0v0
Y tan2 ) ]φ =13L

3
n (46c)

Therefore,Eq.(46b)isrewrittenas

P= 2a
3tanφ

+
m (ln1+ B

A
v2
0

Ytan
2 )φ

2πBρ0a2tanφ(μ+tanφ)
(46d)

Fig.4 Experimentaltruestress-straincurveand
thebilinearandpower-lawdata-fitfor6061-T651

4 ResultsandDiscussion
  Weappliedtheabovemodelstothe6060-T651
Alaluminumalloymaterial.Fig.4showstheexper-
imentaltruestressversustruestraingraphofthe
material,whichwasreportedinRef.[4].Abilinear
modelwithY=317MPa,E2=63MPaprovidesthe
bestfittothedataasshowninFig.4.Forcompari-
son,apowerlawfitwithn=0.051adoptedbyLuk
etal.[7]isalsopresentedinFig.4.

4.1 CavityExpansion
  Theelastic-plasticinterfacevelocitiescversus
thecavityexpansionvc velocityareshownin
Fig.5.Theinterfacevelocitiesfortheincompressiblebilinearstrain-hardeningmodelaregivenby
Eq.(30b)andarecomputednumericallyforthecompressiblebilinearstrain-hardeningmodel.Inthe
caseoflowervelocity,theresultsbetweenincompressibleandcompressiblemodelsarenegligibly
small.Withtheincreaseofcavityexpansionvelocityvc,thecompressibilityeffectbecomesmoreim-
portant,whichresultsinthebigdifferencebetweentheincompressibleandcompressiblemodelsas
canbeseenfromFig.5.TheresultsofthebilinearmodelswithE2=0,500MPaarealsopresentedin
Fig.5.ItcanbeseenfromEq.(29)thatstrainhardeninghasnoeffectsontherelationshipbetweenthe
elastic-plasticinterfacevelocityandthecavityexpansionvelocityforincompressiblemodel.Similar
conclusioncanbedrawnforcompressiblemodelascanbeseenfromFig.5.
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Fig.6showstheradialstressdistributionwhenvc=400m/s.Itisseenthattheeffectofstrain
hardeningissmallandcompletelydiminisheswithdistance.Thedifferencebetweenincompressible
andcompressiblemodelsisalsonotsobig.Thereisasmalldiscontinuityinradialstressattheplastic-
elasticinterfaceforthecompressiblemodels,whileitiscontinuousforincompressiblemodels.

Fig.5 Elastic-plasticinterfacevelocityversus
cavityexpansionvelocity

Fig.6 Radialstressdistribution
forvc=400m/s

Fig.7 Radialstressonthecavitysurfaceversus
theexpansionvelocityforbilinearmodel

Fig.7showsthegraphsofstressoncavity
surfaceversuscavityexpansionvelocity,whichis
comparedbetweenincompressibleandcompressi-
blemodelswithdifferentplasticmoduli.Itcanbe
seenthattheeffectofcompressibilityissmall,

whereastheeffectofstrainhardeningisrelatively
greatwhich makes muchdifferencefor models
withE2=500MPacomparedtothosewithE2=0,

63MPa.

4.2 Penetration
  ThecoefficientsAandBinEqs.(44d),(45b)

forallthemodelsconsideredabovearelistedin
Table1.Thepredicteddepthsofpenetrationare
thencomparedwiththeexperimentaldataforthe6061-T651aluminumalloytargetssubjectedtoim-
pactby7.1mmdiameterconical-nosedrods[15].

Table1 Coefficientsfortheexpressionsofstressonthecavitysurfaceindifferentmodels

E2/(MPa)
Incompressible

A B
Compressible

A B

0 3.945 1.920 3.492 2.075 

63 4.050 1.920 3.613 2.073 

500 4.785 1.920 4.447 2.074 

Fig.8showscomparisonsbetweenexperimentaldataforconicalnosedrodsandthepredictionof
compressiblebilinearstrain-hardeningmodelwithE2=63MPawhenμ=0.05,0.10,0.15,0.20.Itcan
beseenthatthepredictionsareverysensitivetoμandμ=0.15givesthebestfittoexperiments.

Furthertoclarifytheinfluenceofcompressibilityandstrain-hardeningondepthofpenetrationfor
bilinearmodels,Fig.9presentstheresultspredictedbytheincompressibleandcompressiblebilinear
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modelswithdifferentplasticmoduliE2.ItisevidentforFig.9thattheinfluenceofcompressibilityis
negligiblysmall.However,theeffectofplasticmodulusonpenetrationisrelativelysignificant.The
largertheplasticmodulusis,thesmallerthedepthofpenetrationis.

Fig.8 PredictionsofDOPunderdifferent
valuesofμ

Fig.9 PredictionsofDOPofdifferentmodelsfor
6061-T651Almaterialsunderimpactofogival-nosedrods

5 Conclusions
  Atheoreticalstudyhasbeengivenhereinondynamicexpansionofcylindricalcavityfromzeroini-
tialradiusanditsapplicationtopenetrationproblems.Bothincompressibleandcompressiblebilinear
strain-hardeningmaterialsareconsidered.Solutionsfordynamiccylindricalcavityexpansionareob-
tainedintermsofthevelocityofplasticwavefront,radialstressdistributionandstressonthecavity
surface.Theinfluenceofmaterialproperties,suchascompressibility,elastic-plasticconstitutiveequa-
tionsandplasticmodulusisthendiscussed.Basedonthemodels,penetrationequationsarethencon-
structed.Comparisonwithexperimentaldataandtheexistingpowerlawmodelsismade.Itshowsthat
thepresenttheoreticalpredictionsareingoodagreementwithexperimentalobservations.

Itisshownthatthecompressibilityhasnegligibleeffectonradialstressdistributionandstresson
thecavitysurfaceetc.,whereastheeffectofstrain-hardeningisrelativelysignificant.

Forthecorrespondingpenetrationproblems,itisfoundthatthepredictionsbyvariousmodels
withμ=0.15areingoodagreementwiththeavailableexperimentaldatafor6061-T651aluminumtar-
gets.Itisalsofoundthattheinfluenceofplasticmodulusforbilinearstain-hardeningmaterialsissig-
nificantforthepredictionofpenetrationdepthespeciallyathigherimpactvelocities.
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动态柱形空穴膨胀模型及其
在侵彻问题中的应用

周 辉,文鹤鸣
(中国科技大学力学和机械工程系,安徽合肥 230027)

  摘要:对双线性应变强化材料的动态柱形空穴膨胀模型及其在侵彻问题中的应用进行了

研究。通过采用相似变换求解塑性区控制方程,获得了动态柱形空穴膨胀中的弹塑性界面速

度、径向应力分布、空穴表面应力的解。基于柱形空穴模型,推导了侵彻方程,并将其得到的预

测结果与侵彻实验数据进行了比较。结果表明,模型的理论解与现有数据吻合得很好。结果

还显示了材料的可压缩性和塑性强化模量对柱形空穴膨胀以及侵彻阻力的影响。

  关键词:动态柱形空穴膨胀;双线性强化;材料性能;侵彻
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