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  Abstract:Simpleanalyticalequationsaregiventopredicttheperforationoffully-clampedthickmetallic
platesstrucknormallybyrigidconical-nosedprojectilesoverawiderangeofvelocitiesbasedontheassumption

thatthedeformationislocalizedandthattheimpactenergyisdissipatedonlybypenetration.Itisfurther
assumedthatthemeanpressureofferedbythetargetmaterialstoresisttheprojectilesconsistsoftwoparts:a

quasi-staticpartduetotheelastic-plasticdeformationofthelaminatematerialsandadynamicpartduetopene-
trationvelocity.Equationsareobtainedfortheresidualvelocityandballisticlimit.Ittranspiresthatthepresent
modelpredictionsareingoodagreementwithavailableexperimentaldataforthickmetallicplatesstrucknor-
mallybyconical-nosedprojectiles.
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1 Introduction
  Ballisticperforationisanexceedinglycomplexmechanicalprocessthathasbeenexaminedexperi-
mentallyforthepasttwocenturiesandanalyticallyduringthelastfewdecades.Inparticular,the
impactbehaviorofplatesisimportantforthedesignofengineeringandmartialstructures.Theballis-
ticlimitiscommonlyusedtoevaluatetheperformanceofplatesagainstprojectiles,whichisrelated
withthefailuremodesdependingongeometriccharacteristics,materialproperties,andimpactveloci-
ty.ComprehensivereviewsontheresearchcanbefoundinthereviewsbyBackmanetal.[1],Corbettet
al.[2],andGoldsmith[3].
  Theperforationofathickplateiscontrolledbyboththepenetrationprocesswhentheprocessing
zoneinfrontoftheprojectilenosehasnotreachedtherearfreesurfaceandthefinalperforation
processwhenafailuremechanismisinitiatedinthetargetinfrontoftheprojectilenose.Afinalfailure
mechanism,whichcouldbeductileholeenlargementforsharpnose[4],pluggingforbluntprojectiles[5]

orfragmentforhighimpactvelocityandbrittletarget,willberesponsibleforthefinalperforationofa
targetplate.Woodward[6-7]examinedtheeffectofplatethicknessandprojectilenosegeometryonthe
failureoftargets,anddiscussedtheinterrelationofdifferentfailuremodes.Dikshitetal.[8]studiedthe
effectsofplatethicknessandhardnessonballisticperformance,andconcludedthatforthinplatesthe
plasticflowisunconstrainedunderplanestressconditions,whileforthickplatestheplasticflowis
constrainedunderplanestrainconditions.Børviketal.[9-10]andDey[11]carriedoutaseriesofexperi-
mentsandnumericalsimulationsontheperforationofsteelplatesusingdifferentprojectilenose
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shapes.Hill[12]studiedthequasi-staticcavityexpansionofinfinitetargetsandderivedtheformulaof
pressureonthesurfaceofcavity.Forrestal[4,13],Warren[14],ZhouandWen[15]presentedcylindricalcav-
ityexpansionmodelsforthepenetrationandperforationofductilemetaltargetswithdifferentmateri-
alconstitutiverelationshipsimpactedbyrigidconical-nosedprojectiles.Warrenetal.[16]performed
experimentsandsimulationsofobliquepenetrationofaluminumtargetsbyogive-nosedsteelprojec-
tiles,andconstructedadecayfunctiontoaccountfortheeffectofafiniteboundary.Wen[17-18]proposed
atargetresistanceformulawiththeincidentspeedandinvestigatedtheperforationandpenetrationof
thetargetunderimpactbyprojectileswithdifferentnoses.Chenetal.[19]studiedtheperforationofa
thickplatebyrigidprojectilesbasedonthedynamiccavityexpansionmodel.Heetal.[20-21]obtained
theequationsforthedepthofpenetrationandballisticlimitoffibre-reinforcedplastic(FRP)lami-
natesbyusingaresistancepressureformularelatedwiththeinstantaneousvelocityofprojectile.Ben-
Dor[22]gaveacomprehensivereviewontherecentanalyticalmodelsofplatepenetrationdynamics.
  Inthispaper,atheoreticalstudyispresentedontheperforationofthickmetallicplatesstruck
normallybyconical-nosedprojectiles.Theformulationsarebasedontheassumptionthatthedeforma-
tionislocalizedandthatthepressureofferedbythetargetmaterialstoresisttheprojectilesisno
longeraconstantasproposedinRef.[17]andRef.[18],ratherafunctionofpenetrationvelocity.
Equationsareobtainedforresidualvelocityandballisticlimit.Thetheoreticalpredictionsarecom-
paredwithavailableexperimentaldataanddiscussed.

2 AnalyticalModel

2.1 AssumptionabouttheResistivePressure
  Forthickplates,onlylocaldeformationneedstobeconsideredandtheglobalresponsecanbeneg-
lected.Alongwiththeincreasingplatethickness,theinfluenceofplatematerialinertiawillincrease.A
dynamicpressuretermrelatedwiththeprojectilevelocityisintroducedintothemeanresistivepres-
sureheretotakeintoaccountfortheinertiaeffect.BasedonthestudyofHeetal.[21],itisassumed
thatthemeanpressureappliednormallytothesurfaceofaprojectilebyametallicplatetoresistthe
projectilemotioncanbedecomposedintotwoparts:onepartisthequasi-staticresistivepressure
(fσs)andtheotheristhedynamicresistivepressure(σd)arisingfromvelocityeffects,namelyσn=
fσs+σd.EmployingthedynamicpressuretermproposedbyHeetal.[21],namelyσd=β(ρtσy)1

/2Vn,the
meanresistivepressureforathickplateperforatedbyarigidprojectileis

σn=fσs+β(ρtσy)1
/2Vn (1)

whereβisaconstantwhichisdeterminedempirically,ρtisthedensityofthemetallicplates,Vnisthe
velocitynormaltothesurfaceoftheprojectile.Thereisadifferencethatthequasi-staticresistivepres-
sureisnolongerthelinearelasticlimitinthrough-thicknesscompressionasproposedinRef.[21],but
thequasi-staticresistivepressure(σs)ofcylindricalcavityexpansionwithamodificationfunction(f).
  Herethequasi-staticresistivepressureisdiscussedfirstly.Whenaconical-nosedrigidprojectile
penetratesaninfinitetargetofanelasticlinear-hardeningmaterialatnormalincidence,thequasi-static
cylindricalcavityexpansionanalysisyieldsageneralrelationshipbetweenthenormalresistivepressure
σsontheprojectilenoseandtheyieldingstressσyfollowingTrescacriterionandincompressibility[12]

σs=σy
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whereEandEpareelasticandlinear-hardeningmodulusrespectively.
  Fortheperforationoffinitethicknessplates,becausethethicknessofmaterialsislimitedinthe
directionofcavityexpansionandtheplasticflowisnotfullyconstrained[8],themodificationsto
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accountforfreesurfaceeffectsneedtobeconsideredintheexpressionofresistivepressure.Warren
etal.[16]constructedamodificationfunctiontoaccountforfreesurfaceeffectinthedynamicspherical
cavityexpansionmodel,whichdependedonadistancetothefreesurface.Basedonthemethodsof
Warrenetal.[16],He[23]obtainedamodificationfunctionoffreesurfaceeffectinthedynamiccylindri-
calcavityexpansionmodel.Hereamodificationfunctionisconstructedtoaccountfortheeffectsofa
finiteboundaryinthequasi-staticcylindricalcavityexpansion,andmodifytheresistivepressureof
materials.Thefunctionexpressionis

f(H,d,θ)=
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whereHisthetargetthickness,dandθareshankdiameterandconeangleoftheconical-nosedprojec-
tile,andNisaconstantwhichisdeterminedempirically.K1isacriticalH/dratio,abovewhichfree
surfaceeffectscanbeneglected,i.e.f=1.K1isderivedbysettingf=1inEq.(3),whichcanbe
expressedas

K1= 1Nsin
θ
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  CombiningEq.(2)andEq.(3)givestheresistivepressureappliednormallytothesurfaceofa
conical-nosedprojectileintheprocessofplateperforation,namely

σn=fσs=ασy (5)

Thecoefficientαisdefinedas

α=σsf(H,d,θ)
σy =

ln1+ NH
dsin(θ/2
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  SubstitutingEq.(2)andEq.(5)intoEq.(1)andrearrangingyields
σn=fσs+βVn(ρtσy)1

/2=ω+ξVz (7)

whereω=ασy,ξ=β(ρtσy)1
/2sin(θ/2),Vzistheprojectilevelocityinaxialdirection.

  Ithastobementionedherethatthepresentmodelassumesholeenlargementdominatesinthe
wholeperforationprocess,anddoesnotaddressalltheactualphysicalbehaviors-bulge,necking,plate
cracking,friction,etc.,rather,alltheseeffectshavebeenlumpedintotheresistivepressure.

2.2 PerforationEquationsforaConical-NosedProjectile
  Fig.1andFig.2showaconical-nosedprojectileperforatingmetallictargetswhichcanbedivided
intotwocasesdependingontheratioofthetargetthickness(H),tothenoselength(Ln),theneach
casecontainsthreestages.zisinstantperforationdisplacementoftheprojectileinaxialdirection,σnis
thenormalpressureontheprojectilenose,sotheaxialresistiveforcescanbeintegrated.
2.2.1 CaseⅠ:H≤Ln

  Fig.1showsthattheperforationprocesscanbedividedintothreestages:z≤H,H<z≤Lnand
z>Ln.Theaxialresistiveforcesinthesestagescanbewrittenas

Fz=

πz2tan2(θ/2)σn z≤H
π(2z-H)Htan2(θ/2)σn H <z≤Ln

π[L2n-(z-H)2]tan2(θ/2)σn z>L
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(8)

Andtheequationofmotionoftheprojectileis

G dVz

dt =GVz
dVz

dz =-Fz (9)
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SubstitutingEq.(7)andEq.(8)intoEq.(9),weobtainedthefollowingexpressions
1
3H3=G{(Vs-V1)-ωξ-1ln[(1+ξω-1Vs)/(1+ξω-1V1)]}

πξtan2(θ/2)
(10)

HLn(Ln-H)=G{(V1-V2)-ωξ-1ln[(1+ξω-1V1)/(1+ξω-1V2)]}
πξtan2(θ/2)

(11)

H2(Ln-13H)=G{(V2-Vr)-ωξ-1ln[(1+ξω-1V2)/(1+ξω-1Vr)]}
πξtan2(θ/2)

(12)

whereV1,V2andVraretheprojectilevelocitiesattheendofthefirst,secondandthirdstages,respec-
tively;Vsistheincidentvelocityoftheprojectile.CombiningEq.(10)~Eq.(12)andeliminatingV1,

V2yieldsanequationfortheresidualvelocity,namely
Vr=Vs-ωξ-1ln[(1+ξω-1Vs)/(1+ξω-1Vr)]-πξHd2/4G (13)

ThensetVr=0intheaboveequation,oneobtainsanexpressionfortheballisticlimitvelocity
Vc=ωξ-1ln(1+ξω-1Vc)+πξHd2/4G (14)

Fig.1 Schematicdiagramofaconical-nosedprojectile

perforatingametallicplatewithH≤Ln

Fig.2 Schematicdiagramofaconical-nosedprojectile

perforatingametallicplatewithH>Ln

2.2.2 CaseⅡ:H>Ln

  Fig.2showsthattheperforationprocesscanalsobedividedintothreestages:z≤Ln,Ln<z≤H
andH<z≤Ln+H.Theaxialresistiveforcesinthesestagescanbeexpressedas

Fz=

πz2tan2(θ/2)σn z≤Ln  
πL2ntan2(θ/2)σn Ln<z≤H  
π[L2n-(z-H)2]tan2(θ/2)σn H <z≤Ln+
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SubstitutingEq.(7)andEq.(15)intoEq.(9),thuswehave
1
3L

3
n=G{(Vs-V1)-ωξ-1ln[(1+ξω-1Vs)/(1+ξω-1V1)]}

πξtan2(θ/2)
(16)

L2n(H-Ln)=G{(V1-V2)-ωξ-1ln[(1+ξω-1V1)/(1+ξω-1V2)]}
πξtan2(θ/2)

(17)

2
3L

3
n=G{(V2-Vr)-ωξ-1ln[(1+ξω-1V2)/(1+ξω-1Vr)]}

πξtan2(θ/2)
(18)

whereV1,V2andVrarealsotheprojectilevelocitiesattheendofthefirst,secondandthirdstagesin
thiscase,respectively.CombiningEq.(16)~Eq.(18)andeliminatingV1,V2yieldsanequationforthe
residualvelocity,namely

Vr=Vs-ωξ-1ln[(1+ξω-1Vs)/(1+ξω-1Vr)]-πξHd2/4G (19)

ThensetVr=0intheequation,theballisticlimitvelocitycanbeformulatedas
Vc=ωξ-1ln(1+ξω-1Vc)+πξHd2/4G (20)

BycomparingEq.(20)withEq.(14),itisinterestingtonotethattheequationsforresidualvelocity
andballisticlimitvelocityaresameforabovetwocasesalthoughtheperforationprocessedaredifferent.
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3 ResultsandDiscussion
  Inthissection,analyticalequationsderivedinSection2arecomparedwithavailableexperimental
dataanddiscussed.Inthecalculation,itisassumedthattheprojectileremainsundeformed;σyandEp

areyieldingstressandlinear-hardeningmodulusoftheplatematerialrespectively.Howeverinsome
literaturesthereareyieldingstress(σy)andultimatestress(σu)ofthetargetmaterial,butnoharden-
ingmodulus(Ep).Insuchsituationtheaverageyieldingstresswhichisusedtosolvetheabove
expressionsiscalculatedfrom(σy+σu)/2,andthehardeningmodulusissettozero.
  ItshouldbementionedthatthemodelproposedinSection2isapplicableforthickplates.Forthe
perforationofthickplates,generallytheglobalresponseisneglectedandonlylocaldeformationiscon-
sidered.Hereacriterionfordifferentiatingathinplatefromathicktargetisproposedbycomparing
thecollapseloadwiththemaximumlocalpiercingload.Basedonthequasi-staticdeformationtheory
ofductilematerialsproposedbyWenandJones[24],themaximumtransversedisplacementWomatthe
peripheryoftheprojectile-plateinterfaceisdeterminedbythemaximumresistiveforceFmaxinthe
perforationprocess,namely

Wom=(Fmax-Fc)/Km (21)

whereKm=2πσyH/ln(R/a)istheplatemembrancestiffness;Fc=(1/ 3)πσyH2[1+(1+ 3/2)/

ln(R/a)]isthestaticcollapseloadoftheplateforinfinitesimaldisplacements,whenresistiveforceis
largerthanthisload,theglobaldeflectionbeginstooccur;Randaareouterradiusoftheclampedme-
tallicplateandshankradiusoftheprojectilerespectively.
  FromEq.(21),itisknownthatwhenFmax>Fc,thereisWom>0,theplateisclassifiedtoathin
plate,andbothitslocalandglobaldeformationsshouldbetakenintoaccountintheperforationbya
conical-nosedprojectile;whenFmax≤Fc,thereisWom=0,theplatecanberegardedasathickplate,

onlyitslocaldeformationneedstobeconsidered.Inthispaper,theperforationofthickplatesisdis-
cussed.HereK2isintroducedtosatisfyH/d=K2whenFmax=Fc.Thenthecriterioncanberestated
asthatwhenH/d<K2,theplateisathinplate;whenH/d≥K2,thereisWom=0andtheplatecan
beregardedasathickplate.CombiningEq.(6)andtheexpressionLn=(d/2)/tan(θ/2)tosolvethe
equationWom=0,K2canbecalculated.Theperforationoffully-clampedthickmetallicplatesstruckby
rigidconical-nosedprojectilesatballisticlimit,accordingtothevaluesofK1andK2,canbedivided
intofollowingsituations:(Ⅰ)whenK1>K2,therearetwosituations,namely,(1)K2<H/d≤K1,

0<f≤1,(2)H/d>K1,f=1;(Ⅱ)whenK1≤K2,thereisH/d>K2,f=1.
  Inthefollowing,acollectionofexperimentaldataforthickplatesiscomparedwiththepresent
analyticalprediction.Theseexperimentalresultsfallinthecategoryofimpactingbynon-deformable
projectiles.InEq.(7),βisanempiricalconstantwhichneedstobedetermined.Basedontheworkin
Heetal.[21],itisassumedthatforconical-nosedprojectilesβinEq.(7)isdependentonconeangleand
canbewrittenasβ=c1+c2sin(θ/2)wherec1,c2areevaluatedtobe1and4bycalibratingagainstthe
experimentalresultsfor5083aluminumplatesperforatedbya8.31mmdiameterconical-nosedprojec-
tilewithG=25.8g,θ=31.3°[13]anda4.76mmdiameterconical-nosedprojectilewithG=2.83g,θ=
45°[25],respectively.Theparametersofthe5083aluminumplatesareE=70GPa,ρt=2700kg/m3,and
themechanicalpropertiesareσy=380MPa,Ep=60MPaandσy=380MPa,Ep=60MPa,respectively.
ThenthevaluesofK1andK2arecalculatedtobeK1=0.70,K2=0.75andK1=1.0,K2=0.76
respectively,sotwogroupsofexperimentaldataallsatisfyf=1andconditionsofthethickplate
theory.Thus

β=1+4sin(θ/2) (22)
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ItcanbeseenfromFig.3andFig.4thatthemodelpredictionswithβ=1+4sin(θ/2)areingood
agreementwiththetestdatafortheperforationof5083aluminumplatesimpactedbyconical-nosed
projectiles.

Fig.3 Comparisonofthetheoreticalpredictionswith

theexperimentaldata[13]fortheballisticlimitof5083Al

plateswiththreethicknessesstrucktransverselyby
8.31mmdiameter,25.8gconical-nosedprojectiles

Fig.4 Comparisonofthetheoreticalpredictionwith

theexperimentaldata[25]fortheballisticlimitof
12.7mm5083Alplatestrucktransverselybya
12.7mmdiameter,2.83gconical-nosedprojectile

  Thevalidityofthethickplatemodelisverifiedagainstmoreexperimentaldatainthefollowing.
Fig.5showscomparisonbetweenthetheoreticallypredictedballisticlimitsandtheexperimental
resultsfor5083aluminumplatesstrucktransverselybya197g,33.4°coneangleand20mmdiameter
conical-nosedprojectile[10].Theparametersoftargetareρt=2700kg/m3,E=70.3GPa,σy=240MPa,
Ep=310MPa.Hereβ=1+4sin(θ/2)=2.15.ThenitisobtainedthatK1=0.90,K2=0.72.Therefore
theperforationof15mmplatemeetsK2<H/d≤K1,0<f≤1andtheperforationofplateswithother
threethicknessesmeetsH/d>K1,f=1,bothcanbesolvedbythethickplatetheory.Itcanbeseen
thatthetheoreticalpredictionsofEq.(14)orEq.(20)agreewellwiththeexperimentaldatareported
byBørviketal.[10]exceptforthe25mmplates.Asmall“kink”intheballisticlimitversustarget
thicknesscurveseemstoappearatathicknessofabout25mm.However,thiskinkseemsnottobe
relatedtoachangeindeformationmodewithtargetthickness,butismorelikelyduetoexperimental
ormaterialvariationsasreportedinRef.[10].HeretheconstantNinEq.(3)andEq.(6)iscalibrated
to6accordingtotheexperimentaldatainRef.[26].
  Table1showsboththepredictionsandtestdataofperforationofthickplatesbyconical-nosed
projectiles.Asshowninthetable,theoreticalanalysesshowgoodagreementwiththeindividualpub-
lishedtestdataofprojectileswithdifferentconeanglesandthickplateswithdifferentthicknesses.The

Table1 Comparisonofballistictestdataandmodelpredictionsofthickmetallicplates

No.

Projectiles

d
/(mm)

θ
/(°)

G
/(g)

Plates

Materials
ρ

/(kg/m3)
H

/(mm)
E

/(GPa)
σy

/(MPa)
σu

/(MPa)
Ep

/(MPa)

Vc,exp

/(m/s)
Vc,calc

/(m/s)

1[25] 4.76 45 2.83 Mildsteel 7800 4.78 200 450 526 375 363

2[25] 6.35 45 3.03 Mnsteel 7800 6.35 200 455 1240 603 613

3[25] 4.76 45 2.83 Al 2700 6.35 70 150 79 225 223

4[25] 6.35 45 3.03 Al 2700 6.35 70 150 79 293 294

5[4] 10.2 39 78 6061Al 2660 25.4 70.3 288 313 235 229

6[27] 7.1 39 25 6061Al 2660 25.4 70.3 288 313 315 306
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formulafortheballisticlimitofthickplatesleadstoanexcellentprediction.
  ComparisonsaremadeinFig.6~Fig.8betweenthetheoreticalandmeasuredresidualvelocities
fortheperforationofthefully-clampedthickmetallicplatesstruckbyconical-nosedprojectiles.Fig.6
showstheresultsthat5083aluminum plateswiththreedifferentthicknessesof12.7,50.8and
76.2mmisperforatedbya8.31mmdiameterconical-nosedprojectilewithG=25.8g,θ=31.3°in
Ref.[13],theparametersoftargetareρt=2700kg/m3,E=70GPa,σy=380MPa,Ep=60MPa.

Fig.5 Comparisonofthetheoreticalpredictionswith
theexperimentaldatafromRef.[10]fortheballistic
limitsof5083Alplateswithfourthicknessesstruck

transverselyby20mmdiameter,197g
conical-nosedprojectiles

Fig.6 Comparisonofthetheoreticalpredictionswith
theexperimentaldatafromRef.[13]fortheresidual
velocityofthreethickness5083Alplatesstruck
transverselyby8.31mmdiameter,25.8g

conical-nosedprojectiles

  Fig.7showstheresultsthat5083-H116aluminumplateswithfourdifferentthicknessesof15,

20,25,and30mmisperforatedbya20mmdiameterconical-nosedprojectilewithG=197g,θ=33.4°
inRef.[10],theparametersoftargetareρt=2700kg/m3,E=70.3GPa,σy=240MPa,Ep=310MPa.
  Fig.8showstheresultsthat6061-T6aluminumplateswiththicknessof25.4mmisperforated
bya7.1mmdiameterconical-nosedprojectilewithG=25g,θ=39°inRef.[27],theparametersof
targetareρt=2660kg/m3,E=70.3GPa,σy=300.5MPa,Ep=0.AsshowninFig.6~Fig.8,thepres-
entpredictedresidualvelocitiesagreewellwiththeexperimentaldata,whereasthepredictionsof
25mmplatesinFig.7showssomediscrepancyfromtheexperimentalresults.Thisdiscrepancymay
comefromexperimentalandmaterialsvariationsinRef.[10].

Fig.7 Comparisonofthetheoreticalpredictionswith
theexperimentaldatafromRef.[10]forthe
residualvelocityoffourthickness5083Alplates

strucktransverselyby20mmdiameter,

197gconical-nosedprojectiles

Fig.8 Comparisonofthetheoreticalpredictionswith
theexperimentaldatafromRef.[10]forthe
residualvelocityof25.4mm6061Alplate
strucktransverselyby7.1mmdiameter,

25gconical-nosedprojectiles
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4 Conclusions
  Atheoreticalstudyhasbeencarriedoutontheperforationoffully-clampedthickmetallicplates
strucknormallybyconical-nosedprojectileswithdifferentconeanglesoverawiderangeofvelocities.
Theformulationsarebasedontheassumptionthatthedeformationislocalizedandthatthepressure
offeredbythemetallictargetstoresisttheprojectileisvelocitydependentwhichcanbedividedinto
twoparts:aquasi-staticpartduetotheelastic-plasticdeformationofthetargetmaterials,andady-
namicpartduetopenetrationvelocity.Simpleanalyticalequationshavebeenobtainedfortheballistic
limitandresidualvelocity.Ittranspiresthatthepresenttheoreticalpredictionsofperforationagree
wellwithavailableexperimentaldataofdifferentplatesstruckbyconical-nosedprojectileswithdiffer-
entconeanglesintermsofballisticlimitandresidualvelocity.
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锥头弹丸撞击下固支金属厚靶的
侵彻与穿透的理论研究

孙炜海,文鹤鸣
(中国科学技术大学中国科学院材料力学行为和设计重点实验室,安徽合肥 230027)

  摘要:研究了在不同速度的刚性锥头弹丸撞击下固支金属厚靶的侵彻和穿透性能。假定

靶板的变形是局部化的,且冲击能量仅通过侵彻过程吸收,同时假定弹体在侵彻过程中表面所

受靶体的平均压力是由基于空穴膨胀理论的靶体材料弹塑性变形所引起的静态阻力以及速度

效应引起的动阻力两部分组成,认为侵彻过程中靶体对弹体的静阻力要进行自由表面效应修

正,而且动阻力是瞬时侵彻速度的函数。获得了锥头弹丸在侵彻和贯穿过程中的弹道极限速

度和残余速度的公式。将理论预测与实验结果进行比较,发现两者符合得很好。

  关键词:锥头弹丸;金属厚靶板;弹道极限;穿透;残余速度
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