
metals

Article

InfluenceofStressStateonthe MechanicalImpact
andDeformationBehaviorsofAluminumAlloys

MarcosRodriguez-Millan 1,*ID,DanielGarcia-Gonzalez2,3,AlexisRusinek4and

AngelArias3,*ID

1 Departmentof MechanicalEngineering,UniversityCarlosIIIof Madrid,Avda.delaUniversidad30,

28911Leganés, Madrid,Spain
2 DepartmentofEngineeringScience,UniversityofOxford,ParksRoad,OxfordOX13PJ,UK;

daniel.garciagonzalez@eng.ox.ac.uk
3 DepartmentofContinuum MechanicsandStructuralAnalysis,UniversityCarlosIIIof Madrid,

Avda.delaUniversidad30,28911Leganés, Madrid,Spain
4 Laboratoryof MicrostructureStudiesand Mechanicsof Materials(LEM3),LorraineUniversity,

7rueFélixSavart,BP15082,57073 MetzCEDEX03,France;alexis.rusinek@univ-lorraine.fr

* Correspondence: mrmillan@ing.uc3m.es(M.R.-M.);aariash@ing.uc3m.es(A.A.);

Tel.:+34-91-6245860(M.R.-M.)

Received:31 May2018;Accepted:2July2018;Published:5July2018

Abstract: Underimpactloadingconditions,thestressstatederivedfromthecontactbetweenthe

projectileandthetarget,aswellasfromthesubsequent mechanicalwaves,isavariableofgreat

interest. Thegeometryoftheprojectileplaysaderterminingroleintheresultingstressstatein

thetargetedstructure.Inthisregard,differentstressstatesleadtodifferentfailuremodes.Inthis

work,weanalyzetheinfluenceofthestressstateonthedeformationandfailurebehaviorsofthree

aluminumalloysthatarecommonlyusedintheaeronautical,naval,andautomotiveindustries.

Tothispurpose,tension-torsiontestsareperformedcoveringawiderangeofstresstriaxialitiesand

Lodeparameters.Secondly,theobservationsfromthesestatictestsarecomparedtofailuremodeof

thesamematerialsathighimpactvelocitiestestswiththeaimofanalysingtheroleofstressstateand

strainrateinthemechanicalresponseofthealuminumplates.Experimentalimpactsareconducted

withdifferentprojectilegeometriestoallowfortheanalysisofstressstatesinfluence.Inaddition,

theseexperimentsaresimulatedbyusingfiniteelementmodelstoevaluatethepredictivecapability

ofthreefailurecriteria:criticalplasticdeformation,Johnson-Cook,andBai-Wierzbicki.

Keywords: tension-torsiontest;impacttests;Lodeparameter;stresstriaxiality; AA2024-T351;

AA6082-T6;AA5754-H111

1.Introduction

Inrecentyears, anexhaustiveeffort hasbeen madetoimprovetheknowledgeabout

energyabsorptionandcrashworthinessofprotectivestructures.Inthisregard, manyengineering

fieldsrequireacomprehensivestudyofthe mechanicalbehaviorof metallicstructures withthe

fundamentalrequirementoflightweightandsafety. Therefore,thedeformationandthedamage

initiation/developmentinsuchstructuresarerelevantphenomenawhichshouldbeconsideredwhen

assessingtheballisticperformanceofductilestructures.Thedeformationofaductilematerialinvolves

anincreaseofthedislocationdensity,arrangementinpile-upsandthen,thenucleationandgrowth

ofinternalvoidsuntilthefinalfailure[1]. Moreover,thefailureofductile materialsunderimpact

loadingsinvolveshighdeformationratesandtemperatures.Inaddition,thefailureprocessisdrivenby

metallurgicaleventssuchasnucleation,growth,andcoalescenceofholes.Numerousphenomenological
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modelshavebeendevelopedtopredictductilefailure.PioneerworksofMcClintock[2,3]andRiceand

Tracey[4]firstlyintroducedtheconsiderationofthestresstriaxiality,whichisdefinedastheratioof

hydrostaticpressuretovonMisesequivalentstress,asarelevantvariableintheductilefailureevent.

Numerousexperimentalstudies[5–9]haveshownthatfailuredecreasesforhigherstresstriaxialities.

JohnsonandCook[7]proposedinphenomenologicaltermsthattheequivalentplasticfailurestraincan

berelatedtothestresstriaxialitybyanexponentialfunction.However,BarsoumandFaleskog[10,11]

haveshownthatthestresstriaxialityisnotsufficienttoproperlydescribethebehaviorofthematerial

atfailurebyitsown.Consequently,theyintroducedtheso-calledLodeparametertodescribecorrectly

thestressstate;whichisbasedonthethirdinvariantofthestresstensor.

TheanalysisoftheinfluenceofstresstriaxialityandLodeparameteronfailurehasbeenaddressedby

theconsiderationofseveralspecimengeometriesandloadingmethods[12].Aconceptualrepresentation

ofthestressstatesontheplaneofstresstriaxialityandlodeparameterispresentedinFigure1
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Figure1. Conceptualrepresentationofthestressstatesontheplaneofstresstriaxialityand

Lodeparameter.

Therelationbetweenfailuremodesandstresstriaxialityhasnotbeenwidelystudiedinimpact

processesonmetallicplatesbymeansoftheshapeoftheprojectilenoseandmaterialthickness[1,13–15].

Kpenyigbaetal.[13]performedexperimentaltestsandnumericalsimulationstostudytheimpact

responseof1mmthickmildsteelsheetsagainstblunt-,conical-,andhemispherical-shapeprojectiles.

Theirstudyrevealedthattheballisticlimitofthismaterialishigherforhemisphericalprojectiles,

followedbyconicalandbluntonesrespectively.Thefailuremechanismsfoundtobeassociatedto

eachprojectiletypewere:thebluntprojectileinducedplugejectionduetohigh-speedshearing;the

conicalprojectilecausedfailurebypetalingduetopiercing;andthehemisphericalprojectileledto

radialholeexpansioninducingneckingandradialcracks.Basedonanoptimizationprocessforthe

wholerangeofimpactvelocitiesconsideredandwiththeuseofnumericalmodels,theseauthors

foundacritialfailurestrainforeachspecificprojectileshape.Thestresstriaxialitiesconsideredwere0

forbluntprojectiles,0.33forconicalprojectiles,and0.66forhemisphericalprojectiles.Frasetal.[1]

calibratedthefailureparametersoftheJohnson-CookmodelforthealuminumalloyAA7020-T651

fromquasi-statictests.However,theyfoundthatthefailureparameterswerenotabletoreproducethe

plug-basedfailureinimpacteventsfaithfully.Inthisregard,theuseofdifferentparametersD4andD5
oftheJohnson–Cookfailuremodel,relatedtotheinfluenceofthestressstatetemperature,allowed

themtosimulatetheplugshapeobservedintheexperiments.Theseresultsrevealedakeensensitivity

tothechangeofJCparameters.

Inthiswork,AA2024-T351,AA5754-H111,andAA6082-T6aluminumalloysaremechanically

characterizedbystatictension–torsiontestsandimpacttests.Theobservationsfromstatictestsare

comparedtofailuremodeofthesamematerialsathighimpactvelocitiestests.Experimentalimpact

testsareconductedwithdifferentprojectilegeometriesanddifferentthicknessplatetoinducedifferent
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stressstates.Inaddition,numericalmodelsaredevelopedfortocomplementtheanalysisofstressstate

(triaxialityandLodeparameter)andstrainrateeffects.Theanalysiscanevaluatetheappropriatenessof

differentfailureapproachesconsidered:criticalplasticdeformation,Johnson-Cook,andBai-Wierzbicki.

Thecombinedstudyoftheexperimentalandnumericalresultsillustratesthejointeffectsthattarget

materialbehavior,projectilenoseshape,andimpactvelocityhaveontheductilefailure.

2. MaterialsDescription

Threealuminumalloysusedinthiswork:5754-H111,6082-T6,and2024-T351.5754-H111

aluminumalloyshaveexcellentcorrosionresistance,especiallytoseawaterandcontaminated

atmospheres.Itisthereforeverysuitableforuseinthemarineindustry.Themostcommonapplications

foraluminumalloyaresoil,shipbuilding,chemicalwelding,andnuclearstructureapplications.Itis

alsocommonlyusedinstructuralelementsandinteriorpanelsintheautomotiveindustry.Thechemical

compositionofthematerial(%byweight)isshowninTable1[16].

Table1.ChemicalcompositionofAA5754-H111,AA6082-T6,andAA2024-T351(%byweight)

Material Mn Si Cr Fe Cu Zn Ti Mg Ni

AA5754-H111 0.260 0.290 0.030 0.320 0.040 0.020 0.030 2.8 -
AA6082-T6 0.450 0.990 0.030 0.410 0.080 0.040 0.030 0.730 0.010
AA2024-T351 0.3–0.9 0.500 0.1 0.500 3.8–4.9 0.25 0.15 1.2–1.8 -

The6082-T6aluminumalloysoffermoderatestrengthwithgoodductilityinheat-treatedand

agedcondition.Aluminumalloy6082isoneofthestrongestalloysinthe6xxxgroup[16].Itcanalso

befoundinexteriorairframepanelsbeingarealalternativetoconventionalmildsteelinautomotive

panelsandstructures.Thechemicalcompositionofthematerial(%byweight)isreflectedinTable1.

Magnesium(0.730%)andsilicon(0.990%)arethemainalloyingelementsofthisalloy.

Aluminumalloy2024-T351possegoodcombinationsofhighstrength(especiallyatelevated

temperatures),toughness,and,inspecificinstances,weldability[16].Themainapplicationsofthis

materialareaircraftstructuralcomponents,wingtensionmembers,hardware,truckwheels,scientist

instruments,veterinaryandorthopaedicbracesandequipment,andinrivetsbecauseofitshigh

strength,excellentfatigueresistance,andgoodstrength-to-weightratio.Thechemicalcompositionof

thematerial(%byweight)isreflectedinTable1.

Representativequasi-staticstress-straincurvesareshowninFigure2inordertoillustratethe
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Material  Mn  Si  Cr  Fe  Cu  Zn  Ti  Mg  Ni 
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3. Combined Tension‐Torsion Tests 

An experimental‐numerical methodology, based on Barsoum and Faleskog work for Weldox 

steel [1], has been implemented for the aluminum alloys. The double notched tube (DNT) specimen 

differencesinthreedifferentaluminumalloys.

Figure2.Stress-straincurvesofaluminumalloysused.
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3.CombinedTension-TorsionTests

Anexperimental-numericalmethodology,basedonBarsoumandFaleskogworkfor Weldox

steel[1],hasbeenimplementedforthealuminumalloys.Thedoublenotchedtube(DNT)specimen

allowsforachievinglow-stresstriaxialityandarangeofLodeparameterincombinedtensionand

torsion.Thefailurelocushasbeenconstructedasafunctionofstresstriaxialityandthethirdinvariant

ofthestressdeviator,confirmingthecombinedvoid-shearnatureofthefailure.Thismethodologyhas

beensuccessfullydevelopedonAA2024-T351inapreviouswork[17].

3.1.ExperimentalMethodology

Thegeometryofthedoublenotchedtube(DNT)performedisbasedonthespecimenusedby

BarsoumandFaleskog(Figure3a).ThedimensionsoftheDNTspecimenareheightofH=160mm,

exteriordiameterofdext=24mm,radiustothecenterofthenotchofrm=10.4mmandinternal

diameterofthetubeofdint=17.6mm.Therefore,thenetsectionthicknessatthenotchistn=1.2mm

andthenotchheighth=1.0mm.ThetensileforceNandthetorsionalmomentMareappliedatthe

endofthespecimen,andtheotherendisclamped.Thecombinedloadingexperimentsareconducted

usingaServosisME-402machinethatwasmodifiedtoachievethecombinationoftensileforceNand

torsionalmomentMsimultaneously,definedbytheloadingparameterκas

κ=
N·rm
M

(1)

BothaxialdisplacementandtherotationanglenearthenotchweremonitoredbyEpsilon
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3.2.NumericalMethodology

Duetothecomplexityofthestudyofthestresstriaxiality,Lodeparameter,andequivalentplastic

strainatfailurebyexperimentaltechniques,wefollowhereanumericalmethodologytoovercome

themeasurementofinternalstressesinthespecimenduringthedeformationprocess.Tothisend,

afiniteelementmodelofthetension–torsiontestisdevelopedusingAbaqus(6.14,DassaultSystèmes,

Vélizy-Villacoublay,France)anditisusedtoevaluatethestressstateoverthenotch.Thedouble

notchedtubespecimenwasmodelledusingfour-nodeaxisymmetricelementswithtwist(CGAX4R).

Theelementsizeinthegagesectionofbothspecimenswasapproximately0.045×0.045mm2to

guaranteespatialconvergenceofthesolution(seeFigure3b).
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3.2.1.ThermoviscoplasticBehavior

Thethermoviscoplastic mechanicalbehaviorofthealuminumalloysisdefinedbythe

Johnson–Cook(JC)model[7].Thisapproachassumeslinearelasticbehavioruntilreachingayield

pointthatdependsonstrainrate(
.
ε
p
)andtemperatureandevolvesfollowingahardeninglawthat

alsodependsontheequivalentplasticdeformation(εp)(seeEquation(2)).ThefirsttermofEquation

(2)definesthestrainhardeningduetoplasticdeformationdependingonthereferenceyieldstressA

andthematerialconstantsBandn.Thesecondtermaccountsforstrainratesensitivitythroughthe

materialparameterCandthereferencestrainrate
.
ε0.Regardingthethirdterm,itcapturesthethermal

softeningofthematerialbythethermalsensitivityparameterm.

σ(εp,
.
ε
p
,T)=A+B(εp)n 1+Cln

.
ε
p

.
ε0

[1−Θm] (2)

Thethermal-relatedtermΘdependsonthecurrenttemperatureT,themeltingtemperatureTm
andareferencetemperatureT0as:

Θ=
T−T0
Tm−T0

(3)

Inaddition,thenumericalmodelimplementedinthisworktakesintoaccountthetemperature

evolutionduetoheatequationassumingadiabaticconditions.Thisevolutioniscomputedalongthe

deformationprocessthroughtheexpression:

∆T(εp,
.
ε
p
,T)=

β

ρCp

εp

εe
σ(εp,

.
ε
p
,T)dεp (4)

TheTaylor–Quinneycoefficientthatdefinesthepercentageofplasticworkconvertedintoheatwas

takenequaltoβ=0.9[18].AlthoughrecentstudieshaveshownthattheTaylor–Quinneycoefficient

dependsonstrainrateand,therefore,isnotconstant[19],weconsideritconstant,asgenerallydone

intheliterature.ThedensityofthematerialisdenotedbyρandCpisthespecificheatatconstant

pressure.TheconstantsoftheJohnson–Cookmodelforaluminumalloyshavebeenobtainedfrom

recentworksbytheauthors[20,21]andareprovidedinTable2withotherphysicalproperties.

Table2.MaterialpropertiesandJohnson–Cookparametersofaluminumalloys

Parameter AA2024-T351 AA5754-H11 AA6082-T6

Elasticity

E(GPa) 70 68 70
ν(−) 0.3 0.3 0.3

Thermoviscoplasticbehavior

A(MPa) 352 28.13 201.55
B(MPa) 440 278.67 250.87
n(−) 0.42 0.183 0.206
.
ε0 s

−1 3.3×10−4 0.1 0.001

C(−) 0.0083 0.00439 0.00977
m(−) 1.7 2.527 1.31

Otherphysicalconstants

ρkg/m3 2700 2700 2700
β(−) 0.9 0.9 0.9

Cp(J/kgK) 900 900 900
T0(K) 293 293 293
Tm(K) 775 873 855

3.2.2.FailureBehavior

Thenumericalmodelpresentedhereisdevelopedtoidentifythestressstateinthecombined

tension–torsiontestsandtounderstandthefailure mechanismsassociated. Tothisend,the
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Bai–Wierzbicki(BW)failuremodelisdefinedtotakeintoaccountforthestresstriaxialityηand

theLodeangleθthrough:

εfη,θ=
1

2
D1e

−D2η+D5e
−D6η −D3e

−D4ηθ
2
+
1

2
D1e

−D2η+D5e
−D6η θ+D3e

−D4η (5)

Severalauthors[22–26]haveassumedasymmetricfailurecriterionconcerningtheLodeparameter.

Therefore,Equation(5)isreducedto:

εfη,θ= D1e
−C2η−D3e

−D4ηθ
2
+D3e

−D4η (6)

whereDiarefailureconstantsdependingonthematerialmodelled.Theseparameterscanbeobtained

fromtension–torsionexperimentaldata(seeSection3.3)byusingleasesquaremethodinMATLAB

(R2017a,MathWorks,Natick,MA,USA)and,therefore,generatingthefailuresurfacefromtheexisting

points.ThevaluesofDiforthealuminumalloysconsideredaresummarisedinTable3.

Table3.Bai–Wierzbickiparametersofaluminumalloys.

Parameters AA2024-T351 AA5754-H11 AA6082-T6

D1 0.42 0.52 0.12
D2 0.61 0 0
D3 0.21 0.41 0.16
D4 0.0013 0 0.69

3.3.Results

TheexperimentalresultsonDNTspecimensprovideadequatevaluesofdisplacementand

rotationinthegagesection.Thetestisstronglystableindisplacement–rotationcontrol,andfailure

occursclosetothemiddleofthegagesection.Thenumericalresultsprovidevaluesofstresstriaxiality

from0to1.2andvaluesofLodeparameterfrom−1to0.Figure4showsthelocalizationoftheplastic

strainεp,maximumstresstriaxialityη,andthemaximumLodeparameterµ,inthenotchedregion.

Thisbehaviorisinagreementwiththenumericalresultspublishedbyotherauthors[11,27
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Figure5illustratesthefinalstageofthetestforthethreematerialstested.Post-mortemanalysis

oftheimpactedplatesrevealsdifferentfailuremechanismsdependingonthematerialtested.Asthe

loadingparameterisincreased,achangeinthefailuremechanismsisinduced(i.e.,thestressstate

inducedbyforκ=
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Figure5.Experimentalresults.Thefinalstageofthetension–torsionprocessfordifferentloading

conditions.(a)Detailofthenotch,(b)AA2024-T351,(c)AA6082-T6,and(d)AA5754-H111.

FailurelocusisconstructedregardingstresstriaxialityandLodeparameter(Figure6).According

totheinfluenceofthestressstate,ourresultsshowthatanincreaseinstresstriaxialiatyvaluesdoes

notleadtoamonotonicallydecreaseintheeffectiveplasticfailurestrainvalues.Theeffectiveplastic

strainincreaseswiththestresstriaxialityuptoathresholdvalueofµ~0.68,fromwhichbeginsto

decreaseforAA2024-T351. However,thethresholdstresstriaxialityforAA5754-H111isµ~0.8.

Thiseffectcanbeexplainedbytheinfluenceofthethirdinvariant(Lodeparameter).Thetransition

intherupturemechanismhasalsobeenobservedforductilesteel[28].Forhigh-stresstriaxiality

valuesthepredominantfailuremechanismisgovernedbyvoidgrowthandcoalescence,andasthe

stresstriaxialitydecreases,thefailureseemstochangeintoshearingbetweenvoids.Thisbehavior

isnotobservedformetalpresentingweakdependencyonLodeparameter,as5083-H116aluminum

alloy[22]orDH36steel[29],whereequivalentplasticstraindecreaseswithincreasingtriaxiality

withoutanychangeoffailuremechanism.

Thealuminumalloywiththehighestfailuredeformationinquasi-staticconditionsisthe5xxx,

5754-H111series,followedbyAA2024-T351,andtheleastductileisAA6082-T6.Moreover,boththe

LodeparameterandthestresstriaxialityareobservedtoinfluencethefailureoftheAA2024-T351and

AA5754-H111alloys:themaximumfailurestrainisproducedfortensilestressstates.However,forthe

AA6082-T6,thereisnotsignificantinfluenceoftheLodeparameteronthefailurestrain,beingthe

shearstateswhereahigherfailurestrainisfound,asshownbyZhou[30].

Fromexperimentalstudies[20,21],thefollowingfeaturesofthealloysusedinthisworkcanbe

stated:AA5754-H111haslowstrength/moderatehardening,AA6082-T6hasmoderatestrength/low

hardening,andAA2024-T351hasthehighstrength/highhardening.Barsoumetal.[10]concluded

thatthesensitivitytotheLodeparameterincreaseswithhighermaterialyieldstrengthaccompanied
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withadecreaseinhardening.However,forthealuminumalloysstudied,higherdifferencesofLode
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The3DplotoftheinfluenceofthestresstriaxialityandtheLodeparameteronthefailurestrainis

showninFigure7.TheeffectoftheLodeparameterisnegligibleathightriaxialityvalues.Theresults

presentedinthisworkfollowsimilartrendsthantheresultspublishedbyotherauthors[31
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4.PerforationTests

4.1.ExperimentalMethodology

Inordertofurtheranalyzetheinfluenceofthestressstateonthemechanicalbehaviorandfailure

ofaluminumalloysinmorecomplexscenarios,weperformperforationtestsathighimpactvelocities.

Perforationtestsarecommonlyusedfortheanalysisoffailureofductilematerialsinvolvinghigh

deformationratesandtemperatureseffects[21,32,33].Experimentaltestsareconductedonaluminum

platesusingapneumatic7.62mmcalibergasgunbarreltolaunchbluntprojectilesofmass1.1gand

sphericalsteelprojectilesofmass1.7gatpressuresupto6bars,toimpelthecompositefragment

rougha1.5mlongbarrel,Figure8.Aspecialsabot,madeofPLA,wasdevelopedtoholdtheblunt

projectilesduringthetrajectory.Theimpactvelocitiesappliedintheseexperimentscoverawiderange

of70m/s<V0<500m/s.Itshouldbenotedthat,forallthetestsperformed,theprojectilesshowed
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Thespecimensareclampedinthefrontandbacksidesoftheoutlineoftheplate;slidingeffects

arenotobservedduringthetest.APhotronFastCamSA-Zdigitalhigh-speedcamera(PhotronUSA,

Inc.,SanDiego,USA)isusedtomeasuretheimpactandresidualvelocitieswhentheprojectiles

impactandperforatethetarget,Figure9.Theselectedframerate(28,000framespersecond,fps)and

theresolution1024×744pixelsarechosenbasedonearlytesting,allowingaproperfocusonthe

images.Thehigh-speedcameraisplacedperpendicularlytotheimpactallowingforcapturingboth

theentranceandtheexitoftheprojectilefromthesameangle.
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Figure9.High-speedcamerasequenceoftheimpactprocesstoobtainVoandVr.(a)and(b)before

impactimagensand;(c)and(d)afterimpactimagens.

Theprojectilesaremadeofmaragingsteelwithaheattreatmenttoreachyieldstresscloseto

σy=2GPa.TheirgeometriesanddimensionsareshowninFigure8b,c.

4.2.NumericalMethodology

Thenumericalsimulationsoftheimpactproblemarecarriedoutusingthecommercialsoftware

Abaqus/Explicit.Thegeometryofthetargetandprojectilesisthesameasusedinexperiments.

Themeshofthetargetplateincludesatotalnumberof264,100nodesand242,500elements(C3D8R

inAbaqusnotation),seeFigure10.Atotalnumberof12elementsaredefinedalongthethicknessas

recommendedbyRodríguez-Martínezandco-authors[34].Thismeshhasbeenusedinaprevious

work,moredetailscanbefoundinRodriguez-Millanetal.[21
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4.2.1.ThermoviscoplasticBehavior

ThethermoviscoplasticmaterialbehavioroftheplateisdefinedusingtheJohnson–Cookmodel

describedinSection3.2.1.
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4.2.2.FailureBehavior

Threedifferentfailurecriteriaareused:singlefailuremodelbasedonacriticalplasticdeformation

threshold;Johnson–Cookfailuremodel[7];andBai–Wierzbickimodel[23–25].Thelatterisdescribed

inEquations(5)and(6),anditsconstantsforthethreealuminumalloysstudiedareprovidedin

Section3fromthetension–torsiontests.NotethatthecalibrationontheBai–Wierzbickimodelisdone

withquasi-statictestsandamoreaccurateidentificationoftheseparametersshouldconsiderpotential

failuredependenciesonothervariablessuchasstrainrateandthermaleffectsduetoadiabaticheating.

Thefirstfailurecriterionconsideredisbasedontheconsiderationofacriticalplasticdeformation

thresholdεf(denotedinthisworkasC-model).Thiscriticalplasticdeformationisestimatedherefor

eachcombinationofprojectileshapeandmaterialtestedbyanoptimizationprocesstakingintoaccount

thewholerangeofimpactvelocities.Thisoptimizationprocessaimsatminimizingthepredictive

errorintheresidualvelocitybycomparisonwithexperimentalvalues.Thefinalvaluesobtainedfor

thiscriticalplasticdeformationaresummarizedinTable4foreachcombinationofprojectileshape

andmaterialtested.

Table4.Criticalplasticdeformationsforeachcombinationofprojectileshapeandmaterialtested

Projectile AA2024-T351 AA5754-H111 AA6082-T6

Spherical 0.51 1.5 0.74
Blunt 0.28 0.6 0.36

ThesecondmodelusedisbasedontheworkofJohnsonandCook[7](denotedinthisworkas

JCmodel)andtakesintoaccountthedependenciesofthedeformationatfailureonplasticstrainεp,

strainrate
.
ε
p
,temperatureT,andstresstriaxialityη.Themodelisbasedonthefollowingexpression

fordamageevolution:

D=∑
∆εp

εf(η,
.
ε
p
,T)

(7)

whereDisthedamagetoamaterialelement(rangingfrom0,non-damage,to1,collapseofthe

material),∆εpistheincrementofaccumulatedplasticstrainoccurringduringanintegrationcycle,

andεfisthecriticalfailurestrainlevel.FailureisassumedwhentheparameterDexceedsunity.The

failurestrainεfisdefinedas:

εf(η,
.
ε,T)=D1+D2e

(D3η)
p ·1+D4log

.
ε
p

.
ε0
·1+D5

T−T0
Tmelt−T0

(8)

whereDiarefailureconstantsdependingonthespecificmaterialmodelled.Theseconstantsare

obtainedfromtheworksofTengetal.[35]andZhou[36,37]forAA2024-T351andAA6082-T6,

respectively.However,theparametersforAA5754-H111areunavailableintheliterature,sothevalues

areadjustedfromtheparametersofanother5xxxseriesalloyfrom[36,37].Table5summarizesthe

valuesusedforeachmaterial.

Table5.Johnson-Cookfailuremodelparameters

Parameter AA2024-T351 AA5754-H111 AA6082-T6

D1 0.13 −0.20 0.0164
D2 0.13 1.133 2.245
D3 −1.5 −0.229 −2.798
D4 0.011 0.0897 0.007
D5 0 7.978 3.65
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Theprojectilesaremodelledwithanominalmassandamaximumdiameterof30gand13mm

respectively.Theprojectileisdefinedasarigidanalyticalbodysinceexperimentaltestsrevealed

noplasticdeformationontheprojectilesurfaceafterimpact.Thisdefinitionallowsforreducingthe

computationalcostrequiredinthesimulations.Africtioncoefficientequalto0.1isusedtodefinethe

contactbetweentheprojectilesandtheplate,asdonebyseveralotherauthors[34,38–41].

4.3.Results

4.3.1.ExperimentalResults

ResidualVelocity

Figure11showstheresidualvelocityversusimpactvelocity(Vr−V0)curvesforthetwodifferent

projectileshapesconsideredandtwoplatethicknesses.Theresultsarefittedviatheexpression

proposedbyRechtandIpson[42]as

Vr=(V
κ
0−V

κ
bl)
1/κ (9)

whereκisafittingparameterdependingontheprojectileshapethatdescribesthetrendofthe

relationshipbetweentheimpactandresidualvelocities. Forthesphericalprojectile,thefitting

parameterobtainedisκ=1.95forAA5754-H111;κ=1.90forAA6082-T6;andκ=2.2forAA2024-T351.

However,forthebluntprojectile,thefittingparameterobtainedisκ=1.60forAA5754-H111,κ=1.90

forAA6082-T6,andκ
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Failure Mode 
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Figure11.ComparisonofresidualvelocityVrversusimpactvelocityV0forthethreealuminumalloys

studied:(a)sphericalprojectileand4mmthickplates;(b)bluntprojectileand4mmthickplates;

(c)sphericalprojectileand1mmthickplates.
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Fortheimpacttestsconductedwithsphericalprojectilesandplatethicknessof4mm,theballistic

limits(Vbl)arefoundtobe385,387and408m/sforAA5754-H111,AA6082-T6andAA2024-T351,

respectively.Lowerballisticlimitsarefoundforthebluntprojectile:280m/s,250m/s,and300m/s

forAA5754-H111,AA6082-T6,andAA2024-T351,respectively.Asexpected,forsteelsphereimpacts

on1mmthickplates,thevaluesareconsiderablylower,150.0,117,and145m/s,forAA5754-H111,

AA6082-T6,andAA2024-T351,respectively.

FailureMode

Thevariationinenergyabsorptioncapacitywithdifferentprojectilenoseshapescanberelated

tothecorrespondingdifferenceindeformationandfailuremodesasshowninFigure12.Inthis

regard,Kpenyigbaetal.[13]observedthatthefailurestraindependsonthestressstateinducedbythe
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• SphericalProjectileConfiguration

Sphericalprojectilesleadtoaplatefailurebasedonductileholeenlargement,wherethematerial

infrontoftheprojectileispushedforward,seeFigure12.Localizedrearbulgingwithradialcracks

andshortpetalsisalsoobserved.ThiseffectishighlightedforAA5754-H111.Theplugejectedshows

adiametersimilartotheprojectile;however,thediameteroftheperforatedholeisfoundtobesmaller

thantheprojectile’sduetoelasticrecovery(springbackbehavior),especiallyforAA2024-T351and

AA5754-H111.

• BluntProjectileConfiguration

Fortheimpacttestsconductedwiththebluntprojectile,Figure13,thefailuremodeoftheplate

isdominatedbyshearbandingleadingtotheejectionofacircularplugatthefinalstageofthe

perforation.Thiscircularplugpresentsadiameterequaltotheprojectilediameter.
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Figure13.Experimentalresults:bluntprojectileconfiguration.Thefinalstageoftheimpactprocess

for:(a)AA6082-T6;(b)AA5754-H111;(c)AA2024-T351.

4.3.2.NumericalResults

ResidualVelocity

Acomparisonbetweenexperimentalandnumericalresultsintermsofresidualversus

impactvelocitiesiscarriedoutforthedifferentprojectilenoseshapesandfailurecriteriaused

(seeFigures14–16
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Figure15.Sphericalprojectileconfiguration.Thickness=1mm.ComparisonofresidualvelocityVr

versusimpactvelocityV0betweenexperimentsandnumericalsimulationsfor:(a)AA5754-H111;

(b)AA6082-T6;(c
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• SphericalProjectileConfiguration

Figure14showstheresidualvelocityversusimpactvelocitycurvesforimpacttestsusingspherical

projectilesand4mmthicknessplates.Theresidualvelocitypredictionsareingoodagreementwiththe

experimentalresults.However,theJCandBWfailuremodelspresentmaximumvariationsintheballistic

limitlowerthan10%oftheexperimentalvalues.Ingeneral,thepredictionofthewholerangeofresidual

velocitiesdependingonimpactvelocitiesisquitecomplicated,asrecentlyarguedbyFrasetal.[1].

Inthecaseofimpactsthatalsouseasphericalprojectilebuton1mmthickplates,Figure15,

theB-WfailuremodelcorrectlypredictstheballisticlimitexceptinthecaseofAA6082-T6,that

thenumericalvalueisoverestimatedbyapproximately15%withrespecttotheexperimentalresult.

However,itcorrectlyreproducesthebehaviorofthematerialforvaluesabovetheballisticlimit.

AsimilarresultisobtainedwiththeJCmodel,whereadifferenceofapproximately10%isobtained.

• BluntProjectileConfiguration

Forimpactsconductedwithbluntprojectiles,amaximumdifferenceof25,15,and40%isfound

betweentheexperimentalandpredictedballisticlimitvelocitiesforAA5754-H111,AA6082-T6,and

AA2024-T351,respectively.AccordingtoFrasetal.[1],theimpactofcylindricalprojectilesisthe

mostchallengingandcomplexscenario,usuallyrequiringtherecalibrationofthefailureparameters.

ItcanbenotedinFigure16that,althoughdisparityinthepredictionoftheballisticlimit,numerical

predictionsaresatisfactorybeyondthispoint.

FailureMode

Figure17comparesthefinalstageoftheperforationprocessforthedifferentfailuremodels

andforthethreedifferentaluminumalloysstudiedinthiswork.Thisfigureiscomparedwiththe

experimentalobservationspresentedinFigure12.Thenumericalpredictionsandexperimentalresults

intermsoffailuremodearequitesimilartoeachother.Inthisregard,thefailuremodeoftheAA

5754-H111inthenumericalsimulationsisveryclosetotheequivalentexperimentalfailuremode.

ComparedtoAA6082-T6andAA2024-T351,theBWandthecriticalplasticdeformationmodelsshow

somesimilarityinrepresentingradialcrackpropagation.TheJCmodelistheworstpredictorofthe
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Itshouldbenotedthatthecriticalplasticdeformationmodeliscalibratedtoobtainthebestresults

inresidualvelocitywithoutpayingattentiontothefailuremode.

Regardingthefailuremechanismsusingthebluntprojectile,Figure18,allthefailuremodels

consideredclearlyreproducethecut.Inthisregard,itshouldbehighlightedthecapacityoftheBW
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modeltoallowfortheplasticdeformationexperimentallyobservedaroundtheimpactzone.

Figure18.Detailsofthefailuremodeoftargetsimpactedbybluntprojectiles:(a)AA5754-H111;

(b)AA6082-T6;and(c)AA2024-T351.

5.Discussion

Tension–torsiontestshaveallowedtorelatedifferentstressstates,bymeansoftheLodeparameter

andthestresstriaxiality,withthefailurestrainofthethreealuminumalloysstudiedinthiswork.

Theanalysisoftheinfluenceofstressstateondynamicproblemshasbeenconductedusingtwo

projectileconfigurations.Thethreealuminumalloysconsideredare:AA5754-H111,AA6082-T6,

andAA2024-T351.Thefirstalloydisplayslowinitialyieldstressbutmarkedstrainhardeningand

enhancedductility.Thesecondalloyshowslargelydifferentmechanicalresponsewithhighinitial

yieldstress,lowstrainhardening,andlimitedductility.Thethirdofthemshowsgreaterductilityand

greaterinitialyieldstress[20,21].

Theballisticlimitandthefailurestrainofthematerialarestronglyrelatedtothestressstate

associatedtotheprojectileshape.Figure19showstheballisticlimitwithrespecttotheprojectileshape

andtheplatethickness.Itisworthnotingthatforhigherthicknesses,inthiscase4mm,thematerial

withthebestperformanceisAA2024-T351followedbyAA6082-T6.However,forthinthicknesses,in

thiscase1mm,thebestperformanceagainstimpactispresentedbytheAA5754-H111followedby

AA2024-T351.Thismayexplainthatthemostinfluentialparameterforlowthicknessisductilityand

failuredeformation.Themaximumfailurestrainsobtainedinthetension–torsiontestsweregivenfor

AA5754-H111andthenforAA2024-T351.

Thecriticalplasticdeformationsobtainedfromtheexperimental-numericalimpactresults

dependingontheprojectileshape,showtheinfluenceofthetensionstateonfailure,seevalues

inTable4.Alsonotethatthecriticalplasticdeformationsobtainedfromtheimpacttestsarehigher

thantherespectiveonesfromtension–torsionstests.Thisfactmaybeduetotheinfluenceofthestrain

rateonthematerialfailureortotheinfluenceoftemperatureincrementswithinthematerialdueto

adiabaticheating(especiallyrelevantunderhighstrainrateloadingconditions).
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TheLodeparameterhasbeenconstantlyhighlightedasanessentialvariabletobeincludedin

theformulationoffailuremodels.Fromourresults,wethinkthatawidersetofcharacterization

experimentsshouldbeconductedinordertobettercalibratetheBWfailuremodelanditsdependencies

onstressstate. However,theworkdonehereandthevaluesprovidedinTable3forthismodel
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6.Conclusions

Theexperimentalandnumericalresultsobtainedinthispapercouldbesynthesizedas:

- Tension–torsiontestsandimpacttestsareconductedonthreealuminumalloys:AA5754-H111,

AA6082-T6,andAA2024-T351.Testsareperformedcoveringawiderangeofstresstriaxialities

andLodeparameters.

- Theobservationsfromtension–torsiontestsallowtoidentifythematerialparametersoffailure

modelsthattakeintoaccountstressstatesensitivity.Theseresultsarecomparedtofailure

modeatimpactconditionswiththeaimofanalysingtheinfluenceofstrainrate,triaxiality,and

Lodeparameteronthemechanicalresponseofaluminumalloys.Inthisregard,higherfailure

strainvaluesarefoundfordynamic(ballistic/perforation)testsincomparisonwithquasi-static

(tension–torsiontests).Thisfactindicatesthatmorecharacterizationtestsareneededtoproperly

definefailurewhenthematerialisexposedtodynamicloadingwherestrainratesensitivity(high

strainrates)andtemperaturesensitivity(duetoadiabaticheating)areexpected.

- Thegeometryoftheprojectileplaysaderterminingroleintheresultingstressstateinthetargeted

structure.Onthispoint,differentstressstatesleadtodifferentfailuremodes.

- Targetstrengthincreasemaynotleadtodecreasingballisticlimitwhenotherthicknessplate

isused.

- Thecriticalplasticdeformation,Johnson–CookandBai-Wierbickimodelsrequireextensive

calibrationinordertocorrectlyreproducethefailuremechanismsduringimpacteventsinvolving

differentprojectilegeometries.Inthisregard,furthercharacterizationteststoaccountforstrain

rateandtemperaturedependenciesareneeded.
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