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  Abstract:Mechanicaltestsofhigh-nitrogenausteniticstainlesssteel(HNS)wereperformedatstrain

ratesof102 103s-1generatedbyasplitHopkinsonbarapparatusandunderdifferenttemperaturesfrom293

Kto873K.TheinfluencesofstrainrateandtemperatureontheplasticflowstressofHNSwereanalyzedby
comparingthedynamictestswithquasi-statictests.Theresultsshowthatthedynamicmechanicalbehaviorof

HNSissignificantlysensitivetostrainrateandtemperature;theflowstressincreasesrapidlywhenstrainrate

exceeds400s-1;andatthesamestrainrate,theflowstressincreasesastemperaturedecreases.Thecoupling
effectofstrainrateandtemperatureontheplasticdeformationbehaviorofHNSwasinvestigated.Theresults

indicatethatthethermalsofteningeffectplaysakeyroleinthedynamicplasticdeformationprocessofHNS.

BasedontheclassicalJohnson-Cookconstitutivemodel,amodifiedJohnson-Cookconstitutivemodelwasgiven

whichcandescribethedynamicmechanicalbehaviorofHNSproperly.
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  High-nitrogenausteniticstainlesssteels(HNS)arebecomingimportantengineeringmaterials.
Theirexcellentproperties,suchashighstrength,ductility,toughnessandworkhardening,non-mag-
netism,goodcorrosionresistanceandreducedtendencytograinboundarysensitizationareofgreatin-
terestforseawatersystems,chemicalandnuclearindustries,andmilitaryapplication[1].Asapoten-
tialarmorprotectivematerial,High-nitrogenstainlesssteelswillsufferfromvariousdynamicloads
suchasexplosiveblastorprojectileimpact.Intheprocessofprojectileimpact,thematerialswillen-
durehighstrainratesandhightemperatures.Intheseconditions,themechanicalpropertiesofmate-
rialscouldbedifferentfromquasi-staticmechanicalproperties.Therefore,itissignificanttofindout
aboutthemechanicalbehaviorsofHNSinbothlowandhighratesdeformationprocesses.
  InvestigationsofHNS’smechanicalbehaviorhavebeencarriedoutformanyyears,andsomeachieve-
mentshavebeenmade.Tomotaetal.[2]discoveredatrans-granularcleavagslikefracturefacetinCr-Mn-N
austeniticstainlesssteels,whichisatotallydifferentfracturemechanism.Speideletal.[3]studiedthedynam-
icmechanicalbehaviorofhigh-nitrogensteelbyballistictests,andtheresultsshowthatthematerial’s
strengthincreasesstronglyunderhighstrainrateimpact.Thematerialexhibitsanobviousimpacthardening
phenomenonintheprojectileimpactarea,whichcanenhenceitsprotectioncapabilityobviously.Frechardet
al.[1]discoveredthatB66high-nitrogensteelhashigh-strainhardeningrate,goodductilityandgreatratesen-
sitivity.Theyalsostudiedthetemperaturesensitivityofthematerialoveralargetemperaturerangefrom
77Kto673K.Pengetal.[4]studiedtwokindsofhigh-nitrogensteels(aircoolingandwatercoolingsepa-
rately),andfoundthattheflowstressesoftwomaterialsaremuchsensitivetothestrainrate.Thematerials
presentthestrainhardeningbehaviors,butthedynamicyieldstressofthematerialshasrelativelyweakstrain
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ratesensitivity.Chenetal.[5]studiedtheballisticcapabilityofhigh-nitrogensteelplates(withthemassfrac-
tionofnitrogenof0.56%)ofvariousthicknesses,andfoundthattheimpacthardeningbehaviorsofthema-
terialisobvious,andthematerialhasshownexcellentprotectioncapability.Butuptonow,fewstudiesare
documentedonthedynamicmechanicalbehaviorandconstitutiverelationofHNSunderhightemperature
tests.
  Inthisstudy,dynamictensiletestswereperformedtoinvestigatethedeformationbehaviorof
HNSoveralargerangeofstrainratesandtemperatures.ThesensitivitiesofHNStotemperatureand
strainrateareinvestigated,andamodifiedJohnson-CookconstitutivemodelofHNSwasestablished.

1 Experimentalprocedure

1.1 Material
  Thehigh-nitrogenausteniticstainlesssteelusedinthisstudywasmanufacturedbyBeijingIron
&SteelResearchAcademy.Thenominalchemicalcompositionofas-receivedingotsisshownin
Table1.Theas-receivedmaterialwassuppliedasplatesof20mmthickness.

表1 实验用高氮奥氏体不锈钢的主要化学成分

Table1Chemicalcompositionoftheas-receivedhigh-nitrogenausteniticstainlesssteel

Element
Massfraction/

%
Element

Massfraction/
%

Element
Massfraction/

%
Element

Massfraction/
%

N 0.88 Ni 2.01 Mo 0.0001 W 0.005
Mn 19.28 Cr 19.32 Cu 0.031 C 0.03

1.2 Tests
  Quasi-statictensiletestswereperformedonamaterialtestsystem(MTS)atdeformationratesof
0.5,2,5,20,40and60mm/min,respectively.Quasi-statictensilepropertiesofHNSweremeas-
uredontwokindsofsmoothcylindricalspecimens,withdiameter10mm-gaugelength70mmanddi-
ameter4mm-gaugelength30mm,respectively.
  Dynamictestswerecarriedoutatthestrainratesof102 103s-1byusingasplitHopkinsontensionbar
equipment(SHTB)[6-8].TheillustraitonoftheSHTBequipmentisshowninFig.1.Theequipmentconsists
ofagasgun,anincidentbar,atransmittedbar,astriker,abufferbar,ashockabsorber,andstraingauge
circuitstomeasurethestrainsignalsinthebars.Inthetests,thegasgunlaunchesthetubularstrikertoim-
pacttheincidentbar.Thetransferflangetransferstheincomingelasticcompressivestresswaveintotheelas-
tictensilestress,whichthentravelsthroughtheincidentbartowardthespecimen.Whenthetensilestress
wavepropagatestotheinterfacebetweenthebarandthespecimen,partofthewaveistransmittedthrough
thetransmissionbarasatensilewave,andtherestisreflectedbacktotheincidentbarasacompressive
wave.Thestresswavereverberatesinthespecimenuntilanominallyhomogeneousstressstateisachieved.
Thestrainsignalsweretransferredintoelectricalsignalsbyhighdynamicstrainindicator;theelectricalsig-
nalswererecordedbythemulti-channeltransientdigitalrecorder.
  Forthetemperaturetesting,thespecimenswereenclosedinaclamshellradiant-heatingfurnace
withaninternaldiameterof100mmandwithaheatingwireof500mminlength.Thespecimen’s
temperaturewasmonitoredbyathermocoupleplacedinsidethefurnaceandcontactedwiththe
specimen’ssurface.Avariabletransformerwasusedtocontrolthetemperatureofthefurnace.Inor-
dertoreducethetemperature’sinfluenceonthestraingauges,acirculatingwaterdevicewasusedto
cooltheendsofthebarwhichisheated.
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图1 霍普金森拉杆(SHTB)实验装置

Fig.1Schematicofthesplit-Hopkinsontensionbar(SHTB)

2 Resultsanddiscussion

2.1 Effectsofstrainrate
  Truestress-straincurvesofHNSobtainedfromtensiletestsatvariousstrainratesunderroomtempera-
turearepresentedinFig.2.Thecurvesshownearlythesameflow-stresstrendforbothdynamictestsand
quasi-statictests.Butthestrainhardeningismoreevidentinthequasi-staticteststhanthatinthedynamic
tests.Athighstrainrate,theflowstressincreaseslittleastheplasticstrainincreases;thecurveisnearly
paralleltothestrainaxiswhenthestrainrateexceeds103s-1.Italsoshowsthat,asthestrainrateincreases,

theflowstressincreasesaccordingly.Thedynamiccurvesshowadistinctstrainrateeffectontheflowstress
comparedwiththequasi-staticcurves.Theyieldstressisabout857.1MPaatthestrainrate4.8×10-3s-1,

andtheYoung’smodulusofHNSis204GPa.Theflowstresslevelathighstrainrateisabout500MPahigh-
erthanthatobtainedatlowstrainrate.
  Sincethestress-straincurvesfromthedynamictestsshownoevidentyieldplatformanditisnot
accurateenoughfortheirelasticsections,itisnoteasytolocatetheyieldpointinacurvedirectly.In
thisstudy,twostraightlineswereusedtoassigntheyieldpoint,onefittedwiththeplasticsectionof
thestress-straincurve,andtheotherplottedatstrainof0.2%,theslopeofwhichisthevalueof
HNS’sYoung’smodulus(204GPa).Thestressvalueofthecrosspointofthetwostraightlineswas
definedastheyieldstress.ThismethodisshowninFig.3.

图2 不同应变率下材料的真实应力应变曲线

Fig.2Truestress-straincurves
ofHNSatdifferentstrainrates

图3 材料屈服点的确定方法

Fig.3 Methodofassigning
yieldpoint

  Fig.4illustratestherelationshipbetweenyieldstress(σy)andstrainrate(̇ε)atroomtempera-
ture.Itcanbenotedthattheσyvs.lġεrelationshipcannotbeexpressedlinearly.Instead,thedata
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图4 应变率对屈服应力的影响

Fig.4Influenceofstrainrateonyieldstress

aredividedintotwoseparateregionscorresponding
todifferentstrainratesensitivities.Thestrainrate
oḟεtr=4.0×102s-1representsatransitionstrain
rate,abovewhichtheflowstressincreasesdra-
maticallywithincreasingstrainrate.Thestrain
ratesensitivitiesinthetworegions,i.e.λsandλd,

aregivenbytheslopesoftherespectivestraight
lines.Specifically,λs=(σtr-σs)/lg (̇εtr-̇εs)and
λd=(σd-σtr)/lg(̇εd-̇εtr),whereσsisthequasi-
staticyieldstressatthestrainratėεs,σdisthedy-
namicyieldstressatthestrainratėεdandσtristhe
flowstresscorrespondingtothetransitionstrain
ratėεtr.Thevaluesofλsandλdare19and296respectivelyinFig.4.
  Itcanbeseenthatthedynamicstrainratesensitivityishigherthanthelowstrainratesensitivity.
Thisdifferenceinslopeimpliesthatdifferentdeformationmechanismsgoverninthesetworanges.
Thedominantrate-controllingmechanismisthermallyactivatedatlowstrainrateandittendstowards
adislocationofviscousdampingwhenthestrainrateincreasescontinuously.

2.2 Effectsoftemperature
  Fig.5showsthecurvesoftruestressviatruestrainatvarioustemperaturesfrom293Kto873K,

atthesamestrikerdriving-pressure(1.3MPa).Italsogivesthevaluesofstrainratescorresponding
tothetestsateachtemperature.Itshowsthatasthetemperatureincreases,thestrainrateincreases
aswellthoughunderthesamedriving-pressure.Thatiscausedbythehighdeformationrateindy-
namictestsathightemperature.Thus,forthedynamictestsunderhightemperatures,thedeforma-
tionbehaviorofthematerialisinfluencedsimultaneouslybybothstrainrateandtemperature.
  Theyieldstressofeachtestathightemperaturewasobtainedbyusingthesamemethodintroducedin
Chapeter2.1.Fig.6presentstheinfluenceofstrainrateandtemperatureonyieldstress.Theprojectionsof
datapointsontheverticalcoordinateplanewereacquired.Fromthat,theyieldstressincreasesrapidlywith
thedecreasingoftemperature.itmeansthatthethermalsofteningeffectplaysakeyroleinthedynamicde-
formationprocessinhightemperaturetests.Namely,thestrainratehardeningeffectwasveryweakinthese
conditionsbecauseallthehightemperaturetestswereunderthesamestrikerdriving-pressure,andthechan-
gesofstrainratesofthetestswerenotmuch.Itcanbeinferredthat,overalargerangeofstrainrateand

图5 不同温度加载下材料的真实应力应变曲线

Fig.5Truestress-straincurvesof
HNSatdifferenttemperature

图6 高温实验中温度、应变率对屈服应力的影响

Fig.6Influenceoftemperatureandstrainrate
onyieldstressfromhightemperaturetests
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temperature,thematerial’sdeformingmechanismwasdominatedbythecompetitiverelationbetweenthe
thermalsofteningeffectandthestrainratehardeningeffect.

2.3 Constitutivemodel
  TheJohnson-Cookmodelrelatesthethreemechanisms,i.e.theworkhardening,thestrainrate
hardening,andthethermalsoftening,thatareresponsibleforthedeformationbehaviorofmaterials.
Themainadvantageofthismodelisthat,itisrelativelyeasytocorrelatewiththeminimumofexperi-
mentaldataintheformofstress-straincurvesatdifferentstrainratesandtemperatures.TheJohn-
son-Cookmodelassumesthattheslopeoftheflowstresscurveisindependentlyaffectedbystrain
hardening,strainratehardening,andthermalsofteningbehaviors[9]andthelawisgivenas

σeq=(A+Bεn
eq)(1+Clṅε*

eq)(1-T*m) (1)

whereσeqistheequivalentflowstress,εeqistheequivalentplasticstrain,̇ε*
eqisthedimensionlesse-

quivalentplasticstrainrate,̇ε*
eq=̇εeq/̇ε0anḋε0isthereferenceaccumulativeplasticstrainrate,andT*

=(T-Tr)/(Tm-Tr),T*isthedimensionlesstemperature,Tmisthemeltingtemperatureofthe
materialandTristheroomtemperature.Theconstantparameters,i.e.A,B,C,nandm,arefitted
tothedataobtainedbythetests.
  Theequivalentstress-straincurvesofthequasi-statictestsarefittedbytheJohnson-Cookmodel,where
ε̇0issetas4.8×10-4s-1,Tras293K.SoA=857.1MPa,B=1758.0MPa,andn=0.82canbeobtained.
IntheJohnson-Cookmodel,theσyvs.lṅε*eqrelationshipisexpressedlinearly.AccordingtoFig.4,itcanbe
notedthattheσyvs.lġεrelationshipisnotexpressedbyasingleline.ItindicatesthattheJohnson-Cookmod-
elhasnotconsideredthechangeoftheplasticdeformingmechanismforHNS.
  Fig.7givestheplotsoftheinfluenceofstrainrateontheyieldstress,andthefittedcurvebythe
Johnson-Cookmodel.ThevalueoftheparameterCisobtainedas0.046.FromFig.7,itcanbeseen
thattheJohnson-Cookmodelcannotbefittedwiththetestdataverywell,becausethematerialhas
differentsensitivitiesatlowstrainratesandhighstrainrates.Inthisstudy,amodifiedmodelwas
used,thedataobtainedfromlowstrainratetestsandhighstrainratetestswerefittedseparatelyby
twostraightlines.TheparametersC1=0.021andC2=0.318wereusedtorepresenttheslopesofthe
twostraightlinerespectively.
  FromChapter2.2,itcanbeknownthat,thedeformationbehaviorofthematerialisinfluenced
bystrainrateandtemperaturesimultaneouslyinthedynamictestsunderhightemperatures.Thus,

theyieldstress,whichacquireddirectlyfromtestdata,containstheeffectofstrainrate,thoughthe
strainrateofthetestswerenotmuchdifferent.IntheJohnson-Cookmodel,itisassumedthatthe
slopeoftheflowstresscurveisindependentlyaffectedbythestrainhardening,thestrainrateharden-
ing,andthethermalsofteningbehaviors.Thustheyieldstress,influencedbytemperature,canbe
obtainedbyusingtheJohnson-Cookmodeltouncouplethestrainrateeffect.Fig.8plotstheinfluence
ofdimensionlesstemperatureonyieldstress.Byfittingthedatawithσeq=A(1-T*m),theparameter
m=0.55isobtained.
  Inthisstudy,theyieldstressdataatlowandintermediatestrainrateswerenotprovided,forthe
lackingofappropriateexperimentalmeans.TheJohnson-CookmodelofHNSobtainedabove,which
describedthemechanicalbehavioratquasi-staticandhighstrainrate,canhelppredicttheflowbehav-
iorofHNSunderlowandintermediatestrainraterange.

2.4 Verificationofconstitutivemodel
  TheJohnson-CookmodelofHNSwasobtainedbycorrelatingthetestsdata,whichcontainstwo
expressionsatdifferentstrainrates.ThemodifiedJohnson-Cookmodelisgivenasfollows:
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图7 应变率对材料屈服应力的影响

Fig.7Influenceofstrainrateonyieldstress

图8 温度对材料屈服应力的影响

Fig.8Influenceoftemperatureonyieldstress

σeq=(857.1+1758.04ε0.823eq )(1+0.021lṅε*
eq)(1-T*0.55)     ̇ε≤4.0×102s-1

σeq=(857.1+1758.04ε0.823eq )(-3.03+0.318lṅε*
eq)(1-T*0.55)   ̇ε>4.0×102s-1

(2)

  Bycomparingtheequivalentstress-straincurvefromthetestswiththemodifiedJohnson-Cook
model,theaccuracyofthemodelcanbeverified.Fig.9showsthetestcurvesatdifferentstrainrates
atroomtemperatureandtherelevantcurvesobtainedfromthemodifiedJohnson-Cookmodel.Inthe
Johnson-Cookmodel,theneckingphenomenonisnottakenintoaccount,thusonlythecomparisonof
thecurvesbeforeneckingmakessense.Itisnotedthatthemodelpresictswellaboutthetestresults
whenthestrainrateisbelow103s-1.Asthestrainrateinceases,thereisobvioushighfrequencyos-
cillationinthetestcurves,whichiscausedbythescrewconnectionbetweenthespecimenandthe
Hopkinsonbars.Itcausestheflowstressvalueofthecurves’initialparthigherthanthepredicted
valuefromthemodel.Fig.10plotsthecurvesoftestsathightemperaturesandtherelevantcurves
obtainedfromthemodifiedJohnson-Cookmodel.Itcanbeseenthatthemodifiedmodelcanpredict
thematerial’sdynamicmechanicalbehaviorathightemperatureverywell.
  GenerallythemodifiedJohnson-Cookmodelcandescribethedynamicmechanicalbehaviorof
HNSproperly.

图9 常温实验结果与模型预测结果对比

Fig.9Curvesoftestsandmodelunderdifferentstrainrates

图10 高温动态实验结果与模型预测结果对比

Fig.10Curvesoftestsandmodelathightemperatures

3 Conclusion
  IthasbeenshownthattheflowstressofHNSisstronglyinfluencedbystrainrateandtempera-
ture.Thismaterialexhibitsagreatstrainratehardeningeffect,anditssensitivityathighstrainrates
ismuchhigherthanthatatlowstrainrates.Thethermalsofteningeffectseemstobeakeyrolethan
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strainratehardeningeffectindynamictestsathightemperature.ThemodifiedJohnson-Cookmodel
ofHNSwasobtained.Verifiedwithtestdata,thismodeldescribestheobservedflowbehaviorof
HNSquitesatisfactorily.

Reference
[1] FRECHARDS,REDJAIMIAA.Dynamicalbehaviourandmicrostructuralevolutionofanitrogen-alloyedaustenit-

icstainlesssteel[J].MaterialsScience&Engineering,2008,480(2008):89-95.DOI:10.1016/j.msea.2007.07.
014.

[2] TOMOTAY,NAKANOJ,XIAY,etal.Unusualstrainratedependenceoflowtemperaturefracturebehaviorin
highnitrogenbearingausteniticsteels[J].ActaMaterialia,1998,46(9):3099-3108.DOI:10.1016/S1359-6454
(98)00005-6.

[3] SPEIDEL M O,KOWANDAC,DIENER M.Highnitrogensteel2003[M].Swiss:InstituteofMetallurgy,

2003:63.
[4] PENGX.Dynamicpressuretestsandconstitutionrelationofhigh-nitrogenalloysteel[D].Chengdu:Southwest

JiaotongUniversity,2009:23-38.
[5] 陈巍,刘燕林,齐志望,等.高氮奥氏体装甲钢抗弹性能研究[J].兵器材料科学与工程,2009,32(6):51-55.

CHENWei,LIUYanlin,QIZhiwang,etal.Researchonballisticbehaviorofhighnitrogenausteniticarmorsteel
[J].OrdnanceMaterialScienceandEngineering,2009,32(6):51-55.

[6] GRAYGT.High-strain-ratetestingofmaterials:thesplit-Hopkinsonpressurebar[M].2nded.NewYork:John
WileyPress,2000:96-110.DOI:10.1002/0471266965.com023.

[7] NICHOLAST.Tensiletestingofmaterialsathighratesofstrain[J].ExperimentalMechanics,1981,21(5):177-
185.DOI:10.1007/BF02326644.

[8] TANGX,PRAKASHV,LEWANDOWSKIJ.Dynamictensiledeformationofaluminumalloy6061-T6and6061-
OA[J].JournalofExperimentalMechanics,2007,22(3/4):305-313.

[9] OWOLABIG,ODOHD,ODESHIA,ETAL.OccurrenceofdynamicshearbandsinAISI4340steelunderim-
pactloads[J].WorldJournalofMechanics,2013,211(3):139-145.DOI:10.4236/wjm.2013.32011.

高高氮奥氏体不锈钢高温动态响应特性及本构关系

王彦莉,贾古寨,张 婷,万明明,纪 伟,牟晓明
(中国兵器工业第五二研究所烟台分所,山东 烟台264000)

  摘要:在293~873K的环境下,采用分离式霍普金森杆装置对高氮钢试样进行了102~103s-1应变率下的动态加

载实验。结合准静态实验结果,分析了应变率和温度对材料塑性流动特性的影响。结果表明:高氮钢的动态力学行为具

有很强的应变率敏感性和温度敏感性。当应变率达到400s-1或更高时,流动应力随应变率的增加显著升高;在同一应

变率下,流动应力随温度的降低明显升高。研究了温度和应变率耦合效应对材料塑性行为的影响,得出温度软化效应在

高氮钢高温动态塑性变形中起主导作用。基于经典的Johnson-Cook(J-C)模型,通过对实验数据的分析,得出了高氮钢

材料的修正J-C本构方程,经验证修正J-C方程预测结果与实验结果吻合。

  关键词:动态力学行为;J-C本构方程;HNS;温度软化效应
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