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EvaluationofFlowStressDropCausedbyReductioninStrainRate 
onCopperatVelyHighStrainRates 

HajimeENDOH*,KiyotakaSAKINO*＊ 

Abstract・Inthepreviouswork,stminratechangetestswel己conductedfbrhigh-puriWpolycIystallineahunmumatvely
highsminmtes.Ｈ６１℃ｗｅｐＩ己sentUleresultsofreductiontestscalTiedoutfbrcopper・nleexperimentalappamtusdevisedin
thepreviousworkisusedtoattainasufTicientlysteepreductioninthesminlme・Thef1owstlBssobtainedfi℃ｍｔｈｅ
”ductiontestsisanalyzedbymeansofthedeconvolutionmethod・Ｔｈｅ1℃sultsindicatethattheinstantaneoIlsstminnte

playsamo1℃importantrolethanthestrainmtehistolyfbrlhedynamicnows位essatvelyhighstlainmteswher巴asteep
mc彪aseinthesminratesensitivityofthenｏｗｓｔ1℃ssisobsewed・Theabove-mentionedresultsa1℃thesameasthose
fbundinlhepreviouswork． 
K勺ﾉﾘDbnmF：Shock,StminRateSensitivity,Ｓ噸inRateHistoly,DiflbrentialMethod,Deconvolution

1．ＩＮＴＲＯＤＵＣＴＩＯＮ 

Ｉｔｈａｓｂｅｅｎｒｏｐｏｒｔｅｄｂymanymvestigatoms，asoften 

pointedoutinlccentrwiewpapers［ｌ］，thatthestminr間te
sensitivityoftheflowstressdO/dlogEdependsupon 
bothlheinstantａｎｅｏｕｓｓｔｍｉｎｍｔｅａｎｄｔｈｅｓｔｍｉｎｍｔｅｈｉstoly・
InordertoclaIiDthemlesoftheinstantaneoussminmte 

andtheｓｔｍｉｎｍｔｅｈｉｓｔｏｌｙｉｎｌｈｅｄｙｎａｍｉｃｆｌｏwstrpss， 
difTbl巳ｎｔｉａｌｔｅｓｔｓｉｎｗｈｉｃｈｓｍｌｉｎｍｔｅｉｓｓｕｄdenly
mcreased[２］,[３］ordecreased[４］havebeencalTied 

outusilIgatorsionalsplitHopkinsonbarsystemInlhose 
tests,however，ｔｈｅｓ位ainratewaslimitedtobeIowabout

2000/ｓａｎｄ化wstlainmtechangetestshavebeendoneat

velyhighstminratesaboveabout5000/s,wherethesteep 
mcl巳ａｓｅｉｎｄＯ/dlogEappears・Forthisphenomenom，
twoconmstingintemretationshavebeemgivenOne［５］ 

ascribesthephemomenontothetmnsitioninUle 
rate-controllingmechanismofdislocationmotionけomlhe

thermaIlyassistedcuttingoflhepointobstaclesinlhe 

Iowerstｍｉｎｒａｔｅｍｎｇｅｔｏｔｈｅｖｉｓｃｏｕｓｄｒａｇｉｎｔhehigher 

s“inratemnge・Thisistheintelpretationbaseduponthe
roleoftheinstantaneousstrainrate、Theother

mteHp唾tation［６］ascribesthephenomenontoU1eintemal
smctuI℃evolutionwhich配flectsthestminmtehistory・Ｉｔ
ｓｅｅｍｓｔｏｂｅｖｅＷｉｍｐｏｒｔａｎｔｔｏｃｏｎnmlUleldative 
importanceoftheinstantaneousstminmteandthestTain 

ratehistoTyinlhedynamicf1owstress，andalsoto 
understandthemicromechnniRmofdefbmlationinmetallic 

materialsatvelyhighsminmtes・

RecentIy，theauthorB［７]，usinganewlydevised 
appamtuswithahightimeresolutioncapabiliⅣ,carriedout 
sminmtechangetestsfiDThigh-puritypolyclystallme 
alummuminstTainmterange住｡maboutlOOOOto20000/s・
TheTesultsindicatedthattheinstantancousstrainrate 

playedavelyimportantmIeinthedynamicnowsressat 
highstminrates､However,the『earCsomepublishedresults
whichdiffbrremarkablymmourresults・Follansbeeetal．

［８］measulpd11thlBsholdstresso’（quasi-staticyieIdmcss 
atOK）afterimposingacertainamountofdynamic 
pre-defblTnationonlhespecimen,andtheyconcIudedthat 
theflows位essdependedlittleuponlheinstantaneousstTain

mte・Fmhermore，”cently，TongandClifton［，］
perfbrmedadi歴rmtialtestusingthep照ssure-shear
impactｔｅｃｈｎｉｑｕｅａｔｓｍｉｎｍｔｅｓｏｆａｂｏｕｔｌＯＯＯ00/sand 
theyalsoemphasizedthattheflowstrcssdependedvery 
littIeontheinstantaneoussminrate・Boththe

above-mentionedtestswereconductedfbrcopper、
AccordingIy，ｉｔｉｓｎｅｃｅｓｓａＪｙｔｏｃａｌＴｙｏｕｔｌｈｅｓｔｍｉnmte 
changCtestsmtonlyfbraluminumbutalsoinparticular 
fbrcopper・

Her℃wedescribeaninvestigationinwhichsudden 

reductiontestswereconductedfbrhigh-purity 
poIycIystallinecopperusingtheappamtusdevisedinthe 
plwiouswork・Whenthesminmtereductiontestis

perfbmedfbrcOpperwhichexhibitslClativelypronounced 
work-hardenmgusingaHopkmsonbarsystemof 
compl己ssiontypeathighsminmtes,itbecomesasenous
prUblemthatlowingtoUleeflbctofthetrnnsfbrfimctionin 
Ulemeasu1℃ｍｅｎｔsystem,theflowsressdropcausedbyUle 
suddenrBductioninstminmtecannotbeobtainedcorTectly・
Ｔｏｏｖｅ距omethispmblem,UlelCfbl巳,theinve鱈eanalysisis
appliedtotheexperimentaldata・Experimentalresultsand
theinverseanalysismethodfbrcopperareprもsented
mgethe「wiUldiscussion

２.ＥＸＰＥＨｕＭｎＮＴＡＬＭＥＴＨＯＤ 

ＴｈｅｅｘｐｅｒｉｍentalappamtusfbT山ｅｓｍｉｎｍｔｅ
ｒｅｄｕｃｔｉｏｎｔｅｓｔｓｓｈｏｗｎｉｎＦi９．１ismamlycomprisedofa 
pmjectile，pressuI己baranddecelemtor、whichisthe
appamtusdevisedintheplwiouswo水．
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ｌｎｔｂｅｃａｓｅｏｆｔｈｅｔｅｓｔｆｂｒｃｏｐｐｅｒｔｈｅfbIlowingassembIies 
wereusedBoththeprqjectileanddecelemtorwercmade 

ofTi-6Al-4Valloy・TheirdiameterandlengU1werel3
mｍａｎｄｌＯＯｍｍ,肥spectiveIy・Theinnerdiameterofthe

decelerntｏｒｗａｓ６ｍｍＴｈｅｐｒＣｓｓｕｒｅｂａｒｗａｓｍａdeof 
tungstenltsdiameterandlengtｈｗｅに４ｍｍａｎｄ３００ｍｍ，

respectiveIy,ThedensityandthebarwavevelocitｙｏｆＴｉ－６ 
Ａｌ－４Ｖａ１Ｉｏｙａに４．４２９/Ｃｍ３ａｎｄ５０６０ｍ/S，respectively・
ThoseoftungstenalCl9.3/Ｃｍ３ａｎｄ４４８０ｍ/s、Ⅵleabove
combinationgivesstrainratereductionbyabout44％of 
stminratebefbrelPdquction 

Usmgtheone-dimensionalbarwaveappmximation 
andconsideringelasticdefbnnatiomoftheimpactbarand 
outputbarcausedbytheflowstressofthespecimen,the 
instantaneousstrainlnteofthespecmnenisobtamedinthe 
fbllowingfbITn： 

（a）befbrestrainratermuction 

linearsimultaneousalgebraicequations・ThedeconvoIution
wascaniedoutusingJacobivsitemtionmethod・The

iterationwasstoppedat5times,sincehighfi℃quencynoise 
isamplifiedbyfimhercontinuingtheitemtion、Inolderto
eliminatethehigh舵quencynoiseintheoutputdata,the
outputdataｗａｓsmoothedprioTtodeconvoIutionbymeans 
oftheSavitzky-Golaymetho｡［lOl 

nletransfbrhmctiong（t）inthissystemis 
obtainedbydiffb1℃ntiatingtheexperimentaIlydetermined 
lCsponsetoaunitstepinput．Ⅱneunitstepinputwas 
obtainedbyimpactingthepressulCbarwithanelasticbar 
ofthesamematerialanddiameter，Ｔｈｅdiffbrentiationof 

theunitstepresponsewasobtainedbyusingasmoothing 
difTbrentiation（discretepoints：７）whichelminated 
simultaneousIythenoisecontamedinS（ｔ）．Thislransfbr 

fimctionincludesnotonlylheefTbctoftheelastic 

dispel3ioninthep1℃ssulcbarbutalsotheresponseofthe 
stmingaugesystem・ThetlmsfbrfhnctiondS（ｔ)/dtand

theexpeIimentalresponseS（t）areshowninFigLIn 
thefigul巳Listhedistancebetweenthecollisimendand

thegaugepositiononthepressurebar． 

-ｵ仏一器急一議急） (1) 

(ｂ）afterstminmtereduction 

←舐 丙鶚5Ｊ
ZnDZA1COp 

(２） 弱ノメＩｐＦＵ爪
1００ 

whereVoistheinitialvelociwoftheimpactbar；ｐ，c 
andAarethedensity，barwavevelocityand 
cross-sectionalarearespectiveIy；subscriptsland2 
corTCspondtotheimpactbarandpressurebar,respectively； 
ａ０，２oandDarctheinitiaIcmss-sectionalal巴a，
initiallengthandinstantaneousnＯｍｉ､aIflowshUssofthe 

specimen，ICspectively・Ｔｍｅｍａｓｓｏｆｔｈｅｓｐｅｃｍｅｎｉｓ

ｎｅｇｌｅｃｔｅｄＴｈｅｔｒｕｅｓｔｒ℃ssiscaIcuIatedassuminglhe 
defbrmationofthespecimentobeunifblm． 
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Ｉｎｇｅｎｅｒａｌ，ｉｆａｓｙｓｔｅｍｉｓｌｉｎｅａｒｂｔｈｅｏｕｔｐｕｔｃａｎbe 

obtainedfTomtheinputbythefblIowmgconvolution 
integnI： 

ＴｉｍｅＵｓｅｃ 

FiglExperimentalresponseS(t）ｔｏｕｎｉｔｓｔｅｐｉｎｐｕｔ 
Ｈ(t）andtransferfunctiondS(t)/dt． 

w)-ﾊﾞｶ('-『)･曇(r)士， (３） 
＜ＣｑＩｃｕＩａｔＩＤｎ＞ 

ＳｔＪｑｉｎｒａｔｅｒＢｄｕｃｔｉＤｎ 
200001011200／SBC where，inthepresentexperimenLy（t）istheoutput 

obtainedwithUlestraingaugesystem,ｘ（ｔ）istheinput 
ploducedattheendofthelhepressuK増barandg（ｔ）is
theransfbrfilnction（impulse唾sponse）ofthissystem、
AccoIningly，thedeconvolutionmtegmlgivestheｍｐｕｔｘ 
(t）hUmtheoutputy（t）ａｓ 
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ｌｎｔｈｉｓｗｏｒｋ，theabovedeconvolutionwaspelfblmed 
numerically・Functionx（t)，ｙ（t）ａｎｄｇ(t）ｗｅ暉
discにtizedwithatimeintervalof0.1βＳｗｈｉｃｈｗａｓｅｑｕａｌ
ｔｏｌｈｅｓａｍｐｌｉｎｇｔｉｍeofthedigitaImemolyusedfbr 
Tecordingthedata・Eqs．（３）ａｎｄ（４）ｗｅ媚rmucedto

0５１０ 

ＴｉｍｅⅢSCC 

Fig.２RcsuItofapplyingconvolutiontoiｎｐｕｔｅｓｔｉｍａｔｅｄ 
ｍｍＥｑ５． 

い

Tung stc、。＝４ｍｍ

Ｌ＝150 

Ｉ．． 

-5O、／で￣

Ｘ０ 

０ 



2005年（平成17年）EvaluationofFlow StressDropCausedbyReductioninStrainRate 
onCopperatMeryHighStrainRates３ 

４．RESULTANDDISCUSSION 

MeasuTementｓｗｅｒｅｍａｄｅｆｂ「Mgh-purity
polycWstaIIinecopper（OFHC,99.”％puriw）．Specimens 
weremachinedto2mminbomlengthanddiameterfmm 
acold－ｄｍｗｎｂａｒｏｆ３ｍｍｉｎａｄｉａｍｅｔｅｒ、After

machming,Ulespecimenswereannealedinavacuumfbr3 

hat6００℃andfhmacecooIed,ｇｉｖｍｇａｇｒａｉｎｓｉｚｅｏｆ 
ａｂｏｕｔ６０βｍ 

Ｆｉ応t，fbrcomparisonwiththe舵suItsofthestrain
ratercductiontests，constant,srain-Iatemeasurementsof 

theｆｌｏｗｍｅｓｓａｔｓｔｍｉｎｒａｔｅｓｆｍｍａｂout4000to20000/Ｓ 

ｗｅｒｅｐｅ】fbnnedfbrthesamecopperspeclmenｓｕｓｉｎｇｔｈｅ
ｓａｍｅａｐｐａｍｔｕｓａｓｕｓｅｄｍｔｈestminratermuctiontests， 

AfterapplyingthedeconvolutionintegraItotheobtained 
data，theempiricaIexpmessionofDtfbrthestrainE 
andstrainratecwasderived・T1Iisexpr巳ssionisgivenin
thefblm 

Ot（２，色）＝００（Ｅ）＋α巳（５）
ｗｈｅｒｅ 

ｏｏ（Ｅ）＝５５７Ｅ＋262Ｅ’'２＋５６．５ 
ａｎｄ 

α＝３ｘ１０３ＭＰａ．ｓ､I 

Befbreenteringintothedescriptionofthe雁sultsof

thes位ainmtereductiontests，thenecessityofIhe
applicationoflhedeconvoIutiontothedataisdemonstmted 

usingacomputersimuIationandexperimentalexampIes， 
Figu礎２showsacomputersimulatioｎｏｆｔｈｅｓｔｍｉｎ

ｍｔｅｒｅｄｕｃｔｉｏｎｔｅｓｔａｔｓtlainmtesfiPom20000toll200/S・

Thehypotheticalflowst１℃ss-timecurvewaSobtainedusing 
Eq．（５），assummgastepwisefaUinthenowstlＣｓｓａｔａ 
ｓｍｉｎｏｆＩ５％，ａｎｄｓｈｏｗｎｂｙａｄａｓｈｅｄｃｕｗｅｉｎＦｉ９．２． 
Thiscurvecorrespondstotheinputproducedatthe 
specimenside-endofthepl巳ssurebar・ｍｅｓｏＩｉｄｃｕｌｖｅ
ｓｈｏｗｎｉｎｔｈｅｆｉｇｕ泥isobtamedbyapplyimgthe
convoIutionintegmltothedashedcurve，andcmcsponds 
totheouｔｐｕｔｔｏｂｅｏｂｔａｉｎｅｄａｓｔｈｅｏｕｔｐｕｔｏｆｔhesrain 
gaugesystem・ＡｓｉｓｓｅｅｎｉｎＦｉｇ、２，thelcaremarked

diffb唾ncesbetweenthecurvesinmeshapearoundthe
stTainmte配ductionpointandintheflowstressIevel，The

difIbrenceinlhenowstresslevelisparticuIarlymarkedin 
the”gionbefbrethestFainmtelBductionwhe肥thestTess

timecurvehasasteepe「画adienLnlisindicatesthatitis

difficulttoobtainedUlecorrBctfｌｏｗｍｅｓｓｄｍｐｄｉ”ctIy 
けomtheoutputofIhestmingaugesystｅｍ

Ｔｈｅｆｌｏｗｓｔｒ℃ss-timecurveobtainedbyapplying 
thedeconvoIutiontothesoｌｉｄｃｕｒｖｅｏｆＦｉｇ２ｉｓｓｈｏｗｎｉｎ 
Ｆｉ９．３tOgetherwiththedaｓｈｅｄｃｕｗｅｏｆＦｉｇ２・Ｔｈｅ

ｄａｓｈｅｄａｎｄｓｏｌｉｄｃｕｗｅｓｉｎＦｉ９．３showthaLbyapplying 
山edeconvolutiontOtheoutputofthesystem，a
satisfactory妃coveryisattainedexcepMheshapeinregion
veIyneartothestminmtereductionpoint、

Thelrue-sh℃ssstTaincurvesobtainedmmthe 

solidcuwesinFi9.2ａｎｄＦｉｇ．３，℃ｓｈｏｗｎｉｎＦｉｇ４．、e
dashedculveinFig､４iscalculatedlTomthesolidcurvein 

Fig2withoutdeconvolutionwhilethesolidculveinFi9.4 

iscalculatedfromlhesolidcurveiｎＦｉｇ３，whichis 
obtainedbyapplyingUledeconvolutionlnorderto 

evaluatethｅａｍｏｕｎｔｏｆｔｈｅｄｒｏｐｉｎｔｈｅｆｌｏｗｓ位ess，the
constant-s甘ain-rateisalsoshowninFig、４．neconstant
stmincurveexpにssedbyasolidcurveisobtainedby
applyingthedeconvolution，whileｔｈｅdashedcurveis 
obtainedwithoutapplyingthedeconvolutionlnIhecaseof 

thesolidcurvestheamountofthｅｆｌｏｗｓｔｒｅｓｓｄｌｕｐｄＤ１ 
ｉｓ２６ＭＰａａｎｄｅqualtothedropofthemestr℃ssinthe 

hypotheticaIinput､Ontheotherhand，ｔｈｅｍｌｅｓ甘essdlDp
obtainedBUmthedashedcurve,ｄｄ２，isclearlysmall 
compaIBdwiUltheflowstressdmpinthehypothetical 
input,」０１．Therefb",ifwetrytomeasulBUledynamic
flowsIrBssresponsetoIhesuddenrＢｄｕｃｔｉｏｎｉｎｔｈｅｓｔｍｉｎ 

ｍｔｅｕｓｉｎｇａHopkinsonbarsystemofcompI巳ssiontypeat
highstlainrates,itisnecessalytoapplythedeconvolution 
totheoutputofthemeasurmgsystem． 

＜Ｃ□ｌｃｕＩＢｔＩＤｎ＞ 
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Fig3Resultofapplyingdeconvolutiomtoconvolution 
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Fig.４CompaIisonofjC1wiUlj｡2.JD1isthe 

magnitudeofflowstTessdropobtainedmmthe 
deConvolutioncurveofFi9.3and」d2istllat
obtainedmmtheconvolutioncurveofFi9．２． 




