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While the rlcformttion response uf tiumtlum subjected to high-riuc loading has attriictc(i consideratrlc
s[uriy, fcw studies have systematically invcsllgatcrl [hc influence of peak shock pressure Wd starting
tcmpcraturc on (Iw shock response of twmtlunl. in this study the deformation behavior of mnealed
tan[filum hiIs bcuu comparv(i tu Ian[alum shock pre-stmined to 7 and 15 GPa N 25°C its WCIIM to 7 Gi%
iifl~r firs[ prchculing to 200” and 400*C. ‘1’hcreh)wi yield behavior of shock preslrdined Pi was found to
cxhibil no cnhanccd shock hmicning cornpareti M l’iI deformed quasi-s~atically or dynamically to an
cquivtrlc;~t slririn Icvcl. In whlilirm the rclwtd yidd behavior of Tit shock prcstrained to 7 (Wit at 200 or
4(10-C WM found [o cxhihit incrcascd hardening compirrcd to the shock prcstrainillg ;tt 25-C, The shock-
Imhming rcspumc ls( ‘Z’sis discussed in tcrrns of cicfect skmrgc and ccuupitrcd to thu[ seen in fcc metals.

IN”I’ROLXJCTK)N

‘l”lIL’l]il}~sil~~ {JI’sll(’~k WiIVCSIIIM)Ugh illtit~riills hiIS

Iwcll showu (0 illlCr 10 vtirying r.icgrccs the
slrtlc[tlrc/~)l[)llclly rcspmtsc of a hroird rflngc of

IIIULIIS illlll illl(lyS. Spcci(ic CXilUlplCS of pOSl-

Sllo(”k ll)il[Criil I r ‘spmlsc Iulvc hcc!ll discussed
I)rcvit)uslyl 131, ‘1’hcst! Cflccts Ilukc hccll
Jlilrliclll;lrly well docullwlllrd ill ir divrusc numhcr
of l~cl:-uclilcrcll -cilllic(fcc) lllCtillS such its copper

illlll Ilickcl, illlll fl”C illloyS including hrirss id

illlsk’lii[k s[iiilll~s~ SkWIS Sll~\c:kresponse slmlics

(Ill l)t)tly -l’rllll’r~!(lclll)i~’ (I)uc) ltlCIUIS llilVC
I)rt!lirrn[ ially fotwscd 011 iron umi lkr[itic slccls
(IIIC I(I rxlrnsivr illlcrcsl in Ihc r r prGssurc-
illdll~”~.tllr;lllsi’.i~)ll, i;rwcr slmiics ilavc 1)1x:11
illl(ll’ l”til!il’11 011 OIIICI” lKX~ lllCliliS SUCil ilS lliol)iulll,
lllol~l}(lrll lllll, Iillllilllllll, 01” lllll~SIL’11, slKlt’k -
l(l~l(lL’l.l t(”(’ 111(’lillSilllll ililt,y~ ililVC I-fi(’ll KIM.!illl”(ilJ’
slloivll l{] rxllil~il illllclsctl ilill”(iCllill~ Iwll:lviur ill
ICI(I;III h.sls ;lt’lcr sI=NI1’L Iclx)vrry cI)lIlixlrwi [() Ilw

!.;1111(’ II IC[; II (it” l”(ll Ill C(l ill I(IW Sllilill rill(’ 11) :11}

l’(llll\’ill[’111 Sllilill 1(’V~ll I 111 I:lglll’(’ I illll SllillCS illl
(Ok;lllll)lr (11 Illlh Slll}!ilillll i;llly iill’rcilsr. (1 K’lo:lll
yirl~l Silt.11/:111IUslloll,w f~ll’l)oly(’l-ySlilli illt” t-ol)l)cl”

iIIId ili}:h i)hlilv lli(’hcl14.$1.

\vllll(’ 1(’1”, 1)( ’(’ , :111(1 Ili’1) lll~lillS cxllil}il II I:llttr
IIIIIIIIWI IJl ~ill]il;llilirs ill y,rIkI;ll i)llysit’nl ml(i
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True Slruln

l~igim 1: i{cl(mi slrcss-s[rilin rcsjmlsc (d’ shuck-~

loti(i~d ~~u ill~d Ni cullq)urc(i to til[lt UbSCrVCd
duI i[lg (Iu:mi-sl;llic dc~(mmlli(m.

Im.cl IMIIt:Il !Ilty)cllirs, Sip,llilicillll l,iili’crcllccs
NIS() rxist, I;or CXilllll)iC, llllllCiliCli IXX Ulld ilcI)
Illrl;lls ;IIIII ililoyS cxllil)il prol]lmlwc(i Slrilill-rillc

dIt(i lL’IIii)r I;II IIlc-(iri)cI l(lcll I i)roimr[ics. ‘i’his
(kJ)L’ll(kll LT iS (Ill: to Illlmir S[lollg hlhCICllt kl[lk”~

l(’!ii Slillll”r II) (Ii!iltlcilli(lll Illi)lioll Colll])illC(i [() fLX

II ICI:IIS i[~ wlli(”ll llIr I,ilticc rcsislallcc ix SIII:Iii

l{cLo[.IIIly, IIIC Ili):il S[liiil) I;IIC ill)ll sll[)~k rcsl)mmc,
tll I)rl’ Illrl:lls, ill ihllliclllw Illc lC1’lilCl{)ly Illclnis

Iillllililllll, Iliol)illlll, illlll tllll~slt”ll, il:lS rcc(!ivc,(i ,,

illl’l”~il~lmtl illlrl(.sl I“(II Imilislit. llil~)lil’:lliolls.,

Wllilr llw (1(-l ;lilr(i IrSiMIIISC of Icl’hlclory IIIrlUiS

1(1 :1 Wlll(’ 1:111/’,( ()( (Iciollll:llit)ll l)illll S ilil S IWI.?II
wi(lcly (.x; II II II I[hl. syhlcliullil. slll(iics ()! Iiw sINK.b. ,



rc~pmsc u~ 111~.scmcluls has rcccivcd limiwd
atkvltiun. I!w1y work by IJiclcrl 1] in 195 I nolcd
[htil t~cc IIICIUISodwr Ihi]ll iron cxhibiwd lm or
Iuininla] iml~rovcllwnl in overall mechanical
pn~lninics til[crsht)ck loadlllg, Onlyironwhich
displilys an illlulropic Irwsilicrn ml exlcnsive
twinning dining shock defw-rmuion showed ir
prullt)unccd CITCCI of shock Iwling on defect
skwilgc. Niobium rcvrmlcd n)inimill Iwinning and
disphywl viriuilliy no incrcuscd hardening
rmmparu.1 10 quusi-smlic rolling 10 cquivalcnl
slririll Icvcls. “Ilw purpc.rsc of Ihc prcscnl sh.rdy
wrs 10 illvcsliy,:m. tlw in fh.umx of peak pressure
;mtl mmpthriuulL. on Ihc shuck-loading rcsptmsc of
I;IIII;IIUIII.

I;AI’l;KIMI;NTA1.

(’tul~llll.r~”iill l)urity I:IIII:IIUIII pla[c 5 111111[hick

\villl il Illcmurcd umlqmilion (in W[. %) of

~’:lrl)lm-() IyUII, Ni[rogcll-24 ppnl, Oxygen-5(~
lqull, 1IVL]II)I1.L’ll-< 1 ppm, iron-19 ppm, Nickel-25
pplll, (_Ylri)llliunl 1) ppm, ‘1’ungslcn-41 ppl]i,
Ni(dliulll-211IJl}lll;Illd llillilllL’C ‘lqil WilS U!K!d ill Ibis
Sllllly, ‘1-11(’ I)lilll’ WilS sludicd ill illl illlll~illl!ll
~“(lll~lilit)ll illl(l [Josscssillk illl L’llUiil AIVl grilill

s[ru~.lulr .-OXIIIII in diill)lL’[c.r. Stmuk ncmwry
qwrimmlls wm purllunwd uliliting tin X[l-nm
singh’ .sl;lgLmIillllll”llt’r ill)(l wx)vcry lcchniqucs ilS
drs~-ril~’tl prrvitmsly ’[.!]. “1’illllilllllll !iillllpll% W1’IC

Slllll !. I(lil\lL’11 in ‘1’il Shot’h rmwrry ilSSl!lllhliCS 10
“/ illl(l ;?() ( il’il It)l” I }IS l)lllSC duril(it)llh under
S)’llllllrll 11” illl]JilL”l ~’~lndilitms lil~Villl!Ll

11’lll]N’lillllll’ SII(M’k .Iowling cxpurillmlls ill “1(;lJil

LLlmll’ (’(111(111(’1(”11 :11 u(mlimuly ;?2(1” illld 4(KH ‘

usill~ :1 Icsihlivc llCilliIl}! l“lrlllt’111 I“tllllikl! lllilL1.(1

(.il{’1111111.1~’llli;lllyill(lllll(l IIK lmlcr Illlmclllultl
Il;qll)illl! rillp III” Ilw ;Iwclllllly. ( ‘t)llq)rt.ssit)ll

Wllllpl(”!. W’(’IL’ Ill )hl lllil(’hilll’J Inm Illt’ ii!+

m.civrll “1’.l;Illll SIIIILht’11 SJIII]l IL’S, illl(l 11’l(lil{kd ill

hllillll l;ll~$ Iilll}:ill}: Ilillll (}JN)I I(1 UMH~ S 1,

1{1’.S111,’1’SAN1) I)IS(’IISSION

I“ll(m 11’111!111llll’(” IIJIII1 ,11 It’%l)(lllw ill !lIl{l(’h
Iurill,llll(wl l;llllillu~ll \v;l\ Iimll(l III lh”lwll(l (Ill 11,1111

Illr 111”.lk kll~h h 111(’h%lll~111111IIIC 1~1111~(’lilllllt”ill
WIIII.11 dIII14. III NIdIIIIIIII, W:IS prIl(IIm A. I ‘i;:urr
? 1111.M.IIIs J 1111111)1 llw ~plimi Mnli(” Irhd kll(’~s

‘111,1111II(” IIJYIIII {11 111(”illlllr,llrll hl;llllll~: “1’:1,:1%

WCII w I.INswnplcs rihockcd ~{room temperature
[o 7 and 20 Cil’ir. l:igurc 3 shows a plot of lhc
same shucked “h shock ~.eslrnincd samples
rchmdcd dyntrmicirlly usil~g a Split-Hopkinscm
Pressure Ilm irl a strain rate of 3(KM s-I. The
relowl shock curves in h’igums 2 arr ! 3 have been
offset with rcspxt [Uthe immmlcd 1% response at
low und high SIriiin rate by the tmnsient stmin
gcncrii?crl by LIwshock (lcfincd M 4/3 In (Vmo) ,
where V imd V. m-che final and imtiid volumes
of ‘Ik during the shock cycle. Contrary 10 the
rcsul[s rcvicwcd for Cu and Ni in Figure 1, TiI
shockrxl m 7 imcl 20 GI% does not exhibit an
incnws~hdshock hirrdcning nxponsc compared m
‘lmirquusi. SlilliCill Iy deformed 10 tin equivalent
slririll Icvcl. The rcloild nwchunitxd rcspcmse

follt)willg shmk pnxmining K 7 GIJa exhibits a
r~xluw’il Iluw slrcss Icvcl rxmpimxl 10 lhc quusi-
slnlic h~wlillg ptilh. The 20 (; Pa l-cloud slrcss -
S1l’ili[l rllrvc f(dl(}WS ncirrly lhC idClllicill yichl iUld

Ilimhillg Ilillll US Ihtm loW-TillC ilIlllCLllCd rCS~IISC

til IIIC mluiv;dcnt slfilin Imwl. ‘Ilw dynumic rclwul
slrrss-slriiin rrsponsc in I;igurc .3 shows Ihc siimc
rcspmsr ilS 111:11ScLvl in IIIC quosi-slalic rClrlUIS

illlht)ugll lhL” (lVL’l”il]] 11(Iw !i[fCSS hWChi ill~ h@hCr,
L’(lllSk[L”ll[ wilh l!lL”high rillL’-SCls “hily of ‘l%
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I’ii:uic .J: { lll;l~i sl;III~, klrcss Sllilill rrsptulsr (11
!tllllL.h l(S(”(l\’~l L.ll .~’il illktl “/ illl(l ~.[) ( ;I)ii SlltlUhS,

lhhml I IIIVW ;IICIIIIW Iq’ lllL’ Iimwiml Slrillll$

(1111” Ill 1111.\llllL”h!i ;J$ 1.llll[lill~(l Ill ([llilSi hlillil’
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I;igurc :3: Iligll-slrain-rtilc reload slrcss-slrain
r~’sll(mw01’shock pmslmincd limlalum.

dclcd s(magc rcsponw of shock lrxrding in fcc
nwl:JIs c[ll]lpilrcd 10 conventional strain-rate
Iouding pulhsll 1. ‘Ilis obscrwuion is iclclllicirl 10
Ih:il sccil ])rcviously hy I.ussila d Gr2y16].

lil~:r~ild hilrdcnlllg during shock Iotidiny in the
ICC UJSC IMS lull qualimlivcly Iinkud 10 the
suhs(mic rcslric[ion (!il dislouuti(m velOcily,
rtxluilil)g IIw gmcrwion d st(mgc of a Iargcr
Ilul]]lwr ol disloL”illioll S” for il givm slruin.

( )l)SL!lVilli(UIS 1)1:1 slrong dcpcndcllrc of IIIC iniliill
Sldgc II \Vol’k-llill”(lCllillg rillc[ 5,7 ] on slrtiin rillc in
(cc lllul:ll~ supporls IIlis ffl~[ illlll IIIC diltir for CU
IIINI Ni ill l~igulc 1. ‘1’llis illcrc:lscd h~rdclling
lrsllolls L” l’ll!ill’ly SII1)WS Illill IIIC inhcrcn[

Llisl(lr ;tlioll- llislocilli(lll” IIlicrl)-lllccllullisllls

lcsl)~lllsil~lu I“(jr (Iclccl slorngc m illlCrC(l in lhc

SINX+, ‘Ilw cxwl phcn01wIIi5 wsp(msiblc for this
illl.lrilsc(l Iblrdcnillg cllicicncy in Ihc shock hus
ycl Itl IX! illll’(lUillCly Uhl)lilillCll (m ll1011~ld15,7].
I lowcvL’r, ils lllilllilCSlill ion in high S1;l! f~c
II ICIiIlS suggcs Is Iliitt it is Iillk.cd tt) 1x)111:(:i)
ll)L”l CilSL?ll diSloCN[ioll” illlClilC!iolls n?SUhillg frolll

c[lll;lllLL’d disl(lcillioll llll(:lCillioll UI Ihc higher
S111’SS 1(’vcls w’llil.vcd ill hi}!h sll;lin rillL!S, Ulld (h)
~~ll}]llrssiilll t)( dyllilllliU r(mvcry proccsscs,

wl)ii’11 (IcII(’11(1 1111L’IOSS slil). i“r(ms-slip is llldd~’
III(JI1’ (Iilllcllll wllrll (Irfomlillioll” ot’cllrs ill h@wr
S1l’ilill I.llr!i (111(-1(1 I1”(IUU1’(1 Illrllllill ilCliV:l!i{)lll Xl

illl(l 11101(” ]11;111;11S11]1 l~!illllh. ‘1’111’:IIWIKT (41’
\llol”h Cll[lilllL’1’11 llill(!~lllll~, Ill Il)w Sl;ll SI

111(111 /rl’)] ;III(I IIIW S1:l( Ni l)il~l-(l ;’.H) ulh)yl lo!,,
,, Is (“l)llsiil(’111 willl (lil”l”~.rcll(cs ill LILlSS slill

1(.(111(’111}: Ilw ill II Inllll {II I(NNI \lrl(’L’l ‘.tl)lil)!(’ ill IIIC

.4

shock cycle. More “hmno~cneous” dislocation

nuclca[ion or widcsprcud multiplication from
cxisling sources will) increasing stress levels at
high/shcck strtiin rates will lead to reduced
disloctilion slip distimces prior 10 [angling with
olhcr dcfcc[s.

‘1’hc rcsulls in this study on Ta, similtir to those

dcscribcd by Dieter for Nb[ 1], reveal that
incrctiscd hmdcning duc m shock loading in Ta is
not ohservcd. in both Nb anLItic current Ta, this
behavior is consistent with dcfc,:! sturage being
clislorm[ion con[rollcd; no significant: twinning
occurred in I.IIcTa a[ 7 or 20 CWa. Accordingly,
dcfcci s[orugc phcnomcniI may be viewed using
[hc frumcwork of dislocation kinetics us is the
cusc for low-rilt~ plas[ icily[ 5,9]. ‘Ile observation
of no cnhimccd slwck llardcning is believed to
rcflccl the inllucncc of the Iargc lattice friction
(Pcicrls Slrcss) component of lhc flow stress in
bulb ‘1’nill)il Nh AI lL)W temperatures tind high-
ril[Cs, IIICPcicrls s!rcss(+,4ti GPiI sheirr stress I_or
‘l’u) is ir significiln! portion of he flow stress.

As SUCI1,ulldcr Iligh-rulr !uwling dislocation
Illl)ti(m in ‘1’;1will [w signi(icanlly rcstriclcd irnd
cross slip i)dlil>itcd or lolidly suppressed. These
cfl”c~”lswill IX pilrlicuklrly pronouncc(l 011 GCrCW

diSll)cilliollS which huvc a higher Pcicrls burricr
Illilll CdgC SCgllIClllS iu bCC llWh51S[ I 1]. ‘i”hC

llrL’llolllillilllCL: of h)llg Slriiighl SCICW SL!glllClllS ill
‘lmti following low tclllpcriturc or slmck
dcfol’llluli~lll is consistent with this
lllccllilllisll~[(),()l. ‘1’his dispilrity in cm.t-slip
al)ilily in a [XC II IL:lUl where dcfccl gcncrulim is
dliilliniltcd l~y disloculion processes will
significnnlly dcL-r(mc dci”cct slorugc in l)cc

lllClal S ill Ili&ll-rillc or h)W Icnlpcruturcs. The
SUl)lN’L!SShl (II’ cross-slip ill ‘1’il ill shock .h)tidlllg
Slrilill r:llcs will ~llilll~l! dislocillio” I nmtioli frolll
‘illl!ill’ 10 ‘lillCill’ glidcl 121. “ll\is will si~:niflcim[ly

:IffcLV work l;ilidCi~illg hy sul)prcssin~ tllc Mortigc

01 IICVJ llislo~-illioll” Iinc h?llglll. ‘IIIC illMClkX of n
sll(]{$k CIIII:IIILSLVI wolk-l~iirdcl~ill~ ri\l L. in ‘I”ti is

(X) IISISICIII Wllh Ihr I:lck ()[ N dL.l)LUIdCIICC Of IIIC

Slil~t~ II II: II(ICIIIIIR IiIll* ill llolyL’1’ySlilllillC “Imll011

slluill I,Ilr, 1{(.crIII Illo(lrlillg (d shock- hmlcd “1”11
Snows Ihl’ illll)oll 111(’r ~~i’ r:lpid (Iisll)c-ulil)ll

CV(llllti{lll ;Ill(! il Vrly S[loll~ {h’l)rll(ll.111’C ()( II IL”

]Il;lsli(’ sll:lill I:llc (Ml !ilwilr SII’CSS ill 111(’ lllil~[
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“1’Iw Mriiill

I;igurc 4: K~l(]ild slrcss-s(rtiin response ol ‘l’is

shuck Ijrcslr;lincd 10 7 CJl%ral lhrcc dilfcrcnl

s[:lrtillg lrlllpCliJILlrCSl

Ilirsd upon n smdy uf tlw vtiriation of UCUk shock#
pressure and lcn~pcrdtufc at which shock
prcslrisillil]~ Wils c(mduc(cd Oil the mcch;micfi]
rcspulsc of tirnlulunl, tlw following conclusions
ciII~ bc dr:lwn: 1) LIIC rcluad yield Ixhavior of
shock prcsh-tiincd ‘1’iIcxhibi[srmenhwzccd shock
hiltlk!nillg colnpilrd 10 T;l dcfonucd ~UilSi-

SlilliCdlly (Jr (Iylhsnlicdlly to tin cquivirlcllt slrain
Icvcl, iII]d 2) ihc reload yield behavior of Tn
shock prcs[raillcd 10 7 Gl+r izt 2X) or 400”C
uxhihi[s incrcusd Iumlcning compirnd to shock
prcslr;lini]lg ill 25”(-’,
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