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.i '<' p::.:t'tJ;•:.:ut. rJi~ Hl.w::.:,:d. ~Pt'f·l·noJ.r)I':Y c.nd 
Ino:L\''~J\lc j.: t·~'·rlnJ.::·. f;, ·r:c:•.'I.'<.Jl 1Jiv:ln1.on1 

J l.:.li:t'C:i!.''' · : ;; •d.i:.:. t ion J, :bc-r;·.~:.tory 
UnJ.V"<:.!l'UJ. G.:r l.ll.' C.·:.U <.\)):".•)1:!.1 :•lc:rk(lley 

rfhc oubn·t.ructurco in n1.cJwl U.cfor:mcrl. by Ct)JnJ?l"CDOiOn tmJ. tc:nnton f.l.t 

VJ.rious tcmpcrntlU'"cO v.ncl l1y ohoclt lo:.1.d.:l.ng nt room tcm;pcraturo lnvc br:en 

invostigntcd by tro.nomir.w:l.on clec·~ron mteroocL"Y_py. Dlolocnt:Lon CE:)ll ntruc-

ohock loo.dcd. up ·t;o ~~ )0 kb r>reor:mrc. 7-Ucrot.vd.rm:t.nr; hao been olmel'Vt.:~d for I ._ 

the firot tinlG in nickel ohock lo:~1.<lcd o,t 3~0 kb tmd h::l.c;hcr. It aP!Jco.ro 

that ·there io tL cri tit~n.l cell obo ("' 0.15 ~L) 1 he low wh:i.ch tvrim11nc :to the 

preferred mode of dcforr;ntion. 'l.'his ecll oizc wr.w not attn.incd by tcnnile 

dcfornntion dmm to 4°K unrl t.winn:l.ng \vG.G newer obocrvc<l o.f·t;c1• static 

loading. 

It wo.o found that fol• nll loading conU.:l t:tonr. at room tCitlJ1cra.ture the 

energy input :per unit volume \-ro.,o ln.verncly j)roportionnl to tho aq_uo.re of 

tho cell diameter. A posoiblc exJl.lnnntion for thio io propoocd1 makinc uoe 

of Kuhl.mnnn-llilodorf 1 a theory oi' work hnrtlcominc; ( 'l'ro.ns. An.m, 2241 101~ 71 

( 1962)). A o imilo.r ano.J..ys is v.ro.o uoed ·t;o cx:pluin twinninc;. ThoGe o.n.o.lyoeo 

predict a qUf.l..nti·t,"ltivc reJ..o.tton between the o.voro,ee cell dir..mctcr o.nd the 

onnct of twinn:tnc; \-ri th the average c;licoile leneth of dlelocation vlhich io 

consiotcmt vrl th obrscrva.tiono. A prccl1ct1on of the ratio between the ric;id-

1 ty mo<lulu:J o.nrl the work htu"ci.cning cocff'ic lent in Sto.c;e II of worl~: har-

dcninr.; \fO.O aloo conr:::i:3tcnt with o.ctun.l mco.rmrcmcnto obto.incd from publiohcd 

<k.to.. 

* !Tow at Autone-ticr; Division, IJorth American Aviation, Anaheim, Calif. 
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Str;tM.c londinv; of llll.1.tc:l'J.o.lc: hao been tho G1l.h,1cc·c of h:r fo.r ·the: m:~.;Jortty 

OVDn thow_:;l1 Cl.urinc; the ninet.(.:.:.m.tlt C(.!,.J. tm•y a thccrry 11an dove loped for the 

prop:J.gutlon of elrJ,/Jt,lc ohoeJ::. "nvcn in r:ol:ldc;; very H ttle invootient1.on of 

ohocl;: lo~1.cllng '>r::w cnrric(l. ot1.t 1urtil Vorlcl l-la.r II. 'l'hio vro.r; );>ri:r;J.:'.>r:tly 

beca.uno of cxporim;::nt<.~.1 cliffi.cu.ltic~r, o;nd l:l, J..ack of interest. vll·!;hin the 

lo.Gt tucnty yco.rG, '1-rl·lih tho d.cvoloJ:mkmt of.' nc1r mato:t:'io.l.G tl1l<l c.x:r.erincmto.l 

techniq1.1.oo M \tell 0.8 u.n increc.cing mt,Jtbcr of })roblcmo conccrninc; hirj1 

ratco of 1Ck'1.dinc;, thc1•e hno been n. rovlvtd o:e effort. 1.n the thcorot1cal a.nd 

phencnnc:moloc;ico.l c:·tucl;>' of ohock urwc::; tmd. Ghoclt loc.ding. 'l'hio incluclocl the 

development of tbcorict> for pla.c liic w:wc Pl'OJ.X:;.,:;o.tion pioneered by Taylor, ( 1 ) 

von l:LU"li;an a.n<l Du;rcz, (:?) o.ml I\D.l'Juu.::;,l.;ullu, ( 3) vith later lmprovcmcnt:J by 

(!.~) 
l.fu.lvcrn. Hmmvr;r1 it ln on.J.;y rcccnt.ly i;hat nm?licationo of defect 

( (' I') 
theory to the ))rohlem l'tav·:; been Ooll)?lled. ) 'u 

Tho prhon.ry intorc::et in cl;•,rno~nic loatUn/~ concerns the o.rr,rlico.ti.on of 

prc:::wureo vhich o.re f:::~.r hic;l1er tho.n the yield ntrcngth of materio.ls under 

a·tatic loo.dinc condi liions. Such Ghocl': 1r:-:t.V\:-:!G o.J."c u.::n.1n.l.ly produced by o.n 

CXJ)1osive clw.rc(;; 1 other me:tlloll.H 1)<:1inc; the uoc of hic;h v-elocity projectiles, 

diocho.rcc of hi(j1 cncrr:;.y co.pacltor bo.nk.c, und ohort. }.1\.l.loe rJilc;netic :l.nductiotl. 

If proper pre:caut:l.ono o.ro ~~km1 ·t;o nvoid Dl)O.Llinc;, a. mct-.'1.1 lo.::uled by 

meo.:no of a. plano.r chock wave lmo the c;encro.l 11ropcrtieo thut there hc1.0 been' 

very 11 ttle chance in the d:t.mcnsiono of tho oo.uwlo o.wl no clctec'l:;a.blc clw.ncc 

in e;rnin oize or oho.:pc. In cont.ro.at, the hardncoo of the GDJn:plc han been 

raised conoiclcrn.bly (o.o much uf..l t\ro or thrco tiltK:o on ·the DPH r,co.lc). Tho 

microGtruct·uro of o. orunvle mn.,y contn.:ln olip linea, tvinn ru1cl1 j.n the cctoc 

oi" iron 1 a o true turc very· o 1m1.11u· to llJLu•tcmrrt to • ( 7' [)) In othor vTOr(l:3 1 
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the reaulta of <liffu.sionlcso shoat• tYJ?e rea.ctio:no vra observecl ao might 

be eJCpected :f'ro.m ouch high valued, ohort dtn•o.t.ion strer.HI loads. In the case 

of face-centered cubic matala of hlr:f)l a tu.cldng fault cncrP.".Y1 auch en e.lum

inUlll tmd. nickel, no t\-riJ1S hull been o'bsorvcd in tho microstructure even at 

__ high shook_preso'I.U'I::!_~prior to the work presented here1 but no direct olloer

vo.tione of suhstruc·ture were xnade. (7) 

In tJ1a worlt described here, tr~:ulsmioaion electron microacopy wan wed 

to study the subotructureo of pure nickel shock loaded a.t room tc:nr,pera.ture • 

A oc:m:parieon WaG o.loo mr:l.d.e between theoo otructures and that found in nickel 

deformed. atatioal.l.v a:l.i vo.rioua temperatures. 

EXI>J.> . .'ltn.rurrrAr.J 

1-ta ter !ala 

Two forms of' high purity nickel were used. A two-inch diameter round 

bar wn.a uaed for a.ll invcstic;o.tions involving shoclt or co:m:preoaive loading. 

All tensile deformation \'TM per:l."Ol"lllCd tdth samples I>rcpared from 2-inch 

wide 1 o.l-inch thick rolled and annealed ohcet. The chenrlco.l o.nalyuio for 

the bar stock wa.o .OOJi c, .001';~ Hn, .oooll·i'• Fe, .oo1~~ s, .oo06j0 Si1 

.ool% Cu1 .0001% cr, a.nd .oooJ~ Co by weight. For the rolled sheet 1 t 

was .oo.eyp c, .001~ s by we1[")1t with traces of Co and other im;puritieo. 

Samples prcpare<l from the bo.r •mre obto.ined by slicing pcrpendiculnr 

to the axia or tho bar and lightly mtlchining the cut facco until they were 

pa.ro.l..lo 1. All ehocll:. loo.dcd specimnns l-rere -k inch thick. Their campleta 
I 

preparation to the shock loa.clod ata.tc vo.o Ctll.1 ried out by ..1\rthur n. Little, 

Inc. Compreooion specimcno wore ·h to ~; inch thick prior to mccha.nica.l 

deformation. TP.nsile Gp0o1mcna were prep:.:1.red by rolling the original aheet 

( 
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to a .oll .. irHlh thickness anCI. cutting out l ... inoh Wid.o SlX~d.rrl!!;!ps (the length 

being pnre.llal ·t,o the rolling direction) :f'rcm.l the center portion of the 
• < • ' 

All o:veoinDua were an.nfJaled a.t 925 ... C for 3 hours and. tu.rnac:e cooled in 

VG.CUUlll prior to being lJ.leCh<:lJliCally def1a.t"ll\ed, 0:tH~ of the bar apecin:~ena was 

i"etained in the annealed state for later catrq1arisons with deform.ed specin1ens • 

Tl.1e .average grain. abe of the bar specimens w.s 60 J.l whilst that of the 

tl::!tulilEl aa.nr.pler~ · wu.o 31 IJ. • 

.l{~;f:OX,rnt1cm FJJt~l!l:l.:.~c~E. 

Shook loe.cled £Jl'lOCiltiens l>~ere ·:t.m;pa.cted with a. :Pla.nax ahook pulse a.t 

Ptesaurea of 70, 1301 ;~50, 350, a1td ·roo kiloba.ra along the axis of tho ·ba.r. 

The d.egr~e of error in these prea:aures were a.p:proxima;ticly ± 20 kilobara • 

Statio compression loading \1T.t:S carried out parallel to the ba.r rude 

Witl1 a Baldwin-Ta·bo-EntOry un~.ver!3a.l testing m¢hine using a loading ra.te ot 

specimen was d.ef'Ol"nied to a loa.d of 150,000 pounds or 44,000 psi and a. true 

st~a.i~ of 10%. ;rhc other received a l~~d of 5501 000 pounds or 1021 000 psi, 

This pi'oduced a. true strain of G&;'a. 

Tens11~ specimens w~re defdrmed on ~1e Instron Universal testing 

machine. A l-inch go:ugo section vas used ~lith a relative head movement 

rate ot 2 x 10·2 inches/min. A set of specimens :wna def'o:&.~ed ·to 2~ atra.in;, 

at the tentperaturea 4• 1 11:.1° 1 195° and 295°K1 and ~~~ at 18•1(, 

BE!!~ Erosi~ c~~tine ~ecrul!R~ 
I 

In order to prexnre toils sui table tor traJ'I.Smisa1on electron miarooaopy 

tram the ·$.Mea.led1 ahook-looded, and statically contpreoaod round ba.r speoi• 

.mns 1 thin sections· were out ;pa.ta.llel to tho bar ax:ta which w.o a.loo the 

oampress1on directiOn.. In ard.er to obtain strain-tree samples, cutting vas 

. * carried out by ruca.n.rJ of' £JIJ.."1X'k:..erooion WJinCJ the Oerv<::mwt Spu-lt J.w.chino • 

* l1a.nu.fa.ctured by M(~rt;a.la Research Ltd.., Cr;mbridge1 · Eligland, 
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Usually n bl..ade type tool is U£:cc3, fen:' cutting a opccim:;:n, Hmtcver 1 

as tool dcp·th irrt.o ·t;ho owt~l?l9 1ncreao,~e, c:nc:rgy dissipu;tion occUl"s not only' 
'., . .'•'1 

a.t the cut.-t;ine; odGe b\\t o.J.oo uloug the ei<lca of the toQl which have become 

in alose pl."a:x::bni ty to the cut fu.c~a. Boo id.co the fact tmrt o. grea. t deal 
' • •r i' 

of cutting po>ror ia loot by auch t:J:r.t~a. energy d.ins1po.tion; 1 t io difficult 

to cut a. uniform eliot~. aince u:ppcr portions o:f' o. slice became erO<lcd to e. 
.-~~ ~... ...,~·:' 

8'l'eo.tcr extent than lower por·tiona., 
~ J ;,;, .: ~' ~· r -_;} _;)·, ·:-. ~ .~._.; 

In order to o.vo:td these dii'ficulti.ea the blade wa.a replaced b;y tensioned 

wire transported ucrosa the speciru-.m a.t a. stea.dy rate in arcl~Z:r to o.void non-

unif<:>rm autting due to erosion. This ·tool ia illustrated in Figure 1. It 
_,, '..,r. · •• 

is aoen that the cutting wire (A) ir.~ SU1')].)1:!ed i'rom a spool (B) tro.n.JJported 
: :'·.:l,_ ~' v .. ~· .: . 

ovur glide pullGys (C) by a. motor d.rlveu transport mcoha.niom (D). A ten-

sioning device (B) 1)Crmi to OJ?timum wire tenrlion o.djuntment. The entire 

assembly ia cw."Tied by the eervo .. controlled ·tool mount (F), 

Po..ta.llel cuto l-rere made by f:f.rst nJak::l.ng one cut1 then raoving the speci• 

men moun·t. perpondioulm" to the cut-t:.ing d:trcction by n1.0a.no of a. ocrew dl"ive. 

The dirrta.nce tnoved wn.s equal to the desired thickness of the slice ploo the 

dinmeter of the wire and i~wicc tht;! S1X1.Cing bet\-ree:n the "Tire o.nd the specimen 

durine; cutting. Another cut W".a.a then m'lde ·which was po.ra.llel to the :i~irst. 

By this method. parallel slices O.:Pl'Jl'oximately .010 inch thick were obto.ined. 

The ama.Lteot cu:tting rate avaiL.'1.ble on the Scrvomet · Spo.rlt Machine 'V'Wl 

employed during the ~~allel cutting in order to minimize any possible 

mache.nico.l d.arnae;e to the opecirreno. AD can be seen by Figure 21 no observ-

able damage resulted after this cutting operation. 

Thin Foil Prcpara~ion 

In cn:'der to obt..'l.in ·thin foils suitable for tranGroiasion electron mi-

croocopy 1 the ali ceo o.a well o.a the tensile specimens were electropolishcd 
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at lOge uaing a solution of 60~·~ sulfuric acid containing 5 t:tJ.a./liter 

P-tolu-.mesulfonic acid. 

All the f'oila were examined in a Sie1nona llrtrlliako:o Ib electron microaco~ 

opera ted a. t 100 ltV. 

llu.rdnesa Toots 

Hicro-ho.rdness tests were r,;,crformed on the wmealed, shock loa.ded and 

compreoai vel.y loaded specimen occtiono rora:lining o.:rter thin slices \-mre 

obtained. ~"!woe sections \mre electropolished for two minutes using the 

eame solution cond1 tiono deocribed for the thin foil Ill"epara;t.ion. Dirunond 

Pyramid IIurd.neos lhutlbcro were obtained WJinc the Kcntron Micro Hardness 

Teater. w1 th a l36g diamond l>Yl'D.ndd indcmter and u. 500 gram load. · Hardnesses 

were obto.incd appro;d:m .. 'ltoly every .015 inches along the orieinal a.xia of 

the bar material. 

msu~ura 

Specimen Ilardrle,EE. 

Tho aunlllll.U'y of the ha.rdrl\~os nte:.:o,om·emc.mto is shown in Figure 3. 'I'he 

atatiatico.l mean of the ho.rdneoo value:;; t\O v10ll as the 95~~ confidence lindta 

are given for each specimen. '!'here \-IO.S no significant vo.riation in the 

bardneea values along tlle thickncaa of uny opcc1men. It is aeon tha·t fo1• 

the same loading l!reoaure1 static loading pl·oducee a much greater hardness 

than a hock loading. In contrast 1 1 t will be shown later tha·t for the same 

amount of. strain, a shock loo.dcd specimen is much harder than a. eta:tioally loade' 

specinlen. These a.re typical observo.tiona of the relations betvmen the 

ho.rdneaaes o:f cta.tio a.nd. ohock loaded opecimena ao illustrated by Dieter's 

work on nicltcl. (7) 

A smooth curve lllLW be dro.vtn through the meo.n ho.rdncas points of the 

shock loaded specimens up to 250 ldloba.rs, There then a!JI>Oe.rO to be a. 
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sherp break in the hr.u-dJH:wa t:t•end 1x::tMc<m ~?50 and 350 kilobars but the 

ha.rd.nesa of tlH:1 350 t.U1r1 700 ldlobar C}K~ciJllC!llO aro a:p:prmdmutely the same. 

The brmdt in the hn.rd.neso curve la tyr•:t'-~~-1 of rm abrupt chungc: in structure 

ohare.c·te:r o.l' mo·lo of c'lf:fol'l\!!:·ttl on. It 1~1 .tnt.erc::f:) t:l.ng that a. s.tmil.ar break 

rua.y be inte1•1xretml :l'rosa t.hc~ bY:trdn,~so d.ata vrescnt.ed by Dieter. ( '/') 'l'hia 

ia ahowu in FigurE: l~. It, will be shown J.JEJ.t,el' that thore ia indeed a aig-

· nificant diffcl~t"lnc~; bctvlC(-:m tbe ertru.ctm•erc3 of the s:pecime:na loaded to 250 

ltilo1>a..re:: or belmr,; an<l that of' tbo 3~0 and '(00 kiloba:r Sl,1ecimena. 

Transmission Elec·cron HlcroBcooy Ol:mL:cvu,tj_onn __ .. ..,..._ .. ______ .. __ _._-;.J __ ..,, __ ._ ...... _ .......... __ 

complicated thet..n the d.:tnlocnt,'lon· .. fruc ~r~:;:uc~\u~o o'bnerved in t:J:w urmeo.lad 

specimen ty-pified in li':I.1,;1Xt"O ;~. SJnco th1t1 n.nnct:tled 08.-"llJ?lc wus t,~ten from 

the anneo.led bar Gpcc~:l.J<Ir.:m by m~x1.ns of the t~l~l.rlr. erosion tecb.nique described, 

tha;t no oboervcJ.blr0 me:c::h:micul d.o:r.i1.1{~<d 11n.o ad.lll:l.nistered "to the specim.·::ns 

during their prcr~tl,rat.J.on for obnervw:.t.lon. 

Transmission 0J.ectron mieror-::co:py of all d:cformE:d. 13pecimens cxclwUng 

the 350 o.nd TOO kiloha.r nbock lon.clcd opc~cimcns revealed e. structure of 

densely tangled clir.:loce.tiona pr:l.llu:t.ril,y e,rranged in cell Wt.tlls enclosing 

oreaa rela.ti vcly free from dj.olocn.tions. (P'lgureo 51 61 9, 10) This io 

similar to the ot.ru.ct;m~e eorJ1Jrlonly ollse:~rved in stn.tically defonned nickel 

as well o.a ·in m'S~Jl,Y pure metals, both FGC anrl BCC (sec, e.g., ref. 9) 1 

po.rt1cul.a.rly '"hen thew are dd'orrncrl at room tcm11eraturc. 

It shou.lcl be~ r•ointccl out thn.t ouch e. C<'!ll etru.C'I~ure diffe1•s from the 

model for ccrm:tlrc:::otl:l.ve nhocl\: prO.fil.l.;_crd>:ton p:~.·opOG(~d by Srl\it.h(J.O) in '~hich the 

moving interface be:~twucn the wHlinturb<)d and corn.vrc~cocd. m~;,terialo ia con-

sidered to be cm.Jponed of t>IO seta of 1.ncl:tncd e(4;:c dialocrLtionH. 'l'hiG 
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model e.ssumoo ·t.llc.t o, ld(:')l deno:!.ty of theo0. disloct~tionn m~iot.o vii thin th<:J 

shock f:ttont wi·~h nono rmnn.ining o.:tl>c:~r ·the prumngc~ of' the ohocl~: uavc. 

'l'he cell otruc·t;uro ia o.lGQ rli.f:fe:rent from the dislocntim1 (·Jtructureo 

observed by .wslic, Uornl:>ogo.n o.n<l Dte·t.er( U) in iron o.t low t3hock prec;sures. 

~£'hey observed tha:t l01v~ d lolocw;tiona vere preocnt in thelr mlcrogrupha. 

Hornbogcm (J.l) found tho.t thcoe dloloca-t.iono \ffire mootly oi" Bcrcw type, He 

· prOliOOcd that ouch o, euba ~ructure niD..y be due to the mcrvcmcrrt of edge corn-

ponen·ts of' dislocn;t:l.on loops formed ao a result of the compression wu.ve. 

He o.aawncd tha.t ·t11cDc cd.c.~c CO:Ul;l>Onontn moved with the vcloci ty of the shoclt 

trent leaving behind cH:1•cw co:nlJ)Onento. 

opeci1acno nrc nhm;n in Fic;tu·co 5u-c. It io seen tha.t ·~he cell diruuc·tcr 

dccren.seo wi·th incrco,r:d.uc; :prccr.m.1•e. In f'a.ct, in the 250 kiloba.r n:dcrocro.ph 

it appmtrs that rm,y form of cell otructurc is campletcly o.bacnt. Uo•rcvcr, 

at the higher raagnii'ico.;t.ion of tho oc.nc ::u•on ohmm in F:tgt'!rc G, there o.:ppeara 

to be a c;eneral :t'oru of o, cell structure e:dstln:::; in thio specimen. A 

n\D'Iloor of diolocationo 1-rl:thin the cell wnlls of thcoe Gl:>Gcimcno 1 o.s "WBll as 

thooc in the low tem;pcrn.t1J.l"c tcnHllc opccimenG 1 O.P.J?Ca.!' to have uniform 

dircctionali ty. Hmvevcr 1 o:ttcmpto to rel .. 'lto cryeta.llocrn.ph:lc dirccti1:Jna 

vi th thc:oo directions 1 which itHllca. tc llhethozt dis loca.·tions have prinro•ily 

edge or acrow character, ho.vc been unGuccoocf'ul. 

The 350 o.nd 700 ldlo1Xl.r specimens had struc·t;m·ca which \rerc more com-

plicntod tho.n those o:r the othc1• opocimeno. Theoc structures co.n bo divided 

into tbrcc groups t tlrinn1ng1 thin dist,orted regiono (elongated cmhcra.ino) 

a.nd a "ba.clt.ground" conta.in:tn~ <lcnoe nctworlw of dioloco.tiona. The tvinning, 

which lies o.lOO{:, (111) pJ.anco. and ha.G been <lCGcribcd previously~ l2) is Of 

particulo.r interest since Dtetcr(T) ·wo.o uno.ble to obacrvo t1ofilmin13 in his 
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1\rJ ohovm in F:lc;urc 7, n nd.croc;raph of n ( 110) orien. t;n:t:ton 1 the t·,flno a.re 

eJctrc:mcly flnc ( 0.05 I'· tlrlclc.) o.m\ thm\ vrcrulcl noli bo roorJlvt:J.blo by llr:~ht 

Figure U in OJl w:om.plo of nno·t~hm: o.t'<~tJ. of t.hc r.n.me tip::!cimon from 'trhich 

Jl'igu:re 7 \vao obttdnc)d in vldch tw1nn1.nn :ln not prot1ent.. ~C'hc otructuxe here 

. consio'I:;G of elonca.t.cd nub(~rt.tlns o,n(l e. d.enno bo.cli{jrOull<l of ·ta.nc;J.cd diolo

co;tions. 'l'hto io typical of hca.v:!.J,y Wl1rkod rwJttLl(~. (J.J, 11~) 

f:J·~~.~t1<:_~!2:.~L C.?2~\L~~:~.E!~~J~p_~c1J~~~1o r A ·t.y·pica.l coll. otruc·ture of ·the 

specimen otx•atnccl 10'/· COIIIJ)l"enniv·o].Jr ir~ uho1.rn in Figure 9P.• ~L1J.1c cell dio.m-

etcr wno in c;cmero.l much ln.reer tho.n in ahook loo.ded opecimcno. '.J.1hc cell 

wnll.o o.ppea't'ed to form a.lonc vc~ll-dofJnocl tlirect;iona. Harrington ( 15 ) found 

tho.t tho cell wall£1 in coppc~r tondecl to He a..long (100} 1 (110) a.nd {111) 

planco 1 po.rticu.lo.rl;:r at clcV'atc:d tc.r.tp·~ro.;tiuroo. In our worlt1 d.oi'ini tc · 

cryoto.llor;raphic dircc·t;iona coulc1 not be oa-tiGi'uctorily uosocio.tcd with the 

rocco or cello in the car::tpresned spec imono • IImmver; in tho teno ile opocin1cn 

a very dcfini tc ccyst.n.llo;:;:;ro.phic relation w.o founc1. , .. h:l.ch 'Will be ohown 

ahortly. 

otraincd. opccimr.m. 1.1\.ro adjoinins c;rainG ll.rC c:ho;.m. 'l'ho direction of' com-

presoion is indicated. It is occn that tho cell otructura is elonc;o.t.ed 

pc:r:p::!ndicular ·t.o the coT:r_prorJr.:ive direction. Thio olon[Sa.tion 1o very oimi-

1ar to the dimcnstona.l clonc;ation of ·t.hc r~ra.ins oboervcd in the Grunc opec!-

men. ·vli thin each cro.in tbcre is o. g:r.cu t clco.l of dis·tortion a.a indica. ted 

by the chana;cs in contrcwt •r1 thin ancl bet1·mcn cella. In very i'Ci( cn.sco \IU.a 

it poooiblo to obtain a well-dofincd ~>elected. urea difTro.ction rxtttcrn due 

to thin cUr; tcr.r·t.ion. ~rile cella vere pmn.llcr thc.n thooo founcl in the lC><;', 

apccimcn. 
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'1'o:n.u1lo f) 1x:cd.r,v:HDt .A t;y·p1.ce:~.l mlm.•o;:~r11J,lh of e. npcc'lrwm uc:fo:t•.r.tod o.t ............... _ ................ ~ .. , ..•.. -. ........ --.... ... 

room ·to:m;pzn·ntu.ro :f.o c1hmm :!.n J.l'lr~.u·c :LO. T"lJc) J1)J.~.n.o of' tb hl o.rC::(l ir.l ( 001) 

wlth 'the two <.1.0()",.... ... (Hr<:~e·b:t.onrl 1.nd1.cc~ted.. 'i!hc~ t~·tructuro io olmJ.lrJX 'to tho.t 

wall te:;d:;u.re • It 1.o ocen tlw.t o. ln.rep w:un1Jo:t• or coll vro.llo o.rc o.li(Sued 

nlong <l.W..>. A g1·on..t rn.u.nbcr of m."C:lr.:t.G of ( 001) o:rlcn·ta.tlono -.rcre Ollr:Jervecl. 

·Thio ohould .. 1x;: ,;::·.cp:;:c·tc:tl IJ lnec "cube tcx !iuro,. io q:ui te provu.lcmt :tn nv.uly 

col<l rollc<l nml o.1uJc•o.lc<l fttcc-c•:nterud euld.c lW:d~'l.J.o, j .. ne1ucUnc: n:l.ckcl. ( 16 ) 

This tcxttLt"O involvoc ])l'fd'crrcd or:tcncn.t:toJ.l ln whlch tho ro1J.:t.nc pltmo 

containo Pl"ima.rily { 100) oricrrtm:tiiono o.nrl ·the rolJ.:i.ng dii•cc·~ion ~~nn pri-

mo.ril.y <001> d.ircct:lons a.1o.ng it. ·:L'hc r<:.w.rJon for the n.lie;nncnt of cell 

walla onl.y o.lonG (001) plrmeo, excludlne tho (110) nnd {111) piru1eo ohaervod 

by Harrington in OOJ!llCl· 1 ( 
1)) iu not tu·1d.crnt.ood r.l.. t th:l.o tim<~. 

In microc_;ro.rlhD of opcciln.enB deformr;:~tl o:c lovrnr tc1!tpern.turco tho cella 

were decidedly mJnller and the cell vallG Here lenr.; c.lefinc!d. t.h~.m thane 

stutica.lly d.c~forn'll'!cl t:Lt :ro01n tem);l0rn;t.urc:o. ~7hcrc is a1no n tcnrJ.cnc~v for 

the cell wal1n to bo o.lic;.nod oJ.ong <LOO> clirectiono but to tJ. lcager c;:·tcnt 

than o.t room tcmprJru't;·urc. 1'h1.s is o.eain conoict.ent wtth the ob!scrvn;tlons 

Jna(lc for COIJl'Xlr by Ht.U'r:tnc;·ton. ( l)) ':J.lho structurco of tbo r::pocinwnG doforme~ 

at low tmrr.J..1Cro.turos 'mre similar in mn.ny ~o to tho.t of the Ghock lcxvled 

specimens. Bee ideo hnv:1.ng a. cell otzc similar to the 70 kiloba.r op8cimt:n1 

the cell '\<talls nlso con·~a.ined a: lore;\:.) mmibcr of' dislocations :hJ. rxu-allcl 

directions. A ty:pico.l microc;ra:ph for the Ol)Ccimcn deformed 2~j at 7G"K io 

shown in Ftgurc 11. This is very oimilru• to the sarnplea deformed 20;.', o.t 

th 1 tl 1 d f 1 nrv1 an n 1e a :pee men c · OX"'llCt .~v 1o~t 
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11:)ntn. rl"l1cr~e conclwd.onr:: con bo lilf.td.c: :!.n n qlJ/J,]J.t.::J,t:iv(~ n.vJ.nncr by junt co111-

'rerc uctu:.::.l~y .rnow3ru•m1. o .. brcx~il. rt:.nco of dlo.'JKr~errJ Wt"\.Cl fou.nd '\d thin ea.ch 

specimen. 'rl:de iG ind.icnt.ecl l1y the~ values i'OJJ.i1Cl :tn the f'ar l":tr.:Jl.l; eolm:u::v:J 

of ~~o.l)le I which io o. COJU.l)ilt:J.M.on of the ota:cin·b:tcal dnta o'btn.inccl from 

arc.1 fJ.loo I>reoont in thio lir~·b of rn.n.(.~oo 1 more <.lcfinit1v(~ vo.luor.1 1omrc ob-

confidence linrl·to ore~ e.lr.;o listed. j,n ·.rrthlc I. An 0.11.1.l:,rnio of thnnc IlBO.ll.B 

will be presented in the diocw:w:!.on 'to follmr. 

Prcviou.o •rorl\.cro (l5, l7) have ohmm bhat the din.meterG of cc~lc fountl 

in bot.h FCC o.nd nee mc·tials co.n be rcln:liecl to the c.mount of stratn n rm.terie.l 

reccivca 1 the o·treso level to vlhich it is rnisod, o.nd the d.cfor:mn.tion tom• 

perature. Qu~.'1li'tB.tivcly their finrlinc;s correl.~tc with the ch1t.:.1. J?rc~:;c:ntod 

in thia work. Hnrrinc;ton(l5) :f'ouml that in CO'.Pl~r o. linear rcl:J.tion existn 

bct·..rcr:m the 1nvcrL1C a CJI.L~re roo·c of the ceLl dic .. mctcr and. the flm·r ntl'EtBS. 

Ho potntocl out thr;1.·t; thls is similar to tho voll-li:.notm reln.tion bot1rccm crn.in 

s izc r~.nd flOi·T r;trco::t. Such o. rcl...'l.tionnhip vJUS not found. ·t;o l')€! the cr..se in 

ohocl: loo.r.lcd. nickel. It vo .. a also :f.'mm(l thn.t the inverse of' tho coll O.iam~ 

etGr 1ncrco.aed. much 1:1orc ro.pirlly wt th o.ppJ.:t.crl nt1•e:.:;n for tlJe trV::.tie::Ll:t_y 

lon.<locl n.tckcl in o. lll.:l.l1m~r Gimilo.r to the vn.rj.ation 'v1:th Vlcl.orrJ h~~.rchwr.s • 
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TAlllJ~ I 

95't• Co:nf hlence 
Sta:tio'M.co..l J,:l.mito of tho 

N,::a..n Avorngc Coll D:lo.,uotcr Rn.nc;c of Cell Dirxro0.tcrs 
~~en Dto.m<:_:ec~.:;:~ p ~ . 11~ 1£!:~~1~L--lo?l'.(10 _____ HiJ;;!~(EJ . I..ol11fl_ 
Shock I,ond.r.~d. ---

70 K J.J.l.r .530 .69f) .](j) 1.6o .135 
130 1( Bar .315 ·332 .~29'{ .450 .175 
250 K l3ar .167 .110 .163 .250 .07 

C~resoed 

lo% Strain .f39Q 1.070 .710 3.00 e30 
6CY{o S·tra.in • 5~·5 .61.J.3 • ~06 2.69 .125 

Tensile 
20% Strain 

295°K .825 1.00 .645 2 .. 50. .20 

l95°K .530 .625 .430 2.00 .10 
7i3"K .490 .6:~5 .350 1.67 .12 

4°K .495 .620 .3·ro 1.25 .l25 
32~ Stra.in 

78°K .330 ·376 .2132 1.10 0.10 
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·the wor·k per unit ·voh1.u1o o.pplic~d. to hho GJ)OC:lmcno • Guch a. plo·~ ia aho•m in · 

F:tg. 1:~ • For thG oto:ticnlly londet'l. rJJ:XH.d:mo:me~ thin W110Utlt of' w01•k \mJl ob-

For ohock loading, tho pla.ottc st.rain in ·t.hc ohoclt direction during com.;.. 

? v v i 
E: "' ~ Jln v" where v- 0 the ratio 

0 0 

( n) 
presoion htM3 boon est.:l.mrxt:.cd lu ·to be 

of' the volumo at n. prcor.n.t.re P to ths;t o.t O.tJiloopheric IJl"esaure (i.e.; prior 

to loo.clinc;) • ~t'he sa.mc cunour.d:. of atrc.in io c.wc.rurn.cd. during ro.rc:f'o.ction. The 

valueo of ..;'- arc ta.ken from the lh:t{::;oniot curve • ( l9) 
0 

In order ·to ob'l:;c:dn tho <mr::;rcy inptrl:i roq,ulred for plastic dcfanuo.tion 

due to ohock lo..9.cl1ng 1 the 1)reosvxc-otruin ctu-ve derived fr01n. the Hugoniot 

C'\ll"VC o.nd ahmm in Fie;. 13 is o..r.•::n.uno(l.. Integrating, vre obto.in 

of the method of doforrna.tion 1 the relo.tionship lx1t>reen the inverse oqu'll"a 

of the cell dio..mctcro und the o.pplicd ,.rork ir:l linear and. pa.oooo through the· 

origin. vlith the mlJ..'l.ll umO'Ullt of' lm·r ten~l?eratttre do.ta. a.vo.ila.blo1 it o.ppco.ru 

tha. t the slope of this line increaoeo "ri th dccrcao ing tempera turo. Thio 

temperature effec·t is very ml'ID.ll below 195°K• Jhlow 78°!( it iB ncgliaiblec 

This is illuotrated in Fig. 14, where cell oize ie plotted vcreun temperature 

for spccimcna deformed '2J.Y'j.H 

One cxplo.nation far theso relo.tionnhipG can be derived from a. recent 

theory O'f worl<: ho.rden1ll6 I>rcsentetl by Kuhhlrulll-Vilf.ldorf. (
2o) It 1o nppx•o-

pria.ta to tho preoent po.por to outline her theory here. 



-13-

!t :f.s well lmown tha.t the rt:..tc of ·;w1·k hm<<lontne in o1.nc).e crynt.:1ln 

in r,:roatest in Sta:.;c :rr. a:r 
l:x;r 

while __ q_ ia ol[~11if1.cd by KII' "v1horo G to the r:leidtty n10<luluo •. Kt.J.hl!JJ..'l.nn
OII 

Vl.1oclorf(l7) poirr~o out. tho.t Kt! io O.Fl/l"m~imateJ...,y cqt1n.l to 300 :tn o. grcnt 

ntUJllx:Jr of ma;tcriulo within c~ factor of tlvo o:l thcr wo.y, She pro:r;,oocd. thu.t 

tho moot 1mpo1•"tmrt. contribution to \•rork hfl.rdon:l.ns is the rcn.ct:!.on or dioloH 

cations ngu:tnrJt bowJng ou·IJ, d.uG to tho:tr line tension,. Her ar(~Ulnon·ts nrc 

no follo'l·m • 

When the d:lslocutlon clcntJit;y rioc8, tho n.vernc;c f'roo dioloco.tion lcn[rt.h 

l iB decrcs.oed... 'l'hia raisco the flow atrcoo oincc 

Gh 
r::-

h] 
(1) 

where b io the :J:3urc;crn voc·t.or and. h 1o an ttcljuotuhle l'lOXG.raotcr. 'l'he o.vero.c;e 

dietunco bctwucn dinloca.tionn cn.n b(;! conoicl.cred as c] llhcre c is t\ number 

bct1-mcn 1 and 2. A loop r~mi t.tcd f'rcn:1 a (l:l.olocn.Uon occ;mcmt lrill spread 

into n loop of rwJ.iur.J c] before ccnnine irrt.o conta.ct vtith ot11er (lioloca:tiona. 

It will GJ}rcnrl to OJ! o.vcrac;c ra.rliur:.:, r] "" a.cl, before otoppin~ if only the 

f'ro.ction ~ of all d:!.oloco:tionD nrc J:>OGi·t::l.om::<l in ouch o.. m..:'Umcr that they 
a. 

can otop oprca.dinG loo:pG. The ntuJibcr, dn, of ncw.ly-formcd loops per tmit 

vohune will contribute to the incrcn.r.Jc in ol1<~o.r ot.ro.in by 

The dialoco.t.:!.on density in a crysta.l co.n be a.om.uncd to be 

m 
() "" ·:n; 

//'" 

(2) 

( 3) 

where m io a number dc}Y..!nd:J.n~!. on the actunl d:tsloca.tion diotribution. 'l"l1c 

d.n ncwly-i'ormc(l loo:po o.d.d to the de not ty by 

( 4) 



to a.ccotU1t for t.hG )')ortion of clit~locG.ttonr.t l-I'J:dch a.re mutually· armih:Ll.ntcd 

when (Ualocationo crt OJ?J?Or:31tc llurc:r~re:~ vec·tc:r.t•o oama into conto.ct, By dif-

i'ercnt:la.-ting ( 3) nnd eq.u .. 'ltinc; to (I+), i.t ia seen tha:t 

dp .... -2m ;~ ., 2hnr£dn = 2hr>a.ctdn ( 5) 

and. 

By inserting equL'I.t:l.on ( 6) in·to (;;~) it ia ncen thn.t 

d: 
IJih:t.C <1] 

r e:~--·- .. ~-
~~ .£2 

Differunt:l.o.ting equation (1) yield.r3 that 

CJJ '" _.b._ d 't'"' 
~ "'r,) n·b 0 

£'- If> 

and dy ia related to dT;e by the cqw:rtion 

hnn.c d 
<ly "' u;i-- ":£ 

Since "} ie the important contribution ·~o work har<lening, 

e dT~ GB 
n ~, a," "" hi1~:c-

lmnc 
~~ --

13 

(6) 

(7) 

( 8) 

( 9) 

(10) 

(11) 

ICuhlmann-~111sdarf points out t.ha;t exprcsoion (11) doea not contain the 

Durgcro vector. '1'herefore 1 thia thcol"y applies to crystalo \/here dislo

ca.tiona are arranged in tangles (such a.s for Hi dcacribcd here) as well e.o 

to cryato.ls err lmr sta.ckine fo.ult enermr wl1cre dioloca.·tions o.ro e.rrancctl in 

pile-ups. 

Nmr the atrain increment due to the bowing out of' dislocation sec;nJCnto 

can bo exprcsacd as 

Since Tfi "". g..,
1
,b, this integral bccamco - KG~~ f- ~. 

Ill !1,1) h"· t·' 
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Since the flm1 stro~HJ is J)~O:POJ.~ttonr:tl ·t;<'J .;_) Cf.(~f'Cll"JU.<J.tion in an unnon..led 
J:i 

speclmen O<.W\:U:'B by r>owing of th1~ .lon;:-sco t :f.':reL~ CJGfl)W:mts. Tbe energy input 

by 
(12) 

'l'he theory J;~.rc:dicto o, linear rcla:cionrJh:f.p betw·een the energy input and 

the inveroe square of t.ha aV<~l.'"~)G ocr,:r;tllcn·t; J.r~ngth. S.inco it ia r<;~o.son.a.ble to 

OJ:Hnuuo ·that t.hr:J avc:.r .. agc cell diame·t.cr ia direct.ly J)I'Ol)Ortional to -the avern.ge 

activo length of disloc:.a:li!on then, as shovm by l!lig. L:? 1 ·t:.he ox:p:Jrirttcmtal 

results are in et.grecmvmt ·wi'th the th(;:Ot'Y• '.t'hn ·rompcra.turo ef:foc-1:; o1morvcd 

in tho c0ll cd~o enerey rela-t;tons a.:p:peo.ro to be nlf;~,inly accounted for by the 

telllJ?erature de1x:ndence of tho ter1no contained in K1 particuln.rly the F terms 

explained abOVl'l. 

Althoueh ,.re have m::l.de what appen.1•s to be o. very good col•relo.tion be~woen 

our oboervo;liiono o.nd KuhlnwJm-Wiln,lorf' s ·t;l!eory (r.10m.e of "'hich arG OU't'lll'io-

ingly qw.urt1ta;bivo 1 ao Hill be GhO'Wl'l ohort~t.y·) i·t shoul<l be emlJho.sized that 

many O.SSU1llJ.)tio:n.o have been ll&lo. In po,:.t··t;icuJ..ar 1 the cn.lculAtion of the encr~y 

inpu·t for tho ohocl~ loaded apccimonc io comlid.crcd ·to 'IX) 1 o.t lx1o t 1 o.n eo ·tiw1.!lie 

and ia not accepted by all work(~ro. Hmvl:!vel•1 it is the only UJ.'J:Xl.·oxillntion 

poasiblo at tho present t1Iu0. '1~hc) nostUllJ?·bion that the ohocl'i. l<X'ldr~d spccimcna 

were plo.otico.lly dt::!forr.rto<l a.·t nco.rly room tm;w.cruture io not confirmed by 

tberroodynt-unics. Calculations ohow that the t.hcoreticul tent:pcro.tures (l9) riqe 

e.a high uo 100°C in a 250 l~:.iloba.r specimen '\<lith a. final tomperaturG of 45°C 

a:f't:cr the o.dio.batic CXJ.Xl.l'Wion. Since at prc~sen·t the mode of dci'orrnntion 

ancl the ton:r_ry:::raturc cffecta involved. are atill opoculative, it io fo.lt that 

our o.o::nJX'I!>tion.o mny be utJcd1 1m.rt:l.cularly in the strength of the l .. esult.ing 

corrf~J..ation with cx:rx:)rlment f:l.nd tJwory. 
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:Ct is 'W\:!ll lmo1rn that ·tv:l.nn:I.n(5 ouc:u.ra ut low tmnTKJl't:rl:;uroo in FCC 

(''1) ('Y)) 
met:.o.lo r.: tw \vnll o.n nt r:hoc:k la:1.d.:tnr.i 1n·~~urJtrron. '··'·· It ho.s heen u.aua.lly 

G!Hn.uuc~d ·tlu:.rb twtrming to 0.11 l!lthc3:r:nvJ.l e:L'fr>c·b which c:>ccura e.t a critical a tress • 

F.1.·out tho infol•n::;~.t:l.on lro have oho\:rn b(~ro concern:Lng tho relationahipo of 

ennruy tmd. cell o:tze 1 :1.-t in C1f intc:t•oot ·to Gee if o. o:iznj.lo.r rcla.tionship 

can be fotmc1 ooncGrn:tng tvrinntne. Oovcrnl mcchcmionm ho.ve bccm p:r'OJlOscd( 23 .. 2 5) 

tal:' ·the formaM. on of t\dno. In ull. ct.~.r:;on 1 1 t ho.s 'boon a.Munlcd the. t the nu-

clea:bion of' t·1·rlno occtll"fl by the :f'or11U1tion of oto.clting :f'n.ul trJ • '.tthe eeoentio.l 

. (0?) . (~4) 
_ diff'er\'.~nco 1:>et\vCt:Jn ·the nK'!Cho.n:!.mn..o of Veru:~.bleu •·.J . n.nd Buzuld '·· io that 

. . 

Vlhil~~ ·t.hc lattc~1· involv-er:.~ a rli.:dr of ·t;vinning d.HJlocationo moving t3.WJY fra·ti 

a Co1~-t:.re.ll-J.JOJlKJl• bcu~l.·:l.o.l" t1.nd. the twinning cnorc-y io the inr_po:~:·t.~.nt ter.l111 in 

th<.:! fornor 1 <.:J=ctcnd.ed joe;n :l.n gl1osilc dioloco.t:l.ons arc l)l'CGU:/JJ.cd ·to be the 

OoUl•cc of t\rin nuclei a.nd tho uto.cldng :ruul·c cncri!.Y ia the import:J.n·t; term. 
. (~)ti) 

A very recent model ·-. is bo.oed on the nimttl'tA:mcous opli tt.ine of n lo.rc;c 

nwnbor of dinlocationr:: :tn a pile~up. Our ror:.mlto ohmm thut twint1tna occuro 

when disloco.t:l.orm bceome extron:cJ.y cloucly upa.ec(t r.md tha.t l:lll:l.11Y of the t1-dnu 

are incoherlmt a.o exp~eted from tho Cohcn-\;r'~'-'~l·twan model. (25) Until now, 1 t 

huo not been poaoiblo t;o dncidc '"hlch lll(!cl:u:wiom (or a.ll of them) io the mont 

important. 1\.ccordinc to Vcnttblcnl 1 tho o·tx•oos req_uircd to activate a twinnlng 

dislocation of length £ io 

(13n) 

where b1 , the Bt.u-r.;crn ·vcc·tor of the Shockley pc.J.•·tinl involved in tvi1ming 

p "' a constant of the order of un:l. ty. 

In Suzuki' o ·tJhcory, 
(lJb) 

Thc-ce c~qn~eoniona rcr.~emblc tlw.ti for tho strcr.m roq_uired to o.ctivnte clislo-

cn.tion J.oo])O • lly n.pplyint.::: a. silililo.r o.n.:tlyoif.l to tJm·t twccl for clip, ve 
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of ] for both ce~oea ( 13a. and 13b ); is 

E , K( ~ 
T h£ 

and 

UCRL-lOTib Rev. 

(14a) 

(14b) 

Twinning is then expet:ted to occur vlhen ·the. average dtEJ~ation length is 

such that F"r .S E, i.e~., when 

s s; G 
(b"' .t:l) in Venablea' model (15a) - ... bl 

2h] 

or s.s a- (b2 .. ~ 2) in Suzuki '·S model (15b) --=:-
h.£ 

On these bases 1 a metal trould twin 1i.hen ] is reduced to a. value sati,sfied 

by the a.bovc eq1.14tionn. Before ·th:i.s value is reach(;:'!C!.1 . a dc:nse d~~.loca:liio;1 

structure (a cell structure in IllB.UJI' cases) i·IOuld be produced. '.rheoe equa-

tiona thus :provide a 1..1asio for predicting the strain-rate, telilJ.:>erature, and 

composition dependence o:f' tv.rinning1 in terms of energy rather ·than critict4 

stress. 

In the case of. J?tU'e nickel, if one takes the following values for the 

parameters in equation 151 

S ~ 80 ergs/cra2 

we obtain a value for h] equal t.o 0.018 1-1 frolll (15a.) or 0.036 ~l fram (15b). 

If •.re assume tha.t h ~ 1 and that rC! a ] where f is a proportional! ty con-

or 0.036 ~t· }Jq)Cri}l.lental1y1 -we :buvc (ilhown that at. room temperature o. twin 

atructure ia not produced unt:l.l a SJ?ecimr:m le shock lood.ed to o. preaBure 
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line a1wwu in Ftg. ll.. nbove -tJw W50 l;;"b pohrt, 1-rc: can eotililFl.'lie ·cbe.t ·t.ho cell 

t'!.ucl .1·ro Jl• Ar.wu1n.inc; ~t~ <.~ell cli£t,11in·te:t• of' .15011 1 ·1vu r.;e~~ tru'l.t ·tihc term f 

w·oulci lw.ve n. value of «PJJ:~·oxhl.~l.t.c:]~y· ·(;-fi-. In ot.ht~r vro1•da 1 1 is ·k ·tio ~ the 

( \(!) 
'-~1 flC'' V·u]J)l"'ll·ln-r,r; ., roc'to·l•·c' •.... lo,J •" . \_,.. ,.! .• , .. '1.1, , II,,,. ,,,,.l...,l . , •. •• J. 

('• -:;~ ,, <.'•5 p Fror.<l c~qnn:\:.ton · ( 1) 1 

(16) 

IC bar;; the value of 59 on Vcmo.blcr>' :motl.cl or 
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to fit ei thm.~ twinning thc.wry. Ono cnnno·c, tlwrcforc, yet decide "Which 

lllOchct.nir:m io tho more im;po:L•tx:mt. l10vrovor1 more OXIX:rimonte to show the dielo-

cation oubo·tructurc:o 11r:l.or to t1·Tirmlng rd.ll uncloubteclJ...y help to c:U1:df,Y 

thia oi tu.ution. 

A dctorm.inr~.t,:l.on of the vo.luo of IC cru1 n.lr.:o be llUtdo from data rcpor·cod 

by I·Ia.o.I~CllU~6 ) 011 tlJ"'.·. t 11 d "' ti f i 1 1 1 1 ~-~1o t 1 - '" ·eno . c ·.c.( onn.a. on o · n. c ~:e n ng c cryo ·uu. . a. ow 

713°K. Cnlcult'l.ting the vnlueo of e!I from the c:lo:pco of his atrcns-otro.in 

ctlr'V'OS 1 a. value of lC "" 250 ± 33 is obttJ.ineu.. Such an extreme~ close ex-

porimcnto..l correlation :f.o in(.\ced l'lUCb bettor tho.n untici:pn.tcd considering 

t.h-3 a:p:proxim:::::tiono \Jldch have 'been trnde. 

From the intcrprc·t.:1.tlon m:1dc here ono ohould be o.ble to prll}dict in 

e.dvu.nce rlha.t avcra.ge cell she nhou..ld be fotuld1 or when twinning should 

occur tmdcr given conclit.iono. For instance, for n:l.ckol one vmuld c:>..):lcct 

tvinninc.s to occur at ·ri3"K or lover tcm:poratureo '1-ri th o.n energy betlvecn 

1+01 000 and 701 000 in-)?OU11c1s/:!.n.·3 , s:i.ncc th1.o io the prcdlcted encrc;y to form 

an a.vcracc cell dio.mot~r of.' bet'lfcen .rro ll Olld .130 p. · 'rl1cre io only one 

prcviouo ino·tancc wlwrc mccl'w.nico.l tvrlnninc; hao been reported in niclcol. 

lio.o.nen (26 ) frn.md ·that tvrinn1.nc; occurred in the necked region of fractured 

sinclc crysta.la at 4°IC o.nd 20"1\.. Exam.ing the strcaa-otro.in curveo published 

for these cryoto.ls 1 t Wn.e found that the cnerc;y to ca.uae fra.cturo vra.o 1about 

301 000 1n-poun<ls/in. 3
• Since the cncrcy vrould be hie;her 1n the neclwd 

portion of the crynta.l on<l one would e1::pcct the encrc;y requirmnont to be 

lmrcr in n o:l.ngle crystal opecimen tho.n ln a. poly-cryGttl.lline cpec1r.lCn1 thio 

va.luc dooo not ncc~m tnconrda·tcnt with tho intr~rprcto.tion which hn.o been 

prccwn·tcd here. 
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l)IU"ticularly one in ''h:tch t1finnilJ(~ c;.ccur~:; a:t lovrer enorg;y. Prel:tmtna:.ry 

results on cclp);)Ct' 1 ~·dch tWino both tmclt:~r t.he cond.i tiona of shock lon.ding 

and low ·tem}:x;lra:burt~ d.E:li'orlJ¥.l.'bion,0.groe! very well w.t.t.h the e.b6va au.t:\lyuca • ( 27) 

to a munbor of nlt~tal syt3C(!:!.um 1 t.he dat£1. when ur.:.~eu in eq'W.1..tion (15) m.a.y enable 

estirna.tes to be ma.de ot.' otncking f(l.ult <i.!nergieo • If this ia ao, then a 

technique ia ava.:tl(J,1JJ.c of por·t:.icular vu.lue for cases vtherc the node 1110thod 

( ~-IJ) 
is not a:pplict:~.ble - i.e., 11m•o DlfJta.la. 

Anotl1or ty:pe of invcwtig~.rliion \·rhich should be of into1•cst is to deter·· 

mine the atorod encr[_zy \-lh:t.ch is cro(:J.t,(:l<l by d.ofol"llw.tton, pa.rticu.:UU:-ly in 

rel.o.tton to cell oizo nnU. the cf'fect of tQ-.nrr.~ra.ttl.re of' dcfOl."lJJLl.tion. Since 

stored energy is rcc;l.tl'{led to be (.tasociat•.:n'l. vith the disloca;liionn 11rcoent 

due to d.efon.r.~..;'l.tlon o.nd Kuhl.ltl.:::IJlll-VJ.lsdol'i..'(::~o) hn.s pro:poocd ·the poo.sibility 

that the ro.tio o-r stored enel.~C'Y ·f>o O.);Jplictl w01·k may have a. propor·tionnli ty 
1 . 

relation to l i ouch a. otud.y could prow l'rof:i:l>a.hle. 

Since o. tem1?Gro.turc ef.f'cct llan been found in the energy per unit volume-

inveroe aqwu•o cell d:to..motex· rcla:t1omhip1 the possibility of' an asoocia:lied 

activation cn.crrnr 'WUG investit~ated. Using equo.M.on (16) o.nd the :fact ·that 

K l-ma found to be inocnoi tivo to tem.pcratttt"c bet'Yreen 4°1~ nnd 78°K1 vro can 

a.asumc tha.t K('r) corrta.im.1 ·two tcrme 1 K' ('r) and IC", the lo.ttcr being t(:1llrpcr-

'1 
aturo independent.. l.'e. co.n :f'urt.hcr assume t.ho:li lCT{T) is tlH'3 portion or dislo-

1 
ca.tiona not annihilated a.nd 1 .- :if't'{T) is the fro.ctioll of diolocatlono 

annihilated by tcn\)!Cl'a:l>urc effec·to1 e.g., recovery, 

.., C cxp ( -;~J) Where t\1:I is the acti vn"tii on 
1 R'T'.r) can l:>o obtained by normaliztng the 

energy :f'or this armihila:tion • 

.;."!! e:t '~a.ch tcmpcra:liurc :!'or o. c;i vcn 
d:· 

cncre:y poz- unit volllltKh This 
1
co.n be done 1Jy usil.'lC a. normalizing :!'actor 
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which will nv.:!Jl·.e ·blK! ~77 nt "(fY'K equ.a.l to orto. A plot of 1 - jf:}'('Ii) vcroWJ 

~ will then haV'~ o. slope oqtlll.l to -1~1. Althouu)l only two ::po1.nt.3 co\llcl 
K.l.' 

be ol)'t;a:bv::d (ab 195°K anlt 29) 9 K) 1vlth Hid.ch to tl.eterrn.inc a olo1,101 nn o.cti-

w.tic:m •r.merr,y o:f' nbout 0;09 <N wn,r, found. '.['his is an cx"lirr-~moly mnall valUe 

a.nd ca.rmot bo aerzoc:ta;bccl Ht t,h l!J[.t.ny· llJ.Ccllcm:lr.Jmo o,ooocio:bc.Hl 'vi th dynu.mic ro-

covcry such a.o cror:Jo oHp ( tmlwJr:: o·brr.wo o.ided). It could pcrlm:po be 

o.soocia.ted vi th recCNery <luo t.o the~ 1nteract1.on of point d.c:fecto o.ntl tliBlo-

cv.tions 1 l1ut no dcf:tni trJ model lo J)ro:poGod in thto work. 

c mcr.,U'.:~ r o.m ___ .............. --
1. A dlolocutlon cell structtu•e :to f.onlwd in nicltol shock lon.ded up to 

250 k1lo1xJ.rB uhich io oimil.;-u· in cllaructor 'ho t.hn.t found in nickel ata.tic-

2. Cell o1zc decreases vr!th the folloviue changes in deformation conditions& 

1ncrca.olng stroJ.n, increuninc; er~rcH:1B 1 <J.ecreo.ning tenr1'>Crature, O.J.ld incrcaoing · 

ahock loo.din13 proGrmro, with tho lo.tter ho.v:tne; the c,Tea.·~est;; effect. 

3. A microtivlinn1.ng r:;tructtl.re hew been olJoervod for the first time :!.n nickel 

shock loaded to 350 kilobaro preom .. 1.ro or (;,Teater. Under these orono condi-

tiono 1 e longa.ted . subgrains paro.llcl to (111) plo.nm~, no well no a. 

dislocation ba.ckground1 'YICre Oboorve:~d. 

4. For opccimcns deformed under ini tin.lly nmbient te:r.w.erature condi-tions 

it ie found that the energy input per unit volume in inverc:JCly proportional 

to tho oq.unrc of the nvc!ro.LT,c cell dian1etc1·. The cncrror required to oht:.o.i.n 

a given cell diameter dccreo.sco llith decrca.oing teml'lCro.ture. 
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5, I·t lV"1,0 hecn Hh01i),l th1:1.t 'b~y· -the u:'1c· of l::lih]J(tit.H:n-•l!ilr::.d.orf 1 1l theory Of 

l<ro:r.k hurclr:m.lng ( :·?.O) ono cn.n ).~(~11.1,te ·tl1o r,.>t'.ClY.'i'~y· lX:tl' un :l t voltuno to the 1nverue 

6. Uoin13 nn nnn.J..yoio (oi.mila:r to Kuhly,m,nH-·Wllador:f'' r.; 'tlt~ory) :f'or the stress 

onf,':n•ey <UHlocution l:Jeg;ment relatlon ,.m.n proposc~d. for trr:l.n.nihg which includ.es 

tho s to.c1d.ng fo.ul t ener{:~r. 

1• n.v the use of ·these tvo mwl'f!:.Y X'(~la·b:t.onnh:l.ps a calculation I)J."(~d1cted 

thut. the uvc~rago g~icsile lencrt.h of <l:J.nloca'tion W'd.IJ l.lJ?IXt"o:x::lllJQ,toly. ·k - fi 
the oize of the avcrago cell d:i.0.11l£.d/(~x·. A Cl"i tical cell nize for tvinning 

. 
t.he rir;idi ty mod.uluo and ·t.l'm \vm:l;·. hc.:t•dening coofi'icient in St.a,ec II of worlr. 

· ha.rdcninc ti"<.J.U prcttl:lc·tcd. 'I'hc vu.luo ohl~ai.nod. correu:po:nucd ex·ta~.euc:ty vcll 

(0G) 
vi th the cX}:x:riments,l yc.lue obtu.incHi fro:ta lln.:.:.Gcn' o worl<:. "" ttl th nickel 

s inglc cryo t..1.ls • 

8. An attempt io nmr bcinc; FJa.dc to ni~PlY tho cmn.lyo:ls pl•t;;!Ocrrtcd hero to 

other m.e·ealJ:J. v.'hcn cnoU[:,h dtl.·ta is nnde cwn.ilnblc 1 t lniJ.Y he poMible to 

eotillJate the otacldnc f:::1.ult cnergicn of pure mctu.la by tuzing thio method • 

.fl.clmmvlc:drTtK:nto -· ... -~---...-·-~~ ..... ., ............... 
vlc wish to tho..nk the Un:f;l.ied S·t.cd:;oo Atom:l.c r~:nm•gy Comm:l.ooion for 

fino.ncia.l ou.ppor·t of thia v.rork. 'l'he a.id nnd coOJ:X:ro.tion of Drs. R. S. Davis 

o.nd JJ, A. Stein of Art.hm.' D. J..:U:;tlc1 T.nc. tlu•ow::h ·the o.ono.tion of mo.tcrinls 

Thia worlt wns done in pa.rtio.l i'ullf:l.llro.~:mt of the I'h.D. (J.oo·ce in tho 

University of Co.lif'ornio. (R.!aN.). 
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Fi~:· 1 \-l:tre 'J~ool for ~ipoxk 1Jroo1.ou Ctrtting '1\.\'chn:l!~uo. 

P'lg. 2. ElL'lctrou ~·tl.orC~c~rcq;)h o.f 1\uncalod ~Jpoc::l.mcn sliced b;r 1o.oo.na of tbe 

Sp1.rk CutU ll.(.t, f\,ppu.:t'l.t l:.uo t)f' Ftg. 1. 

Vickers HLcrdHor:a vo. J,()(.t.d:!.n:.•: l':t•eBal.l.re for Gltoclc :r..or~dr:.!ll ttmi 

Compresaive f\l')l~chu.(.me. 

Fig. l~ Plot o:f' V:l.ckcrs l!.n.rdJtefJS va. Ghook Pl•er.HJure for Hickel Obt.ntned 

from J.'lO. tt\ of D J. e t.cr • ( 'r) 

JPig. 5a-c J::lF..:ctron ntcrw~ra.:plls of r:::hoclt JJCXl.Clcd Sr:~ecimens Showing Cell 

St.:ru~turez (13lloclt direction lies :l..n plone of toil) •. 

a. 70 KJlobo.:r G1>echnen (m10clt direction ind.ica.ted by arrow marked c) 

b. 130 KJ..lolm.r Cpecirucn (rlhock dil•eo"tion indicated 1ry arrow marked C) 

e. 250 Kilol.1o.r r:peci.rrten 

P'ig. 6 l!ie;h llo.c;n:J.f'ica·t:ton xnect.ron Hlcrocro.ph of 250 1\tlobo.:r GJ:Xlciman 

Sho\<r1.ng Cell St,l."Ucture (Shock direction l:tes in plana o-r foil) • 

P'ig. 1 r:lcct.ron Hicrograph of 350 Ktlobar fJl>OC1 .. men on (110) P:Umc Shovrt.ng 

'rl>rlnnlng Struct.ure emd Dlslocat.ton D!J.cl;r:;rowld (Shock diroc·tion lies 

in pln.ne of i"oil) • 

Fig. 8 Electron M .. i cror.:;ro.ph of' 350 l\.:l.loba:r Grcci:mcn on ( lJ ... ~) :Plane Ghow1.tlG 

Long 'l'hin Distort~1d Heglon (;'1.11<1. Dlalocation r~.l.ckc;round (Shock 

direction 11oll in plo.m~ of' fo1.1 (.t[3 indicated 1)y a.rrow c). 

Fig. 9a Eloct;ron 1-Iicrocro.ph of Specimen Cor.tpr<~aaively Stra.tncd lo;<, 

( CompreGsi ve dix-cction liea in tlJe pla.ne o:l" the foil.) 

9b Elactron !·.l:lcroc;ro.:pl'l of Specimen ·cOlltproanively Strained 60','' 
( Comprooa1 ve d.irecUon lieG in ple.na o:f' foil as incUcated by 

arrow mn.rlccd '0. ) 

Fie. 10 JUectron Hlcrocro.ph in ( 001) orionta,tion of Tensile Speelman Gt.raiued 

2(J;(, at 295°1\. (•renai.lu <HrecM.on tn plane of :f'(>il), 

F:tg. 11 )'~loctron ll:l.crocr,ro.p'h in ( 001) or1.en !:..."\ tion ("Jf TensU.e GJ)(~c1.tl<Cn 

8tro.1.ne!l ~~o;;j at r(ii 0 IC (T.on.oile cliroc'li Lon in plane of' foil). 

P'lg. L~ Plot of' Inverse G•iltl.\re o:f' Cell DJ.n.w,ter vs. Hork Iter Unit Vohuut~. 
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ll'Jc;. 13 Gene1•al A:Pl)roximn:ti on of :Pl·~Jasu.reNS train r::urve fm:• f:ll1oelt J .oti-ded 

Hcto.l, 

Fig. 14 Plot of' Coll D.la:nl.Ot<CJr va, ~l'omrx.")rature for Nickel Dc::forn(:~d i!JY/J 

in .'l'cHeion. 

F:lg. 15 J!!lcct.r<."rn :1-Horocraph of Cc)Jitproot3lve S:r.JCclnKm fJt.l.·a.:ln(i!<l 10',~ a.t l:h'Jom 

TGllH'ltal'<.d:.u;r'e ChoW'h1e Dioloca.l:.iona Ilow1ng Qu·t from Cell ~hlls. 

( Gom1n·auoive d.iroc'tton tn pla.ua of foil). 
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This report was prepared as ~n account of Government 
sponsored work. Neither the United States, nor the Com~ 
mission,.nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus,' method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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