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J. Galligan and J. liaohburn 

Abstract 

Clu.oterinc; of e:x:C(!GG ve.ca.ncieo in copper oingle crysta.l specimens 

was f'ollowed ·by rcaiat1vity1 x-ray muall a.ngle scattering, and otreoo-

strain. CttrVC oboerve.tions. 

No chance in yield atrcsa or stro.in hordcnin~ ro.te won o.ooocio;tcd 

w1 th excesn vacancies 1·1hen they existed I)rimo.rily as ainelc vacancies 1 

divaco.nciea or I>erha.po slightly lnrccr o.c;grcga.tco. An increo.oc in the 

oritico.l resolved ahcar streoo o.t the yield that wno independent of the 

orientation of .tho teno1lc axis o.ccomrc.nicd the crmrth of vn.cancy clu.s-
0 0 

ters in the size rM(';c 10 A to 30 A. Lo.rc;er clustero o.lso 1-rere a.osociated 

w1 th orientation de:f<!ndent chu.nges in the strain hardening characteristics. 
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.J'JID S'i:'R!.IH HJ:..RD.G.1UHG OF CQPPJ2:R 

by 

* ** J. Ca.lli(:a.n nnd J. Uu.shburn 

C~cnching or cox>r>er cryot.::Lls fraJl netU' the melting temperature can 

-5 •4 result in retcut1on of a vuco.ncy concentration of 10 to 10 • On aging 

at a temperature hic;)1 enough for vo.cuncy migro.tion, these exccoo vacancies 

tend to cluster. 'l"'b.o dr~fccts fino.l.ly forritcd involve very large nUlllhers of 

vacancies (of the order of 104
') in the form of I>riama.tic dislocation loops 

or stacking fault tetrahe(lra. (Smct.lllTI:!m et o.l. 19591 Cotterill 19()2) These 

have alao been studied in det!lil for aevera.l other FCC i~ntu.la by transmission 

electron rnicrooCOl\Y'• (liirech et o.l, 1958_, SilcOJc and Hirsch 19591 }.1ader 

et a.l. 19Dl, Cottc~rill 196.1, c;ot.terill et o.l. 1962) Iro-ge prismatic loops 

or tetrahedra. renult in a modElrate hardening of the cryata.l. (2-ia.ddin o.nd 

Cottrell 1955, Taru1er o.nd Muddin 19591 Kimura. ot o.l. 1959, Heahii and 

Ka.ufi'ma.n 1959) 

Irradiation expcrimcnto show that he.rdoning co.n also be produced by 

much smaller cluotera that co.nnot be clearJ..y identified by transmission 

electron microocopy o.a loopo or tetro.hedru. ( BlevTi tt et al. 1957, Mo.ldn 19571 

and Makin e.nd Dlcwi tt 1962) Tl1f:!!IC have been culled "blo.ck spot" defects. 
0 

They W:J.Y be stn.cldnc; fo.ult tetral1cd.ra or loops w1 th dimensions leso the.n 50 A. 

It ho.a been oumr.ct:Jted by de Jane and Koehler (19()3) that vo.ca.ncy clusters 

o.e omnll no six vaco.ncieo co.n collo.pce to form a stacking fault tetrol1cdron 

* Dcpa.r·tr;Km-t of 11ctalltu'"c:Y 1 Colwabio. Uni vcrai ty, New Yorl~ City., New York. 

** Der"-'l.rbnon·t; of Hincral 'l'cchnolocy, and Inorc;n.nic Hateria.ls Rcseo.rch Division, 
fA•rrcnce R'.l.dia:l;ion I..l1.horo:tory, Untversi ty of California., Berkeley. 
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and. that. theae can e;row by a.boor'bing indivldual or divrn.co .. ncies at their 
., .. 

edges. IJecauae small cltmt.ero lli thin tlHl siz~~ range 10 A to 50 fl. can oo 

tanned tn very great donsi ty in a cry·a tal by heavy pa.rUcle irra.dta·tton, the 

ha.r'd.ening that can be achieved. can be very much greater tban that. poaeible 

by quenching and e.t:f1ng, 

It also seems likely tJ:1at om1.ll clu.CJ·tcra o:r vucancies and intcrot.itia.ls 

a.re formed by moving screw dialoca.t.iona. 'I'heae may· play: a Jll'uch rnorc ::l.m.por-

tant role in otra.in hardeninG than ia usually a.aswned. The f'la<T stress 

might not be de,:pend.ent only on the d1aloco.t:l.on r.n.tbatructurea that ,a.ro obacrvod, 

but a~O On the density Of invisible clusters Of point defects. {l!a.Ghburn 

1960) Therefore, further inveotigation of the effects of ema.ll vacancy 

clusters on mechanical pro~rtiea should be iln,portant not only to a _better 

understandlng of quench ha.rdening.nnd radiation hardening but perhaps also 

to th~ theory of atrnin hardening. 

The. diaa.ppeo.ra.nce o:r single exceao vacancies and diva.ca.ncics can be 

followed during aging of a quenched crystal ·by electrica.l resistivity mea.-

eurezoontso. If it is assumed that they diaa:DI>ear at clusters or voids, then 

some informa.tion concerning the growth of clusters is obta.ihed. 

The growth of the clusters ther{lnelveo in the size ran,s;e io A to 100 A 
co.n be foll01-red by small anc;lc x-ro.y aco.tterlnc;, provided that double Bragg 

scattering can be a.void.ed. Xrra.y amo.ll anr;le scattering mco.aureraenta on 

quenched copper crystals o.r!,ed at o0°C haw reve~led the formation of clustexois 

having. oblate. apheroid.al aho.peo. ( Chik et o.l •. 19'~2) 

In the prcsen·t e;q.'!Crim~;mt.o the relution between hardening ancl· cluster· 

size was studied by coJ:cQ>O.rinc oma.ll ::mcle x-ru.y oco;tterinc; meaaurcmcnt.s with 

stresa-stro.in curves after diffort'mt a.n1ount.s of O{';lng at 20"C of quenched 

cop:per crystals. A series of' test temperatures 6.nd t\..ro d1.ffcrcnt. 1ni tia.l 

orientations of the single Cl'"':{etal apccimcna were CillJ)loyed. 
I 
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Pure (99,999;~) corJpcr ohtn.incd frarn American Smelting and Refining 

Canpo.ny was UJJed for all the expcrimcnto. 'l"'ho copper employed for the rosie-

tivity and mechanical meaaurCJncnta was dra;~m into wire .o4 em in diameter 

by Si~Wld Colm Co. 1 Mount Vernon1 New York. 

For small angle scattering measurements single crystal sheets 

1 x 1 x .02 am were grown by recrystallization. After cold rolling a copper 

bar to about 95% reduction in thickness, it was heated in an evacuated mul~ 

lite tube (pressure < 10-5 mm Hg) for 30 minutes at 6o0°C followed by four 

~ at 103o•c. 

Wire crystals for mechanical testing and electrical resistivity. 

measurmoonts having either a [111] a.xia or an axis near [123] were grown 

f'rom the melt, ten at a time in a graphite mold. The wires were surrOWlded 
• 

by fine graphite powder that lm.s clamped between two graphite slabs, one o:f' 

vbich was grooved. The ends of the wires were c.la.mped in contact with a 

seed crystal having the desired orientation. Specimen diameter was .015 em. 

(a.) Small Angle Scattering Measurements 

After chemical polishing, crystals were selected that did not give 

Bragg reflections when placed relative to the beam in the same orientation 

to be used for smo.ll angle scattering xooasurements. These selected crystals 

were heated by induction to 1070°0 in a helium atmosphere at a distance o:f' 

only one centimeter above a quenching bath. They were quenched into an 

aqueous solution of calcitm1 chloride at -20°0. The length o:f' travel within 

the bath was made long so that liquid flow past the crystal helped to remove 

gas bubbles. The cooling rate was in excess of 104 °C/sec. After quenching, 

the specimens were immediately cooled to -l96°C. 
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'I'ho sen. t te:rcd irrtons 1 ty in tho rr:.ngo -~ t.o 3 o :l:'l•OJ,.I ·the p:drLID.ry oon;,u 

wuo mou.sured with the (';I:!OlJl(rt:.ry ohmm in Fig. 1. Durinc; the l<lCC.stu·emml''-

thc specimen torapcru:t:.urc uno llll:lintaincd o.t -196°C. A rH~11WJl ptJ.th vln.s 

p:t'ov1.ded far the X-ro;y berun.resu1ting in measured intensities of 106 -107 cps. 

Char.tgea in oco.t·t:.cring due to c.1:u.otoring were follmred by a.11mring the 

crysto.l to wurm ·to room tcr:rpcro.ture for chor·t intervals of ti.lna followed 

by rccooling to -196°C for the next scattering ntcaourerocnto 

(b) Electrical Rcoistivit;r 

P'or resictivity measurc:m.cnts, copper potential lec.d.s .002 em in 

dior11etcr wore attached to the \fire crystals by sinterine in a. vacuum a.t 

900°0. 

tlire ·opeci:inens vrore heated for c1uenching by passing a. current through 

the wire while 1 t was ·incloseci in on evacuo.ted choo1ber. The 'Wallo of the 

chamber trore maintained a.t -196°0. Quenching w.s a.ccolllpllshcd by cutting 

oft the heating current a.nd simulta.mwusly introducing helium gao into the 

chamber. Electrical contacts o.nd mcchc.nica.l GUJ?:port for the wire was pro .. 

vided by o.llouing 1 ts ends to pass through holes somcwlmt larger than the 

dio;rneter of the wire. The space around the vire wo.a tightly packed with 

powdered e;raphi te. 'l'his provided electrical contact end e.t the nrune time 

a.llmrod lengtlnrise expanD ion and contraction without development of high 

enough atrcaaes to cause serious pla.Gtic deformation. 

Reoiotivi ties -vrere measured at -19()0 0 vlbile the specimen waa immersed 

in a. stirred liquid nitrogen bo.th. A curren·t of 100 ma. ± .001 ma. wo.s passed 

through the opecimen and the po·tcntial meuoured using a Rubicon thermofree 

potentiometer •. 
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Changes in 1•ee ieti vit;y d.uri.ng a.giflt~ \Jere folloW\';ld. by allowing tlJe 

specimen to warm to room t.e1:rpero.tur,~ :tor t~n 'int.ervu.l of tilil(.l b<d'ore N• 

(c) Strese .. straln Curves 

'l'he same ~~uencl1in~~ l>rocedn.re as t.ltA. t dt~sc:ril1ed for electrical res is-

ti vi ty me..surexnents \.;ruB entl)loy·ed :f.'o~ all the mecbrJ.n:i.co.l tests o Prior to 

quenching, each cryota.l 'I.'US cut into trro 1xu•ts. One half 'rru.s· then test.ed 

in the &J.J:H.::a.led condition and the other vro.CJ testt~d after the desired 

quenching and a.gil'l.;"t troa.tment. 

J.Jurine; the teat the spec:tmen wn.a aurrou.ndl':ld by helitun e;aa. Its 

temperature waa detcntlirwd by the tem:1~ro.ture of the L,rripa awl wa.lls of a 

surroUhding chru1iber ·which wu.s irrDilersed in liquid ni troc;en or same other 

low te1n:perat.ure ba,th. 

It "WUS not poosible to mc~vsure mech.'l.nica.l pro1;~erties in the a.ea-quenched 

oond:t tion beca.u.oe eevoro.l m.tnutes at roam teriJJ..oeruture 'Were required for 

mounting of the GIX:~c:tmcn in the gri:po 1 clooing tbe chamber a.nd cooling to 

the toot temperature. 

The strain rate usecl for all testa \IUS 10 .. 4/aec. Some play wn.s pro-

vided at the low-er grip to avoid 1)rootraining the speclmen dur.ing cooling 

to the teet tem;;10ra.tu.re. 1'he load ex:tonsion curve was recorded on a speed· 

omax recorder. 



Disappearance of the excess resist! vi ty introduced by c1uenching, 

growth or x-ray scattering centers, and increase in yield stress were almoet 

canple te within the :f'irs t 100 minutes of' aging e. t roam temperature, as shown 

in Fig. 3. 

Values of R
0 

plotted in Fig. 2 ue the radius of gyration of the 

•oatter1ng centers obtained by measuring the slope o~ a :plot i:Jt ln I VB c2 t 

-c2 n ~ 
l.Ii I •z 0 + COltSt, 

-3 

where I 'iS the soattere1i 1nte.noi·ty a:t a ama.ll angle ' fran the direction 

of the incident x-ray beam. 1~1ese :plots were straight lines which indicated 

a sharp distribution of B tzea for the oca. t;tering canters. ( G;.Unier and 

Fournet 1955) It wn.a concluded that double Ih"a.gg scattering did not con-
• 

tribute 81gn1:t'icantly to the reaults for the following reasons t l.The scat

tered. intensity within the angular re.nr;e ~aaured WaS esaentially zero im-

mediately after quenching. l-1Ctcho.nica.l do.:mage to the crystal that might 

increase the dislocation density and :t.herefore cause same Brap'_,g reflections 

to appear would. be expected to occur du.rl.ng quenching. 2. The sea ttered 

1ntens1 ty at a given value of 1\t for a fully aged specimen increased with 

increasing teD-rperature of the specbnen, 'fherea.e the intensity of double 

Bragg scat-taring should decrease wi·th increasing tem;pera·tureo 3. The ex-

peri.menta.lly observed intenai ties varied with 11 in almost exa.ctly the wo.y 

predicted theore'tica.lly for scattering from spherical cen·ters. (Rayleigh 

1919) 4. Aging at room temperature even for a period of two years did not 

produce prisrrat1o diBloeation loopc; large enO'I.lgh to be detected by trans-

mission electron microscopy. 
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In Figure 2 the difference in yield stl .. <!DB bctvrccn the unquenched 

and the quenched o.n<l aged part of ce.ch crystal is plotted as a fui1ction oi" 

a.r,ing time, Both s~ngle slip (open circles) and multiple slip (darlt circles) 

orient.:.ltions v.re included. The yiel<l r.treos rises rapidly during the firs·t 

100 minutes of aging, then c1ccree.ses Blovrly for lancer aging times. The 

decrea.ae in quench hardening for lonG agine; times at 25°0 wa.o pa.r·ticularly 

noticeable for the multiple glide orientation. 

Quenching o.nd O.Ging not only increase(l the yield stress, but o.loo 

affected the flow otreas even after l.are,e plan tic strains. Hhercas the 

cha.nee in yield streos for o. given a.c;.ing time )fllO similar for sincle slip 

and multiple slip orientations, the effect on strain hardening rate was not. 

ChanGes in shape of the stress-strain curve duo to qucn~hing and aging are 

illustrated in Figs. 3 and 4, For the oinc;le slip orientation the initial 

rate of hardening following the yield was alwnyu higher far the quenched 

and aged pa.rt of the crystal. llmrever, for the <lll> orientation the bar .. 

dening rate was unchlUl.{!;ed for aging time less than about 300 minutes, but 

for longer tilooa ·!:>ecame less tor the quenched and aged part of tho opocin~en. 

At pl.astic strains above e.bout lO}i the quenched specimens show in Fie;. 4 

deformed e.t lower stresses ·than the CII'i(jinally annealed part of the smne 

crystal. 

The temperature dependence of the yic:;ld strcos was mea.oured down to 

4.2°IC for two acine timcs .... lo minutco and 600 minutes. Figure 5 ohowo that 

the hardening vms relatively inoenaitive to temperature of testing even for 

the ehort.cst o.ging time. 
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· DISCtJr::SION 

Uniformly distributed. excess vacancies, divacanciea, and perhaps 

alightly larger clusters that exist inmediatel.y after quenching cause no 
, 

hardening in FCC metals • Thia has been shown by these experiments and. by 

preVious inwstigS.tions f'or copper (KilllU.I'a et al. 1959) and gold. (Mesh11 

&nd Kaut:f'n:lan 1959) When speci:inen dimensions are small enCJUgh to Dilke 

quenching atrain negligible, then the yield stress ot annealed and as

quenched cr,yatals is t.h~ aa.nid except perhapS very close to o•K. · Thia retl!lult 

ill not unexpected bec:ause eaeape crt dislocations· :f'rom defects having atomic 

41menai.ona 1I!J associated with a small activation energy, 

More surprising is the observation that the entire stress-strain curve 

apP8a:ra to be uri.8.t.rected by the presence initially o:f' a high supersaturation 

of vacancies. Fbr both· muitiple glide and single slip orUmta.tione of sin

gle crystal Wires there ·was· no chimge in the rate of' strain hardening duo 
. ; . . ' 

to the presence of' vacancies. ThiS 'WaS true in epi te of' the :f'aat that the 

, supersaturation was proba~ly reduced during def'orms.t1on 'b1 the absorption 

ot vaeancies at moving dilioaati~ linea • ( vlintonberger l.96o1 and Strudel 

et al. unPublished)·. 

lack of' any change in,theyiel4 stress sugges~ that the dislocation 

multiplication proeesli that begins to operate at the yield was unaffected .. 

by the climb ot moving dislocations accompanying absorption of individual 

vacancies" The :f'aat that the hardening rate wo.a also \Ulchauged implies that 

this climb ot the moving dislocations also did not affect the amount of' 

da.tnage le:f't behind. in the slip p:tarie when a dislocation moved &dross ito 

~!hen quenched crystals were aged so as to a.llov some growth of' larger 

vacancy clusters, both an increase in the yield stress and changes in the 

hardening rate were observed, However, a quantitative theory of' the cba.ngea 

ia made diff'icult.b,y the complexity of' the substructures that develop. 
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Nl~ur other oinlUJ ouch u.n l).i:tcl•no.1 L::·rf(;l.l!co, diolocnt.iona, and oub

<:;rain l>Ol.Uldc.rics, cJ.l t)i' 11hich ore prcr:ent c·iuring qucnchinc 1 there ore 

volwutHl oi' cryirto.l thu;t; <1o no ti con tnin va.cc.tlCJ' cluatcro. 'l'he excoso vaca.n

ciea th£J.t vcro prl..lDont; vd thin 1.1. erit.ica.l tlio to.nco fram <lis location linco or 

intcri'r;~.ccs can r~~ach lihooe fJinlw duriuu; c-~:•;ina. 'I'hc percentage o:f' the total 

volume occuyi0d hy loop-frcr) or clUf.:·t.m ... -freo regions csn be grea.tzy in

croo.sod if multil)lico.tion of dialoce.tiions in caused by quenching atresaea e 

'.!!his ):>erc~;~nt...~~c 113 aloo incrcaae(l by o.n in<.:r0aoe in the acing temperature. 

Surrounding dcfect-froe volurneo there are regions within Which the critico.l 

superontura.tion for nucleation of cl'lll:ltcro hr.1.o just been exceodedo The 

la.r[~est vacancy cluntcro or dillloco;tion loo:po are formed here. At still 

greater distn.ncoo from oinlw the dcno1 ty of clusters rcachea 1 ts ll1D.XinD.lll1 

and cluatcr oize 1 to minimum. Typical colonies of loops in a quenched and 

aged alu.YJ:dnum cryota.l m•c shown in Fig. 6. (Vins:otte 1962) 

Another roujor dif'fic'lllt.y in the 'Wa:f of a quantitative description of 

tho cff'ec·t.s of clWJterctl vo.co.ncieo on the atress-atrain curve ie a laclt of 

a. complete theory of yieldinG and strain hordenine even· for a. crystal that 

is initially in the annealed ota.tee It is not yet poosible to predict far 

o.ny given defect substructure how the number oi' moving dioloca.tiona Wld 

their average vcloci ty ohould change 1-rt. th increasing etreoa and a train. 

rl'hcoriea of quench hardening ond irradiation hardening have been 

applied onzy to tho yield. The flow ot1•css a.t the ama.lleat eo.oizy measured 

plru:rtio a train is usualzy the atreoa ncccosa.ry to form the first slip ba.nd.s • 

Dislocations muat 1novc over lonz enough distances for multipli~ation pro

cesses to became operative. At first, ·t.he regions 'Where plo.stic atro.in is 
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taking pla.(!s Ol."e reJ.a.tively i!lol.a.t;a\1.. ~~~h'-':t"efote1 ·the flow s"lircoa can be· 

rela.ted ro.cha:r directly to the'! atre~:>s no(~«:t>SCI.l'"Y to move a disloca. tion wer 

long diato.nces t.b.l"CIIl(jlt. the ini.tio.l SU1lst;ruct:ure. J)y llf:HiiUJtdng tha;C dfalo-

cations llltl.St cut ·throu..,:r.h a untfonnly cUstribut.ed fielcl of vacancy cluat.ers 

or prlsruatic loo:pa'l Sec~er ( 195.3) o.nd Fri.edel ( 1963) ho.ve develOl:lC<.l theories 

that. a.re consistent '~>ri th the observe(l mt.tgnitude of t.he hard.cnine;. 

Friedel's theory for Wltfm1l11y distril'JUted small dislocation loo:I)S« 

gi vee the hardening aa 1 

w'here G 1a the ela.stic nhear modulus, b 1a the Burgers vector, d is the 

die.mc:il:.el" of the loopa o.nd lT is the numhm:• of loops pel' unit volume, Uhen 

d ie larger than a few interatomic d1sto.nccs 1 the energy necaooa.ry to pull 

the d.ioloca.tion awn.y from a loop ia lo.."t"ee. There:fare 1 the harrlenine should 
• 

be ins eng i ti ve to tea ting temperature 1 o.a 'WaS observed (Fig • ') • 

It N ia a.aauriled. to :oo ccmsta.nt e.s the clusters grow in aize1 then the 

hardening increases direc·tly ~ri'l~h d. - 'I'he small o.ngle eca.tterlne o.nd yield. 

strength cho.ngoo during the first hour oi' room temperature aging were within 

the ex:Poriruenta.l uncerta.1n1;y1 consistent with this prediction (P'ig. 2). 

Changes in hardening rate follo,rt.ng the yield cannot oo related eo 

dtrectl.y to a siniple model. As shown bY theae expel"i~nts, the ini'Cial 

hardening rate can oo eit.ber greater, W1ahanged or leas when aonr,r.nred to 

a crystal that does not contain vacancy clUJJters. Many other f'aatars in 

Addition to initial orientation of tbe tensile axis a.re probably o.lso im

portant (for exo.mple, the cross section o:r the ten1'til.e specitno~). 

Ue would like to suggest that dcotruction of' the cluatcra or ·loops 

by moving dlelocatlona (Vandervoort and \·,ib.ahhurn 1960, Greerrf'ield a.nd 

vlilador:f' 19611 GrecnfieM. 1962, and Saad.a. o.:nd Ha.shburn 19C:e) is the ba.Bio 



.u.. ucm .... lof~o-:) Hev .. 

cause for changes in ha.:rclen.tne: rate. '1'h:ts inat.a.lJ1li ty of the in! tie.l stib-

structure lea.d.o to continued growth of tllf~ f:i.rat fe,., olip bands tha.t f'c>rrn1 

rather 1;ha.n continuous nuclea.t:i.on C>f now iJO.nd.a during 1ncree.sing strain. 

less uniform diat.riln:ttion of ahc:ax· otra.in :ts r,e:nera.lly observed in both 

irradiated and quenc,hed ina.teria.lo. (::~.eeeer 1958, co·ttrell 19581 Ta.rmer a.r1d 

Maddin 19591 Greenfield and \tl.l.adorf 19Gl.; and Eyre 19<)2) In tll.in wire 

single crye tala 1 such ns those usc::d in tbt~ee ex}"X.'!l'imcnta 1 the growlill of fe,-ter 

slip bands lllight be ex);!Octed to dec·rco.se the 1n1 tie.1 hardening rate for the 

mul·cipl.e glide orientat,1on t..eca.uao there "~>fO\.tld be fewer inte:t'aectiona betw~en 

alip bancls on the ·thr0e activ-e a lip l))J).nea. ll'ar the ea.oy glid.e orientation, 

however, growth of a fc·w isolated slip bo.nd.a rnigh·t be o.oaocia.tcd with a. 

grea;ter ha.rde:uing ra.te beco.u.se at tho local lo;ttice rotation and n.osoclo.ted. 

bendin(S momenta that o.ra produced. Secondary oli1., aystruns may OJ..)Cro.te 

locally during the £:,rrowth of these \ride bands all-:toat. from the start of plas- · 

tic extension. 11hie cxplo.nation, althOUiJ.h obviou.ali too sinrple1 is consia-

tent with tJ1e ohaerva tion that the difference between the initial ho.rdc.!ning 

rates for mult:1::plo slip and single olip ox-ient.ations vas nruch less f~ 

quenched. e.nd raeed apecimc:nn than 1 t was for annealed sectionG of the srune 

crystals. 

1. Excess vacancies in the :rorm of aingle vaca.ncios 1 di vacancieo o.nd., 

perhaps, slil_~}rtly larger clusters Nl.usc no increase in yield stress 

over tbat of an anileo.led copper cr-ystn.l. 

2. Uncluetcrcd exCr;'!GO vo.cancics co..w:e no chance in the shape or the st.ress-

strain C1..1rve :f'or eit.hcr ainc;lo alip or Im.tl:t.iple slip orient.o.t ions CYf 

the tensile o.xis. 
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3. The critical resolved shear stress .far yielding increases rapidly 

during the first 100 minutes of aging at 25°Ca This increase in yield 

is i'ndependent ot the orientation of tensile axis. 

· 4, To a firet a.pproxinia.tion the increase in yield stress is directly 

proportional to the size of the clusters a.s measured by X·re.y .small 

angle scattering during the :first 100 minutes o:f' aging. 

5• The first effect of aging is to raise the stress level of the entire 

stress~strain curve without changing its oha.pe. Longer aging times 

produce both a change in yield streos e.nd a change 1n strain hardening 

' . 

rate following the yield. 

6. Long aging times cause an increase in initio.l hardening rate for easy 

glide oriented spec:i.mena. Often the ea.sy glide stage is completely absen· 

absent. The same treatment results in a decrease in hardening rate for 

the <ll1> multiple slip orientation. 

T. No clusters large enough to be resolved as dislocation loops or tetra

hedra are farmed 1n .cower during aging at .25°0 even for an aging time 

of 106 min~tes. 
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G-eometry uoc<l for SllJD.ll o.nc;1e scatte:ring 1:1cn.sm•r.::merrta o 

Cho.nges in yield etreso, cxccoo reGi13t1vity1 a.nd radiuo of x-ray 

aca.tte>.•ing centers in cop-per dur:lng aging at 25°C a.:f'ter a railid 

quench :f'ro-.a1 1070°C. 

Stress-strain curveo showing effect of' vo.ctulcy cluntct"o for a 

single a lip ori,~nta:tiion of ·t;hc tensile n.xio. Du.ahcd curves are 

for o. leng·th of the sn.me single cryot~1.l tooted withoU.t quenching. 

Toot temperature 78°K except ao indicated. 

Fig. 4 Stress-strain curves ohot·dng effect of vo.cn.ncy c1UGters ·for o. 

multiple oli);l oriznt,o.tion ( tenr;11c a:ds [llJ] ).. Dn.shcd curves ore 

for a. lcncth of the ~~[une single crystal tested w1 thout the quenching 

o.nd. o.ging treatment. All ten·to at T3°ICo 

Fig. 5· Temperature dependence of' tho yield atreso for. different aging 

time a.. Values of ohca.r modultl.G 1 C 1 to.kon from (Koster 1948) • 
• 

J'ig. 6 Typical distribution of vacancy loo-.~.1s in quenched and o.gcd a.lwn.inum 

(Vinco·ct,c 1962). 
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This report was prepared as an 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 Commissipn, or his employment with such contractor. 
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