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Degree: Doctor of' Philosophy 

_____________ .__( ChD.irr!lan) 

T;'1o~itJ co~;!.;:·~itte:-c 

_The· ~eJ-:-1.ovul of ~.Xf.~eeo vricr~n.ol.e.G in quorJC11c .. d nin.;.;J.c~ cr~rnt~ls c.e .r;OE)pcr ha.3 
boon ott1di,Jd b:yr tl1rco t~..!c!rnillUC :::J: el·?C"tl"'icq l ~np i!3tiv .i.:Ly, cl·:.·~u~ l ~1n~~lc ::;en t tor-· 
inr~ of. X-l"ays ~!ld te11nilc dj~2'"1rr~t1titrn.... \'liot·;c r,>Jf].t~l tn i£:Ji cr~·Lc t~1e.t. 8r.-:t1ll 
cluotcre or vuconcieD or iz·::>lnted vsco.nci.::c ,;o ;;,!)t !1~r·;ier: t~t.<o:~c;~.:cl c:r.~;!:;~:.:.ln; 

but l~l!'L~,J~ ·:;luntl:~~f?:' ol:/~_f:i11cd by l..!git!-.?.:t c:JZ"fJ.G.I;.:,iccll~? -::h::~:-" ... ~~J::~ t.bo :::,~q~"lnnic~l 
p~,op0rt:tes o 

TJ1c Observed c;;:t:~se i:.1 :~rio!;:} a.:(;i:"'C3S iz cor~si·n~,)~lt, ',·:ith n. r.~e>Cel or 11!.1!\~

enirlg pr.:Jpoced bY· CoulOt"2b 8~'ld r·':cicdlr.)l, h'~J.:.c::·~ f,".;..:_:;::.~9;_;t:;. t! .. :.lt ·~ .. hG brc..:J ~~.0.\'Hi2{ of:. 
di~]lcc~~ti~~:ne fro·.:: 'Jftc~·tnc:r c:l~).2i~c.::--s d{:;t~:;~ .. ~:\i~ .. .~-oC'. "t.!..,.o :;ic:lc~ ~;J~rc.'1:3o Tt(} 0bser·vod 
tc:nporatUl""C dcp~ndt:J'lce o:.:~. ·t..1·1o yi~ld £t.:a. .... <J:.>n i.:-: ~=·~..:·:) :-.;~·-:..:i.c·i~~-~:-!·~ ·~.r~.:t.~'l t.:1i:J r:lodol" 
A.l~~o, ti1~ ·:)C2.c!"Vcd cl-:ttr;~~o in. ~;.·)t'>: ~1:~ rL~.~~ni;~;.: i.n q_ucnc:·:~.'_)J e.~~d !lf:/~d G~it;ci~-1·or.-.o i.s 
cxpla.ir.c.ci. by acsu:-..:ing tl.:!lt · t;li\-Jit~.[; di~·luca.J~i~J~·:B ·.-;.~~c!'l i:·:t,;~~:=tt~ti.;~ .. ~·; '•!:i.~:,1".l .vuc.:l~1,cy 

cluoto'.;"f: nl:to1-: ::rul,.;~c•jl .. wr.t m·;;,·;op~.;;,~lt of. .othe>lC' <H.clocatiano on. tb.e name phin0 
~·;~~t.tld .then be. ~C~!:!''d}:t:!.'L. ed.if.l-~:: .... Q l-.;:j ~l. ~·o~tult ~Tf·t.;.;..t~~ :: .. c+,.,i.~n;: ·::,~~o; ... (~ j .. ~~liJ.d, bo 
fc,·Jer and fewer obsto.cleo to tho motion ,;f dinlocationo Thic. ~Jou.ld tend to 

. fuvo~· :Lc.~latud) t:~ic!·.: cl~l} ~-,:~rndr~ ~:.r-..d (18i..il:J C.o:;::--cf!.;.!t~ tto intf;r-El.~i:,1,6n bot:d~on. 

glidi~g diclocationc on non-p~rallcl ::>lip b:::.ndc., 



of dinlocs.ticns 

* phynic:ll x.ctalll!:rgyo 

ih:d.um oone10nt~tiOl'l.f'l of peiht dcf'octo u~·iJ uloo iirt1•e;due.::d by pl~c'tio 
{1) 

#7\ 

~-.{ott,\) J!"LU VC 'Cl:()~)OiJC"Cl tl:nt . " 

actio?:l of poir;t defects <·11th dielocati-=:ns~ b::.o bcon c;ivcn by :-:·...;..:"l.l:::.::~t-:..:."1-

hilndor-f'o(l~) Thlet thev::-',:1., in fX?.rticulur; l·clutos: tho cr~~jor p~;.rt :;;f 

gee ~b~o roccnt ~evio~' b,'f £·:c.:sro&\_,c$ o.r1J Claretrou.~:)l, ?ro£rcss in 
I-iato.l I?hysico, Vol,. 7 (1959 ), IUo 
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Sine a e ~etal ratainc o large cxcaao or 

.~ ' ~,'G)' ., dl 'J'·l ~.,,.' ··- · ,...., 0 l ·.r ... ~ ... -...... --. " 
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In general three types o? dcfectn have been obser1cd in qu~nched 

and aged. mcte.lsll namely, Frank sessile dioloco.tio:ls; pri::::::-:~tic dis-

locc:tion loops and. eta.ckine; fault. tetrahedra.. In u face-centered 

~ubic :11ctalJ> tho collap~o of a disc of vucanc:l.ca on a (111) rccults·in 

the fo~a.tion of o. stacking fault bounded by a pu.rtial diolocc.tion 

(Fra!U) \"iith a i3urgo.rs vector l/5 (Il~ ,. J.f tho oto.ckin6 fault cncrz.y 

of the metal io ·very high, it, is enorgcticclly favo:cablc to nucleate e. 

.. .,....,. •• "I pa .... :.t.a .... 

Fl:"ank sccsilo dislocation .has c. relatively lar3<;) D'..lr2:ors vector and 

the o.c~ocin:tcC. energy co..n be l.,..oduced at tl1o oxpcz:se of crcutintr w.o:. ... c 

stacking fault by a dissociation into stair-rod clislvcations.. 'i'i·lis 

rc::.ction. is the basis of the observed. stacl:ing· fault t·:·:; "nhedre in 

quenched gold.. In ·gcncralj) then~ the stable type of defect dopcndo on 

tho et::,cking fault energy of the metal., All three types of' clcf'ccte 

have bocm obcel~od by transmis:Jion electro~ microscopy .. 

:<.>.ride~lce of' quench hardcninz hss been given by i!;aci.ciin and 

Cottrcl~(9).vJho obeorvod ·a :n.arkcd incrc:lse of' yield strc<JEJ in 
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Ji,ct'o Tccen ... cl,y :~1c~h.ii U!l(~ K~1.t.tt ... ~\!:,r1.\..t...l.);..1.r,.!1 :<.i.~:l~rt~.*' J-.. ~:.::lciin ft~d K.u.}'ll-
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t.ho te.'Jpol".Jture depondcnc.e r;:t ti':.a yiold stros;:~, ~r~r~ co.-~ductcd at .. 

78°'i., uclrtz; a holit~:r. oxch.:Ol.n.so et~Q e..o .o. X-l."'~ln.ef'er •. nodiL;:.-:n bot.Yoon tho 

~tlll~ of' thG snu cap c.nd tho Gpecit:'lcno 

to climinA'to any posaibl~ pro.lo&dir.g duo to dif'fol"<:mcco of 'tht::.--;~:..1 

oontr.oction bot~oo:t tho ,g~ippin~ arssorr:bl:;r un1 tht: vpcci~.;n" cuc.:h 

·., 
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i'c.ctor. (l:l) 
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t.h:) etructw.·o !"eoto:r cun b-o ~!J:::.to:.:ir:w.tcJ by c.n .;~:r.:mr:,mti!ll :.'llr:.ctio!'l., 

f,_ . f\o) e.-en:: 
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c7.rle:tbontnl1.:t detert!::lincd i~•tc-n~it.y io plotted vc:;·r.:us f. unci fro.::. 
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size as.the maximu.'ll radius observed. in these cxperir::cnts would be 

approximately 3000. If we consider the scattering centers to be 

ellipsoids, the total volume and thus the number of vacancies in 

these clusters would be much smaller. Some esti~ates have been 

made of the min.imu.'ll number of vacancies vrhich if clustered might 

··collapse to foro a dislocation loop or stackinG fault tetrahedron. 

Silcox and Hirsch( 25 )have given this nu.'llber as 7400 for the tetra-

hedra they have observed in quenched and. aged .r2;0ld. Wilsdorf and 

Kuhlmann-\'iilsdorf(
24

)have given rou.e;h estimates of the nu."!lber of 

excess vacancies which must agglonerate in a quenched metal in 

order to have nucleation of dislocation loops occur. They obtain 

anyvthere from 80 to 200 vacancies as the number of vacancies which 

must agglomerate for nucleation to occur. 

After aging t\-10 years at room te:n~erature, the quenc:'1ed. and 

aged copper specimen vtas examined in transmission electron mic-

roscopy in a Siemens electron microscope. h'hile small black spots 

\vere observed, no clearly defined dislocation loops were present, 

Figs. 7, 8. Similar observations have been made in quenched ~old 

when aged at room temperature, Fig. 9, 10. Since no dislocation 

loops were observed in quenched and aged copper as vrell as similar-

21. 
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· ctuenchin~ each ea.-~ple; 0. len.e;th of about two i::~chc~; i:.!~~o 0''" ...... !':-c:c 

c~o end~ tho~¢ U-n~i~uenchcd. o~yctG.l$ t~:ore ulso tectcJ t~ olio _.,. ''JdO;..-
' .. 'l.e 'It~i~ 



· i~l'lo. !hiD proced.urG tendo to 1-oduce U..'teontrolluble vu:-iationo ill. 

pul"it.y and dislo~rt.iOl:t ctructurc;) !'t'OI1l spe~;d.::-.on to o.voc:!.:ilcn11 ~hG 

atrooe-strain curvoo !'o:.r qu.snch~d and unquon.chcd aa:-..;::>loo c:)uld t.lten 

be oo:aparod dir~ctly ut (;)aoh. otaeo of' the ar;.inz pr.:.)cecoo It io 

convenient to con~idor sepur--Atoly the ~rtrcos-otrain bc!1.u.vior cc!"':o

ilpondtng to t.he initin.l» tho intor:::~d.ia.to e.nd tho fi.r..ctl ota~o::; ot 

a~i."lZ of qu~m.chad tSpooi:r.ons tlt Ji'"~or~ tooper-:Aturo;; 

thoso o:tpo:~.·1!1u:n"lte> 11 •thio n~plicz both to orystn.li> o:-i(;:l.ted l'o:: 

oir,zle slip tln:! to those oriented for ;r,uJ.tiplo slip. ~'he co· cur-vco 

aro eho1m in figs-. 15, 2}~ 2!;,• 'l'broo rat(--;::;;: ci&f'in.ito c.:::.l'l.cluG:iiiin.:a 

'f.r&.y be d:rat-m !'io'"O .. :~. thcoo rcoults:a a} 'the dcfol"l~~tion b.t:ro,.h.;ced. by 



0 
l~GC tll&n lOA. It eocr..:w clOO..~a t.hoi~ci'cr-o,. "'c.htit vacancy cluotc~ 



·, .· .. 
'.; :' 

'ii) 

'· 
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in turn~ 

" . (14) . · .. 
1 .. b.odel hae 'be-en clovolopt>d by Colour..r.b and l.'':d.ccel . in 



Oolou;~b a.nd F'ricdol s.oou:.'lcd that H• thei·o iG to bo har~c:~inl frO;.':. 

eavitios; tho a.vo:razo diaUlr.ce bet·.-.oen · cnviticc~ P ~ ~ust. be c·x.~:J.llor 

tha.~ the diata.noe at which t'ltUltipl+cc.tion c'i: dislocation;;) occul."C 

.. . ·~.·. 



0 ---
/ 

/ 
/' 

~~ch tir~Q the line oscupc$ fr(.);ll a voicl 

abcut }~hera J io tr..c length bct\::c;:o~ 
it \'till 



.. .;,. ___ -

' •· 

. . ~· 

· of diolccntion '10Uld bo 

\:thoro R·ia tho radiua ot the vacancy cluutor, j./ in tho chour 

raodulouu 4lld. b ic tho E\.lrzora voct.cr. When t.ho diGlocat.ior. movaa 

to the br~W.ko.way poa1t1on,. vor'" 1o dono by tho a.p£'licd Gtruc~; 

thio \Jior)( .1o proport.io.1:1l to tho nr~a · l1Wept. out. by t.ho <liolocu1.ion 

and is &ivcn ·approxi=at{)ly bya CT ~ ,R J<. 

· than be &iv"n by 

e A -U~T 
E..=n e 

i\. 

. whoro the part•tnetor, A, d_,pcodo on tho long,tl• or :novinz uioloc-

4tion por unit VOlu:tc• the d~noity OJ! pinnlr!.JS poin"to, z;ao:~Jt.rical · 

factors, end tho .troqueucy ot vihn~tion ot o. lam .. J,,'-th of c!i~locc.tion, . 

·J• If th') :~1o1c.i et.rocs 1o dc!'inod o.& 'tho atrooc noco~3ury to 
( 

acM.cvo Q z:l.van t)t,rc,.in ~tc, end if tho procxponont1al tor:cH) do nQt. 
' 

VtH""J i:;:rfJllt.ly with t.Otlpetatu:ro then t.ho yield ctrooo ohoulcl VU.r'.J. 



' . 

~o v~ll ae tho o1zo of tho clusters nocosoa.ry to eiv(l t.h-o 

oboor-1od bardcni.nz woro caloulatod. 'rho cpnoing bct~Jccn cl..,.ctor$, 

-J 1 wao tounci t.o -bo approxir.oo:t.<'l:t !5 x lo-5 01l1 end tho rndiuo or tho 

0 
cluatcrc, R, vae lOJi.. ';h() initial co~"lccntro.tion o~ vaca:ncico re-

quired to to~ t~aGo cluntors ia epprox1~ntoly 5 x lo-7. 

rediuo o~ tho cluSJtorQ rove:~.lod by G~ll o.nglo Gcatt.o:dnz ot '--r~yc 

in quenched cop6)cr W1.lc about 25~• 'th1s ao·oe::ont i~a ccnsido:-c.r t.o 
. . 

bo GU1to zood ~~A lendo ou~port to tho model of Colc~~b ru~ Friodcl.(l4). 

A modol cioLlAr ~o that ~~tlinad Bbovo hao el~o boon e1vcn 

. 'by Soozor. ( 2o)'l'bo ~ajor diff'o:-enoo .botweon tho uo4ol givon by So\.lr;o:o 



.. 

function tor th& energy to b~ a 41aloca~1on tro= a oluator at 

vn.C4ncico •. 

c..ffact. th.o entiro enapo ot tho etreos-otraln cu.rvo. Tno oha~oo 

in tho ot.rooo-ot.:"'lin ouno depended on tho 1n1t.1s.l or1ontat.1on !;jf 

t.ho crJatal l"clativo to tho 1.cnlil)~lo e.xia. For o.KCJ:lplo in a. quonohod 

o.nd t.~.g~d cr:tBt~l ~»t.aso :r:: or tho defo~tion curv• wus aboo-nt. 1n 

cr;otale oriented for onoy glido. · ~1lo. 1n CJlfBtAlo vh1cb vore 

o:iento~ !or cultiplo glide, only minor chnncoo in tho ~ork ~~rdon

ir.g wore ob~crved. A poceiblo 1n.torp.rot.at1on or tncoo rooalt.c io 

tho followi.n~~ In <:;l..l~Uchoa cryoto.lo# tho t1ret cU.oloc&tiona which 

movG out alons ~~a ol1p pl~nc may 0 owcop up• or aboorb cluatcro ot 

v~~ncic::o in tnoir ptLth.(l7)subac~uont. movoaant of othor li1cloca.tions 

· on thlz O:!:!o plnnc:t el-.ould thcretor-o bo ecxncwho.t ce.o1or0 · Uinco 

thoTo ~ould now bo tovor obo~acloe to tho =otion or thoso dioloc

aticno. AD a ·rezult, slip ~i5ht bo expooted to occur only on a 

t'ou icola.tea. or widoly-o_pac(;)Q elip bo.nde 1n tno quonchcd Cr'JBt.alc.; 

In t.hooo cry$U.lc oriente~ for e11cy c;;lido. tho st.rQDa concen

t~atiou.a no:1r locali:.tetl heAvy slip banda wo~d ton4 to prQt:Qot.o 

olip on oooond4~J clip ay~t.OQe, Gnd th1a ~re=Aturo operation or A 



·, 

...... 

I,: 
, I',', ',•t • .' 

:·' .:.:: . 

. ~ . . •, ·, .,· ., 

Ott tho o'-hcr hand, if' only r.,lc.t.1vcly row widely GPQCod slip 

btJ.l~do wore t'or:l.\ed in cryatCll.e oriont.od for mult.1plo gl1dco raov1ns 

. 
other looa f::cqu.ont.ly in quonchod than 1n unQuonchod cryotalo. 

Since t.ho wor'.c. llllrdonins nt.o 1n OU.go II of the strooo-st.rain 

curve ic believed to bo controlled by d1slooat1on 1ntoraoct1ono, 

tho work ~Ardentng 1n quenched cr,yctQlo or1ontod tor multiplo &l1d~ 

ehould bo locs tho.n t.ha.t in unquenche-d cryot4lo. Th1o o1."f'Qo1. wao 

'l'ho strecc-ot.rain diat;rw:u~ tor apcci::lons Ggod for moro 

th-:.m lO hO'.lr~ a!"ter quenching 'rrOf:!l 1060°0 aro rcprQduccd 1n F1go. 

22-2e, 2!)., and ~. 'lho ,pertinent. obsarvat1ono wore t.ho tollowinz.a 

a) 'i'her<i WQ..G. a. fur"'...hor 1ncro~Do 1n Dlopo of the ~traeo

~tr-ll1n curves 'bolow the y1old et.reoo in q~ncnocl and ag;44 epoci-



-~--

' . 

b) 1'ho yield atreco wca hizher 1n quonohcsd and A~cd. 

· cpeci:neno. th:ln it wna in. tho unqu(ttlchoci epooitnGnc,. 

o} Uow.ovor. tho wori: ht.lrdonlng J'Q.t.o ot qu.cmchcd and. 

~cod c~J~tulG or1onted tor ~ult1plc glido ~~o significantly l~o~ 

· th~n that f'or unquenched .cr:ratal"• and tho cW"Yoe now oroscod, 

. ?ig. ,,a. 

tho a&su::ption tl-..a.t. conroe ol1p banda ttcrc forta.ccl 1n. quenched 

c:yst~lo. If allp wore hishly locul1~cd en o fov widely cpace4 

· bu.:4de, ir.t.orooctiO".lO between £U.d1n.ri dislocat1ono would hnvo lxxm 

leas lil~cl;r to have occurred• Thoeo co:u•00 ulip banda could htlvo 

. co-:.t..ir..uu<l to vidon w1t.hout rapid wo:r~ har<icni~ until tho bo.ndo 

hav" sro-.m to su¢h an extent t.hllt tho ont.1ro se.us;o lo~ 1a f'lllcd. 

. .. 
. ,•'. 
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. . 

i~po~nt, o.c in U."l'1,t1enchod c.ryeto.lo, t.borob:r l.cading to 'tsn 

incrcaco in tho wor'..c 'hardcc!ng rato. 

o.) Cluotcra o£ oxcooa vacanc1oa do not ho.vo o. a1zo lo.r&or 

tr..an 8 t,Q 10f L"'l radiuo 1n froahly q.uenchocf e~ploe •. 

b) · Ho apf)rocin'l:ilo de!orz::mtion ws introduced by quanohin& 

end rco.cho·d c. maxl~U.."l •.taluo e.tt.e:r approx~t.oly 100 minut.co a.t 

~0~:::1 tetrlpol"'i.ituro, fro:::. which it wa conoludod 'thAt. cluctc:ro ot 



·. 

tractiou of' the oxcoao_ vc.canc:1ee wo~e fo~ cluetcro n:t.hor thoR 

boi.ns annihilated o.t. eurf4coa or ·d1slocat100SI• 

1. Zho yiold otreea of quenched nnd a4cd opooimonc wae found 

to increase l1neo.rly with docre<!lc1n~ t.=porat.uro • 

. ~ . 

by d.iDloeationo, allows a direct oe't.ima.t.o t.o bo tado of tho eizo 

e.nd tho OOP,.'\t"at.ion Of: t.ho cluctcrs 1nvolvod. ?:ho G1U and.. G!itpa&-- . 
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10. ·xn quonehe~l o.nd a~ed. C~J&talo onont.od f'or ea.ey J:lido no 

~lide~ tho ~ork ~r~enL~z wae not erAnge4 for e5ing ttooe or loes 

t.ha11 10 hcuro o.t roo.'tl. t.e.-o.porllturo while 1n (iuenchcd oryat.alo 1\ged ' 

l ') .... 
. . . 

oryeUlh co,n pooeibly b0 explo.ir.od 'b!f aoou:ui11g that. clip i.o · l(IGD 
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Temperature dependence of the yield stress foro specimen 
aged I 0 min u t es a t room I e rn per at u r o 
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Figt1re 33 T e m p e r a Y u re d e p e n d e n c e o f i· h .e y I e I cl s t r e s s 
for a specimen aged 10 hours at room temperatura 




