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ABSTRACT 

' Annealing of loops in quenched Al-lojo Mg alloy has been s·~udied. by 

hot-stage electron microf;copy. The e.cti vation energy for loop climb has 

been estimated to be 1.2-1.28 e.V., which is in the same range as that 

found for pure a.lR'Tiinurr.. 'rhe abs~ence of heterogeneous precipj_tation of 

vacancies, and the bull.;: annealing results showed that the binding enerc;y 

between magnesium atoms E~trd VG,cancieS, in the present alloy, is very 

)·6 supersaturated solute atoms , 
It is concluded that .:..---=----,----------- rat1o 

~o vacancy 
small. 

primarily determines whether positive or negative climb can ta1<:e place 

in a given alloy. The ste.d;:.ing fault ent;:rgy 'v1as estimated by co:11p2.rison 

0 
of the shrinkage rates of perfect and imperfect loops as ~190 e2:·gs /em~ 
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I. JNTRODUCTION 

The concer~tration of vacallcies 

.metal varies with tenrperature T a~>: 

c 
v 

· -E/l<;:T = C e f 
0 

C in .thermal eq_uilibrium in a 
v 

i·lhere Ef is the energy of formation of a vacancy and 1< the Dol tzman 

constant.· For aluminum, _Ef is lmm·m to be O.J6 e.v. 1 and taking C 
. 0 

. . . . . -4 . 
the vacancy concentration is 10 a.t the melUng point. (923°K) and. 

( l) 

10-l3 at .room temperature. · By rapidly q,uenching from near the melting 

point, it ispossible to retain most of the vacancies (rvlo-
4

) in 

' supersaturation. 

The subseq_uent annealing of quenched-in vacancies in FCC metals 
I 

. . 2 ~ 4 
and alloys has received· much attention during the pas.t few years. '::;, . · 

Hany physical and mechanical properties such as electl"ical resistivity, 

internal friction, yield stress,.etc., are much influenced by the . 

annea:ling of vacancies ... Transmission· electron microscopy has. been used 

to study mechanisms of vacancy elimination by several workers, (for a\ 

review see ref. 5). All the experiments done so far confirm in a general 

'way the earlier 
· ... ·. . .. ·. .. 6. 

postulation of Kuhlman-Wilsdorf .. that ·v;acarieies should 
' ,~-""" 

attract to form cluster:3 and .subseq,uently co;t,lapse'. to form loops' of 

dislocations on, (111). There is· a large driving. force (the chemical. 
.. . : .· . 2 

. force due to supersaturation in· the case of Al is --..300 l(G'1l1/mm ) ·.by vthich 

the supersaturati~:m is· elimina.ted by the migration of vacancies to sinks 

such as surfaces, grain boundaries arid dislocations as well as by the 

\ 
formatiqn of dislocation -loops. 

The type of loop that is fortntd. depends .. upon. the s tacl<;:ing fault 

~ ·', .. 
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J-Im.,rever, this can as.suine sec~mdar:y: irnportance because of 
"" 

all: energ;y. 
;.,_. 

~ .. I 

' ' 
.the complications that.· can: ar:lse.'l·rhich affect the nuclea'\:,ion Etnd 8;r~:n·rth 

. . ._/ ' ... . . -~, 
.. ~of ?-oops, s'uch as- p{~·Jt'i'c d,e,:for~a.donj' 'quen~hin§ ~:tresses', ~~.mpuri·tie~, , 

~·; 5-10 
eve. 

' 
Thus~ in 'pure alu.rriinum, q,uenching is performed ·1-rj.thout · · .. '~t. 

deforming' the .. specimen, very ~~~g~. Fra,rtk loops (i:~ ~. E = l .2:111> )' well .· 

iri excess of' that' expected from stacking fault. energy. considera,tions 

' ' ' . 11 
. are observed. - If' 9n the other hand, deforbaticn ·lS purposely allm.;ed 

. ' to tal\:~ place during q_uenchi~~J lo'ops are usually 0~ the pei'fect type
12 

·. . .. '· ' . ' ( 

.· (i.e. b 
l ' ' . 

= 2 <:10>) ~· As wlll be "shovm in this thesi's,; ·the sEl:me is t1;·ue 

for Al-l% Mg·alloy; hence, imp"Lirities'·aion~ c~.nnot account.for.tlj.e 
I '~ . 

existence or non..:existence of· Franl\: loops as has. been suggested. by 
. . ,' 8 

. · Cotterill and Segall. · , 

: lviany experimental results suggest that· the co,nvers;ion of a Franl\: 
• ,.!·.· 

• • ;_~ ~ .1!+ • • l f. 

loop to a perfect loop 'by nucleation .of a>.sh~ckley·, 'partial: 
• ••• • - •• • • •• • J '· 

'· ,._,__.' >J r· I, , ~ ·. .. • . ., 

. atom, it ·would 'be, extremely difficul~. t9 nucleate a ·shocl~le~ pa.r~Gial 
,·' r •. 

·. ~ ;_ .... 
'. ;. 

·.;. 

spontaneously and this explains 'i,Thy ~1ery·large Frank loops are, observed 
. : ,-· ~ ... 1 

in Al and Al-Mg alloys: after careful ciuenching; ·s.ince, if the a.ctivat:i.on • 
~ . • ' ';-' • . J . . ' ' . • ) • ~ • • ,... . . ·.) 

energy for nucleation of· a Shockley partia.l is neglected and taking •' 

.· ' .. '2 ' .· .. ,. i ·.· ·•··. 0 

·r SJ!' = 3_~0-ergs/ em forE~luminum,_-'i~o Frank loo~ > 20:0A. shd~uld. be observc:;d. 
. . 0 ·. . ., ~. ". 

Actually, loops > lOOOA .are· _often seen in aluminum a~<;l ·its alioys lf 

careful q:uen.ching .. proc~c:ure~. ar~· a~opt~~ (s~e ·Figs. ~c::d). 
J I • '. • 

rr)1e perfect .lo.op on a. (1-ll) is not ',a~· st~qle eq,uilibrium configura-

,tion. 
. ' 13 , ' 12 ilo ',' · • .. 

Both theory and experimen'ts"' '·.,. shoH that during sr:m,,th, 
. ... ·. 

a· loop can :.::otate on ito:.· glide· cyHnder' ~r})i:)_e. clim~ing, ,_leading to the 

, r 

I • 
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:C'ol·rr;at:i.on of diar!lond loops o;f nearly edge character- with probable habi_t 
-~ 

plane near ( 110} depend~T:g on j_ ts size. In alu.rninum and :L ts alloys; 

tbqse diamond s11aped loops can be observed in as ._.quenched :3l)ecirr:ons) 

. thereby suggest:Lng that loop gra<Tth can occur during or irnmediat.ely 2.:fter 

·'.quenching. The size s.nd the type of loo_ps are also influenced by aging 

time and treatment. :Many of' these and other points pertinent to 

quenching experiments have beenrevie~Ved recently by Thomas and 

r.~q s"-·'Ju-I'Yl' 5 
he .... J...1.• • 

Besides providing in:f'ormati.bn on the nature and geometry of dis.'..o-

ce,ticm loops: the electron microscope can be used to determine the 

ki.net:i.cs of climl' IJroce:3ses by anneali.ng the thin foils 'in situ (i.e. 
) 

by hot s·~;age electron microscopy). In the case of pure e.lw:-t:Lnum; lOOl)S 

are al\·ro,ys observed to shr:Llfl~ during heating above l50°C -because the 

nea:cby free surface provides an inf:ini te-vacancy-sinl~: i.e. no super-

sc."curation 
- 4 ' 

is possible. . The re,te of shrinkage at various temperatures 

enables an estimate to be·made of the activation energy of loop climb. · 

In the case of alwllinu.m alloys: provided both solute atoms and vacancj_es 

a:ce in supersaturation: it has been observed that loops can gr-6iv during 

armea;Ling of thin foils indicating that ~--large vacancy supersatura.tion 

can remail) after quehch-,aging. 

The kinetics are then differe.nt from aluminum:. since the solute-

vacancy binding energy perturbs both the energy of formation of vacancy 
.. 

. - lh · 
Ef and its migrat,ion energy Em. · In Al-5% Mg alloy) the act:Lv8. t:i.cn 

energy for loop gro-rArth was dcterm:Lnei to be 0. 95 e ·• V. as comparecl to 

'h 
1.2-1.3 e.V. for that of pure alumj_num.' · Eilmm and Thomas i'ound. Eb 

' i7 
t.o be about 0~2 e.V. in Al-5~6 ll1g alloys: a 1~esult confirmed. by other 

. 15 16 
Hol"l(er~. 1 
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From the foregoing paragraphs,.· it can. be seen that it ts necessary 
. ~· .· ~ 

. . ' 

to ex&.mine · 1-rhetheT or-not supersatu:cs.tiQn of s9lute atoms; :i .• e; the 
'·~.· 

ratio of 
of s' ~j-l)J-e . ' ,'f . . 
jO. '-..I - ,ll ·. • • -, . t t. r. . t 11' th l' ' cr-::;· . . . .· 1s J.mpor• an· 111 con_ ·ro J.ng ·. e c 1mo 

p v~canc1e~ .. ; · ·· · . 
pro_ces_ses .. 

.As can be . seen f:com Fig;· 1, for AJ .. '...,Mc; alloys, -this req_ui:ces an D.lloy 

of a:lluninum · vli th ·. < 2% o:f l'!ig. For the 
. ' 

uresent vlbrlc, 
.._ , • 1 ~ I 

l)repa.recl. ·.Other facto:i·~; :i.nvestic;ated. >iere ,(1) 'the conditions under 

of staCldng fault energy. 

A. '?reparation ·of. the Jllloy 

supplied by 1]ni ted NinenJ.l a.nd Chemical Co.rporation. A c:;-~s c.:J.,:J; l!!O.l.ct 

mad.e of reactor grade gra.pliite \·li::J.~; used. to cast the alloy :i.ngots of. 
:-; 

ll" 
'"')!t ,3." 

.:2. ·· ...... 
X h A -g·· The use of a h:Lgh freq_uency inductiOn furnace allo•tTs 

one to reach aiw tempe;rature at a relt3.ti vely high. rate. Since both · 

a.lwninum and rr.agnesiilln:bav~ ·little qifferetlce in. atomic we:i.ght and· 

near-ly the same· melting poi.nt_?,.- little segregat~on pro~lems are .incurred 

though many precautions . wer·e taken to avoid such effects. 

mold '\·ras degassed. at 1000°C.at 6.' x .10 -6 ~/mm of, Hg .for ~ ho~.r 
'The graphite · 

'l'he ch~rge · 

' ' . 

w~:.s melted in an at:posphere of pure helhun at: ·5 atm pressure that had 

been passed -t~rough activated charcoal filters and a nitrogen ·trap .to 
' ·•, 

· ' remove .moisture. .The n:Jeltii.1g ·-:w~s. ca~rie(?..,out' .for 20. ~in. at 670°C. 
. . . ·. . ; .. :. .' . . . . ' .. 

•:" 

Then the power Mas cu·t off and fresh cold helfum.: we.s. let in to hasten 
·'' 

.-.-

<l. 

~ . • • J 

'. 

:-.. 
solidification·. 'l'rial runs lvere carried out to find. opU.mum conditions. V 

'n1e ingdt ':•laS rolled· int~ thin stbps. Of 12-6 mil tl1icl'i: 1 cleaned 
. . I , . . . .. . : . 

_, ... •" 

' . . ' :· , .. · ... 

') 
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vi th acetone after each ·pass. r.rhis ensures a clean and t>mooth surface 
• 

and is beneficial· for subsequent specimen ·preparation. 

B. Specimen Pre~arati6n 

Specimens of 6" x l" x 12-6 mil 1.,rere all held at 650°C for 12 bouTs __ 

at partial vacuum. Chem:i.c::J,l analyses were subseq_uently carried out and. 

the Cor.J.positions are listed in 'rable I. This emnes.ling treatment prior 

to q_uenching is important 1~o :ceduce the dislocation· ~ensity to o. minimum 

ar:.d to provide speci1r,ens of' the S3.me initial state. 

The 6" st:cips i-7ere cut i.r:.to: six o~1e inch speCiYJ1ens and plD.ced. in a 

specimen holder d~~sj_gned to minimize the deformation of tbe foil d.uring 

quenc::hJ.ng. S')ec i.l'lem; '\·len~ held at 5~·5°C in a furnace which has a 

vert.ie:e::l slot at the bottom of 7.5 em x 7.5 cin x 0.32 em. r.::he hot z0ne 

vas 1-:ept as near to the q_uencb.ing bath as possible. QuencU.n,~; ':lo.s 

ca.r:cied out by pulling the sp2c:i.men holdei· into: a long vert::.c(<l c:olumn 

containing the q_uenchi~g m~dium (oil or ~..rater) both ·l~ept ric;ht under 

the hct ,zone just prio;r to q_uenc.hj_ne;. The specimen vras helcJ. in the 

furnace Tor l hour to ensure ui1if'orn1 ':fwr11ogenization of temperature. 

TJ::is arrangement prov~des a satj.sfactory rapid q_uenchJ q_uicl<:: transfer 

b:f,the specimen from furnace to bathJ antt'--also avoids- bending· of the 

specimen vlhile q_uenching. · Specimens -were q_uenched into silicone oil 

bs.th or v1ate1~ at 45°C as .'~>7}.11 be described at appropriate ple .. cec. Asing 
' - ~ 1 . 

just after q.uenching at room temperature was the same fpr all· specimens . 

unless othen1ise stated . 

C. PreparE> .. tion o:f Thin Foils 

Specimens \·Je1·e electropol.ished at-25°C \.1-Sing a mixture of 110 cc 

perchloric acid (T07~) and 4-80 cc of 200 pr~of -~thyl alcohol. A st.aj_nless 



.. 
•. 

'It 

.. · 

~ ... 
,. 

':-0"" 
:.J," 

'. 

steel beaJ<:er serv·ed as a ca~hod~. 
•;. 

·from a clamp into the :bath~ · Tlie pol:Lshing \vas can'ied out· at 30V and 
·.1 ' 

o·.i2 amps. 

A modified Hinclovr b:~ctnique· \\'as '<;arployecl tQ i)~·ocluce i.;hin foils. 

Spedmens wer:e polished and turned; upside do1·m soon afte1· hole!C; i·/el'f: 

··· .. : 
gave uniformly thin specimens.. Dur::i.ng· final polishing; as s;)Oll as holes 

.v.'ere observed t.o form>· ·L~he-cu.rrent v.ra,s suitched off :and op> chJ.:r'.ing i·Th2.cl"! 

~thin foils are· e.je.cted out of .the snecimen., The foils .'\·Jere:: r.:~movec~ :from 
• j . 

the bea}~er) . washed in absolute alcohol and. rrioimted for obsc-rva.tion. in 

the electron microscope. 

D~ Bulk Annealing 
,·., 

Specimens after ·qw~nching. f':rom various 'temperatures \·.rere bull-::. 

annealed before polishing ·-to compare with the results for concent:[·u.ted 

. al1.1rninmn-magnesiu_n:1 alloys obtained in.our laboratory pre~iously.1'~ 
. ' 

·. ·. "\ 

Factors such as pre-::aging time) quenching. apd poli,shing conditions )·!c~re 
' . 

l<.:e:pt the same for .all' tt(e, spedmei:"ls. ·• .A constant temperatur·e glycer:t.n~· 

bath uas used for. builc .e.rmealing. Thin !"oils. were obtained by electro-

polishing as descTibed earlier: 

E. Hot-State and Cine :F'ho~ogra:phy 

·Thin foil annealing e_xperirr,ents Here carried out usinG 2. Siernens 

· heating stage· in the Siemens Elrnislw·p Ib. ·A 12 volt storage be:ttery or 

. ,· . . . 
. platinum funH'.l.Ce \-1as regulate::d, through a variabl~ resistance 

.' ' I , 
I 

temperature Vlas read from the cali bra-ticn cm·ve shmm ;Lp pj_c;. 2. Deta:Lls 

of the calibration :proc:ed.tlres are desc:ribed in the appendix. 

.I" 

. 't~. 

... , 

' . 
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.:.,· 
cHmb of loopE;! l·ra:; record.ecL using a Paillard-Bolcz Hlb movie The 

camera dl"'i ven at A Bell 'and Ho·Hell f 0. 95 lens, fully 

open, v;as used. T1·i X movie films \·rere found to give the ber;t results. 

Durinc; ~eating, the be:3.r:1 currc-mt vras };:ept at .lOiJ. amp just at tlw timL:, .of 
. . 

exposure. 'I'his gives a maximum possible accurate temperccture reachnc;, 

since t11e beam itseif does not cause much heating if the norm2-1 precau-

tions .are 
. 18 

observed. 

Selected area. cJj_f:t"J·actj~on patterns 1-.rere tal<.:en initially and at the 

enci of the experiment so tl1at any chs.nges in orientation could_ .be 
1· ., . 

follm,red during heatine;. All the climb experiments . recorded •t~ere done 

in bright field. 

·. 
Actually,. it is bettel" ·to do ar1healing experiments in d.ark field 

(tHo beam case, S·= 0), by tilting the gu~ SO that 'the desircd·d.iffrac-

tiori spot can be brought to coincide >vi th the optical· axis. ~:his 

minimizes the aberration errors and gives sharp contrast. The advantage 

of the above method oyer the bright field. is that· there is an increa~~e 

in contrast due ·to remove.l of much of the inelastically scattered 

e~2ctrons (at higher arigles ,_'inelastic scattering is less). 

By tilting the gw.'1 the san1e diffrac·tion . condition can be maj_nts::Lned, 

i.e. s = 0; while heat~Lng the. foil (bj~ight or darl~ field.) si.nce the. 

Siemens specimen ste.ge is non-tiltable. 'l'his eliminates o.:1y crtanc;e :Ln 

·•, 
size of the loop due to.variation in Q.iffraction condition. Loop sJ.ze 

depends upon the diff:r:-action. condition·, as ·the image of. a cl:Lslocatj_a':r.. 

line .falls to one side oi the other of the true. position, . cicpencUng upon 

1-Jhetber (g.b)s :Ls positive or negative. A discussion of these o.nd other 

... . . 
factors related to high temperature 1·TOrl<.: iS gi~en in ref •. 18. 

I:· 
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from a 'Practical point of v:t.'e:r:;, at least two pers'?rls ar.e rcqu}.n::d to - . --~- : ·. 

ea.rry out such exper:Lrnents, ::s:nd :Ln this. wbrk bright· field :Lniaging I·Ta>; 

·, . 
'. 

adopted taJ~ing preca,utions to me.int.s.in constant ··a.iffracti on condi "i/Lons .. · 

. -. ' 

III. E:XJ?ERQvlENTAL EESUL'l'S PJifD Il\iTEHPRETATION · .·',' 
·, 

. . 
A. Non-supersaturation of Vaca.ncie::; 

.·each. All' specimeps 'iler'e quenched j.nto silicone oil at 20~C i'r·om. 5L~5oc 
• • ~. .. • • • -~ 1 • J • '•: • • •• • ~ • ' ., 

:and pre-aged, at. 20°C f;Ol' 10 minutes before bullcannealing. ·. SpecJ:mehs 
~ .... 

• • .'!_ 

'\·.rere prepared from bull-: cl.nneiilccl s;e.mples by electropolishing a,s descJ:"ibcd 

earlier. 'l'y-pj_cal, rrt:i.cro~;raphs ere ShO'dl1 in· Ji'ig. 3. 
I 

J:t can be seen that. locps are. formed at random showj.ng no cvidc::nce 

fo:c heteicigeneous pree:i.p:i~taticn) i.e.· no helices or· cliinb. so1..:.rces a:~·e 

Observed. ·The vacancy.concentratioq ~~ can be calculated from these 
. ~ ·:' 

:: 
Ii' N is the number of loops per. CYrl..J. al1d r the· .. micrographs as follows:, 

racH u:;;, then · .... -

(2) 
"t 

~ : . 
. lvhere b- Burger's.vec.tor ... ·a <110> for a P·.erf.ect'loop-anci a <lll> for a . --.2 . .! . . - .3' .. :..--. 
·Frank loop. ' ·'. 

'~. ~ ... ) -
,. 
• > 

' ., 

In using this· formula:~ _the. 'tbiclmess of.:the.~· sp~cimeri ~;as ass.1..1.mecl 
.· 

.to be 3000A in all ca~es'~- bas.ed on the'.·d.etermii?-at.ions:'fr~m.sUp trace~, . . ~ .. . .. .. 
. in. sonie foils, a.f't~r :prolonged ob'sei~,vati on~ : ·Adcording. to the g. b 

, .' ' ' ~ ' r -· ' ... •• 1":.',.. -, : ~-~- ,;·,r, ~ _. ,; ~ , ·· ! 

1
,.'.. .r ,. ~ ::" -~ • 

crite:r.i·o:u,·ioops.,villne'either ~isible·- or i1;visibl~ acc~raine; to 

vrhether the ·above mentioned sellar pr-oduct is zero or non-zero. All 
. . . . 

in TOOl]: orientation. 
. :··. ·'• .'t· 

For a pe .. rtici1L:.~' 

'.: 

.. ·~ 

·.· 

.. ,.., . 

··~· 

... 

v 

_i"J. 
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operatir.e; rcflc~cti_on ,:::;_,, the var1ous g. b values fm: both Fnu;k and 

pc~:rf'ect loops can be tabulat.;;d as shmv-n in Table II. Assuming eq_u.al 

--- - ' 1 110' ( l ~-~ J "--probability of format:Lo::.1 of t::.ll possj_ble loops of 2 <. ;> or ~~ --< • .. v 

in c:as':: of Frar.k loo}l:3)) those not v:i.sible d1..1.e to 'contrl1.:::t. effects can 

be s.ccotmtcrl fc:;:·. 

!_ 

values oxe tabc::.lat.ed :i.n Ta.ble III. ~:hese Vt;Llues include corrections 
; 

for those loops 'i·ll:lich 8Ye iC!v:L::;:Ll1lf:. 

Using Eq .. E 
f 

in the 

case Th:Ls. value 

foi·n;c;.{J.cn 'or a ... _,rtc6.l1Cy· .. 

'l'hc_:, results of To.blc III al~~o i.ndicate the absence of supe::.·c;atura-

- T.lG~1 of vacancic-::~; in this }Xtrticular alloy.' Comparison of the above 

results 
' , 7 

-vri th those obtained for Al-5% Mg alloy by Eiln.un and rphcmas ..L 

~ho~s clearly the following. 
'·, ( 

In Al-57J Ng alloy 7 C~ increa:~ecl from_ 

10-5 to 10-3 by bull~ annealing a quenche9- specimen at 180°C for 

5 minutes. In the present case no such.~ncrease is seen. Thus 7 

% supersaturated solute atoms 
% vacancy 

ratio determines 1-11-lether o:c not vacancy 

strpe:rs8.turation can exist in [';:. specimen. 

Lomer
19 has derived an eq_uation fcir C 1 in.the 

v 
component system as: 

E jvr . 
~~ ~ Ae- f ·- (1 l 

v 

case of a t1-;o 

whe1·e E0 is the bind:Lng energy beh1een a solute atom .and a vacancy; 

( 3) 

C the atomic fraction of solute atoms and all other symbols are defined 

_J 
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., .. _ 

in tbe text·earlier .. ·B,~.(, in'· the c~ase·of Al-lt/o Mg·allcy, the vac~ncy\. 
.. •. . { ,; ' ... '. 

. . ~ ~ 

concentration j_s l1ea:rly·:~q~al'; to _that-of _pure aluminum. Tau~ th_e 'Lomci· 1 s - . "') 

,-._ 

eq_uation C8~n 

(h)'. 

'l.f~ere the new E;ymbol-.C 1 denotes the concentr?-tion of supe1·saturated 

solute atoms, 'i.e. C1 = C - C vlhere C is th;e actual atomic fraction of 
. . 0 

solute atoms a.nd C , the_~ velue of m?u'CimUm ;solubility Of solute- atoms at 
. " : ' . ' 0 

room temperature. In the case -of. Al-rilg alloys, C
0 

is ':-....21~ [see Fig. l].-

l-1- reduces· to E~. 1 assuming no 
-!' 

entropy change. 

·B. ' Effect of· G;u.enc!1ing CorvE t:Lcn::; on Loops. 

changj.pg spe:Clif1Ct: t11icl~nesS) .!+ 
.Lv was fo1.~nd tbat for m:i.ninmm 

plashc deformation. dui.~:Lng quenchtng, the p:c~ed.ominarit 'defec·ts Here 
. . . . - ~ 

'J:his j_s i:Llustrated in Fie;. ~~-; · 
,_ 

It can be seen thai( the 
.. •; 

FraEk loops are much ,more pr·ed.omina.nt L1 oii q_uenching .th2.n :in water-

... ~ . " 

·, q_uench_ing ~ Sj.nce _i.vater-~--Q~i_ench ·~irl_~~i.'cdU~es mtl'c11 1nore q_uen~bir1c~s.!CJ:~ec~GCS 

Tb.e 
.· . ] :;- . 

results· c:orii:'irm tbe Pl'evj_ous · \iork. on pure al1.1rrrinur:1 ____ .c:.nr.i. f.;};_ m-rs 

t.h:_:Lt j_t is the q_uenchir:r;· cond.:.i.tj_ons anct not the solu.te ,_u;c:r::~ ill;:Lch 

·. ·prima.rily determ:Lne the ·ty-pe of loop ·~hat forms on 
. )· .. 

conversion of ·~_i :B'r.s.n1~ to a 

Shoc:l~ley p8,rtj_al .i.s :;;t:ct~~-;s-8.id:ed., :L. e. Fraril~ to perfect loop convcn>ion 

.·' 
-occurs heterogeneousl;;:~ .'J:his conclttsion can·:also ~be infel-recl from 

li'or ·fast q_uencl:{es, (into 'lv~ter) ~he loo-2' nucl<;!ation ·tate is 
. - . . t . 

• f, 

_i. ;, . r., ' ·.· 
I,.·· 

' .. 

,/ 

.i 

. ... 

!" . 

·-
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h:i.glw:c than· fm· sl01-1 qucnche:3 ( compsxe b 1-1lth c anct d) and so ,:.,fter 

,.,a.te;:-quenching the stress fields ·from·. close neighborint~ loC)}='S ;r,ay 

also assj_st ln the Frank_,. peJ:·fcct loop transformation. Ttl'if3 effect 

j_,, net s·o s:Lgn.l.fic;ant \•:h·::::n the nucJ.<:;c.tion :cate is much loss. 
(' 

l '1 c:J. Cotterill and Sccu~- have reported that in the case 

In tl1e case of high purity J3,lumi.nurn; very large Frank loOlJS ".vc:·c 

com:P.;:.mly seen after a s.i.ngle q.uer;ch. In the case of the p:ce:>e:1t ,;,llcy: 

?l·an}: loops i·tere seen, after a. si'ncJ.e q_uench eve~ though 1~·f, oi' Mg L1tOmG 

a,j:e pl'esent. A poss:i.bl0 explan:3.tj_on for this behavior co.n be c;ivcn as 

follm·Ts. In the case of. impure alwninum used by Cotterill and Segall; 

the impurities may have ·been in::;oluble and hence could act as s:i.tes, for 

heter·ogeneous nucles.tion of vacancy clusters. How8ver; in the case o·f 

the alloy investigated hereJ mG~gnesiu..'rll dissolves comple'i:.cly form:i.n~ 2i 

singlr:: phase solid solution :J.nd. does not provide any sites i'cr betero-

geneous precipitation of vacancies. It also follm.,rs from tbe preseJlt 

results that magnesiu . .-·n cannot loveT' the stacking fault of alu:;·,lnum 

stl.I'f:iclently to allm1 ea:~y conversion of a Fra.nl~ to a pe:r:fect loop. 

Thus; the behavior o.r AJ.-1% Mg alloy an¢1. pure alwninu..'rll is s ).mi1al'. 

c·. Dy11a.mic Observ'3.tj_om; of Climb 

\hthout exception) all the loops ,Here seen to 'shrinl" on anneali:1[:; 

... 
:i.n si.tu. The 'loo·p climb i·7as recorded by taking motion pictures at 

·va:cious temperatures. F'igure 5 shov;s a sequence, of shrinldne ·loops at 

"-l90°C' and Fig .. 6 shovlS rJegat~ ve climb '.of Frank loops at .-vJ.'(0°C. It 
. I 

can be seen that some Frank loops shrinlc vrithout ,unfaulting in· this 

micrograph. HoVTever, · :Lt is also· observed ·that Fra1;11c. loops unfault 



'; 4. -· 

'·.•. . , 
. .•. l 

..:12-
.... 

. ' 

. ·Defore dlsal)peari~_g "( e ~·li .. ·at B; :Fig.,: 6). ~'his can be uncle:c·stood. if· j_t 
·~ . ,· . 

1 s. -o.s::;\jmr-:6., t.lla,~~ ; :Ln. ·th~· ~·-;tt.er· case localized s tres :-:.E's. cause nucle·at.i.on· 

specimen may induce mec1'1ai1ical stresses in the foil. 

Again) in cases where Fra.nk lco})S in·e· u.nfaulted bef'o:ce co:nplet.ely 

c:i::;appcarj_ng '"hile heatj_:ngJ it is aJ.so seen that loops .s.ppeeT to become 

\ ~· . 

.1~Jre;.c~l" "under the -s.an1e 
' ~ . . ' 

'· . . ' 
dj_:f':fractil1g · cond:L tions "i-ihen unfaul ting tool\: place 

. I 

[l '·"'-~-,---,n ~- "oo·o ,..;"I1 :--. c·,,v··::c.t.:... ·::,-J.'"'t•"'r. un·.f . ...:ul+l·ng_to cl'.c'~11,0.·_re ..... .J...LJilVUtj-J.. d,. J._ .... \...:.<.i. - .. ::r~~ ~ ....... ....... ::::!. v I :i,.,_ • 

habit plane a.nd thus its ·pr:ojected area on the micrograph may be aff'ect.ed, 

this ei.lone ca.nnot E::xpl.?.in such p. lc:.rge change in diameter :i.n ·th~!.s case, · 
.. ' 

pal'ticularly as the fo::i.l h8.s ·not 'tilted during the seq_uence. On the 

.. other hand) th:i.s may be. clu.r2 to release of stacking .fault eneJ'SY) uhic:h 

is similar. to surface· tE·;D~5ic.m. · s:·11e shape· and size of. tl1e loop is 

'int:er?.ction ei1ergy Oi~ (ypposi te sides of. a:.loopJ ·elastic fj.eld enet·gy an4. 

anf other intel'nal streE-.s-fields. 
.:;,}_:. ' 

Since ~tac1dng fau.lt cnc:rcy acts in 
··' , . 

such a ~~ay so that the ·loop asst1II1es a smaller diameter, its release m~~y 
~ . . . 

tend to rriaJ~e ·the loop to 'acq:uj.re ·large _dria.rneter;,. but_, in actual cases, 
·. : . . 

expansion of the loop could be due to the ·-c:~ula,tive effects of unfault-. 
'·. ~ 

ins and loop rotation .• 

',.'D. Acti \ration Energy·'f(_:,r Lo()p CHmb · . ' ,1. 
·, t· . 

vlithout excepti.onJ ,.~,ll·:·loops ~-;re~e observed ,to s11rinl<:: on annc.::alinc; 

' . ~- . 
Silcox aml l·ihelan were 

thi:> first to study annealing of loops in -ptire alu.'ninum.. 'Fney shcn·lecl 

that: loops) shr:i.nl-:: by emitting vacanCies. "i.fhich migrate to nearby' sinl-~:3) 

-·1 .... f) 

.I 
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1"ovement of jo~:;s. r_I'he velocity of <.i jog along a disloc::i.L.on .Ls c;i.ven 

v 
c 

llhere Z 

z v b 
a 

2 
Ji' . b 

c 
lc'l' 

ll) the atomic coordination number v the atomic f'reg_uency 
a 

(""'io1 3);· b the Burger's vector.'(2.86A for a perfect loop in Al). 

2-nd E are the energies of f'ormati on and rnigrhtion of the VD.c:mcy) m. 

!.'es pecti vely. This expn::f:;'sion ncglH:ts the entropy term. ls the 

·chemical force clue to supers::;.turat:i.pn ot' vacancies and is, ~qut:,.l to 

(5) 

l~T c 
leg·--. As all the loops v.;eTe observed to sh:rinl-::J the supersaturation 

,2 c 
0 0 

of vac~ncies is zero. An approxi1:1ate expression fOl' F c 
·r·;-1 
l' 

.~ 

G b 
. . L:. :rr ( l-r; ) 

the bull-: modulus (2. 53 

}_-cg(r/b) 
r/b 

·o"· -I 2) x .l. cynes em J a is 

( 6) . 

ratio and r the radius of the loop. For a· circular loop ly:Lng on :.1 [ lll J' 

l)l.::meJ Silcox and h1hel:=:.n · simplLE'ied the above eq_uations :.1nG. obtai.ncd 

~ z .v b 
2 a 

2 
li'. p 

c· 
On approximating exp k'J:•- -l as 

by substitution a.nc1 t.hen integl"ation 
1 

·1-1here. 

and· 

~~ ;::; 
1' ==. 1' o ( l - f r-

0 

1
0 

exp 
E ( " ) 
1 .. rn 
..,.\.J. 

2 z v b 
a 

a, . ·, 

-l J 
where a.· is 

'•. 

I· . 

. ' 
' 
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r.I'l1U.S) a, plot 9~~ .radius \~:rs\is· tinie"\·7ill· be parabolic .. :· The. appi~ox:j.mat.e .. 
... ~ ,, 

values: of the paraineter .ri at' various tem·peratures ·can be est1matecl 
F b2 · · ,:·. : ·!, 

si1'lce a;·:-- c r '8,nd. ar~ liste'd ·in Tabie. IV. 
-:-::::--};:'r b · .. ; ''·· 

obta:Lned by ,plottiris. r versus .t:Lme as shown in Figs. lOa, b! c. 'l'he 

values obtained forE are given in Table :IV. 
' 

The possibl~:;. sonrces· of ertor in this eSzperiment are ( l) uncertaJ.nty, 

in temperatUl'e, EU)d (2) ·t.l1e ,effect Of masnesiu.rn ato~nS On the jog erwrc;y 

of the d~Lslccation is. 'Tieglr:::cted.. 
'· 

. .. . • . ·, 

.Tl1e. first of .tn.e object:i.ons · ca-::1 be ignored inasmuch ef-fect· 

of tenmerature .J.r: 
.... .· ' 

eitimating climb ener~y is very s~all, e.g. a variation 

of J.0°C 'in tempe:caturc affects 'E by only .2%~ Th·e assumption that magneshun 

do' not· affect ene:cgy need n(,t be correct' since Suzuki 

loc}::ing is· 'Possible: 
- < . 

Eovever·, ,tl1e. roa:in effect may be only to p:::rturb 
· .. ·. . 

E ,., l" d E ·"r. d ll"''r. -. e ·'-',- e ·ra "t' -~ ~--1-~;.:. ·.',_ ·'-'. e.··,s'·.~.:. l. ln.-:·-.: "· Q' ,· S· ·+h·"-. I)E:l"."'l· .. ·,;.'_·b,<:·(·.~ \',"' ... J.U"'.-· •· ' ... o. 1 · ••. cc 1. '-'·"'···. v.i •. · ... ccc ,. J.o,L• ::o v ~~'- • _ v ,- • c.:. • _ 
Ill I 

the range of 1.2 _; 1.28 'e. v. (as 
:- ·. . . . . . . . L~ 

the case· fo:r pcire · alum:Lriurn ) . 

Unless the d.iff:cc,ct].on COYid.itj.ons arc l~:e:pt constant the. app0.re:nt. loo}J 

:U:3. 
size may change. this .::an be a.voicl.c::d by. sui table gw1 ti1t:i.!1() Hhorc 

'.I'he values or E CG.lci;.l:.:d.:c:c;. at ·-n::.:c:i..ous 
' . . . 

temperatures h:~:t\":,. 

no·:;-i·l·L··. J '· ·'" _,_.,_e· '· of·· ' ' · ·r·\, ·1°1 M. ·11 ·f; J J · ~ -· cr1av v.i annea..Lll1[.:; _,_oops J.n -··:L-- Ja ng a ·. oys · o _ .G\·.'S 
". J. 

kinetics to that of pw~c aluminum .. 

' I . . . "'V> '"":I • • ...! '-~ •• r"< .l~ • ... ...(7\ - , • h h l . . , . l' b ne·;eroc;eneous. PJ.•·:.C.J.p.lc'"'"J.Ou o .. : yaccmc:.es sue. as. c_lc~s_,; c. :Lrn ~>ources, 

rmvs Cf .loops,,. etc. . Fto_l? .y1is) orie c~n c·onclucle that bindinG enerc;y 

beb-reen magnesiu..il atom and vacancyi~, neglibibly,~smail and· onJ.:y_ · 

, .. , ..... 
,. 

' . 

'.· -~-. • < 
-~. 

·'"' '. 

'. •." .. 

'· 

'J 

·'• 
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~ supersaturated solu-te J'e.tio is important in deciding \·7hether pos}. t.ive 
)'c vacancy 

or negative climb 1-.rilJ. occur on annealing thin foils. This conclusion· 

is in B 11 "'f .. 21 .. excellent e:~g:reement. vi tl1 J3eaman a1J.d. a~ U.L. l J -.;.,rho measured 

the bindinc.; enerc;y as ~ 0. 01 e. V. in Al~O ~56% Mg ~mel Al-l.ll?~ :tv.rg alloy:~ . 

From tbe foregoing I'aragraph.s and. the conclusions dravm t.berefrom; 

it is interestine; that a possible .variation of activation energy for 

loop cHmb with mac.;nesivn< · concel1trat.:Lon can be predicted. Since tbe 

room temperature s·atur·at}.on is "'2 atomic % magnesium; bne mic;ht obser·ve 

. 18 
a sudden cll'OP in activation enerc,y at this cc;mcentration. This j_s 

illustrated i.n F:!.g. 11.18 'l'he experimental. points do not ens agree l·!i th 

this possibility. .1 

·E. Sto.ckir;g Fau:Lt Ener~y 

Figures 8 and. 9 sho1,· seq:uences of shrinl';:age of both perfect and. 

imperfect loops ·in the s~ne area. It is seen that Frank locps shrink 

E1.t a fo.ster rate th<~n the ·perfect loo·p. An estimation of st,-;..:::J<:ing :f:;;.ult 

energy can be Yl1?J.de by S.etcrm:injng the ratio of the rates of shrinl';.:1.ge 

. of perfect loops and impel'fect loop::; ai~ the: sai:ne temperature. 

For a circular loop enclosing the stacking fault; the energy E is 

given by 

( 9) 

vrhc:::::·e :r.' L; the lo?p radius: y the stae;};:j_ng fault ener~:;y a!·1cl alJ. otlw·r 

- 0 '. . . 

syr~_ .. l,nl .. '" h~=;v·"' be··'-'1-.··a'E"'.f-.l'nea·l c_ • .,_._,·.J.ic..r, I•,J l·~· '=' ..,6A fo·r· "'D> .,"lD"')··i''r··~·'· loon • - -- ~ ~ ~ ~ - - ' ~- . - '-·- ' ' .... ; . ,;. '- • .) 1·· ...... -·" • '- .•. :: ,_ (., -~ J.· • 

r "}_;·~ t,,.,;.~_en +o b'"".· el·~_,.,_.o.l +,.o lb-J1 "'l1.r'l ···o)'"' e11e~(··y h"" 1)-el1 n· ,..,,~,L,·'c·"-"'c .. 1 0 - ~" v L -- '-·- ' G. ...• '- ·'· - ····b "'·'-' .l; '·-G- ,. _ _.[...;_. ·-· 
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'' ·~ . ' ~- ~· . ·;, 

.· ... · 
·'· . , 

. .;_ ... , •,. 

the climb in a.cldition to the,·'clin!b·force F.: due' tci •line tension. Theil 
~r _... ··C.-\ · 

. . ' ~ 

1-ie can 1-rri:te Eq_. 5 .as.· . 

. 1. ,. 

(J..O) . 1 ci.l") · . . . · · 1 
l-;:;:;:- . == 0 Z: v b 
\I...<~...._, • ~ .a. 
· Imperfect 

·.' F,or loops of' tbe .sUes observed in this 1wrlt). the en,er~:;y ci1.te .to. 
' 

' the fault·far. exceeds th·3.t clue to dislocatiqn line :tension an~, hence i·re 
·· •. 

·can· taJ~E7 F c as zero· in comp;u:ison to y in the ~c;\.· ·io. This ·is valid 
\, 

,.. until ·ti1e loop rlj.a.meter bE:cornes sn1all·~ · i.e,; fo~: t})e. ~ ini ttal s tc..gt~S ·of· 

~nn:1kage. Hi th this ap:p:roximation,. then. ,f1'om Eqs. · 5 and 10 '.·le ·get 
. ' ' .. ' .. 

'· 

. ',. 
Ti1US~ '\·ie see'. that thir:.·methe:d. dbes not req:uil~e a knowJ.edc;e of the'• ' 

Calculation at 
. . . . • . . . . . . . . ? ' ·' .•. 

20ToC e.nd. 220°C s_hmrs a vc,.]_ue of· ""190 - :195 ergs/ em-· in tb<: :pre:se:nt cl.lloy. 
t')() 

EcJ.ington a1.1C. Sr:1allin::m'""' invest:Lgated 'the annealing behavior of 
. :, ' ' • ! .. 

·,, .. 
faulted. loops in· pure ·alt.uninu.m. 'I.'he anne'aling experiments HCJ~e coDductetl 

o.n :Lntrinsic· fault at l65~C 2.s 280 ± 50 ~~:gs/cm2 ,, 

'' 
tlley me'a.sur<::d ·the cl:Lmb o-r· an im}?el·fect' loop \·1:1. ',;h t:.n . ext.r.Lns·:L<.:: · 

. fault and calcu1o;ted the eDerc;y of an 
.'• __ .. · ' . 

e~-:tri!1s_ic · st..acl~i n·e; :C'8:lt1 i.·: t.:Ls 
.. 

. . . 2 
420 ergs/ em : 

}J 

ii' 
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IV. CONCI.USIONS 

1. Annealing of loops in thin foils in situ in <.]_uenched Al-l()~ f.~~ alloy 

f'olJ..o1-rs similar 1\:iDetics to those found previously for ptlre al1..1:minum. 

Tl:e. activation enete;y for loqp cl:Lmb in the present alloy· <Jc.=ts esU.mD.ted 

to be 1.2 - 1.28 e.V. 1 l·lhich is in the srune range as that founci for pure 

2. '11he absence of hetenJgeneous precipitation of vaca.ncies and the 

bull' e.nnealing results ::ohovr that tbe bipding energy bet'..roen magnesium 

a.to1r:s and '\re,cancies if, ..... rer~r snv;:,ll· ~n. this allo:y-. Tbis is i11 e)~cellc:r1t 

equilibrium YDeasure:ncn~~s. 

cltn~b ·~·7i t~h 2ne.gnes:i.u.m is 

0 ·" .L and 
.. . 

""1 . 
T~.~ ,r.. c. le+ .,..... ·i ., :" j ... ,_. .._.:.aD.c.l1 C ve. m .... nt...:O. u.Y 

is concl1..~.6 .. ed thec."c;:f'ore -ch<:~t solut:o atoms in ·su.p'ersaturation ;o:.rc n~:..;pon-

at.cnns 

Sible for loop grmrt.h )_n concent:r·at~·d Al-lv:Ig alloys. Since the :3Ll})Cl'Si1."t.-

al1 .. tn:i.rltiY!'l is at roon1 

tl'!r:J-c: E;hcu.lo. be <",.. vc:ric:.tiGl1 of ::..ct:Lv:.-~i:.ion energy both 'lvi tb "~clute contenT, 

solvus . 

o.,;e of perfect c::.nd JTrs.nJ;.: loops gave the v.':.l.lues -c: 190 and. 
r-, 

-~;..!~~ ~.:l·t~):~/ crac. 
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.APPENDIX 

A. Ca.Eb:ration of Hot £3t.age 

'.I'he "hot-stac;e v~'l..s cab.brateci outsj_de the microscope for var:Lou~.; 
.. 

rea~:ons: (l) the ·cali1")r:1ti.on curv(~ supJllied by Siemens ir3 only a 

general one ~;.nd :nay not }1Qld. for ea-c11 particular stage; (2) a .1. ' s <,eaay 

·, 

temperature was not reached by the specimen unless at least 10 rninutes 

elapsed 9.fter svri tching on; ( 3) the temperature attain.::d by the 
I . 

s;;>ecimen depend.s on tl~e position of the grid) s;;>ecimen) etc. For these 

l'eas ons) the stage Has c:al~L bra ted in ,the fallowing way. 

The stage vas mounted ir:side an evapora.tor cmder a vacuum of 
,.. 

c 10-0 f' ) x nnn o..: .A chromel al11mel tl1ermocouple 1-.ras used "c,o measure 

tl1e therm.;;.l ~raf' c~cross a very sensitive potenti6rn~ter b:r-j.de;e. The 

tempeTature vras measured in the same position where the specimen is 

moun"t.ecl durir:g annr2aling experiments. Terminal. c:1ro:ps 1-.rere ·extremely 

··;,' lo1v· s.s confirmed by repeating checldng of the resistance of the furnace 

tio:n. oi' .tl1e calJbration 3 or· L:. times confirmec.l .. the reprodud.bil:i.ty of 

the results. The c:tJ.libre.tion ·cur"~/e:.:: a.re sho;.m in Fie;. 2. 

Temperature versus time 1-.ras recorded"' at various constant :i.nput. 

of po';.;er from 0.2 to l.O \t! in 0.1 ,,,att steps and at 1.5 W ancl2.0 "l·mtts. 

Since ·the furnac<~ resj.sta.ncc :Lncreases on heating) manu7-1 control of 
• 

po-v;er is needed; 'J7hj.s is j_mportant only during the. first m::.m:.te o:f 

he:at:ing_, since, .:.~:fter t.JJ.is t.i1nc the cho.1~ge of resistance is ~~lT~2.J.1 .::1nd. 

·. acc:1.rcate to 

the microscope_, bco.m heo.tl.n[; carmot be: neglected) so that. t.Le (·,ccurac:y 
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F:igu.re 3 f::cor:1 .Tolls .after oil q:uenclL~ng (20"C) 

-~"r·o·,.· c.;c;rJ 0
(' . • r~·-~e"·r' ''n~-"" "-~-,l· r·1.-n,"'s·s 6) c:; ~ 7 0 m" 1 

.l .d! :/./ ....., • ......, l--' \,_, 1 •• c-.. 1.J v..._.... ..... .. :~. -..... • ./ • ......_ w... • 

a) annes. led. f; ... C :coorJ1. tenl:?ers~-tu:re for 10 minutes 

b) a~~nnealed i-lt 1!·5oC for 10 minutes . 

c) annealed ... , ..;~ c.,, l'T5oC fo:· 10 minutes· . 

d) a.nneo.1ed at 200°C for 10 minu.t.es 

F:Lgu:ce Li. · ~;yptcal .micror;ra:phs of (a) \·later quenched. spec~.men <::tged fJ.t. 

room temperature for 24 hours, " ) \ b same 

(c) and f ., \ 
\ Cl.) oil quenched and aged. for 2L1- hours 

are ~13 mil thick). 

Figtl~t·e 5 A se~uence of shrinking loops af ~190°C. The ti~e (in 

seconds) is given fo:c each· micr.ograph ~ '.L'1w loop:3 A ~nH.l J3 

Shrinkage of Frank loops ~t ~170ac showing thnt so~c faulted 

_(B) do. 

Figure ~( . Heating sequence showing'the apparent increase in loop size 

(A) during unfau.lting·. ·.The diffract:Lon conditions ace the 

same as seen from the uniform contrast in the four photo-

graphs. The tj_me (;in _seconds) is r.;i ven for each mic:cogn:i;Jh. 
\ 

. }'Jgure 8 Shrin}mge of both perfect and imperfect loops at ·-v20rc. 

The time (in seconds) . is. given for each microgrqJh. 
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Time, 180 °C (sec) 
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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 Commission, or his employment with such contractor . 
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