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'l"'hc:l concept o£' dissociated PJ."'ismatic dislocation loops is propose·d. 

·t;o o:;..."Plain the fm.'"l'!W;\iion of dia111ond-s:b .. :.ll::led loops observed in several metals 

S.:0vcr quench aging. '.rhe dissociated prisxao.tic loOJ? is composcd of parallel 

scgc::m~ts on (1L1.) pk'llles having~ nurgers vectors. It is shovm that 

dia::nond-s!w.ped loops form from either a t:dangula.r or he:J~onal Franl~ loop, 

and once :termed can :rotate on the glio.e cylinder. to a:ny orientation betvmen 

a...'~'l.fl, including (111} and {110). 

Climb l~inetics arc qua.litat::tvely discussed in terms of the. equilibl .. ium 

ocpdration of partials. Thc separation is approximately equal to the core 

· raclfi.J.S (2lb!) in Al, but is lm'ge · enO'U£)1 in Cu ("' 12jb I) to be eJqJerimenta.lly 

d.etected. These COl'lsiderutions m.e.Y'.e:J-::plain vrh.y le.rge loopa are not ,often 

obse:t.•vcd in rootals other than ahuninum .• 
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I • D?£RODUCTIOI~ 

. · T'ne · vaco..:ncy su:pcrsa:t.UX'o.tion w'h.ich can be retained in metals by quenching.· 

. v.w.;y l:le subseque:trtly eliminated by the forma;~:l.on of a variety. of dislocation 

coni'i[$'1.U'"&.t:i.ons.. Pri.s:cnat:'l..c dislocation loops o.re the most commonly obserlfed .. · ·· 
.... 

,· i. 

i 

· .. ··· · . 

defect in pure r'CO m.eta.J.G w"hi.ch have been quenched from near the melting ·~· . . . ;_ . 

point •. HO'i·rever1 a~.; o. resUlt of n'uri10rous investigations, (e.g., see re;ievm 

in rei'crences 11 2)_it lia.s been i'ound. that ~ high density of loops is only .. · 

observed in alv.minu.-·n, 1-Thereas, ·in c91-wer, silver and nickel, prisma.~ic · loop9 • 

are nonnt11ly associated 1rlth o.islocation tangles.· These results s-uegest 

. tho. t loops C&'l be nucleo.t~?d . hamoge11eous J:y nnd heterogeneous 1y. ·Quenched. 

gold, which re11resents a loi-TC:t" li:mi t of stacking fault energy for pure metals 1 

contains s tacld.n.g fau.l t tc·trahedro.. ( 3' 4) 

'rl1e !'.lecha.nis:m of loop nucleation and the processes by vi.hich ultin>..ateiy. ·. 

observed. s·i;ruct'W."'CS are form.cd are still not v.Tell understood. Idealy' one· ... · .. 

'tfould. hope :to undert:::ta.nd di:f':f'erencc:s in quench aging behavior for va.riO'U!l 
. . 

mete.la in terms of a fevr lX!rtinent parametGrs. For·· exaraple, in cases 'Where .. 

iL"lpU.!'i ty co:ncerr~ration and stress effects have been minimized th_c ·t"ne of 

. defect appears to be strongly de:pend.ent on stacking fault energy; vac?JlCY 

supersn:turatic..'"l e.nd vaco.ncy cltl...'ltering rate. The latter tvo parameters 

can in t'IJ.l'n be described by vacancy for-.a.Iation energy (Ef) and vacancy 

raigro.t:ton energy (E ) • Secondly; the effect of il'lrJ?ui'ities, which cha..11gc the m 
. . (2 4-8) 

su:.oerso..tt.ll:'at:ion 1..rhen there is a va.ca.ncy-inr.J)uri ty interaction, 1 · and 

the effect of a:pJ?lied. st;ress, both mechanical and thermal, on the quench 

aging processes should be a.mcnable to syatematic study. These latter cases 

~rlll not be discussed here • 

T'he clustering of vacancies and subsequent collapse into :pl"'is:t:-:tatic 

loops -vras theoret.ic~ dis.cussed by Kuhlma.nn-vlilsdorf(9) prior to the first 
., 
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direct observa;ci~ns of loops in tl~1rad11u:ll made by Ril"'sch e·t al. (lO) AlthOl:JSh 
. . 

her predictions thC!.t the. stacking faUlt. energy deter.mines •rhether :perfect ··. 
. . ~ . . 

or· intJ?el'fect loopo · are formed. have been· qw.Ui t~ti vely verified, large Fra'lk 

loy:ps have· been obsorved. recently in very pure aluminum. ( l~, ll) · There is · 
. . 

little direct infOJ:'J'n£1.'tiion regarding ~tihe initial stages Of W.CO.UCy cluste~ing 

· although spherical Clus"Cel;.S have . ooen detected 8.S the in1 tial ·quench aging 

defect i~ cop:pc;;t.(l2;l3) 

It apl3Ca.i"s fr0111 the vrorlt of' JacJ:,iwn ( 14·) tha·t both spherical and :pl.l:mar 

l· ':. 

···;. 
; 
;. 

'.·' ' .··. 

clt'!.Sters cere possible as an initial defect; with the choice' being J?rimarily ' .· .. : 

. a f'l.inc-'c.ion of the vacancy supersaturation. IIo-vrever1 spherical clusters seem 

to accmmt for the majority of expe:dmental observations~ ·colhpse Of 1ro.cru'lcy : 

clust.crs directly into ·f~ulted tetre.hedl·a and suboequent g;rowch by vacancy· 

:p"l'~cipita~Gion MVC recently been diSCuOSed by 'llioin..<W end. ~\faShO'i.trn( 2 ) and·. , 

de Song .a.Yld Koehler~l5) 
1 

T'ne tetrcllcd.ron can be a· stable configuration (e.·g., . 
. . . 

·· ·. iri gOld) or can dege11erate in·to a; ~ian~ Frank loop by nucleation' Of a ': .. - ' 

Shocluey pa.:;;·Hai disloca:cion ~ ·• .Nuclca/d.on of a Shockley· p$.rtia1 can occ~ .·. 

opon:-taneou.:3ly if the i:mergy difference between tetrShed.ron and· Frank· loop .. ··. · 

is ~u:f'ficien'Gly :ls.rge; oi'. the reb.c·c'iC?n ca.n occur as a result of stresseo 

introduced. during ·quenching. · The quench ·.agine; sequence, · va.c'ancy clustez-

faulted tetra..lled.r~Fra.hlt loop+perfect loop1 a.p:peare more reaGonable' than 
. i i. 

vo.cancy cluster->Fr~.nlt loop->faulted tetrahedron or gli~sile loop. (2 ) In 

either case; a triru.1gul.~ Frank loop is formed at some stage duril1g aging. 

In ~T:Ctals such as Al and Cup it is observed that perfect diamond-shaped 

loops are 'the final and stable configt:~ration. It ia the object of this 

paper to discu.ss the geometry of t..h.e transformation frcrm triangular Fre .. nk 

loops to d1c.mond .. sha1>$d loops. This :particuJ...Qr case can be discussed. in 

ter~~ of a ;~~Gia! pricmatic dislocation lopp. That is, ti1e dislocation 

.. ' _: 
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"' . 
loop does not hc.ve1 s-trictly /iipea1dng, a. ~ <110:> Bt.rrgers vector but is ~om-

posed of ·ti<JO parallel loops having ~ <112> ~gers vectors. ·In alun.inum 

the separation distance between tvro :fll.U"'tials is of the order of' the core 

radius but it. can be a:p:p:t. .. eciable for gold and co.Pper. It Will ~..lso be 
.· a . . , 

sh01m t.ha;c growth of a hexS.[l;onal ::; <110> loop yieldS a ?inal orientation 
c; 

II • P AR:J:IIJ\L PRJ:S!-1.4-TIC LOOPS 

Consider the ti•im1Q~lar loop i~ Fig. 1 to P~Ve formed from a synmetrical 

cluster, e.g., a tetro.hed.ron. The Frank loop1 b ""~ [lll] can then be 
. .) 

-tro.nsfOl":lned to a :perfect loop by nuclea:tiio11 of. a Shocl'-.J.ey partial (9,lG) 
I 

which co.n gr.:mv- by vacancy absor}.:Jtion; OJ:" the .Franlt loop can rema.in untra.'Y}s~. 

Case A: ~ <110> :Prismatic Climb 
2 

· The g:t~o-vrth sequence is illustrated in Fig. 1. Figure J.a. represents 

a tria.nsular perfec·!,; loop on (iii). 'The line segme~ts BC and CA are on 

. {ill). and {lll) respectively,. a..Yld, as its Durgers vector ~ [Oll] is common 

to (lli) and (li1) 1 these t-vro se~nts can dissociate as :f'olloi<Ts; 

(lli), ~ (011]-> ~ (1J2] + ~ [!21] 
' (la) 

... a ··· a · a -
(lll) 1 2 (Ollr. b [~1] + b (1J2) ,(lb) 

A triangular loop w·ith t-w·o ses;rnents dissociated is shown in Fig. lb. · 

'l'hcm:ipaon's notat1on(l7) is used in SO"m.e cases tor ease of representation 

a.:nd the :previous reactions a.t'e equi valen'~ to 

DC - D~ + ~c on ~ 

(lc) 

(ld) 

The segment AB is ]?Ul"e eds-e on (100) and., remining perfect, can .lll.O:l:"e 

ree.dily clirab than BC o-t' CA.. Clita.b of Jr£ in the [100] direction vrill occur 
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concm. .. rently vrHili glide alone; the ( 011] direction; yielding a :f'ino.l loop 

sho..pe -vfuich is t.;:ho-vm in Fig.· lc.. This d.iamoiJ.d;..sb.aped loop lies entirel:,Y" 

in (lll) having a ma,jor axis parallel to [2iil and. a :r.'linor axis )?arallel 

. ~0 [Qli]. •. 

It should 1x:: noted that the illustration is greatly over_ simplified; 

for example,. _the line segment~ are expected to be jogged rather than straight 

a.s sho-vm. Also, the nodes can range :f'"com. being extended.;. aS shown, to the 

opposite ext:r:0me ot being contl .. acted. Thesm details should· not chru.1ge the 

gencr·~ 'conclusions vri th reSIX!c't to the eq:o.rl.librium shape" . ·. 

iJ."he ei;ti:d.lib;t'ium se:pare.t;ion of partiaia 1,m.o estimated· for several metals. 

The variaticr.a in ser..aration -~-~ a.S a ftu"'lction ot (Q) for the indic~ted 
. u 1 . r 

' . 

valueo OJ:' the stacking fault energy ·r is shoi·.rn in Fig. 2. G is the shear 
; 

n1od.u.lus. The se:paration for alumlnU!ll is seen to be of the order of 2 j·E I, · 
i.e., vrha·t one ca."'l. co~sidel .. to be the appJ:'o:dm.ate core radius. A tendencJ[ 

. . . 

fol .. fo:rw.at:ton of. diamond loops in aluminum ·thus inq:>lies a loi-Tering of core·· 

energy which may becdm.e more im;port8.1lt in aluminum !lllOya .' J..n exa."n!>le Of 
' . '. '.• 

this ty-.r;e of loop :too.nd in Al-5.6. at.% f'le a.lloy is shO"~>liJ. in Fig. 3• Also1 

the· helical dislocati-on in Fig. 3 ~l.l)J!eal"S to have a geometry similar to the 
. ' . 

loops. It 1vas noted in p-.rcyioUs ~iork('"'() that helical disl~ations ~e~a.me 
angular even vihen thin foils -vrere aged in the electron microscopa heating 

stage. The relatiitely high va.ltl.e of x tar Cu1 indicating a :reduced rate 

of climb, W13:J be an inlJ.)Orta.nt reason 't.fhy loops in quenched co~r are s:ro..-1.11. (l3) 

This liDint idll be discussed in sec·t;ion II!. A rare e:.<ro.rtij?le of' large loops 

in Cu-2 at.% J.'J.g ~;1.fter quenchil.'lg from 1000°C and aging l hr. at 100°C is 
. . 0 . 

The ·tl'·l:mcated he:cagonal loop is - 1000 A in diameter~ 

· -vrhich is la.rger th~.n the diarr.ond loops found in the same g;t"ain (Fig. 4b). 
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~fue pt'icrca:tic j (~lll] loop (FrarAk s~soile) is pure edge and can readily 

g;rmr J)l."o·dded -~e va.ce.ncy su::;lersaturation. is sufficiently high t'o overcome . 

both a:n ll'lCrCJG,SO in line (;J;nergy tmd On increase iil S~face. ener{!;/ • That is 1 

. < · kT · a·· 
(Force) > (Porce) , -vrhere F == -... - £n - . 

. . . (18) 
(Bardeen and nerring .. ) 1 

\ chem. .. loop chem b2 c .. 0. 

c 
c 

0 

is the 'Vclc~cy supersa.turat~iou:,. b the loop Burgers vector,. e.nd ltT has the 
' . 

v.aual meaning • The dislocat.ion line tension derived frarn circu:!..o:r' geometry 

is considered even. though -vre are dip cussing tri~, hexagonal .Wld d~a

:mond-:::haped loo-.(x>. '1-tna;~ :ts, line tension (F(r)} readily illustrates th~ · 

. rc::ls;t.ive.' stability of loop "a.:picesrt and straight segments in the presence 

· o:f' a vo.caucy supel'"sa.ttu"o;tion. The "c.ctal energy of a circular Frank loop 

can be estimated to be 3 (l9,20) 
:· 'l 

G"b7 1Jr · 
E(r) = 2{l.:v). [.en 1fr ... l] + 81r2rE~ + nr2r (2) 

Fhere the cere radius has been ass~d. ec_v.tal to 2lb II G is the shear m09.~us~ 

b the Burgers vec·toJ:", 11 is Poisson's ratio, and r the loop l.'"adiuz • The:· 
·I 

. . I 

core energy is give11 in te:r:nJS ·of the average energy contribution I)er at~ 
\ i 

in thG! COl"C (E~) per unit length of dislocation andy is the stac~ fatiJ.t . 

. . 

The chane;c in total energy E(~) v!i th loop radius can now be found by · 

differentiating Eq. (2), ar, for a loop llith length 21!r the line tenSion is 

. · · Gb2 

JJ'(r) == ~ ) -+:rr\1-v 
! (.en !. + K) + r · r b 
E . 15 + 1 .. 4 

(3) 

The energy pG::t' core atom (E~) has been replaced by the care energy (Ec) 

·per unit length of line. There are approximately 10 atoms contrib1.1.Jcing in 

. this core -vn·ch radius 2jb j. The value of It 1dll be in the ranr,-e 2. 5 -3.0 

depending on 1·i.hiCJ.1. value of B
0 

is used,. A lmrer limit is .... r~: , (2l) giving 

·• 

.~I 

', .. 
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and 
. : .. ~ ~ 

K ~ 3o0o The loi·ier' limit estirlo:te seems 'bet;ter 'i:CJJ: loo:Ps 'gro-vr.i.ng at low 
' ' . ·. ,. ' 

~~cmperatUl"e (20-200/:)C) vJhich is the co.r:;e of irrtel"'est here.- though there is 

little difference. 
, . 

The cortdition for loop gro<vth is given by;'·· 

~ .eH ~0 >.' *!r:r-~) ~ {.en ~ + KJ + r (4) 

A tr:to.nguJ.B.r. loop. can climb into ti·!o possible orientations as shmm in 

Fig • .5· For a. constant volume of J!.C'CCipitated vacancies, the hexagonal' 
.. ·. .. .. ·. : . .·. ,. : .· . I . . . . . . . ' ·' . ·. , . . . . . . 
dcfec~i:i rcpl"esen·cs a· dcc:rease in tottll line energy of a.ppro:d.m'Cely- i&t'). 

' . . . 

:r11u.s, the he:;w..gonal defect is the mare stable form. Also, the climb kinetics 

'vrlll. v-rxJ."'Y arou..11.d the trie.ne,ular circull'Ji'ercnce as the radii of curvature at 

corners· is :mu.~h ereater tha."'l. tha:~ at the Gides. Corners· \-iill clirub under 

2. Constru:Tii VC.Cancy SU:g0rsaturatio~ at a slower rate than the straight 

segments, · to c on·tinuov..s 1y increa.s e the l."tldiu.S of c'U.l"Va.turc. Initially l t.~e 

corners lnigl'l. .. G 'be e:z..":PCcted to act a$ vc.ca...rlCy sburces. The con1izm.ation 

illustrated it1 .Fig. 5a re:oi-esents a cbnseriration· of <110> line segments,· 

J..;;rillg along <112> the orientatiOn ilt :Fig. 5b reaults. 

The he:.-mgona.l ~ (l.U] loop 1-1ill be stable and continue ·~o cllm~ until 

the size is suffic:i.ently large to nucleate a Shockley :partial to co..'lvcrt 1 t 
.. .· Q . 

to a glissile ~ <110> loop.. A local stress '!t11:J:Y aid. this transformation. 

In the tre.nsfo~rr&"l.tio-.a crl a. Frank to a perfect loop, if' the ~ (ill) ioop has 
' . . . ~ . . .·· .. 

cont::el .. ved <;1.10> line segments (Fig •. 5a.), the resulting~· [Oll] loop 1dll 

· clinJ.b into the equilibrium conf'igm; .. e.tion iJ.J.us·crated in Fig. 6, vlhich ia 

seen ~co be i:nd:tstinguishable from that in Fig• lc,; (the cru;;e considered 

for · ·tl.":i.an@.il.a.r Fra.·,.ik loJ>ps ) • 
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A hc:>~a.;:;;m1al :faulted lodp tvith <1J2> SCGUJ.Cnts (Fig. 5b) 'Vr.l.ll behave. : ,, 
. . 

. d.iffel.~cmtl:y frcu1 t;he ccoe just considered. The llne segmcn·cs of ·the resul-

tant ~- [Oll] loop cruutot di~sociC,l.te into )?<:u.4 ·Ho.J.s1 tho glide cylinder in: . 

eluding J:'o-ur (113) planes a.'1d tw·o (110) :planes. Since e. transtorrWD.tion frO\i'i. · 

. "' 13%1 tho fOl":inC!" orien·tn.tion should be the . r:10re stable. 
. . ' . . . 

A CJ"iamoml loop w:l:th. sides 3.long <110> d,ire~tions (case P~ or :S) is 
.' ~ J • • • • 

free ·~>o slip alo:r,z its glide cylinder and can lo"i<J'Gr its line. energy by so · 
'\-' 

¢icing~ .· Thore:foro1 ·the tool" ca...'J. lie ~t e:ny position _bet,-reen and including 

(111) and. (011) :plw__es.. If' the loo:o does sli:p into the (Oll) oricm·cation; 

the l'l'.r:~.j 01". n..:ds becomes ( 100] t·iith X!-0 chru1ge in minOr a:d~ .• The loop rrill · 

be in ptire ed{;e oricnta·tion vi'ith aides along <112>. · On the. other hand1 'the 
. . ,' . : . . . . ·.·· (22) 
.loop can rotate ir!"Go szry posi-tion, as discussed recently by ·~!akin and Hudson . . 

. ' 

lii. . CL:USB ICII\JETICS 

·· .. 

' 

,.·, 
·.The climb kinetics of O.issociated ~ <lla> prismatic loops ~e eXJ_JCcted ·"'. : '..'~ 

c.;, 

.. co be, different from those of perf~ct loops.. The difference should be pri-

. me~ .. ily a function of the qeparation x of the partie..lf3 e.round the loop 

· (11'5.e;. lc) •vrhich V2..ries f:rara w.ctal tq llletal (Fj_g. 2) .- The ro.te of incroa.De 

ot size of locr,ps can. be cxprcsse6. by, 

r = cj vj ('5) 
./ 

·vrhero cj is the eqUilibrium concentration of jogs on the loop :ind. vj the 

' . .· . (21) 
iTK~an velocity o-£• jogs alone; the loop. . 

li'or "'che case of t'J.issoeie.ted loops, the jog energy (E )- ldll be a 
. J 

ftu1ct:ton of the stac1dn&; fault enel"gy, but the e:Jcact relationship is dii'-

i':i.Ci}.lt, to detcr-m.il'le bec€.use it is not cert~n 'l<rhether the jog is contracted · 
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(23 2~-) or extended. ' A simple approach lies in defining a unit jog, auch_ 

th&:~ the total jog energy can be canrputcd as a fUnction of the sc:pa.ration 

of the partial disloca.-'cions 

. (6) 

... 
The no.ra:m.eter 1-r ( = ~ .f~r)-. has been chosen so t..~a.t Eq. ( 6) reduces to that . ... ~ ,o . 
normally used. -v:hen discussing undissocia:i:ied d.is1oco.tions. (21) 

. ·' - .· 
One :nliglrc expect tlmt v .. for jogs on e.'ttendcd dislocations· 'WiLl. va:ry_-.. 

. - J . -

linearly vri th stacking fault ener(!Y., i.e., to :move the jog a distance ct.-

one h aJ.or..g the dislocation line- requiJ;tes some· number n more vaca!'lcies ·_ -- -. 

than for the some displacemJ:rt of a s:tm.ple jog. - The e;,:prcssion for jog 

v~locity should then be tho.t given by Friedel; (2l)_ but decreased ~Y the -

factor . w· -;1.,• At JW.e present time, e.tte:mpts are being lll.'ld.e to cQlni!are 
,I 

- calculated climb rates to, those observed directly using high tel!1lx:rature · 

electron microscor>Y• 

IV. SUM:MARY 

' 
The conce:p'b of a dissocia;bcd prismatic dislocation loop has been 

... : 

llrOJ?ased to eJ::plain the diamond-shapi!d loops "!·thich are observ-ed aft.er the 

quench agifl..g _of several metals. A diat'lond loop can be. fOl"::lled f'rom the grovrth 

of either perfect or imparf'ect trim'l.gUJ..a.r or hexagonal prismatic loops, : 

··. the t'.ro cases· being indistinguishable. 

!t has been shown that tr~e climb kinetics are a. senoi ti ve function of ·· 

the sta.cldng f'o:ult energy. This may be an important :f'a.ctor in e:>rpJAining 

-v~:zy Jtihe loops observed in co:ppar and other metals are relt.:!.ti vel¥ small . 

ccmrpaxed to those found in alu:\rlnmn• 
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·Figure Captions 

Fig. 1 Climbgeo:n1etry of the ~ [011] PriSmatic loopJ {a) perfect tr1-. 

' ang'Ular loop, (b.) after dissooitd;ion o:? two segments into ' 

~ <lJ2> orientation, {c) equilibriuni. diamond. shape. 

Fig. 2 c'alculated eqUilibriUm se:paration oot-vreen partial dislocations as 
. . . . G . . . . . . 

a function of ( ..::) for the loop orientation considered in Fig.· 1; · ... ·. . . . r . 1. • . • . ·. · .• 

Fig. 3 · Diamond-shaped prismatic loops in Al .. 5.'6 a.t.'% Mg quenched . .from 

520°0 and aged 94 hr. ·at 100°0. The ·moat :probable plane of the 
\ 

loop is ( lll) or ,( !iJ). '\ I 
' . 

·Fig. 4. Loops found. in CU-2 at.~ Ag quenched from 1000°0 and aged 1 hr. at ' 

100°0; (a) large truncated Frank loop, (b) diamond-shaped loops. 

Fig. 5 Climb geomet~ of the triangular~ [lll] prismatic loop inio he}~Onal 
orienta".:.icnz (a) t-Tith <llO> line. segments conserveds- (b) 'trlth 

:•. ·•N,··,···-·· ···:--· 

<112> line segments farmed. 

. . B . 
. Fig• 6 Climb geOl~try of the he~ona.l 2 [Oll]. prismatic loop into the. 

. . ' .. . . ~ 

equilibrium diamond orientation. 

':;;. 
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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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