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The concept of aissociétAa pricmatic dislocatioﬁ loops iﬂ profoée& o
Te e*plamn the formation of diz ﬂondaghaacd loons observed in scvcral m~tals
after quﬂnch aginga'lﬁhe‘dissgciated preismatic loop is ccmpssed of-p&ral;el
segments on (lli} planes haviﬁg-%5112> Durgers vectors. Tt ie shown that’
di“ﬂOﬁé»“the& loops form from elther a'triangular or hexagonal frank loo?,

and once formed can rotate onn the glzée cylinuer to any oriennation bctween’

&nﬁ Jincluding {Tll} and [llO} R .

-ff Cl*mb kinetics axre quuxitatlvely discussed in terms of the equxlibrium

'$@b&r3u10ﬂ of paraials. The separation is apprayimatexy equal t0 the core

dihﬂ (21B]) in a1, but is lmrge eaough in Cu (~ l2lb|) to be exnnrimentally

&ctected, Thuoe considerations may explaln why large loops are not oftan

- observed in metals other thun.aluminum._-



o '7_c¢nfiwusﬁtﬁonb. 7riamatic dislocation. loors are the most commonly obscrved
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I ﬁ@i’ROuUCLIOﬂ
Thc vncaacy sunursaturhtion wnich can be retaincd in meﬁals by Guenchin8*f5 ?:f;T

' mmy 1@ SLDGOQ&Lﬂbly elih,nated by the formatﬂon of a variety of dislocwuion RIRONE M

‘ defect in pure ?CC mcuals wﬁich have bcon quenchea frdm near the mclting

P01nn. ,ﬂovever, as a rcuult of nxmcroug investigations: (e.g-; see revieﬁs.i5ﬁy
in reLewcncus i, ) it has becn founa that & high density of 1oops is cmly

_dbserved iﬂ alammnum, wheﬂcas, in con@er, silver and nickel prismdtic loopu'

are narmal¢y Hssoc1at»d with éiSlOCathﬂ tangleo.  Thes e‘resul ts suggest- '

 _,LhQu 1oapu can bc nuclewuyd hamogencoualy and beterogeneouglj.' Qucnched ‘
 @01&, which ren' ents & lower liwiu of stqckiﬁg fault encrgy for pure meﬁwls, |
' connalnc stacking fuuﬂt tetrahedra. (35k) | | | |

. e mechanism of loop nuclcaulon and the processes by vhich ulbimately,f'

. observed structures are formcd are still noﬁ wcll understoo&. IdealJ, one

UOle hope %0 undcrycwnd dmfxeronces in quench aging behamior for vnrious»“ :

nctaln in terms of a fcv pertincnt parameters. For example, in cuses Whereikf”i
r-ﬂmpuritj coacentra ion and stre effects have bcen minimizcd the type of

. dex ect agpcar° ‘o be stroawly deponﬁenu on stacking fault energy,’ vacuncy
uugcrc¢turahlcn urd vacancy cllaterinﬂ rate. The latter-two pgrgmeterax

can in turn be deseribed by vacanci-formation energy (Ef) and vacancy'

mlgration energy (E ). Secondly, the effect of impurities, which change the
uuocrsaturat*on when there is a vac@ncy-impurity interaction (2 h 8?

the ef fcct of applied stress, both mechanicgl and thermal, on the qnench
..aglng rrocesses should be amen@ble o systematic study Theoe latter cages
will not be discussed here.

The clugtcring of vacancies and SUbuLQﬁQﬁt collapse into prigmauic

loogs was thec“cnlculiy'aiscusved by huhlmban ?ﬁlsdorf(g) prior to the fxrst

"
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- clifbec’c obs c_rvczcionp of looga :m alwinum ms.de by 'Ilrsch eu al.( O) AlthoU\;l

: ,~V'hce Preﬂlctloﬁﬂ tl D,t the suwchmg L&Ul cncrgy dctermincs vne*ther perfect

L l-_ loopf* hwe been o‘bscrve& reccnnly in. very pure almninun

c:}uui,c axe mble oz on Anitial dei‘ec’s, with the choice bc,inb primily

RO T3 su_f’f‘icienbly' Jurgc s or the reactlon can occur as & resul’c oi’ strcs

_or umcrfc,ct oop ‘en'e for*aea ham bc.en qualim»ively vcrii’icci largc Fra.nk i

(;, 11) 'I’here 1.> _. i

‘li m..lo direct lm. omtion rcgarding the initial staﬂes of va.czmcy clus ucring
: .2 qlbbougn }:J..‘.Cflc«a.l elus !'crs have “been deuccted as the initial quench aging
| I‘ec“L ln capyf—*z‘ (l"l ) ' ‘ ' '

Et appeats i‘rom the worl: of Jack.soa( 1) ‘that both spheric 1 a.nd plam..r i

- ﬂmc oion of the wacency suy"rsa wration. I-on-rever,- spherical clusters seem 'v

e mccmm“b _.IZOI‘ Lhe mejority of experimental observations. Collarbe of vaca.ncy PR
dluste:cs‘ 'c"iirectlJ ‘lﬁto i‘aul ed Letrahcdra and subsequc.nt grow-ch ’by vacs.ncy  : v' El

o z‘:r c:.m wﬁaion have recontly ’b\.en diecussed by 'Ihom..s a.nd. Vashbvxn( ). a.nd

de J‘ cmr' md. Yiochlor( .5) ‘The tewg.hedron cen Be a stable configuru’cion (e.g. s
'--~-_'in e;old ar. can der:ennru’m, into a triwngular Frank loop by nuclea’cion of a
Shocl.lcy pa.rti&l dlulocation. hucleac:.on of‘ a uhochley par’cial can oecuri'lf-" e

_ apontamows]y if the cnerg;y chffcrence bo"a:wen tetra.hedron a.nd Frank loop_. C

.introducc:a durm@; auonchmg. The quench aging sequcnc\_ ,‘ vaca:ncy clus uer-#

:~""1au1ta,<i uctmhcaron»f‘razﬂt 1oov@perfect loOP; appeo.rs more reasona‘ble th:m._ '
, va.cancy clus'cezwﬁ‘ra.n}t .looip—r«faulte& _oei:rs.h edron c:r gliss:.le loop.( ) In
ei'ther’: ccmé ; @ trimgalnr Frank 105@ is Pormed at some stage auring’ a,ging;
CIn xw tals tsuch as Al and Cu, 1t is observed ‘cha't perfecﬁ diamon&»..,hapaci
loop'* are thc final and stable confin'uration. It is the object of this
Vpaper to &iscms 'tbe gpometry of' the trami‘ormtion from triangular Fframk
fioopo €0 d¢&moudashamd loops. This particulor coge can be discussed in :

terms of a pertlisl prismotic dislocation loop. Thafc is , the disloéatibn

"
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,.loop' ti_oés not have, gtrictly spéalaingy_ a 'Z»"- <10 Bm'gers vector bm; i:s c?dm-
| .‘ggozsed of two pm*aliel loops .bé,vinﬁ ng Q12> Eurgers vectors In a.luminum '
the separation diutanca between two paxtial.a is of the order of the cere o
radiuvs but it can be apnreciable for gold o,nd copper. It will 2lso be |

| ‘shwm that grcwth of & hexagonal 5 <11C> loop yields a Pinsl oﬁéﬁt@tion

exactly equivalent o that formed by growth of e triengular loops

II. ﬁPAMIAL PRISMATIC LOOPS
Conaider the tri engular loop in Pig. 1 ©o have f’cmmed from e. uymetrical
éiuster, €efsy & tetrahedron: The Frank loop, b=z [llll can then be
rmsi‘ nad ?'0 a perfect loop by nvclemion of & Shocll.ley partial( % 1_6)
vhich can grow by vacancy absorption; or the Ftra.rﬂ: loop can remain wtrense

Iormod and itceld grow under @.n edequate sup‘,rsaburation. S

Cqse A: F <llO> Pnsmatic Climb

C The g:rovth sequence is illuutrm,ed in Fig. L Figure 1la fépresenis
a ‘tric.nuular poneeb loop on (i.Li) The line segments BC and CA é,re on _
.(lll) G.u.d (111) res pnctivel;y, and, as its Bargers vector {Oll] is camon
"tc (lll) and, (lll) , these two seg;mcn’ss cen dissociate as followso |

ole '(‘OIQD

| v'<ﬁ1),‘ [Olil»% [121) +_3[i:.e1 o w)
A tmangular loop with two segments dissociated is .shcwm in Fig. lb-. '
‘ ‘"’hm@son 5 no’cwtion(. 7{ is uaed m soue cases for ease of repre.aentation‘ ‘
and the- prekus reactions aere equivalent to 3
| DC + Do +al on o _.'..I:_;;_(lc_)u.,‘"
DC-Dg +8C mp . ('m), |
The sogme nt AB i3 pure edge on (100) and, remaining perfect, can more |

roodily climb than BC or CA. Climb of AB in *the [100] direction vill occur '

o
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concurrently . with glide along the toill'd@réqticﬁ, yiélaing,a finul loop
shape vhich is shom ia Pig. lc.v This &ismmid?shaped loop lies en’tifely-

. in (113.) havi 15 & mjer axis pare ellel to [”l:'l'.] o.nd a ninor e.xis paro.llel B
vi o [Oll]

‘ In should be nokd tha.’c the lllmtra’cion is gz-ea.tly over sir"plif‘a.od, |
for gxsmple 5 ‘1, he lin° *"—’g;ments are emcteﬁ. ’co be jooged ra.thcr thy.n stra,ight
as. shown». Also; the nodes can ra.nge ﬁ'om being eytended, as shown, to the

' opposite ey’cram of bc..ng conur ctécl. ‘I'hese deta,ils should not cha.ngc. the

M

emrul con\.luoioau with respgcb 0 t.zc eouilibriwn shape._;.> o .
_ fm. ec;uilibrlmn scpar ion of pa.r‘tial& ua.s e..,tima. ed for »evera... metals |
‘r}. e v*amaticrn in separation *BT es a fimctlon OJ. (-) for the indicatcd |
, ‘vwlwc of the stacking fau..t energy T i.; sho\fn in Fig. 2. @ 1is the sheerv
m)o.ulm- The sc_jm:rwtmn Por allmimmz is seen to be of the order of 2 ]bl,
'i.@w wmat oneé can consirler ‘to be the appy 'imte core rad.ius. -A tendency
| For farw,u‘l.on of &iamona loors in alumnum ohu» implics a lowering of core -
'ener&,r which may beccme more in\portunt in aluminum alloys. An eyarmle, cr”
.Lhﬁs type of loop found in Al-5.6. a.t./b Mg a.lloy 1 shown in Fig. 3. Aléo,‘

. the-hel..cal dislocation in Flg.. appears to have a geome’cry simila.. 10 -the
;oops. I’c was noted m previcuo worl‘.(7> that helical dislocations b\.camc
unﬂviur even vnen thin foils wcre aged in the electz'on microscope heaui
st;-.ge. 'I'la relazively hibh va.lue of % fo&* Cu, indicating a rcduced mte

of cllx?.b, By ba an :.rmor‘te.n’c reason why loops in quencned copper are small. (1?.’.)‘
. This 1}91nu Wlll be diocu.ssed in u@c'ciyan IIJ,.__ ﬁ_rare e;:aqule of .large _loops : ‘I
in c§;e aé.% ig a”tef‘qpenching frch 1000°C gnd'aging 1 hr. &t 100°C is
»shoxm. in Fig. ba. The tmnca.tcd hexag ona.l 1009 is ~ 1000 A in dia.mcter,

' wnich ic la.rger ﬂw.n *ohe diamnd loo;p f‘ound in *the sa.m» gra.in (Fio. 1&0)
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Come By = <1l> Priamtic CIi:ezb'

The px‘is:msic [11.11 loop ("‘r nk ses sile) 1s zmre edgo a.nd. cv,n rcu,dily
&row mmdded '{:he va.ccmcy au%roa“’m ation is sufficiently h:.g;h to orvercome

' _'bo‘ch &n inercase in line mere;y ond an increwse in surface encrgy. That 1:3 P

> (L o*'*cc.) , vhere F = 5 zn . (Bardeen md Hervinb( )) ’

(I‘ rorce ) chcm b"" co

cha; 'n

% is the vacancy uhpersatw‘acion, b the loop Burgers vector, and k’I.’ ha.s ‘the
o
“uvsual meaning. The die;loca’smn lim \.ensian dﬁriv-ed. fro:m circu__a:c geome ury

 is considered even though we are digcussing_triangular, hexagonel and dia-
‘v'moz':c“ﬁshapecl loops. That is, lir*e ‘bénsioﬁ {S‘(T‘)-}:i'eadil‘y illﬁstfétes %he

- relative stabil 1ty of loop “apicas e.nc! straight semnts in ’che prescnce

- Of & vecancy s ;uycra turation. The coml enerey of a circular Fra:ak lcop |

§ Ce.o.bc es ’au:awd to b (19990) | )

bg ]

l«.(r) - 2 1 v) (on g - 'aﬁérmv e -'_(a)"f

'\im ere the care radim has been essumed cczual ‘to elb( 3 G is the how modulu,:,

ot

the "’urg«.rs vee &or, ? is TI‘caisscm 5 ra.tio, e.nd r the loop radius. The I
cere enorgy is r"lwen m terms of thc: avera.ge cnergy contribu*bion per atoun

cdn thc; core (7"’) rer unit lengbh of dislocation end v is the stacking fault .

Le
e

cnex‘gy' o _ A
The chemge in uot‘.el cnergy ‘E(;) with loop raaiﬁs ca.n now be fmmd by

dif‘ ereni;mtmg Ijq. (2), or, for & loop with length 2nr 'the line tension 18 °

:é(r).véGB?- }-‘{znn--z-K}-z-T--‘ T (3)
In(i-v) » b _ L
e U 167B(Ae) Be o
wiere - .3\'-—» M-E%E-*—_ e} + Lok L o '. R Ly

The energy per core atom (E') has been replwced by ‘Lhe care energy (L. )

- per unit length of 1ines, There are approxim’cely 10 atoms conc.ribuciﬂg 1n B

o~

- thisg core with radiuvs 2 lbi - The va.lue 01. ¥ will be in. the range 2. 5 -3.0
(21)

. : 2
depending od vaich value of 'Bc is usec?.¢ A lower limit iz ~ %-—- g:.ving

<
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| X~ 2.5, .or by 'a.*'ﬁwr}imr the core 0 be aﬁo’l‘&en,' Eone fincls"?‘ ~ @j  end
e 3.0 ";’hc lower liglt oa.ti.rmbc sccm.a be i;ter mr loom @;ro s:mu at low
'..umwrm ure (?G»?GO"G) which is 'uhe cose OJ. iul;e}rest hero, though ‘Gbere is :
li ulr dif;,crc“ce. o o | B

- The conaiticm 'for laoj; m“on »h :’L.; givon by, o

jisly o Cf b= |

foagsEh,teiener  w

A triongular. loop can climb into two pusswle orientati.ons 25 choxm in

Fng 5+ For a co*xsta.nu vclm:zc of‘ vmcipiwtﬁcl va.cancics P ‘i,he hcya,gonal

dcf ; rﬂwc;aexatd ‘,, c;cci'ea.se in towl line oaergy o.c“ amgromimo.uel‘/ 189.

Ehas gv the hcm*:z,gom.l de i‘ect is *i,hc: mare smble form, MO, the cllmh kine*tiés |

' 'z’rilél.i vm*y ground the trlangular circum erence as thé radid 6;’:’ curvaturo 'g_.x': |

| corncrs "is ‘mach g:::*e uef ‘unm 'ma—u "a*"'. %h'e: sides Corners’ w'i‘ii cii}ab. nder

e co zstm | c:amy uupcrcmw:a’c* on ot a slover ratm m “che s*t.raig;,ht

cem:c:ﬁus s “to f*mwnuouﬁly incrowsc thc radiv.,.. of curvaturc. Ipiuia,lly, the

cornefs miﬁu be exmc‘sed 0 act as vwcanc‘; scurcc The coni’igwaticn ,

' illus*cr ta.c‘i in Fl{’;o Su rcn@'eucnts onserve:tion of' <110> line segments ,‘

&a cmg. would expect. I 'the line cnerl,;y of dislocatien is lowered. by

' :ll,/in_b a,l .g <112> the omentation in l?ig. 5b results.

The _hcxmg,onwl f111] locp will be stable and cor-tinue {:o climb until -

'At;,rlié _sizev is Suff‘ic:.emly large to nucleate a Shockley partial -to convert 1t "

tﬁ 8, giiséile %<110> loo}é. A local stress may c«id this tmnolomatlon.. _; S

' ';_Ia the trapsLOFmaﬁion of & Fronk to & perfect loop, 17 the [111] 1oop hus
_ec»nuervcé‘. <110“ lmo scg:ﬂcm:s (Fi{,- 5c.-), the resultimg -- [Oll} loop ml" |
' cllmb in%o tl:c ecruillb; ium coz:figu:: tmn iliusfsratedvin Flg. '6; whieh is

seen o be m&ls biﬂ@'uiuh&b..e froa t.La:‘* in Fig. lc:, (*Lhe cume cmidered -

for' 1"iw1ﬂ alar Frenk lo*gmu)‘ ,




3 A hc;.a;;;onul muluc& lco'p m uh <132> scgmcn‘ta (i?'i 5b) ‘%rill ‘bnhuvo

.Qiff Sie m gf rcm bh@ cnoe ju,'c con C"L efl.f The lire aeg;zmnbs of bhe refsvj.-

‘ ., o Ccz.ﬂ't 5 {011} loop connot dis sociate i:n‘to pxtinls, the g..icle cylinaer ﬂ.n- N
o cludiw ;oc:z' {11 3" :plwzzh and txm (110} p.ma.es. oince & tra.nmomatio& fr@;l ) -
'@ Ic::as_:oaal to a mamoni .100}9 rctfdmes en enm‘w incrcaoe estmat@& tO ‘oe
: 1~ 13 , uh@ AorZAr Cuien bion should D° {he .;more stable. o L

ﬁ _ammmd loop \a»h sideu a,lono <l..‘3.0> aircctwns (Case A or .B) 1s LA

.ée uo slin‘alonv itsvglidc cyligder'and can loaar its line energy bJ 50 ,
domg.» "‘I"cra. mre s the loo,_o can lie a‘; “ny position betm..en und includinb B
| bvgh.l) and (01 1) "Dlu..ﬁﬂo 1L ’che loop does sli'o into “che (Oll) orientaiion,
' we m,uoz axis beco;aos {100] m. c,h no c.“no.nge in mincm a;{is.. Thﬂ loop will

aﬂ w vwe crluc oriem:abion m.\,&\ Esiae alonu <112> On 'the er.her hmd P *the
;Loop ca.a rotate moo gny poaitn.on, '?- dlscussc-;a recrengly_ ’py “Za.kin ancl IZudson(gg)

-.Lcw J.oc;,nu on {OL.}

III. CLE KINETIOS !

. . The cliwb kineties oi’ &issocmﬁed <Llo> prismatic loops we emc r.‘!.‘fv"
1o be, different from uhose of perfeet loopss The &ifi‘erence uhov.ld 'be pri- N

y m.rliy 8 “urc'uion of the uc:pa.r'c_tion % of the pwtials sxound the loop

' (1?'3.33. lc ‘) Which veries from metal %o metal (Fig. 2)e. The rate of i:}crewe

of ».7120 of 10011: can. 'b\, expressed by, ,

..J I FEE T ¢ )
) '-whewe e 5 m. the ecimllbrium c.onccmmtion of ,jo;g,s on the loop a.nd v, 3 ﬁze :
« rean velocity ovf 30{}3 along ‘tm loop (21) R e e
N R '. Fo;"’ the case of disscelanted loom s the jJeg ve.nerggr »(E 3)— will 'bea.

function of the stacking fault energy, but the exect relaticnship is dif-

ficult to determine because it 1 nob certain vhether the Jog is contracted



’f.;‘_tﬁdn for tha samc diuplacement of &a. simple dog.v The'exprc sion for jog

- g'culculwtc& climb rﬁtes to thooe oboervcd directly uging high tcmnerature
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or extendeu (“3’2L) A uimnle approach lies in aefining a unit-jog- such
thau the tobai Jon ouergy can bc ccmputed ag & function of “the aeparaticn
I_m the pertial dislocations . N
| | | cs & exp {'W Ej/k“}' vl“;u3 5(6)_.“

“hc nar%matew ) (n 3 1¢jﬁ has been chosen 8o that Eq. (6) rcducem to‘that
n0rmmlly usea when digcuyuina unalssociaocd dislocationa.(el) T ‘
| Ctne ﬁhchc c;pec% that v for jcgs on extcnded dislocatLOns will vazy
- llnc "1y vzth stacLﬁnQ xault cncrgy, i.e., to move the jog a aistance of

';,one‘b along tha dis *ocation 1lne requircs same numbcr n more vacanciea.~ V” '

velocz»y uhoulé chen be that g iven bJ Friodel (2 ) bux decreascd oy Qhe

”'“¢acwor W ;; At the present ﬁima, attempta are being made to cqmnare

' electron m¢crcsc0py. , ”ff__ o '; ;4  : ;: .‘  ;;,f5;~[.{

l”he eoncepu of & ﬁlOSOCiuLCd pmisaatic di location loop has been |
’?'_préocsea to 6rp ain the diumond-shwned 1oops vhich are. obs ervcd after the 1-«

vaucnch agivv o; scvcral mztala. A dizmond loop can be formed from the growxh.f'”(
‘:  0¢ either per;oct or'in@erlect %rlangular or hexavonal prismatic loopo, |

ivifntne two caaes being indlstinguigbablc. v f' o - 'vf: o .ﬁf__;j”f

It haﬁ been showmn that the climb hlnetics are a uensihive function oP”ff
the:ﬂtacking Pault energy. This may be an importanﬁ factor in enplaining ;'g;fg e
'why u&c loop“ oouerVCd ia coppor'und other metals are relut;vely small

;ccmparea to %hwse foun& in eluminum.
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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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