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ABSTRACT
The anneallng k1net1cs of dlslocation loops in quenched alumlnum has
been studled u31ng transm1551on electron mlcroscopy technlques._ An in-

 fluence of the v1c1n1ty of the f01l surface on the rate of Cllmb was con- l-'

firmed. The apparent actlvation energy for cl1mb ‘of faulted loops waS:'

"~ found to be 1.18+0.02 eV and the,pre—exponential factor, (7*3)10l3 A/s.

The stacklng—fault energy was’ estlmated as 110 ergs/cm2 by comparlng
shrinkage rates of 1/3<lll> and l/2<110> loops. A 51mple model taklng
into account rapld dlffusion of vacancres along the d1slocation 1s sug—"
gested.to account for_the_observed ma1ntainanCe of crrcularvshape.durlng

~loop shrinkage.-
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1. INTRODUCTION

In recent ?ears a:numberfof stndies ‘have been:réported:on'the anneal—;
ing behav1our of dlslocation 1oops>1n alunlnum. Using‘an electron mi cro—,
'scope equipped with a heating stage, SllCOX and Whelan (1960) were first
to observe the cllmb of doops in thin f01ls,'-It was~early recognlzed that:
a study'of.the kineties of_the process eould prdve nalnable for estimating
'stacking—fault.energies.and'obtaining selfédiffusion'data.' However; untii
recently, cr1t1cal data have been mlss1ng ‘due to the 1nherent inaccuracy
 of in-situ anncallné techniques and/or 1nadequate analy51s methods.. These
11m1tat10nS'have been stressed‘by Saada (l966).and Dobsonlggnal. (1966),
 among others. While it‘Wasigeneraiiyvassumedgthat, arrleast in thin,foils,
the kinetics'of 1oop elinbhwashcontrolled‘by vacaney emission from,the.
Vdisiocation intohthe lattiee, Seidman.andealiuffip(1966) showed on-theoret—
““idalvgronndshthat'the:proceSS'shonid rather:be eontrolled’by‘thevdiftusion

of racancies'away from the disiocation._‘The‘external annealing'ekperinents
. of Dobson et al (1967) lend experimental support to thlS conclu51on. -

In the. present paper experlments carrled out- concurrently w1th those
of Dobson et al. (1967) on the k1net1cs of 100p~shr1nkage in alumlnum'are
reported More accurate measurements ‘of c11mb rates and anneallng tempera—:
tures.than those ach1eved 1n‘previous‘1nvest1gatlons were made p0331b1e by v

the comblned use of ansexternal oil bath vloWer anneallng temperatures'and'

magnlflcatlon callbratlon at every step of the p1cture—mak1ng. The'working"v o

‘ range of temperature was extended down to 80 C by resortlng to annealing

periods of up to 200 hours.
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2. EXPERIMENTAL PROCEDURE

Low dislocation density (106/cm2) singlé crystals with a (112) orienta-
tion wére grown from 99.999% pure polycrystalline aluminum strips 200y
thick. After quenching‘from 610°C-into boiling water and .electropolishing,
the'sfecimens wererstored at 0°C prior to their ébservation in a Siemens
Elmiskép IA. The magnification was determined with an aécuracy better than
2% by usingva 28,800 lines per inchAcarEpn replica gréting.; The‘thin foils
were annealed in an Qil‘Bath,.;he cép holding tﬁe sﬁecimen being unscrewed
from the body of the holder and piaced in a éoppervréceptacle. A qaliﬁrated
éhfomél—aiuméi thermocouple was maintained in céntact with the tip of the
cap th:oughoUt fhe annealipg,' Afper corréctions, the errbf on the tempera-

ture was estimated as less than 0.1°C.

3. CLIMB ANALYSIS

3.1. Single—Faultéd»Loops

Most loops were Qbserved to'become round and then shrink maintéining
that shape. Ho&ever, the original hexagonal shape sometimes reappeared- to
édme extent (Fig. 2). In some instances parf of tﬁe-loop was_fbund to lag
behind, giving rise to a éharp corner; This effe@t was ﬁore'freduent in
some specimens than.iﬁ others apd occasionally élmost all loops devéloped
pinning points as shown in Fig. 3. This pinning wasvtehtatively éttributed
to impuritieé. Once freed from a pinning point, the 1oops rapidly recovéred

their circular shapes.

3.1.1. Emission VS, D1ffus1on-Controlled Mechanlsm. For a large enough

loop (dlameter 2 lOOOA) which lies approx1mately parallel to the surfacev
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“: of the f01l the d1ffusion problem may be reduced to that of an 1nf1n1te .

stralght cyllndrlcal_source of_radlus T, in a slab of thlckness L and at

a distance Z‘from'one surface. :If,thehvacancy_concentratlonslare Cl-and_

Cs at'the source“and at the.free surtace'rgspéctiyeiy?va‘standard’calcula—'
3£i¢h shows thatbthe steadyfstate‘outWard.vacancy'tlux-per unitilength ofgvu‘

" dislocation is?

©  where

v is the natural frequency of ylbratlon (1013/sec), U and‘S arevreSpec—:-
tlvely the energy and the entropy of motlon.of a vacancy and a is the atomlc
hdlameter.' Rather than maklng arbltrary assumptlons about the value of C
B (generally assumed to be such that the chemlcal stress exactly counterbal-‘f
ances the comblned effect of the-stacklng—fault and the dlslocatlon,llne_"
.ten51on), one can derlve an independent exore531on for ¢ from Frledel'

(1964) theory of c11mb _namely._:,

U, -1 ) S_. +S ) F.-B2 '
m f m c 1
¢ = cjzv exp ~ exp v exp - T
kT k . kT 0

@
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where Cj is the jog concentration per unit length of dislocation, z is of
the order of the coordination nuﬁber; B is the area per atom in the (111)

plane, C_  is the equilibrium vacancy concentration in stress-free material

0

-at T'and'Uf and Sf are respectively the energy and entropy of formation of

a vacancy. Fc can be deriﬁed'from‘Bacon and Cropker (1965) as:

: 2\ ;
: _ (3w ) {8er) _ 9.
Fe (SﬂR | 1“<'ro_ g|

where R is. the 1oop radius, p the shear modulus,'B thé.Bdrge;s'vector_and
Y the stacking-fault energy. From (1) and (2) omne obtains:
zc.DS , ‘_FCB2 cy
) [eol=) - 2| |
2a kT /. ] . P

ac,zK

1+ —=

a2

where bs'ié ;he self-diffusion coeffigight. _Fér the typicél;case where

L = 6000}, r, =‘2.86R and K(miniﬁum).= 7002,_K varies between_7.20'and
6.18, héncé in-orderAfor.the efféct of diffusion>to.be6bsérvaﬁle,.ééj.'
would ha?e to bé'not much éméller thén ﬁnity._ It is well-known that when
the curvature of>avfrank'1oop iS analyzeq in terms of eleménfary jogé, the
jog ééncentrgtion varies fromiéero to one arouﬁd‘the circumference of the
loop. Equation (3) being highly depeﬁdent on the'jogvconcentratiqn, és—
pecially for small values of éj’ fails to explain the néar—circular shape
which is maintained»by ghriﬁking'ioops; Anothér possibility is that the

vacancy emission rate is not proportional to'cj as assumed in (2). For
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ekample, if the vataneies are'emittedafromﬂthe.dislbcation'by.a twoestep .
proeess in which thew first escape.frOm‘a joé»onto the_iine andhthen into
"theviattice, the emission ‘rate might.beedme nearly independent of cJ'at
_hlgh jog concentratlons because of the 1ncreasing probabllity of recombina—
tlon.w1th another 30g rather than escape 1nto.the 1att1ee, The following
§31mp1e seml-quantltatlve treatment is proposed.;‘Alidjogs are assumed to

‘ be of un1t height whlch seems reasonable in. view of the repuls1on between

; Jogs of 11ke srgn.. Nerghborlng Jogs ;n_a logp are of:the Same srgn;;this,
leads to a_contiguration-Of the type shownvin.Fig.'l; Vacaneies are emitted
’fromfArohto AB. Emission £rom B onto BA is cdnSiaéfeévac least as diffi-
cult as emission'directlY-into.the 1attice:“henee ver?_unlikely; This'may.
, be the reason why the roundlng of the loops durlng the early stages of
7annea11ng does not occur by.conservatlve Cllmb (i. e.‘w1th conservatlon of
'the area of the loop) A bound vacancv has equal probablllty to Jump eltherg
to the. right or to the 1eft, except when it reaches the extremlty B of AB,
ﬁln which case 1t is assumed that it may stay in B or Jump back toward A
“The relaxatlon tlmevfor such Jumns is. | '

1 LUy
"T—' =\ exp(—"E)

o

whe're_Up is the activation energy for rapid diffusion along thefline'and'

' the4entropy terms are left out forrsimpliCityt 'The life-time of a bound -

vacancy on AB is ‘then o : | ”f _
) mem

. "’n=]<_. o
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where pn(AB) is the probability (geometrical) that the vacancy pérform n
jumps after being formed before it recombines at A. The relaxation time
" for a bound vacancy jump from the dislocation into the lattice may be ex-

pressed as:

. ' - . .
S T . dl ’ : ‘ :
uTé = Zv exp( *T ) S : (4)

dl

The rate of emission ffom AB is éhen:

where Z is of the order of 9 and U,, is the corresponding activation energy.

' —U.d Ti = : '
lale, = v e@(““]'kq:)(r) np,(4B) (5)-
27 o
S o n=1 _
where Ujd is the activation energy for emission of a vacancy from a jog
onto the dislocation, If C, is thevvacancy concentration in the vicinity
of the dislocaﬁion_and.neglecting the probability that a vacancy jump back
into the lattice before the probability.that it recombines at avjog, the
rate ofvabsorption on AB may be written:

N e
- o))

Using the‘result that E 'ﬁpn(AB) is of the order of.'%f , the balance
n=1 : : o
outward flux from AB . becomes:

| , (fU U, +U +F BZ) . s\ /-U
S O e

(6)
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It:is'not‘clear.whether fchzvshoulo he ihtroduced in (4) orl(S), howeuer
‘this should not influence the final result. A rough energy estimate shOWS"
that (6) es sentlally reduces to (2) except that cJa is now unlty. Short?
c1rcu1t dlffu51on would thus merely 1ncrease the.eff1c1ency of the Jogs in'
Jthe,caSe of 1ow cj. This in, turn makes the process more nearly dlffu51on—

h’cohtrolled.

- 3.1.2. Cylindrical Versus Spherical D1ffus1on' It has been suggested by

Dobson et .al. (1967) and emphas1zed by Krltzinger et al. (1967) that a
critical argument favorlngva,dlffus1on-controlled-mechanlsm is the 1ncreased:A'
_rrate~of climb for small loop radii attributedctoha change from'cylinorical‘.
.to'Spherical.difquioh.. However, thelr calculatlon which approxlmates the

loop to a spherlcal source should lead to an overestlmate of the cllmb rate..;

Follow1ng Seidman and Balluff1 (1966) the dlffu51on geometry may be better

represented by a tor01da1 source: (radli R and ro~and concentration C oh

‘the surface of the torus) 51tuated at the center of a sphere of radlus L/2
vlarge hefore R, on the Surface of whlch the concentratlon is C " For r->>.R

the concehtratlon 1n51de-the sphere‘can1be approximated by;

c,L - 2C Réff" (Cl - Cd)LReff

C(r) = — -
Y ZRLff . (L _ 2Reff> L
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hence

as compared to

(dR) - 27DB (Cl Co)
dt oyl 1n<2L )
7Tro

For a foil thickness of 60004 and a loop radius of 100R -one would'thus‘eXf
pect an increase of the rate of climb due to a spherical diffusion of only

about 307.

"3.1.3. Results: Standard'analysis,techniques'as described for example in
‘Dobson et al. (1966) were used. - The rate of climb is equal to -B%¢. Ex-

panding the exponential in the 'square. bracket of -(3) as

C R u_@_)_ } Zal| 113_2_)_0_
RC = R. ‘Bb In (Rb'+'8b = Ro_ At egp.<kT’) [eXP’(kT | g |

her =
where Ud Uf +'Um and.
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'For Y not too small a % B andrthis was assumed when calculating the correct—
- ed radius R . This’wasﬁjustifiedihy‘the‘goOd fit to'a“straight llne of'the‘
'plots R vs.vt;{ As expected from 3 1.2, ‘no 31gn1f1cant curvature of the
11nes was- observed down to the smallest radii measured (mlOOK) as shown in
Flg 4, Influence of the vicinlty ofva surface on the rate'of climb was.
conflrmed by a 20% overall scatter of (dR /dt) for a group of 30 loops as
compared to an 1nd1v1dual scatter of 3/ or less as determined by a least
mean squaresimethod. Also theractual vaers_correlated very well.w1th-the
positlon’oflthe‘loops in the:foil as indicated'ijthe aSpect?of'their fringes'
onvthe micrographs=and by stereoépictures; Aﬁeraglng?the.climb ratesﬁfor.b
_the loops close to the center of the f011 only, the follow1ng valuesrwere
_'obtained° (1 02+0. 03)10-3A/s at 353.3°K, (0 87+0. 03)10-2A/s at '375.0°K and
(0.79%0. 03)10'1A/s at 398 0 K. Thls glves an apparent actlvatlon energy |
of (1. 1810 02)ev and a pre—exponentlal factor A = (7 3+3 5)1013A/s he
,-present results are plotted in Flg. 5 along w1th those obtalned by Dobson "l

et al. (1967)

‘ 3.2l‘ Perfect”Prismatic-Loops“

Alllperfect‘loops observedf(up to_SOOOﬁ}'lnvdiameter) were.found to
‘assume- a roundish shape after.sone annealing had.taken place andvshrink asl
'such{ A rotation of‘the'loops-was_Sometimeshobserved[andvalthough:no'sfs-
tematic check_nas performed,ﬁlt'is_bellévedithat the-loops turned to an-
orientation near:pure edge:FIThis assumptionbaloné nith'that'of a circulara
shapevwas made ln the following analpsisi~_Ifnthe‘surface is a perfectvsink;
: CB =VC0-and R? should be a 1inear:function ofltime;v'A;plot of Rg"ns; t'is_'

_shown in Fig. 6. Averagingrover'the loops-whichﬁwere:conSidered to have
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behaved in the most regular mannef; a value for deZ)/dt, at»(399i1)°K,‘of
10.4&2/s, Wés found. Assuming that except for geometricél.differences the
same climb mechanisms operate for both perféct and faulted loops, the
stacking—fault energy is estimated as 110 ergs/cm2 and thé activation energy

for self-diffusion as 1.23 eV.
4. DISCUSSION AND CONCLUSION

The controlling éffect of diffﬁsion on-climb as suggestéd by Seidman
. and Balluffi (1966) is cqnfirmed and agrees wéil'withgfhé modeilfor vacancy
émisSion propoéed in’3;l.l. The mo&el accouﬁts:satisfactorily fér the ob-
‘served aspect of shrinking lobps, in particular for the reappearance“of.é
pseudo-hexagonal ‘shape with sides along [110] diréctions, hence corners
whe;e,both climb force aﬁd jog dénsity should be high. vAs sugéested in
3.1.2,Sthe:§hangé frém'cylindrical to spherical diffusion leads to no ob-
servable acceleration of the’kinetics of‘c%imb. The large effect reéorted
by‘Kritzinger et al.“(1967) is‘thén;rather puzzling. it should be noted,
however, that their.measqfements‘concérn'annealings inéide the microscoée.
and at 182°C, therefbre,éxperimental unéértainfiés canﬁéé’bé ruled oﬁt(
It may also be worth notiﬁg that according to Fig;NS in théif paﬁer the.
calculation of Mlinvplveé tﬁe'differenée BétWeen.radii_lOOZ or ieés apart,
whiéh.seems quéstionable considéring.thatvunder normal conditions,fachieQ;
ing an accuracy on R qf i35& from‘cine—techniques may be considefea’as a
good performance. - | |

The pérameter.A determined in 3;1;3 is related to Do’ the pre-exponential

factor in the-expression of Ds’ by:
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, lnﬂfghDo :
alimyz + )

fron which D is- est1mated as 0 025 cmz/s.. This is'about two~orders bf‘
magnltude smaller than the value of 1. 71 cm2/s derlved frOm Lundy" and |
Murdock s experlment on radioactlve.tracers (1962) ‘and Whlch constltutes
the only dlrect'measurement}avallable. However;-very recently Fradin and

‘Rowland (1967), usxng NMR technlques in a range of temperatures from 240°C

to 550° c, estlmated»D‘ as (0 035*0 015)cm2/s and the actlvatlon energy for

»

self dlffuslon as 1. 25 eV both values in. excellent agreement w1th our
results. S It must ‘be emph351zed that the present value of D corresponds-
to (S + S ) k as compared to the’ generally aSSumed values of S = 2k

| and Sf>=v2.4k.

<

'y is estimated at 110 ergs/cm®, which is in good agreément with Dobson )

'eEJal. (1967) findings; it’isvfelt; however? that this value should be con-

. sidered with some reserve;

a) The effectrcf the oxide filn at thelsurfacenof the foll has-been‘
vdlscussed at some length by Harrls and Masters (1968) and Eikum and Thomas‘
v(l967). The 1nfluence of the v1c1n1ty of a surface on the rate of cllmb
_Clearly-shows,that_escape'cf vacanc1es at the surface‘does cccur;:thrs is
-Aalso.cenfirmedvby,thelabsence“ef;interaCtion‘hetweenAloons'as.longjas.thev

did not overlap. Escape of vacancies at cracks in the oxide does not seem .

likely since the measured rates of climh did nct anpreciably vary from orie

part of the foil to another. However, absorptlon of vacancies at some
favourable sites of the metal-oxlde 1nterface as suggeSted by Vermllyea
(1957), may result in a near-equillbrlum vacancy concentratlon at the

: .5
. b N i
o S . Ld
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interface. In any case, since’perfect loops were hever seen to grow, an
upper limit of 1.10 can be put on C /C so that the faulted loop analysis
should remain unaltered. On the contrary, writing the rate of cllmb for .

perfect loops as:

2y I - —u -
, d‘(ii‘) = -2A' |o'D' + R(l— -C-g-' exp ﬁg‘ - (8)

1t appears that the uncertalnty w111 only be removed for small values of .
R (a'b' = 235A at 399 K), whlch unfortunately occupy a reduced region . of
é.RZ vs. t plot. | |
b) Taking for the energy of formation'of avvacancy,et a qu and
emission into theriattice, Ud + AU ihstead of Ud in;Equation (2), would‘
lead.to éimilar remarks as above. | |
c c) The ratio A/A'; although'probably of the orderdofvunity, ;S nof'

“known with certainty.
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~ XBL681-1689

‘Fig. 1 _Jpg configuration.
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XBB681-413

Fig. 2  Annealing sequence at 101.8°C and corresponding stereo-pair.
t = -213, 0, 580, and 1091 minutes.
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XBB681-411

Area where the pinning effect
was particularly clear. This
was attributed to a higher-than-
average impurity content in the
specimen.
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Fig. 4
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Fig. 5 Plot of 1ln(p) and ln<2a'b - against T .
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Fig. 6 Plot of R? against t for some perfect loops.
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