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AsSTRACT

Effects on polnt-defect drlft-dfffuslon Ln the strâln flelde of

Btralght edge or screw dlslocatlons, due to the anlsotropy of the polnt

defect 1n lts saddle-polnt conffguratlon, are lnvestfgated. ExpressLons

for sfnk strength and blas thet lnclude the saddle-polnt shape effect are

derlved, both ln the absence and presence of an exÈernally applted sÈress.

These are found Èo depend on lntrlnsic paraúeters guch as the relâxaÈ1on

vohme and the saddle-polnt shape of Èhe polnÈ defecte, and extrlnsLc

paranûeterê such as tenperature and the nagnltude and dlrectlon of the

externally applled stress wLth respect to the llne dlrectlon and Burgera

vector dlrectlon of the dlslocatfon.

The theory ls applied to fcc copper and bcc Lron. It is found

that screw dlslocatlons are biased slnks and that the stress-Lnduced bLas

dlfferentlal for the edge dlslocaÈfons depends much more on the llne

dlrectlon than the Burgers vector direction. Cornparlson nlth fhe stress-

fnduced blas dlfferentlå1 due to Èhe usual Stress Induced Preferred

Absorptfon (SIPA) effecÈ is made. It ls found that the presenÈ effect

causes a blas dlfferentlål Èhat ,.s úore Ehan an order ôf nâgnltude larger.
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Chapter 1

INTRODUCTION

When a sufflclenÈly energetfc parÈlcle collldes niÈh an atorû of a

crystalline naterlal, Èhe prlmary collislon and subsequent cåscade of co1-

llslons result in one or more atolûs befng dlsplaced fron thelr lattfce

sltes. Equal nurnbers of vacancles and interstltials are created. As a r.e-

su1t, the rnaterlal contalns concentraÈLons of Èhese polnt defects ln excess

of thelr respectlve Èhemal equlllbriun concentrations. Thls provldes a

drlvLng force for the polnt defects Èo come out of solutlon. At elevaÈed

Èemperatures the polnt defects are mobLle and can conblne wiÈh lnpurlty

atoma or polnt defects of the same fype to nutleate polnt-defecÈ clusters,

or reconblne wiÈh polnt defecte of the opposlte type, or annihllaÈe at ex-

Èendetl crysÈal defecÈs such as vofds, dlslocatlon loopa, netrr'ork dlsloca-

tioûs or graln boundaries. An exÈended crystal defect (or sink) \1111

evolve lf an exceas of one type of point defect Ls absorbed by Lt. The

evolutfon of Èhe varlous slnks ie belteved Èo be Èhe cause of the macro-

scopic defornation of a crystalllne materlal subJecÈed to lrradlatlon.

lle1l-known phenornena thåÈ belong Èo thfs categóry lnclude lrradtá.tlon

grorlth, lrradfatlon creep, and vold swellLng.

To undersÈand lrradlatfon danage processea, 1t 1s essential to

understånd the lnteracÈf.on between polnt defects and sinks. Baslcally, Èhe

lntêractlon of â polnt defect !¡l th a slnk results 1n a nodification of the

poÈentfal barrlere to posslble atonic Junps, subsequêntly affectLng the

nlgratton of the pofnt clefecÈ. In netallLc crystalllne ûaterlåls, the nain

contributlon to the lntéractLon energy fs due to the long-range elastlc

lnteractlon betneen the êtrain fleld of the poLnt defect anil thosê of the
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sfnk and the externally applled 6treas, lf any. Thls 1nËeractlon energy

can be expressed by (1)

1u(s) - I-prJ - Ëorjr.rsn($)¡trr(5) (1)

where

trJ(S) = err(5) + err(S) (2)

Repeated lndlces fiop1y BuDmaÈ1on. A lower case Roman l.ndex may have a

value of I, 2 or 3, whtle a Greek lndex roay have a value of I or 2 only.

efJ(S) fs the straLn fteld of the slnk, and err(5) ls the straln fleld due

to en externally applted streas at the polnt defect posltlon, 5. trl t"

the elastlc dlpole tensor of the polnt defect, so named because Pll repre-

senta the rnagnltude and dfrectlon of the Èhree mutually perpendl.cular force

dlpolea that, $'hen p1ace4 at S, Ì{ould produce the sane llnear elastic

straln fleld a6 the polnt defect. oi¡kl 1" Èhe elastlc polarizabllfty of

thè polnt defect and descrLbes the nodlflcatlon of the pofnt-defect dlpole

tensor due to the applled etress.

The polnt-defect arrival râÈe at.-a sink must be calculated r¡lthln

a drtft-diffusfon theory. In most previous calculations, the contlnuûû

theory of drlft-dtffusfon was employed and the dlffuslon tensor was assumed

to be lsotropic. Wlth these assumptLons, the polnt-defect drifÈ-dlffuslon

current ls glven by -,r,
J = -Do gc($,t) - ßDo c(5't)$E(5't)

where D 1s Èhd ldeal dlffuslon coefftclenÈ, B fs the reclprocal of Èhe
o

product of Boltzmannra constant and the absolute temperature, and C(Jirt) ts

the potnt-alefect concentråtlon.

-2-
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. Much useful fnformatlon has been derlved concernlng polnt-defecÈ

nlgratlon Lnto slnke thaÈ have a Blgnlffcant assoclated strain fleld, e.g.

edge dlÊlocatlons, usfng equatlon (3). In Èheee calculaÈions, E(5) is

replaced by -pÀV, vhere ÂV Ls the lsoÈropLc vollne strain of the polnt

defect, whfch fnteracts wlth the hydrosÈâtLc componerit, p, of the stresg

fleld of the sink. Sfnce ÁV for an lnter6titlal ls greater than that for a

vacancy, the current of lnterstltials lnto any sink wfth a posLtlve value

of p nl11 be greaÈer than the currenÈ of vacancies lnto the same sLnk,

assrmlng equal supersaturaÈlon of both types of polnÈ defects. The slnk ls

safd to have a larger sfnk strength for lnÈerstltlals than for vacancLes,

and is also saLd to be bfased Èo\ùards fnterstltfalê (slnk sÈrength and biae

wl11 be äeftned in Sectton 2). Slnke that are blased tolrarda lnterstftfals

lnclude vacancy loops, lntersttÈlal loops and straLght edge dlslocatlons,

buÈ not strâlght scren dlslocations sLnce the associated straln field ts ln

pure shear (1.e. p=0) ltr this casê. The exLstence of blased sfnks fs very

lnporfant ln the explanatlon of nâny lrradiatLon defornatlon phenorûena,

such ae vold srre11lng, and LrradfatLon creep and growth [2].

Furthêrmore, based on equation (3), appLfcation of a unLform

external stresa can affect the polnt-defect drtft-diffuslon through the

cross terf0 conÈaLned ln the second Èern on rthe rLght hand slde of equaÈlon

(1). Tïts effect cauees the blas to depend on the relaÈLve ollentatfon of

the Surgers vecÈor [3-5] and llne dlrectlon [4] vtth respect ro rhe exter-

nal stress field, and givee rise to a stress-Índuced preferred absorptlon

(SIPA) effect, \thlch Ls a favoured nechanlsû to expla!-n lrradlatlon creep

12-61.
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Eowever, ft has been polnted ouÈ that equaÈlon (3) ls, ln

general, lnaalequate t7-101. Through a mlcroscopic derlvatfon, Dederlchs

and Schroeder [10] showed that tf the saddle-point conflguratlon of the

potnt defect fs Laotropic, Èhen Èhe forrn of equatfon (3) can be retalned by

replaclng Do wlth D = Do exp[-ß(E"-Er)] and E qrlÈh Eg, where E" 16 the

drlfd potentlal when the polnt defect ls ln the sacldle-polnt conflguratlon

and E, ls the corresporidlng quantlty fn the equlllbrlun conflguratLon. All

prevLous results can Èhen be used by replacLng E wlth E" and C nlth C

exp[-ß(E"-Er)] [11,12]. However, the saddle-poinÈ conflguratton of polnt

¿lefect6 la not isotroplc, Ln generaL. Thls hae been verfffed for cubfc

netalê by computer sleulatfons [13-15]. The work necessary to nodlfy the

contLnuun theory to lncLude the shape of the point defect in the sâddle-

polnt conflguratlon fs extenalve but necêssary! otherwlse lmportanÈ effect8

rnay be overlooked, ae thê evfdence presented belo¡y ¡sould sugge6t.

The effect of saddle-polnt anisotropy, aleo known as saddle-polnt

shape effect (SAPSE), on the polnt-defect mlgration lnto an lnflnltesfunal

edge dfslocatlon loop (IEDL) was Btudied by Woo [16]. Ir was found that,

whlle both types of loops (vacancy and lntêrsÈtÈtal) had a bfas for lnter-

stltfals, Èhe vacancy loop had a larger blas by a fâctor of approxfinately

5/3 t¡ fcc copper and approxlmateLy 413 ln bcc lron. ?revlously lt_wag

belfeved that the trùo types of loops had the same bias. Thfs blas differ-

entlal has lnportanÈ lnpllcaÈLons towards explaining the slmultaneous

growth of vacrincy and lnterstlÈtal loops Ln sone maÈertals [16].

As mentloned earller, an l8otroplc polnt defêct does noÈ lnteract

wlth the sÈrafn fleld of a screw dlslocatlon. Eovrever, Bullough and

Uewmaà 1fZ¡ polnted out that Èhe shear flelct of an anisotropic polnt ilefect
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nll1 lnteract wlth the pure sheår straln fleld of a screlr dfslocatlon.

Fron thls polnÈ of vlew, screw dLslocatlone nay be blased slnke and, Lf so,

may be an lnportant factor in lrradiatlon danage calculatLons.

More evLdence that SAPSE is an frûportant effect can be found in

the case of an externally applled stress. The effect of an externally

âppllèd sÈress on the blas of a etrâlghÈ edge dlslocaÈfoa was firsE con-

sldered by Heald and Spelght [2] and l{olfer and Ashktn [6]. IÈ waa envls-

aged to be caused by a change La Èhe polnÈ-defe ct/d l slocâtlon lnteracÈ1on

due to the lnduced change ln the dipole tensor by an external shear, repre-

sented by the second term in equatton (1). As mentloned eårlLer, thls is

the baslg of the SIPA úechanlsm ofÈen used Èo explalû the phenonenon of

Lrradiatlon creep [2-6]. IÈ has been polnted out [7-10] that the noû-

equlvalence of the Jump dLrections ln external flelds due to the anlsotropy

of the Êaddle-pofnt conflgurations could add to the stress effect on Èhe

blae. Itoo [16] fourd that the bias change for an IEÐL due ro SAPSE had the

sane stress dependence aa the usual SIPA effecÈ, ånd naned the resultLng

eÈress-Lnduced preferred absorpÈloû effect SIPA-SAPSE to dlstlngulsh Lt

fron the usuál SI?A effect whfch he called SIPA-I. Tïe nagnlÈude of the

btas change ¿lue to SIPA-SAPSE for an IEDL wae found. to be more than an

order of nagnftude larger Èhan that of the SIPÀ-I effêcÈ ln fcc copper and

bcc lron. The SIPA-SA?SE results appear to be ln bêtter agreenent lrl-th

experLment thaû the SIPA-I reeulÈs [16 l.

-5-



Recently, Torné et a1. t18l nunerlcally solved the drffÈ-dtffusfon

equatlons for point defects, Lncludlng SAPSE*, in Èhe Btrain ffeld of å

stralght edge dielocatlon 1n a hlgh-densfty dlslocatlon lattice, and wlth

an externally applled unlaxial stress. For fcc copper, they found that the

dependence of the dlslocaÈlon elnk strength on Èhe orlentatlon of the uni-

axlal Btresa relative to the Surgers vector was small and negatlve, whereas

the dependence on the orlentatlon of the uniaxLal strese relatlve to the

llne dlrectlon v¡as much larger in rnagnlÈucle and also negatLve. The usual

SIPA theory predlcts both coefflclents to be posltive, and the dependence

of the orlentatlon of the unlâxlal stress wlth the Burgers vector !o be

larger. These resulte suggest that the shape of polnt defects ln thelr

sadtlle-polnt conflguratlon may have an fnportanÈ consequence for lrrailla-

tlon darnage studles.

Eowever, betng a nr:merLcal solution, the celculation of Ton6 et

41. day encounter the followlng dlfflcultles. Flrstly, numerlcal resulte

are normally lese physlcal-ly transparent, especlally ln the case of the

blas of e dlslocatlon slnce ft Ls a functlon of nany varlables. Secondly,

nunerÍcal resulte are dlfficult to Lncorporate ln rate-theory calculatione

of the macroscoplc effects of lrradlatlon defor¡natlon. Thirdly, nr¡merlcal

accuracy llnlts the approxLmate magnltude of the externdl applled ela-6tic

straln. Consequently, thelr calculatlon had to be performed uslng an ln-
'-a

crenental elastlc êtraln step of l0 ", which nay be more than an order of

* Torné et al. [18] clatrned thaÈ Èhelr resulte conÈaLn effects beyond
SAPSE, whlch cane froÉ Èhe anlsotropy of Èhè equlllbrlun confLguraÈLon.
The author concurs ¡¡'l th Dederlch8 and Schroeder [10] and nalntalns thaÈ
the anlsotropy of the equflibrlum conffguretlon does noÈ lead to anlso-
troplc dfffuslon in a cublc crysÈal, even Ln the presence of a small
devfalorlc applted atreas.
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nâgnltude larger than â.pproprlate under normal condltlons, where terns of

order of "2 can be safely lgnored. The non-llnear stresa dependence of

thelr results Ls quiÈe apparent. Fourthly, lilûitaÈton of the 6Lze of the

integratlon reg!.on makee lt dffftcult Èo calculate cases vhere slnk densi-

tleg are ¡nore dilute.

The purpoêe of this thesle le to study snalytlcally the biases of

lnflnlte straight edge and gcrew dLslocaÈlons in the absencê and preaence

of an externally applted sÈress lncludlng the ful1 effect of the saddle-

polnt anl6otropy. The results are applled Èo fcc copper and bcc Lron, and

the lnplfcatloog of the results are dlscussed.

l:!'
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Chapter 2

FORMULATION

I{e non consLder polnt-defect drlft-dtffueton Ln an applled etrain

fteld, EOr(5), taklng tnto accounÈ the anisotropy of Èhe saddle-point con-

ffguraÈtons. Fron the microscopLc alerfvation of Deilerlchs ancl Schroeder

[10], tht6 can be descrtbed tn telns of Èhe renornallzed densl.ty W(6,t). =

C(5,t)exp(ßE") by the Lagrang lan

I
rrw(r,.,, =,f+ tsir(5) ++ ++ - x(5)w(¡,t)r (4)

where V lB the Lntegratlon volume, K(5) fs the point-defect Productlon

rate, and $rr{g) r" the renornallzed itffuston Èensor glven by *

$r¡(r) = åT
úr

hrhlÀ:rr(;) e*pt ßtke(s)Pir(;) 
1

(s)

r¿here the sunmation ls over all neares t-nelghbour position vectors, h, to

which a Jr:mp may occur. The euperscrl.pt, s' in rlr{$) rrrar""tes that ne

are referring to the ¿llpole tensor of the polnt ilefect ln the ead¿lle-Polnt

conftguratlon. P;r(å) ie deflned fn the perfect crystal, and therefore we

are assunlng that the applied Btrain doea not perturb the dtpole tensor.

In eo dolng, we are neglectLng thê second tern of equatLon (1) tn the argu-

ment of the exponential in equatton (5). Thle le to facilltate study ofl

the fntrfnsic shape effect alone and not the stresa-lnduced one. I{e

further note that ff.. fn equatlon (5) fa an effective tlOl (1.e. averaged.ett
over dffferent non-equlvalenÈ equLllbrlun conf !.guratl.ons of the pÕlnÈ

defect) tdeal Jr:np frequeocy tn the þ dlrectlon, and W(5,t) ln equation (4)

* The Éynbol ^ Ln'h denote6 the unlÈ vector ln the dlrection of h. Thls
\

synbol 1s used throughout the report qrith sinllar rneanlng.
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refers to the total concentraÈl.on of rion-equivalent equlllbrluo conflgura-

tlôûs ôf thê 6áûë itefect [10]. Ile eüphâslzë that, ae a reault of Àorr, the

poselble Junp dlrectionÊ are no longer thoÊe of only one partl.cular equtll-

brlun configurat.ion, but are those of any one of the equtvalent equillbrLr¡n

conflguratfons. The effect of an exÈernal applted stresa on the equillbrl-

un energLee does not affect thls situaÈton [10]. EquaÈlons (4) and (5)

hold regardless of the syûoetry of the polnt defect, as long aa r,Je câû

neglect the dèpendênce of Pl, on the orlentaÈfons of the point ¿lefect

before and after the Junp. In cases vhere r¡e can drop the i depenaence of

^!ft, 
r" rnay wrlte equation (5) as

Srr(S) = D.åÐ;iÎr"*ntoenrr;rtfrlt (6)
'h

r^

dhere Z ls the coordlnatLou number and Do ls the ideal diffuslon coefflcl-

ent glven by Do = þn'^Zrr. In non-cublc caseÊ, thè same assümptLon leads

to an approxlmatf.on r¿here the aûlsotropy of the tdeal Junp frequency ls

averaged out. Wtthtn this approxJ.matLon, Do fs replaced by the averaged

ldeal dlffuston coefflcfent, D:ff, which is effecttvely what hae been used

in equation (3) ln rnoet prevíoua calculationa |rg-221. attfrough Èh1s nay

not be a good approxinatLon Ln certain caaeg, the averaglng allows the un-

' nasking of the effect due to Èhe anlsottopy of Èhe saddle-point configura-
lI úton (f"or that due to the anlsotropy of the ldeâl Ji:mp frequency or j,-p

dlstance) of the point defect, whlch te of lnterest Ln the present lnvesti-

gatfon.

lì1 .:.i..
l:::':'

:i,,.:,...

li:,::
i.:.:

:.'.:: .

l:::
,.:t-:.,.

¡:':l

-:
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ne consldêr Èhe caae of the lnflnlte, stralght edge or scren dfslocatlon.

Both dfslocatlon type6 have translatfonal symetry along thelr lfne dlrec-

tlons. Accordlngly, ¡¡e chooee a cyllndrfcal polar coordlnate systen nlÈh

the llne dlfecÈloû of the dlslocatlon âlong the z-sxis. I{e non approxlmate

the renornall.zed denslÈy by a cyltndrlcally syrnnetrLc ensatz, l{(5) " no(r).

Note that r non represenÈs the cyllndrlcal polar eoordlnate. Thle fe slnL-

lar to the spherlcal syonetrlzatton procedure flrst lntrodueed by Schroeder

and Dettnann [12] and used successfutly in other applfcat{ons [22]. After

naklng thls approxioatlon, the extrenum princlple for the Lagranglan glveg

the follolring one-dimensLonal, second-order dlfferenÈlal' equation:

(7)

where

12t.¡ l-" do- ^ .^
(8)o"rr(Ð = Jo 2f ruDuu(g)ru .

îu refers to the uth componenÈ of the unlt vecÈot along ¡l in cyllndrlcal

polar coordlnates. NoLe Èhat here, as elsewhere, Greek leÈÈer subscripts

tâke only the values l and 2. Note also Èhât equatlone (7) and (8) are

fnherently dlfferent fron thelr courterpsrÈe resultlng fron the spherical

Eynnetrlzatlon procedure Ln the câse of the IEDL [16], thus rêqulrlng a

separete derivatLon. - .

ReplacLng gks(5)Pk;(h) by -E"($rh) ln equåtl'on (6) antt substitut-

ing lrto equatl.on (8), we obtaia

dn

ffr t'$"rr<.\¡ft + K(r) = e

$.rr{')=":t?Ð f"
h Jo

de

2t't5'¡)'""nt-ßEB (S,b) I

-10-
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where Deff le the dfffusfon coefficlent ln the stress-free crystal. It iB

usuaLly not a bad approxlmatlon to åÊÊrrlûe that the effective Jr:rop dfrec-

Èforis are lsotroplc and replace the sutrmatlon by ân lnÈegratlon, Then

D --(r) becomeseÎt "

s.rr(,) - ,o:" l# f.'*,i.û,'.-n,-ßEs(5,û)r (10)

If we deflne

fao. f2' ae
c(r)=3 JTf)o znr(F'51'"xpt-oE"(5,þ)1 , (11)

tiren equatlon (10) can be wrltten ag

$.rrt.) = olrre(.) (Lz)

where g(r) can be lnterpreÈed as a scale¿l effecÈlve ilrlft potentfal for the

poLnt defect.

The shape effect can now be consldered. To allor¿ focuslng ori lt

as much as posslble, we make the stnpltfylng assumption Ëhat K(r) = 0 1n

equatLon (7) and use the slnplest set of boundary condftfons, which Le

generally referred Èo as the Constant Boundary ConcentraÈlon Method [23].

We lnaglne Èhe illslocatlon to be surrounded. by a cyllndrlcal reservoir of

radlus, R, centred at the dlêlocatlon ånd mâlntafned at a constant polnt-'..,., ,.

defecÈ concentratlon, õ. The concentraÈfon at the dlslocatLon core Ls

assumed Èo be the thermal equfllbrlurû concentratLon, so thåt Èhe renoñûal-

fzed concenÈration then ls given by

(13)

where Ce te the. thermal equtlibriurn concentratlon far fron a dlslocatlon.

r^ fs the radLus fron the stralghÈ dlslocaÈlon aÈ which a polnÈ defect wlllo

ftnd {t dlfftcult to leave the dlslocatton by thernal motfon alone. 0nce

lnefde r^, Ëhe polnt ilefect le assuned to be absorbeil by the dfslocatlon.o

-11 -



Thue, ro le termed the capture radfue. Iffth these assumptlons, the current

of polnt defects through e unfÈ volu¡ne can be wrltten ag

arr
D-^^

r = 
-o, (E - c")k2 (r4)

where o ls Èhe atomfc voh.me, and k2 1e called the slnk strength and le a

meaaure of the abillÈy of a slnk to abeorb poinÈ defects. The derlvâtlon

of the expresslon for the efnk strerìgth can be found ln Appenillx A, wl.th

Èhe reeult expressed Ln terns of g, the sfnk strength per uniÈ dlslocatlon

lfne leng th:

t=k2 lp = 2rÍ (15 )

where

-'t t,
n = (rp) "' (16)

and p Ls the dlslocatlon llne density. Another quantfty of interesÈ is the

blas, B, whlch deecrLbes wheÈher a sink hae a larger slnk strerigth for an

lriterstltlal or a våcancy:

c --c
s = _:_J (17 )st

Thus, a ¡lnk ¡vlÈh a negatlve blas wl1l have a larger sLnk ôÈrength for

vacancles whereas a slnk wlÈh a poêtÈlve blas wlll have a larger sink

strength for lnterstitiåls. As explained Ln the introtluctloû, the btal of

a dlslocatfon hae lmporÈant consequencee for Èhe macroscopLc effects of

lrradlatfon daoage ln metals.
:,'

FLnally, for the evaluatLon of g(r), lre use the ldentity.

J:j¡",'

-L2-
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where P = | t"<f!rl, po ls a normallzed eigenvalue so rhar Ppn ls the nth

eigenvalue of PiJ(;), rrrd g(o) ts the nth nomalf zed eigenvector of PÏJ(û).

Notê that

Eno=, (1e)
n

Thue ,

E"(s,û) = -Pp,, trJ(s).fn).(n) (20 )

-13-



Chapter 3

TITE BIAS OF STEAIGHT DISI.OCATIONS WITIT NO EXÍER¡¿{I, APPLIED STRESS

3.1 CAICIILATION 0F g(r) FOR AN EDGE DISL0CATI0N

T'he strâln fteLd of an lnflnlte sÈralght edge dlslocatlon, rùlth

the lfne dlrectlon along the z-axLe and the BurgerÊ vector along the

:raxls, le glven by l24l

wtth

b,( = z;lFl)
where b 1s the nagriltude of the Burgers vector, v is PoLssonrs râtfo, and î
and i are glven by

î=îr=coeo.,

î = î2 = ern e, 
(22)

where 0, ia the polar angle. All oÈher elenents of elj are zero. It ls

convenLent to separate "i1 i.rto lts fsotroplc anil devlatorlc components.

Thus ,

.1r = - :rr<t-"1"*"<-'-r'll,

"zz =;rz';+;<ì'-i'lr,

r^ .^2 ^2'-e12=;x(x-Y)=e21,

-1"
"rJ = 5 o l¡tkk*tt3

1s the devlaÈorið òoroponent, and ô

4.¿r)

(23)

;1.t..
,:', '

.j,;i,.

i¡,,.

i:,.
i:,i

i]

where f'

-14-
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(26)

In order to lntegrate over all $, we nake the assunption that h l1es along
the ftrst prlncipal directlon of the polnt-defect dipole tensor. Thfs ls
valfd fn nost cases, stnce $ ls usually ln a dlrectlon of htgh sl¡metry of
Èhe polnt-ilefect saddle-polnt conflguraÈlon. Therefore,

t = e(1) <27 )

Adilitlonally, rùe musÈ ""lat* g(2) rrra g(3) to fr.
In Appendlx B, rùe show thaÈ

.f")"(") " |tirir<ro"r-1 ÞôrJ(r-ôil)I (28 )

(no troplled
s tmrna t io n)

Therefore, ln the absence of an externelly applted atresa,

E = -Pe.. -PD - 
(n) (n)

s r(rc ' ttt l3ef "J

and

e(r) = 3 å {*, 'J." d0 r
Zlt J#,r.or'"xp(BPenn) (n,,r,r.l'). j')l'

SubstlÈutlon into equation (26) gfves

^ f2¡
e(Ð = L 

Jo 
ruru exp(B?en¡)v(u,v)de,

. ;"å þrlr"1r.r¡* I:' luiuu*p(sr.on)

(2s)

(ze)

where

(30 )

le carrled out in Appendlx C rdth the

È thaÈ ' .

'' e( r)
'It

.]

þ2+o<r-al (31)



where FE fs glven by

(32)

The flret Èern ln the Bquare bracket of equâtfon (32) represents

the contrfbutlon to the drlfÈ poÈential due to the interåctlon betlreen the

hydrostatlc conponenta of the strafn flelds of the polnt defect ând the

dlslocatlon, ancl ls the ortgln of the so-caLled "slze effect" in the usual

rate theory of frradlatlon danage [L]. The third term represenÈs the con-

trlbutlorì due to the lnteractLon between the alevlatortc component of the

dlsplacenent fleld of the point defect and the shear component of the

straln fleld of the illslocatlon. This tern vanlshes Ln the case where the

polnt defect ls lsotropià, l.e. when p1-1 (we assune p2 = p3). The second

Èern erlses as a croas teÎn betrgeen the Ewo terns fn the deflnltlon of Es

(equatlon (25)) eaused by the non-llnearlty of the exponenÈfal ln the defl-

nltlon of the effecÈl.ve drift potentlal tn equation (11). The last Èno

tern6 represent the effect of the saddle-polnt anlsotropy on polnt-defect

drlft-dlffuslon ln the flel-d of â Btraight edge dlslocatfon. IÈ wtl1 be

shown 1n Sectlon 5 thaÈ, ln the Etress-free case, ÈhL6 effect only changes

the stnk strength and biag o.t LLe cilgë dlgloc¿Llul by a snaLl ätuurrt. ThIs

change ls an increase fn most ca6ea, except when p1 lfes ln the range

0.89(pr(1, as can be shown fron equatton (32).

3.2 CALCIIIATION Or s(r) FOR A SCREÍI DISIOCATION

Ttre streln fteld of ân fnflnlte stralght screw dislocatlon !¡ith

the llne dlrection along the z-âxis fs given by [24]

on _ B2p2 (t-zr)2 ,,
15n21t-u¡ 2 t^ fr'ts + 

1r_fu,<nr-tr'¡
+ f nr-r) +

-16-



and (33 )

bez3=T;;x- %2

¡¡here the symbols have the sane meaning as ln the stratght edge dfslocatlon

case. All other elements of eíJ are zero. Noce thå.t

"kk = o (34 )

and so separatlon of elj lnto fsotropfc and deviatorfc componenta Ls un-

necessary. The lnteractfon energy can be convenlenÈly nritten as

E"(¡,û) = - zþp,,cuulu.$")"{")

lrhere

.=(-r å) i

The G tensor has sone ueeful properties nhfch are lfsÈed below:

G îî ¡O
l¡vuv

and

GG
uk vK

6
uv

SubstLtutlng equatlon (28) tnÈo equation (35), gtves

ll ^^^u, = - 4ff(n1-1)Guuruhuh3 (38)

l{e notê that, for aû lsoÈropic polnt defect (prr=l, nol ,2r3), E" = 0, ae

oentloned fn the Inrroductton. ContLnulng as for the sÈralght edge

dislocatlon, we flnd, for the stralght screv dl.slocation (see Appendtx D)

(3s )

(36 )

(37 )

(3e)

'e( 
r ) = u,=iof#${#ifc,'<}r "

-t7 -

r¡he re

,s = 
gq2p2uqr'-r¡2

1 1120 n'
(40a)



ånd

I = å*kpr-rl (4ob)

Equatlone (39) and (40) clearly show Èhat the contributlon to rhe

drfft potentlal ln the case of a acrew dislocation comes only from the in-

teractlon betneen the Éhear conponentg of the flelds. Drtft due to a "sfze

effect" lnteractLon ls co pletely absent (cf. equatfon (32)). It can be

6een iûnedl.ately that the drift potentlal vanLshes for ân lsotropic defect,

where pr=l. As a consequence of the saddle-polnt anlaoÈropy, screw dlslo-

caÈlons are generally blased elnks. However, unlike edge dlelocations,

whtch are usually blased Èowards fnÈerstltLals, screw dlslocatlone can be

blased towards. vacancieg Lû cases r¡here the "degree" of anisotropy of

vacancies [ <leterolned by (pr-l)2] ls nuch larger than that of LntersÈf-

tla1e. Tï1s ls because, for edge dlslocatlons, Èhe drtft potentlâl lg

dornlnatecl by the 'sLze effect' Lnteractfoû, whtch 1s larger for fnter-

stitials because of thel.r larger hydrostatlc straln ffèld. The analogous

hydrostatLc sËrâia fLeld does not conÈribuÈe to the Lnterectior of Èhe

pofnt defects and the ecren allslocatlon. Thls blas of a screw ilLslocatlon

Le entlrely an effect of the saddle-point antsotropy and nay have lnportanÈ

conaequencea for the lnterpretation of Lrradlation danage experLments.

3.3 TI{E SINK STRENGTH AND BIAS

Havlng derlved expreseLons for g(r) for both typea of dlsloca-

tlons, Ife can norr evaluaÈe the slnk strengÈh8 and biaseg fron

êquation (15). From equatLons (31) and (39) we can lrrLte

-18-
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For slnpllcity, we have dropped the superscripts E arid S Êhat Lndlcate the

type of dlelocatlon. The slnk strength per unlt llne length can now be

evaluated fron equatton (15):

rE 41t (42>
ln( - ln(

o

and the blas can be r¿rltten as

B - 1-
1n(n2+r b2 )-1rr( r 2+¡ t2)'vv' (43 )
trrln2+rrþ2 )- tn1 roz+rruz ¡

¡yhere ihe subscrlpts L and v refer to Lnterstftfå1 and vacency

respectlvely.

If !¡e put

P=KÀV= 2 l+v
J r-zv o

utrlch can be conpared r,/t th the one derived by Eea1d and Spetght 12,41 _fot

slollar condltLone:.

,- 2t
' 1n( 3nR/ 3¡rV eob)

=2nIn(2.3rR/ßuvs.b)
. o'

-rLA dlscusslon of the valldfty of neglecttng 0(r -) in e(r) ln equatlon (41)

r¡here K is the 6u1k conpres s lbllLty, u the shear nodulus, V rhe voltrme and

't.2
€o the relaxatlo! stráitr of the poLnÈ defect, then assuúlng R'>>Fb'>>ro',

1t can be shown that, for an fsoÈropic polnt defect, equatlon (42) reducee

to

and of the accuracy of equatlon (42) is givèn in Appendtx G.
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Chapter 4

TTTX EFFECTS OF AN EXTERNALIY APPLIED STRESS

ff err(5) of equatlon (2) fs caused by a unLforro exÈernally

applled strese, then we nay use the identlty

.rJ = ""rrÍ')È5') (44)

1
vlhere e = ãTt("fJ), e, fs a nornall.zed elgenvalue so that ssn ls the n-th

elgenvalue of e

Agaln, we have

' E",=t (4s)
ll

Thus thè contribuÈfon tà E" due to the externally applteil stïess can be

wrlÈten as

r!t$l = - r"p-"rtf')t(n)"(n)"(n)

Denotlng E"(5,þ) in equatlon (20) by E;(S,b), lre have

E"(Í,h) - r1<5,51+u!<5>

E caû be expancled Ln a Mcl.aurlû serLes Ln terns of e.

physlcally lmportent range fD whLch the èxÈernal stresa satlsffee n! << fl.

In thls range, rre rûay. neglect terms of 0(e2) and htgher. Therefore

ç(e) ' ç(o)(1+ &) ãrl

iJ' and S(t) ," the n-Èh normalfzetl eLgenvector of €lJ

¡¡here :

Then, frorn equaÈion (15)

(46 )

(47 >

I{e only consider the

(4e)

ar. =e

-20-
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¡vhere

c'(t)-3å9t"-o
The change of the blas due to the exËernally applled sÈress ls, frof,

equatlon (17 ),

(s1)

(s2)

(s6 )

Àr

¡:t
r Àr.

¡s = v¡-J
Ef 'Et

Substftutlng equaÈlon (28) tnÈo equaÈion (46), ve obtain

E:(i) =-3pe -|r"(nr-r)(s,,tf")t!")iìríìr-rl (53)

We observe Èhat the ftrst tern of equaÈlon (53) is lndepen<lent ot fr,g, "rrdp- and can therefore be taken outside Èhe doublê lntegral of equatton (12).
n

In fact, we can deflne

otfr(.) = Dirf .*p(3ep") (54)

otff(.) represerite the change of the fdeal dlffuston coefficlent under a

hydrostatic pressure. Thus equattons (12) and (11) can be rewrltÈen ex-

pltcttly Ln teros of Èhe internal applled atresa aa

D"rr(r,e) = otff(" )g( r,.) (55)

a¡d

g(r,e) = 3 I # I'"' #,i.0,'".0,-ÊE'(s,û)-ßEeu,û,",,

¡¡here

, : tlu<û,'l--#"(pr:r>t"otf").!")îrîr-rl . (s7)

Note that r!dt!,"t ln equatton (57) vanlshee for a pure hydrostatlc applfed
lr

etress ( srr=l , n=lr2r3). I{e can now evâJ uãÈe g'(r) and obÈafn

-2t-



Note that for an Lsotropfc poinÈ defect (prr-l, n=l,2,3), gr(r) ls zero.

Thus, the change Ln bfas Èhat we r¡ill calculate ls strictly due to the anL-

ootropy of the saddle-polnt configuraÈlon of the potnt defect. The detaLls

of the evaluatlon of equation (58) for the edge dlslocation are presented

in Appendlx E wlÈh the fesult that

(5e )

where ßr, is the angle between the Burgers vector of the edge dlglocaÈlon

and the nth prlnclpal .dlrectlon of the externally applled stresa, and ¡.n is

the correspondlng angle for lhe 1l.ne dlrectlon of the ètlge tllslocatlon. HÏ

and Hi are gfven by

s' (r) = forqp'-r¡¡nl {{r-"."o"'u,')+(rrflÏ {){r-",,"o"2r,,)lrurÞ:t-t¡.û^tt

"' = 
-.!"-ra: 

(L-2v)2-(7-r-ov-8vz)(pr-r¡-12-zv-v2¡1pr-r¡2¡ (60)
" 112 (1-v)'r'

and

"i = 
r*#[21(t-2v)2+(3-:ov+44v2¡(pr-1)+3(r+v2)(pr-l)2]. 

(61)

In equâtfon (59), we are neglectLng terrûs of O(r-4) and hlgher. Using the

sane approxlnåtion for the screw dlslocatlon (eee Appendlx F)

e, ( r) - 3ó Bp ( pr-l ) Ë0f;ffH+il1A2'{}l'{, -"o"o,' 
^o)

1*or(pr-r ¡ 1r -"rr"o"2 to)

where A is gLven by equatton (40b).

!.
If we separate the lsotropic and devLatorLc conponents,

equatlon (48) can be rer¡ritÈen as

r("tc) = Ë(o) Ir+(4!)r"o*(þe*(þ^¡
\

(62)

(63 )



nhere the (9) t 

" """ evaluated using equatlon (50) rrf th.E

B'1"o(r) = B'9o(r)+B'¡o(r)

and

I'u(r) = - Ituo(r)errcos2uo , forp=9orÀ

where

".2s'uo(r) = *Lorlpr-rlnu l.

(64>

(6s )

(66 )and

ôto to

The E valuee

^.2t"l = fup(pr-r)(r{üì å)r
for Èhe edge dlelocatLons âre glven by equations (60) and

(61). Those for the scre!¡ dfslocåt1oûs are both zero

The Lsotropic component arLses fron thè poLnt-defect sfze effect

fnteractLon srtÈh Èhe strain fleld of the external streas (equatlon (54)),

plus the cross tern arLelng fron shape effecÈ inÈeractton !¡ith the shear

straln flelds of the stralght dlslocation and the slze effect Lnteractlon

wlth the fsotroplc conponent of the externally applteil stress. IÈ is ln¿le-

pendent of the sÈres6 orienÈation rùith respect,to the 'Surgers vecÈor and

the 1lne illrectlon of the dislocatton, anil therefore does not ""o"" f-r"-

ferred absorpÈfon of polnt defects. Tìe devLatorLc conponente, on Èhê

other hand, arLses from the shape effect lnteracÈlon rrfth the conbined

sÈraLn ffelds of the straight dislocation and the deviatorl.c conponenÈ of

the external stresa. It depênds on the relatlve orientatlon of the Burgers

vecÈor â.nd the 11ne directlon l.'lth reÊpect to the externally applLed strese

-23-
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atorLc conponent. The effect of the hydrostatic conponenÈ of Ekg ha6

already been separated out and Lncorporated lnto the "1deal" dlffuslon

coefffcfent.

If o lB the tråce of the external .applled atreas tenaor ot¡, 
"ttd

un a norrnallzed eigenvalue Bo that oun fs the nth elgenvalue of or, (see

equatLon 44), we hâve the followlng relatlonship between the straln and qhe

atreBs

- = (r-2Ð oe --@ìz1i3l (67)

and

(1+u) 3v' "r, 
= ii'r-ãfi-" - f:r-ãll " (68)

where l¡ ie the shear nodulue. We note that the efgenvectora of ofj are the

same as¡ those of ef,. Uslng equarfons (48) and (63), the slnk strength Ln

the presencè of o' le glven by

r(o13) = Ë(o)tl+Pi{.of^{t-,rrr"o"2Àn)+;fß(t-un"o"2orr)}¡ (69)

where

*/^ - 
(+#t1+ 

#(EÀ-r)
u2 <n2-"2"1

(70 )
qnz+ru2 ¡ 1rl+r

.(71)

lnÈ-defecÈ

type8 are dropped to slnplify Èhe notåtlon.'.
..

and

the change in Èhe corresponding blas by the o

ÂB = (1-BË[^Tl (t-rnco s 
2to)*aT' (l-urrco"2Brr) t 

'

Le then given by

<72)



and

IÀru=åBeL.¿l-P"ÅT) u-eorr . (73)

It 1s fmnedlately obvlous fron equatlone (72) and (73) thât the

appllcatlon of an external stress changes the bias of sEralght dislocations

(both screw and edge) as a consequence of Èhe saddle-polnt anlsoÈropy. The

resultlng biaa change varLes as a furicÈlon of the dislocation orlentation

rtrlth respêct to the prlnclpal dlrections of the external streas. As a re-

sult, the blases of sone dlslocatlons ¡¡ould be raleed whLle those of

otherÊ, that arê dffferently orLenÈed, ¡rou1d be lowered. Thle r¡ou1d cause

a stress-l.n¿uced preferred abêorptlon of poLnÈ defects at the dlslocatlons,

in the same way as Èhe, usual SIPA nechanlsm for lrradlaÈlon creep doea

12-61. 0f couree, lt should be renernbered that the usual SIPA Le a conse-

quence of the stress-lnduced anisotropy of the point-defect ilipole tensor,

whereag ln the presenÈ work, the preferred âbsorptlon ls caused by the in-

trLnelc anlsotropy of the polnt-defect dlpole tensor. To htghLighÈ the

dlfference betneetr the SIPA effects arlslng from the Ewo dlfferenÈ orLglns,

r¡e have chosen to call Èhe usual SIPA arl.sing fron the second-order Lnhono-

genelty effect SIPA-I, and the SIPA we conslder Ln thLs nork SIPA-SÀPSE, ag

EentLoned in the Introductlon. At thfs polnt, !¡e must emphasize Èhat a1-

though SIPA-SAPSE and SIPA-I havê dlfferent orLglne¡ they are not nuÈually

exclusLve- In facÈ they shoulil occur sinultaneously. wheû the fntrtlfc

ânlsotropy of Èhe polnt-defect saddle poinÈ le snall and the elastLc polar-

tzabl-llty åf tft. pòfii'defecÈ år rhe saildle polnt le large, one would ex-

pect SIPA-I to donlnàte over SIPA-SAPSE. OtherwS.ee, the opposite would be

expected. We note tha! a classfcal. èxample ueed for SIPA tB the splLt
. 

.. .: , :j' ... ;'

dunbbell' lnterstl.tl.al [3], which rtefornä stgniflcantly under the actLon of

lt Le 'sald to be very sofÈ Ln shear. Eowever,



although much experlmentel evfdence suggests that the equlllbrlun lnterstl-

tlâl conftguratlon ln nany cubic netals ls consLatent ¡ùlÈh the dunbbell

pLcture, lt ls not obvious thaÈ Èhls can be generalLzed to the saddle-point

conflguratfon.

The behavlour of SI?A-SAPSE can be sÈudled nost readlly by con-

parfson !r"t th SIPA-I. The change ln the slnk strength of an edge dlsloca-

tlon due to the aecond-order fnhonogenelty effect, as a functLon of the

dislocatlon orientetion, has been derived [3r4] using the llnear elaêtlclty

theory. U6lng this result, and assurolng Èhat Èhe lnterstltlal f6 soft ln

shear whlle the vacâncy shear modulue ls unaffected by the external streas,

the corresponctlng- blas åhange of the edge atlslocaÈlon can be cast ln the

same forn as equatfons (72) and (73), as followe:

açr = ¡r -r¡f,¡ Àr{À (1-ro.o" 2Àn)+a}¡ß (l-uncos2 Bn) I e4)

where

ç(0) 5Àut
owß =-

"f 
30 (I-v ¡r+ (4-5v) aul (7s )

and

À\ - vAws (76>

Eere e1 fe the relaxatfon atraLn of the lnterstltial iin the absence of--the
1

external applled stress, and Ur(l+ÀUr) is lts shear modulus. Note that for

a unlaxlal external streaa ud = (3r0r0). Conparlng equatlona (74). and

(72), we note this re¡¡arkable slnllarl.ty, nlth one governing the blas

change upon the application of an external stress due to SIPA-I and the
', ,: ... :

ng that due

I l,
:.

ii

other governL -t9 SIPA-SAPSE, respectLvely.:



Although SIPA-I and SIPA-SAPSE are lnd ls t lnguiehable wlth respect

to the ltnear atreaa dependence ånal Èhe stres s-orlentat lon dependence of

the resulting lrradlatLon ereep, the two mechanLsrns do dlffer in rnany

respects. Perhap8 the nost LnporÈant one 16 the relatlve signiflcance of

the llne dlrectlon dependence and Èhe Burgera vectot dependence. I'or

SIPA-I, the llne dLrectlon dependence lê about l/3 of the Burgers vector

dependence (see equatioa (76)). On Èhe other hand, for SIPA-SA?SE, the

llne directlon dependence ls roughly 10 Èlnee larger than the Burgerg

vector depen¿lence, as can be shown from a rough estl[ate of the ratlo of

,J^t.dB ln equatLons (70) and (71). This large llne dlrecÈfon dependenee

- in the case of SAPSE ts not related to the dlslocatlon strain field and ts

'so1ely a conaequence of ihe external etress-Lnatuced ånLaotropy of Èhe t¿leal

dlffuslon tenaor and the translatfonal synúetry of the dlslocatlon lfne.

This eymetry dlcÈates thaÈ aLl poiût-defect currenta nust flor¡ Ln a plane

nornal to the dlslÕcation line. A uniaxfal tenslle stress applled along

Èhe lLne dlrection w111 cause the nåÈerLal to elongate in the llne direc-

tlon antl contrâct Ln Ëhe dlrection of the defect-current flo!¡. An M-type

poLnÈ defect [16], whlch Ls elongated aÈ the saddle poiûÈ along the Iunp

directfon, would therefore encounter a hlgher energy barrfer durlng lts

Jump along the flow line thân ln the absence of the applied aÈress. 0n the

other hard, aû F-type polnÈ ilefecÈ [16], whtch Le flattened at Èhe saddle

polnt along the Juúp dLrectLon, ¡¡ould encounter a lo¡¡er energy barrier thân

f" ttte atsence of the appllecl atress. Consequèntly, the åpplled 6Èress

lowere the sl.nk stiength of Èhe cllslocatlòn for M-type defects ancl Ln-
:..:i...:, ::- ,ì :.:. t.

creaaes that for F-type defecÈ6. Thus, froro equaÈlon (70), tt can be seen

that nost of the contrlbutlon ,o Å\ corneg frou Èhe flrst tern in the
'. , : '.:. i ,,:

equare brackeÈ. The second tern contributes about 102. That the first
l

tern l's not related to the Etraln field can be readLly seen by putting b=0,

whereupon the second term'vanishes. NoÈe tinat Z!ß vanlshes in thls case
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a1so. This shows that the eecond tern of f\ ^na Èhe entlre /B ^r" "
conaequence of the dislocatLon sÈrafn field, whlle the flrst tern Ls

relâted to the symnetry effect descrlbed in the foregoing dlscusslon.

In the case of an edge dislocâtlon loop, ÈhfB llne directlon

dependence translates Lnto a BurgerB vecÈor dlrectlon dependence. It hâ6

been shown [25] thaÈ a ftnlte edge dlslocatfon loop nay be approxfnated .by

averaglng the llne directl.on of an edge dlslocatlon fn a plane Èo whlch the

Burgêrs vector Ls normal. In thle approxlnation, the slnk strengÈh and

blas of the loop are gLven by replacfng 
"o"2to 

by the average value [25]

"o"2lo = 1/2(1-cos23o) Ln equatlona (69) ancl (72). IÈ ¡vf1l be ehown tn the

next sectlon that thts yielils results conafstent rùiÈh those fron a separate

calculatfon for Èhe infinitestlnal edge dlslocatton loop [16].

The second dlfference betweer SIPA-I anil SIPA-SAPSE is the ten-

perature dependence. SIPA-SAPSE fB Lnversely proportlonal to the absoluÈe

Èemperêture expllcLÈly, whlle SIPA-I Ls not explicitly tenperature depen-

ilent. Any têúperature ilepenilence is through the tenperaÈure dependence of

the slnk strength, f(0). Ëowever, lt l.s not experlnenÈally easy to separ-

aÈe the Èenpèratute dependence of oÈher effectg such as thermal emlsslon of

vacancLes frorn a slnk, of bulk reco!ûbtnaÈLon

The thlrd dlfference Ls the dependence on Èhe potnt-defect eLze.

the point-defect BLze throwh P,

whereae SIPA-I is lnversely proporÈLonal Èo Èhe poLrt-defècÈ slze. From
.:.

computer sfttu1aÈlon sÈudl.es, the relaxation strafn of copper is slûaller

thatr that of Lron. Conparing the SIPA effect ln copper and Lron nay
\

provlile an opportunLty for experirnental differentlâÈlon betÌreen theÊd two

mechanLeng.



Chapter 5

APPLICATION TO FCC COPPER AND BCC IRON

The saddle-polnt dipole tenaora for a vacancy and the <100>

durnbbell lnÈerstltLal have been calculaÈed by conputer sfnulåtlon for boÈh

coppet [13r14] ancl lron [14r15]. For copper, three aete of paraneters are

lfsted ln Table 1 correspondfng to dlfferent interatomlc potentlals of the

nodlfled Morse type [13,f4]. For Lron, one set of parameters is listed in

Table 2, correspondLng to a Johnsoû potentlal [14r15]. The sink êtrengths,

per unlt llne length of an edge dislocaÈlon for anlsoÈropLc vacancles and

lnterstitials 1n copper and iron aÈ 500 K, are ploÈteal agalnst dlslocation

¡lensity ln Figuree 1 anil 2. For comparison, the slnk etrengths for l6otro-

pic polnt defects are also plotteal. In all cases, the interactlon betlreen

the shear fielde due to. the 6hape anlsoÈropy lncreases the slnk strengÈhs

by a sroail a.nount. The case for Èhe screw dislocaÈions L6 slmllar. Eow-

ever, aceordlng Èo equatfon (32), the anlsoÈropy can reduce the siak

strength of an eilge <lfslocatlon tf p, lies Ln the narroç range 0.89(pr(1

(assumlng v=1/3). In Flgure 3, blases for boÈh typee of dlslocatlon ln

copper have been plotted versus dlslocatlon llne ilensfty. The resultg

ghow eatfefactory conslstency for the Èhree illfferent lnteraÈonÍc poten-

tLa1s. The screw tlfslocation has a ellght bias for vacaneLes. Thle lnill-

cstes that vacancies âre more attrected to areas of shear sÈraLn than are

(100)' itunbbells. Eowever, this bLas ls very sna1l and roay be lnalgnlficant

1n the piesence of other BLnks. On the other hand, the eilge dLelocatlon
Ì

has a large bLae for the <100> du¡nbbell. Therefore, iu the presence of edge

dlslocatlons, nore lntersÈLtlals than vacancles wlIl annlhllate aÈ the dfs-

locatl.on, leavfng an excess of vacancles in the naterial. Voide, whlch are
\

usuall'y assumed to be neutrål sinks, cån grow under these condltions
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TABLE 1

PARAI4ETERS FOR VACANCIES AND INTERST],IIALS IN THE SADDLE-POINT CONT'TGURATION

FOR FCC COPPER, OBTAINED BY COMPUTER

Defect

Vacancy
MÍgratlon

<100>
InÈerstiËla1
Migration .

Vacancy
Migratlon

<100>
Interstltfal
Migratf.on

Vacancy
llLgraÈ1on

< 100>
InterstftLal
Migratlon

MM

ItM

r.{1

M1

MO

MO

Potentlal

4.67

45.3

3.4

45.6

5 .6r

68.9

rr[r'I
( ev)

-1.0r

t.t7

-1.13

L.L4

-0.73

1. 10

p1

0.3r

0.78

0. 83

0

o,2L

0. 87

P2

3.70

1 .05

4.13

1.03

3.52

1.03

p3

(å)

(i)

(å)

(i)

(j)

(i)

-t)(1
&

fi)
(i)

tj)
(i)

tå)

(i)

(2)
e

(i)

(:)

(i)

(:)

(r)

(:)

3)(
,t

L4

t4

13

13

L4

L4

Reference
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PARÆIETERS EOR VACANCIEq AIID INTERSTITIALS IN THN SADDLE-POINT CONFIGURATION

TABLE 2

FOR BCC IRON, OBTAINED BY COMPUTER SIMU],ATION

Johnson'

Johnson

-2.82

63.1

Defect Potentfal rr [Plj ]
(ev)

<100>
IntersÈítía1
MÍgration

Vacancy
MígratLon

2.73

1 .50

pl

0.135

0. 89

p2 P3

0. 135

0.61

(i)

[Ð

è
1)

=&

(

(

å)

i)

e
(2)

(i
(' iì

õ
(3) Reference
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because of Èh1s polnt-defecE segregâtlon. Blas versus dlslocatlon llne

denslÈy, for both Èypes of dlslocatlons Ln Lron, has been plotted ln

Flgure-4. As Ln copper, the edge dlslocatlon ha8 a Btrong bias for inÈer-

stltlals. However, the scren dlslocatlon nay be a slgnlflcant stnk tn

lron. It le also strongly blased toward lnterstitlåls, and thus can be an

lmportant fâctor in lrradlatlon damage studles ln lron.

The effect of the exÈernal applled atresð can be seen fron the

valuee of the êtress coefficfenta, ÀTo. To geÈ some ldea of the slgnlfl-

cance of thie effecÈ, lt fÊ lnsÈructfve to conpare these resulÈe \rlth Èhe

correspondlng quantlty 
^Wo, 

due to SIPA-I. Of couree, such a comparison 1e

valfd only for edge dislocatlone, because the screw dlglocatlon fs usually

assumed to be an unblased slnk. If we assume that the lnterstitfal at the

sadille pofnt 16 soft Ln shear, then the change tn sink strength due to

SIPA-I ls glven by equatlons (74) to (76). t'or the purpose of the presest

compartson, rüe assune that E(0)/ef = 1.

The SIPA-SAPSE coefflcienta are compared w"lth the SIPA-I coeffl-

clents for copper and lron La Table 3 and Table 4, reepectlvely, for a ter

perature of 500 K anit a clislocaÈlon lfne denslty of 1010 cn/cJ. These

coefflcfents are essentlally tndependent of the dlslocaÈLon llne densi-ty.

For coppet, tno features are immedlately apparent. tr'iraÈ, coúparlng the

ATre and Èhe aWrs; lt can be seen that the effect of an externally applted
:'

streEs on ll" ¡rt.1 of 
"l,,ef Be dtslocatiol 

:due ,to SIPÀ-SÁPSE is opposlte ln

slgn to thaÈ due t9 SIPÁ.-I. Second, for SIPA-I, the doninant orlentetLon
l

factor ls ÀW" r¿hfch relates to the orientatlon of Èhe stress wlÈh respect
Þ

to the Burgers vector. For SIPA-SAPSE, thts coefficlent fs essenÈla11y.:
\negltgfble compared w-tth the coefflclent ÁT. for Èhe orlenÈâtlon of the.-^
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TASLE 3

TABLE 4

STR4SS pEpENpENCE COEÏFICrENT$ FOR SrBqrcrlr pISLoCATTONS

IN IRON dJ 500 K AND p = 1010 cu/cur3

M0'

POTENTIAL

SIPA-SAPSE

-6.95

-5.65

-7.17

a'Î
6.54

r.25

3.r2

Hå

vÁ.cANcY

29 5l

15.07

25.88

Hl

247.32

77.91

53.72

H:
b

INTERSTTTIAT

577.s4

248.60

243.Or

H;

-o.49

-o.22

-o.23

^rlÞ
-6. 90

-5 .57

-7.O0

^'Ï
o.47

o.47

o.47

a"B

Áur = -l
SIPA-I

0. r6

0.16

0. r6

À"r

0. 17

0.17

0. L7

Àwa

Áur = -0.5

0. 06

0. 06

0. 06

awÀ

JOHNSON

POTENTIAL

-15.91
^tÎ

-7 .43

Hå

vAcAl¡cY

4.51

ul

-355.33
'l

INTERSTITIAL

771.83

nl

7.64
^'l

-r4-28

o'Ï

0.45

Áwe

ou, = _t

SIPA-I

0.13

Âwr

0.15

atg

Âut = -o.s

0. 05

Áw¡

*



stres8 wfth respect Èo the llne dlrectlon. Further, the nagnltude of ATÀ

Ls an order of Eagnltude greâteÍ than that of ÀWß for SIPA-I. For Íron, we

Êeê thaÈ boÈh ATß and Àlfß have the saroe sLgn. 3ut, for SIPA-SAPSE, ÀTÀ fg

the donlnant orlentatlon facÈor anal has the opposlte sfgn Èo ÀWÌ for

SIPA-I. ÀT^ for SIPA-SAPSE could be up to t!¡o orders of nagnltude greater

than ÂÌlß for SIPA-I.

Figure 5 lIluÊtrates the orfentatlon dependence nore clearly. It

enphasfzes Èhe fact that the ¿lominant factor ls the orientâtlon of the

stress wlth respect to the llne dlrectlon. Thls ts in quâlitatlve agree-

ûent with the nr:merical solutlon of Tor0á et al. [18], who also found a

large lfne directfon dependence. Quäntltative agreeroent fs dffflcult to

obtâln at the hteh dlslocatlon lfne denslty and high applled stress leve1

for v¡hlch.they report resultar because of dffferences Ln the roodel for cal-

culetlng the currenÈÉ and because of the non-lLnear stresê dependenie at

hlgh applted stress levels.

In the laat section, rre mentfoned that one nay approxlnate an

edge dlslocatlon loop by averaglng the lLne dlrectfon of an edge dfsloca-

I"l

l1::.,

::. :l :
ej

tlon ln a plane Èo !¡hich fhe Burgers vector La normal. Uslng thls approxl-

natLon, ATB for the flnite loop can be calculated. The reeults are pre-
. ..t '

sented Ln Table 5. .The resulte fron the SIPA-I Èheory are lncluded ae nell

as resulte for lhe,1.nflnlteÊ.fi0a1 edge dislocatLon loop [16], for conparl- .

. ::.:. i: :i. : :", .'''

sori. It can be seèn that values of ÂT" due'Èo SAPSE for the Lnffnlteslrnalp
.

and flnlte loop casea, are quite sinllar, ldth the inffnftesftnal loop re-
. .. ¡, ., .. .:¡.,:. ¡;.;:.f : l' :, .:

sulte about 302 hfgher in all cases. Cornparlson lrlth the SIPA-I resulÈs,

however, 6hows thaÈ thé ¡ûagnltude of the SIPA-SAPSE effect ls 5 to 25 tines
\

largei than that of SIPA-I. In thls connectl.on, the SIPA effecÈ fn loopsr

as obeerveal èxper inent'all¡¡ by Garnerr- Wolfer anil' Brager [26], nay be a con-
.l: ...:,..",:: '-a:t..'. '.,::...-: .' :'
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Edge Dislocation Sink Strengths as a tr'unction of Externally
Applied Uníaxi,al Strain.

of 1010 cm/crn3.
e, at 300.K and.a DislocaÈfon Line

Denslty Three orienÈatlons of Èhe unfaxial
stfain axis are consLderedl Orientâtion I is parallel to the
Burgers vector of the edge dislocation, Oríentá,tion II is per-
pendiculâr to the Burgers vecÈor and the lfne dlrection, and

III ls parallel ro Èhe l.l.ne directlon.

INTERSTITIAL

III

I

II

Orientatfon
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TABLE 5

COMPARISON OF SIPA-SAPSE A}ID SI?A-I STRASS COEFFICIENTS FOR

ER AND IRON 3
cm

Copper

Copper

Copper

Iron

MaÈeria1 PoËent.ia1

SIPA-SAPSE
I

SIPA-I

MO

u1

llM

Johnson

2.97

2.57

3,27

8. 78

Flnite Loop

ÂtF

IEDL

4.L2

3.78

tr.72

3.16

3.18

17.10

0. 39

0.39

0. 39

0. 39

Âli' (Àu.=-r)

0.14

0.14

0.14

0.14

Âlf' (Âur=-o.s)
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sequence of SAPSE rather thên due to the elastlc polårizablllty of the

polnt defect. Slnce the SI?A-SAPSE effect Ln loope ls ûålnly a consequence

of the lLne dfrection dependence of the dlelocaÈlon slnk sÈrength, fÈ

follows that SIPA-SAPSE Ln loops depende nore on the relative orfentât1on

nith respect to the strese dlrectl.on of the loop-plane norrnal raÈher than

Èhe Burgers vecÈor, whfch happens to be fn Èhe s arûe dlrectlon as the loop-

plane nornal Ln Èhe case of an edge dlslocatloa loop. Thls nay be an in-

portant polnÈ thaÈ ûay perniÈ experinental discrimlnation bet!¡een the Èlro

SIPÀ effectB.
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Chapter 6

S I]MMÀRY AND CONCLUSIONS

The effecLe of the anlsoÈropy of the saddle-polnt conflguratLons

of poirit defectg (SAPSE) have been studied ln thls report. ExpressLons for

both the 6lnk strengthe and the blases of lnflnite stralght edge and screw

dlslocâtlonê Ln an lsotroplc llnear elastie rnedium have been calculated.

From these expresslons, we can cone Eo several general conclusfons. Flrat,

SAPSE does noÈ slgnlflcanÈly affect Èhe magnftude of Èhe dlslocatlon slnk

strengths. Ilowever, a screrÍ dislocatfon wfll bè a blased slnk for anfso-

Èropic vacancLee and lnterstLtlals. In copper Èhle bLas ls very snall, buÈ

1n iron lt ls qulte large and, hence, nay hâve Èo be consldered in lrradla-

tion damage Btudles. Second, the applicaÈion of aû external sÈress changes

the bias in a !¡ay slnflar to the usual SIPA for edge dlslocattone (SIPA-I),

tn that the change ls proportional to I and they boÈh have a sftnllar depen-^u
dence on the orlentatlon of the appltêd stress, with respect to the Burgers

vector dlrectlon and the llne dlrectlon. SI?A-SAPSE applles to both screlt

and edge dlslocatfons. towever, unlike SIPA-I, in SIPA-SAPSE Èhê lûportant

factor ls the orlentatlon of the stress nLth respect to the line directlon,

rather than the Burgers vector dlrecÈion. The sign of Èhe change ln the--'--

slnk strength is a functfon of Èhe saddle-poLnÈ shape of Èhe polnÈ defect,

L.e., whether Lt Le elongated or flatÈened in the Jurnp dlrection. The rnag-

nlÈude of the change tn SIPA-SAPSE f6 Eore Èhan an order of Dagnltude

1ârger than that in SIPA-I for copper and fron. Furtherxûore, the change ln

the slnk sÈrength depends on tenperature and polnt-defect sLze dlfferently

in the tlto SIPÁ, nechanisns. In Èhe SAPSE case, the change varLes lnversely

wfÈh temperature expllcltly and varles dfrecÈly wlth Èhe point-defect slze,

whtle l1_the SIPA-I case, Èhe change with temperåture varles ae the dlslo-
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catlon slnk sÈrength tenperature dependence and varLeg lnversely with the

polnt-defect slze.

T1re SAPSE on the polnt-defect drlft-diffusLon to a fLnlre dislo-

catlon loop hae also been studied approximately by averaglng over Èhe llne

dlrectlon. For lron and copper, SIPA-SAPSE 19 also nuch larger Èhan that

of SIPA-I. It is posÈu1âÈed thaÈ 1f SIPA-SAPSE is the governlng SIPA

nechanLstc, the SIPA effect would depend nalnly on the relatLve orlentatLon

wlth respect to the applled atress dLrectlon of the loop-plane nornal

raÈher than the Burgers vector.
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DERIVATION OF EXPF.ESSION FOR SINK STRNNGTH OF A CYLINDRICAL SINK
USING TH! CONSTANI BOUNDARY CONCENTRATION METHOD

Eere we wlsh to solve Èhe differential equation

g'olrre(r)'gn(r)=s (A-1)

sublect to the boundary condftlons

n(r-) = se (A-2 )-o-

and

(A-3 )n(R) = õ'

Nôte that equatlon (Â-3) is derived fron an assunption that R is

sufflclently large so that Eg(R) * 0. The soluÈion of equation (A-1 ),

sublect to boundary condltione glven by equatlons (A-2) and (A-3), ts

n(r) = c(õ-çe '. f' a¡
' J .ËCE (A+)

where

(A-5 )

The currènt denelty ls glven by

¡ = {e<'lgroirr,,(')l
(A-6 )

Oeff _

+ 1t*",
,., ,,,. .. 1 

t . t 
,

The cuirenÈ lnto a cyllnder of radiue r and unit length is

, = r 
f:,.,-!ärr-'

APPENDIX A

,= Ir.*= 
oiTtõ-'Ì,"o.

(A-7 )

The current Èhrough a unfÈ volurûe ls glven by

I-tP.
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where p le the dislocåtlon denslty. The current through a unlt voltrlne can

also be nrlÈten as

r = o"rr$c'_)r2 (o_s)

r¡here k2 le called the elnk strength. A compari.son of equationa (A-8) and

(A-9), ustng equatlons (A-5) and (A-7), reveals thar

k2 = "- l(R drî =" 
l),oö 

(A-ro)

.:..
;iì,
'.!i:.;'

it¡.
i;::.::
,Ê':..::,,

;ii:].

'ì!ì:.

,i.J-t.

5:-..,
t:¡..
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APPENDIX B

RELArroNSHrp oF $(2) AND g(3) rN rERMs or ,(1)

Let 0, 0, and { be the threê Eulerian anglee [8.1] betrùeen the

basfs seÈs g(t) ..rd the x-y-z cartesLan coordLnate systexo. In Èertr6 of

cartesLan coordfnates, S(") can be expressed as the follo!¡ing colurnn

vectorÊ

(1

t:, ) s(2) = (::"-'"::"-i:":,"":":i"""'*)'

= 1"::",' "::"*ï"::",'";:",'"::",\
\ -sinocos r /

sin 0

sln 0

"io2 
0+"o"2 o.o "20 co s ôsinô( cos2 e-l )

i ' , 
"o"2ô+co"2 

os in2 o

$

e
(3)

we can now evaluate "fz)"tz) fron Èhe elements or ,(2). rn the above

deecrlptfon, the angle ú represents a roÈatLon atorrt g(1). For si¡ûplicity,

rte asaume that rl, ls dlstrfbuÈed randornly, so that !¡e may average over I and

2 -2 IasÊrne coa {, = sln-1, =j anit cos ù sln {, = 0. tt 
"r, "f2)"!2

) b."or."

.Í"" 1
2

-cos0sin0cosè

-cos0slngsln0

"1o2 
osyronetrLcal

Sinllarly, we can gho¡r 
-

(B-1 )

e(3)e(3) =r!,0r, - "11)"(rlr.
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Uelng equatlono (B.f) and (8.2), we can conblne the expresslons for

"Ít'"5t', "Í""5", 'r,a "f3).!3) lnto the folrowlng general expressron fn

terns of "[r 
)"< r )

.r(')"r(") = o,,r.fl).!l) *å (o* * ôr,¡) (or, - "fl).<tl,
(no lnplled

sunrnaÈ f on)

å ,"Ít'"5t',rônr-r) + ôrJ (r-ônl)r . (8.3)

B

REFEPðNCES
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::,

'1i;.

:'..
,tì.:,

:'iJ.

-49-



APPENDIX C

EVALUATIoN 0F g(r) FoR AN EDGE DIsLocArIoN

g(r) for an edge dlslocâtlon ls gLven by

cG)-hlo
2¡ ^^

ruruexp(ßP1O)y( u rv)dor

(c-l)

frtJrfrrJr " 'flrJ"r(u 'v ' 
i1 

' 
J1' ' ' 'ln' Jn)d0r

The y values can be detêrmfned ualng Èhe BoluÈion ln Appendix B of refer-

ence 16(a) wtth Èhe result ÈhaÈ

c(r) - rt + 12 + 13 + o(r-4) (c-2>

where

fzn^^P(pl-l)l'l .u"uh¡å-.;tå ßPenn)exP(

,, - *f'" .*ntr3i>ur, ,

t, = fr<nr-rlr!

( c-3a)

(c-3b)

\

't-ilì:'.-

.: :1 :.

'ì'- '

I,
and

(c-4 )

These tntegrale can be evaluated ntth the afd of tables of lntegrals [C.1]:

t, = Sknr-r12pll

.

¡rÇ, *-z--1,r"*o<r$lur- , (c-3c)
(r-2 v)'
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knr* rftrtt/L¿"
ro-l [(2n)ttl'

r+1" ( c-5 b)

13=lf,o<nr-rlt i -_+,= tr|12'tstz'-r>*3--¡1 , (c-5c)
r+ t(zr)ttl' ' 11-2v¡'

and

(2n) ll - .2n (2v2)...2 (c-6)

Substitutlng equatLons (C-5a) to (C-5c) fnto equatLon (C-2) we obtain

e(r) - r+rE<|>2 +o("-4) (c-7)

¡vhere

-E g2p2(L-2r'2 -r- = - -"'- -j- ¡r +Npr-r) *fi ts +-!-nt<o.,-r)2t . (c-B)
rón'(l-v) (l-2v¡z 

- " r

REFERENCES

C.1 I.!. GradshÈeyo and I.M. Ryzhtk, "Table of InÈegrala, SerLeE and
Products", Acadenic Preee, New York (1965), 4th Edltion.
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APPENDIX D

EVAIUATION OF e(r) FOR A SCREI{ DISLOCATI0N

g(r) for a 6cren dlslocatlon. ia gfven by

where

uvr¡theh3 )

I = f3 trr-rl
Expandlng the exponentlal fn an lnflnlte serLea, we obÈaln

"r,., 
= ¡ fo" u," 

/#,i.u¡,.-n<þþ

^ l'2" ^ ^
"rn 'h lo rur"1(u,v)ile"

. ;" å h,å4,'f'"curu, curur.. ."u,u,

(D-1)

(D-2 )

(D-3 )

(D-5 )

"u"uturtu2'''rumY(u t vtvl'!2''' 
" 

vt' 3' 3''' 
" 

3)d0r

The I v¿rluee caa be deternlned uelng the solutl.on Ln Appenilfx B of

reference 1ó(a) and u6lng the ldentitles given by equattoû (37) ¡¡e obtain

g(r)-6 irltrt##o'-(:)1.:, (D-4)
n=0 \

where
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APPENDIX E

EVALUATIoN OF gr(r) FoR AN EDGE DISLoCATION

gr (r) for an edge dislocatlon 1s glven by

e, ( r) = ;-r, n-t y'# ft" *, Î.û>2< ",,.f '). j")iri,-r > "*n r-or'( 5,;) l,

= 7" rrr-rr, | #.f,'" *, t.t>2"".fo).!o)îrîr.*nr-uul<5,ir r

- år,'l l"=o} .

substltuÈlng t"" rf<f,û) (see equatlona (25) anil (28)) we obtatn

e' (r) = þrrpr-rx#";Í'';5" ;['" 
;u;".*n(Bpekk)ï(u,v,i,r)dor

* þ"î1").!", ¿ h,¡r,nr-r,,'f iuluexp(orenn)

' fr, 
Jrf rrJr''' ffrf 3rY( 

u'u'L' J'i1' J1''' "lo' J,n)dor

- þ,', l"-oÌ '

(E-1)

The 1 valuee can be deternined using the solution in Appendix B of refer-

(E-2 )

(E-3 )

(E-4 )
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,i = ?r. # {+5# (n,-r)r}""rtf') t2rrz
(E-s b)

. # Abuf,el-l )+nt rtn)1 2 
iz 1r-zu ¡rro-srr, ) - futnr-, >r!"ot.!')l 2rro,

'å=þr* lr-r > 
2 

t r|¡2 1 "ot, [") t 
2 

[4 sro4+ ( 1 8+s4 1t-zu 7*s 1t -zu ¡2 ¡r *

+ groz+2(L-2.))2rrol+"ot.j")¡2¡raroo*1as-54(1-2v))122+9(1-2v)2140 (E-sc)

+ 9102+2 (1 -2v2 )rro l+"rrt r!") 722 1t-zul2x ro

where T1r Í, anil T, are glven by equaÈfons (C-3a) to (C-3c) fn Appendlx C.

¡ ls glven by equatfon (C-4) fn Àppendix C, and

,", = * Io" !'lb .*p<rli) ae, .

3780 (1-2v

(E-6 )

TheÊe fntegrals can be evaluated lr1Èh the a{d of tablee of integrâlÊ [E.1]:

'',0 
= þ* å *fi, r"!r2'Sry ,

, =1; I-2o 2 í-¡ r(2,)r¡lz{r}12'{# '

- r-t å 1 ,-b.2n (2ûr3)
'so = Ëî f* I<rrl,,lZ 

tt.| ln+2166 '

r(r'x¡1

',, - hl å ,.,j", <'|r"6¡2fu¡

I
î

(E-7 a)

(E-7b)

(E-7 c)

(E-7 d)

(E-7 e)
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,,,=Iå *#f r'|r"ffSfi1; , (E-7e)

'oo-åå*fi?<ufr"1'¿f,*r¡' (E-7h)

and'
(2¡n)II= (2n)'(2t-2)...2 (E-8)

I{e aleo note the followlng ldentltiess

.fo) - .o" Br, , (E-9€)

.Ít) = "o" ro , (E-9b)

.r") =,4 - *J-8" ;l , G-ec)

where Bn le Èhe angle beÈrùeen the Burgers vector of Èhe edge dislocatlon

aftd the nÈh prtnclpal aliiectlon of the exÈernally applled aEresar and Àr, Ls

the angle beÈweeD Èhe line alirection of Èhe edge dislocatlon aîal the nth

prLnclpal dlrection of lhe externally applied sÈreas.

obÈain

Substftuttng equations (E-7) and (E-9) into equations (E-5), we

rï = þu + fo.{r-",,"o"2À") + åd+)2çt-eocos2eo)
!

l î'ir:
;::.¡:
I'i:'

.t:i.,, -

.$ t I ,"b,,2n

'="=o 
t(zr)r¡¡2 (trz¡1t+l) "r'

*fu<u!>z<r "o"o"z^,,)å u,*f fffu<'Þ'z

(E-10a)

+ fii nr-r ) t r!) 2 
{1- 

"o"o "2 
Ào, 

:. *inñ rf l 
2'1oj6q 

[ 7 D+l 2- 6!, r
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T;

where

and

þ 3 840
+

112 (1-v)

I 1

---T((1-2 v )¿

o..å I ,-!,.2r__l_""'fit<trl 
I t¡2\'rl (m+2)(n'Èl )nr-r >2<nfl2<r-"rr"o"2

. t(1-2v)2(2ü+1)(n+1) - 6(1-2v)(2n+1) + 3(n-1 )l
(E-10c)

. *"- do (nr-r)2qr!¡211-",,"o"2Ì,,) å ¿;,4,"
1t' 1*ZmU [(r-2v)-(2n+3)(2û+1) - 6(1-2v)(2û+1) + 12n + 15]

Substltutlng equaÈlons (E-10) tnto equatlon (E-4), we arrfve, at the flnål

resulÈ:

s,(r) = fuorlpr-r¡¡uE {tr-"rr.o"'uo)+(r+flÏ {){r-"rr.o"t^o)+o{r-4) ((E-r1)
1r

Eå
212

7 (L-2\)2- <7 -Lov-8v2 ) ( pr-l )- 1z-zv-v2¡ 1pr-r ¡2 ¡ (E-r2 )

(E-13 )
EHl=

2p2
21 ( 1-2v )2+ (3-3ov+48v2 ) ( pr-1 )+3 (1+v2 ) ( pl-1)2I

rì,: lr

:'::...,

':.':.,

'tì!:.''

i': :

...

224(I-v)

Note Èhat the surÂ of Èhe ftrsÈ Èerrns Ln equations (E-10a), (E-10b), and

(E-10c) cancel the fourfh tern of equation (E-4).
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APPENDIX F

EVALUATIoN 0F gr(r) FoR A SCREI{ DISLOCATIoN

gr(r) for a acrêw d161ocaÈlon is gfven by

e, ( r) = ;*r, rrt y'# l r'. *r;.i12 r "n.f '). jo) îri,-r ) 
"*n r-orlr 5,fr > r,

f
e, ( r) = 3, < nr-, l r/o4* I o" *rr.t)2{ ",,.f '). jo)irir-r ¡ "*p ¡-orl<5,$r r,

- þ<o ¡"=o)

'q,.lbetltutl.ng tot tl<g,$l (equatlon 38) equaÈfon (F-2) becoroes

s, ( r) = þ" ( 11-1 x/# I r' " *rr.rr2 "o.f 
o).i') ir;3.*r(þþu uîui"î, r

- þ(,) l"=oÌ

¡.¡here A le gLven by equatloû (D-2) rs Appendlx D. ExpandLng Èhe exponen-

tlål ln an lnfL¡fte aeriesr we obÈaln

s' (r) = þr(nr-rlrå;"orÍ.o'r5o' ;['" 
;u;"r,urv,i,J)dor'

* þ",f").!", p, h .¡;,'
fznI c c ...c

Jo ulul u2u2 ur!,

(r-1)

(F-2)

(F-3 )

-- (r-4)

fr
T

',ì:n: .

,':t.

t.-i l.a-1.:.

!ti:i:.?
:;i,,i: -

i¡::r'
i¡r.;r¡.,'

:l:..i:
ìÌ,,";:
lìi'.'.
:a ','

1
,3)dor - 3 e( ") I .'=o)
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e,(r) - 36ßp(p1-1)(r-"o.o"2Ào) i qf,¡çffi$ r4r" (F-5)

where (2n'l-1)ll 1e glven by equaÈlon (D-5) of Appendfx D and

,5t) = "o" ro (r-6)

where trr, lB the angle betrseen the llne directlon of the sc¡elt dislocatlon

and the nth princlpal dLrectlon of the externally applfed stress.
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APPENDIX G

TEE CTLINDRICAL SYMMETRIZATION PROCEDIJRE

Here rüe examlne the âccurâcy of the cylLndrlcal synmetrizatlon

procedure and the approxlxnatlons lnvolved ln neglectlng O(r-4) fn equatlons

(31) and (39). The boundary value problero thaÈ resulÈs from applylng the

exËremun prlnclple to equatlon '(4), wtth K(r)-9, can be solved exactLy for

an lsotropfc polnt defecÈ fn the straln ffeld of an edge dlslocation. The

resulÈing expresalon for the sink strengÈh per unLt ll-ne length, f, fs [23]

¡ = znro{{)/tKo(L*). ro(+) -Ko(+). ro(r*)l
o"oo

(c-1 )

where I, and K are the nodlfied Bessel functLons of zero order andoo
,l,-=F(Pn-l,n=I,2,3),

r = 9P (1-2Ð.
- 4n (t-v )

Followlng the cyllndrLcal symneÈrlzatLon procedure and putting pl-1 ln

équatLon (29), we have

f2t ds
c(r) = | -å"p1-zr.%rner)Jo ¿

(G-3 )

- y 1t,¡-zr,z",lrr" .
n=0

EquaË1on (15) can then be nr:nerlcally evaluated, uslag as nany tern6 of

equatLoû (G-3) as desired, and conpared wlth equation (c-1) to detenûine

the rûagnltude of thå error introducett by the cyltndrlcal symnetrlzation

procedure. In addltLon, we w111 compere the resulÈs ia equation (31),

settlng pr=1 fn equaÈlon (32), wlth equatton (G-1). The results for two

exarnp l e sete of psrametera are lisÈed ln Table G-1- l{e choose the capture

(c-2 )
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radius to be equal to b. The values of v and b are Èhose for fcc copper.

The value of 70 eV for Tr(Prr) is an upper llnlÈ on the values used ln the

actual calculation (see Table 1). The firÊt set of temperature and dfslo-

cation densfty values are those for the "¡¡orat" case Ln terns of error.

. Tvo facts imnedlately become obvious. Fl-rst, the cyllndrlcal synmetrlza-

tlon procedure overesfl.matee the slnk strengths. Second, tno terlûs of Èhe

serLes glve a bêtter result than the êum Èo convergence (to 10-6) of the

entLre serfes. The partlal stms of the 6eries, ln equatlon (G-3), is rnono-

tonlcally fncreasfng. SLnce the flrst two terns of the serles yleld a re-

' su1t that already exceeds the exact resuLt, addlng nore terms rù111 l.ncrease
. 

th" "r"or. ThLs nakeê neglectlng Èerús of O1r-4) and higher roandatory 1n

' the anlsdtropLc case. In additlon to Èhese resulÈs, we note thaÈ overestl-

natlon wl11 occur for both fi and f.r, . Since 3 ls proporÈlonal to the

dlfference of Èhese Èwo. parameÈersr some of the error rvtl1 be cancellerl.

" procedure, fs probably lees than the accuracy s'fth nhlch the elenents of

Lhe dtpole tensor are known. At any raÈe, ne feel that the accuracy !.s

.: good enough to glve us a gootl physlcal pLcture of the ehåpe effect oû

:'j. polnt-defect f,lgraËloû to a gtráLght dislocatlon.

-60-



TABLE G-l

OT' THE EDGE DISLOCATION SINK

ISOTROPIC POINT DET'ECTS WITIi TIIE'EXACT SOLINION

I

ctr

I

70

70

rrip:.i
r-J

( ev)

0.343

0.343

v

0.2s56

0.2556

T =bo
(¡rm)

300

500

TEMP.

(K)

1010

108

p

(crn/cr3)

34.3

20.6

L

3. 15

l. 31

e
EXACT

SOLUTION

SERIES
Two
Terms
Only

Sum To
Convergence

z
Error E¡ror

3.7 r

1.40

L7.9

6.6

3.36 6.5

2.5I 34




