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I. Objecfivé: Up»to‘ihe»éresent thé»develdpment'of“dislccation theory hes
5een thé éxcigsive.resuit of éffofts of sélia—sfaﬁe.physicists, mate;ial
scientist§ &nd meta;lu;gistS;. For some time now they have recognized the
serious neéd’for introduéing Statistiéai'appréaéﬁes tb aislocatiOn ﬁheo;y
so &s tofprévide more realiStid anglyses'fdr'séyeral iﬁporfant types of
disiocatiohvpfoblems: AS‘€ resu1t of'théir-emphasis'on éimple approkimatibns,'
howéver, they have aﬁtémpted'to treét-stafisticélif.iiabie problems as
essentially detérministic ih'ﬂafure;.ﬁy either the'adqptign of smeared éverage
, appréacﬁég‘or.ﬁy utilizing naive and somewhat q&estiénéble statistical bro-
‘ceedures.: Whereas, the apérépriate statistical con£ent in a few simple
examples was introduced ingo compﬁter simulated expériments, the results
of Suéh1iﬁvestigatibh5“haQe'brincipaliy‘sérved tp'emphésize the need for the
more élégant ahdvinfofhative anéiytical fof@Ulaﬁions of the‘Statistical as-
pects of,theée brdblemé.. Whﬁt‘ié SO‘séribusly’deéiréd istto place ﬁhé.
"Kihetic Theory for the MotiOn,Of!Dislbcatidhs"'pn.an équéliy reliaEle statisticai
basis'asbis now enjoyed byr"Thé Kiﬁetié"Theorf of Gases." As wil;vbe_shown, |
however,'the probléms of geometric statistics significant'to:ai510cation
theory aré indeed much:mqré'coﬁplicated than those thgt.héye prOQen-useful
~in gas dynamics. | |
In_viey'of the'fecégnized importance of dislocation theory féf the under;
‘standing of the'plastic behavior cf5crystalliné matériais; tﬁe_ackﬁoﬁledged
v statistipal-naturevof disiocatiqp motibn; gnd_thé‘stimulaﬁihg-statisticél
content of the subject, it i;!indeed'surprising_to'noﬁevthat ma;hematical' )
statiéticians'have nbf,yet'canfribﬁtéd §pecifically tb fhe devélopient
»éf dislocafién'theory. It is the obJeCﬁiVe qf'this papef to attempt to

PN

enlist the professional cooperation of the mathematical statistician in the
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needed develorment of more physically fealistic models for'dislocatidn moticn.
To achieve this ob,jec’tive the authors thought it would be desirable to tre;;t»
in brqad terms, in pfeference to specific details, the following topics of
interest in the sﬁbseqpeht sections of this report:

Section Ii.' Historical Introduction: ,AIShoft hisioricalvintroduction to
dislocation theory with referenceé;‘to readily acéessible and easily read’~
papers,'ﬁénographé; and symposia. on dislocation théory'fqr'the‘benefit of
statis?icians. | |

‘Sectioﬁ III. Elementary dislocétion concepts: A necessérily brief exposé.
of the minimum backérdund‘in elementéry geométfié and dynamic characteristics
of»@islocations that the mathematical statiétican wili ﬁeed-in order to bvegin
analyses on dislocaﬁion theory. As will be shown this minimum.background is

indeed so trivial as to be proficiéntly developed in a very short perioa of
time. To reduce this discussion tb tractébie dimensions, however, ﬁany of

the morei§0mplicated detéiis, which are often dependeﬁt'oh the great versatility
of dislocation Behavibr cannot be.tréated here.

Section IV. Effect of dispersed localized obstacles on the plastic yield

-~

strength.of erystals. A review of three different statistical treatmenis oI

the motion of dislocations past local obstacles at zero degreés Xelvin with

emphasis on the sensitivity ofvthe.analysis‘to the assumed statistics and

‘ methods of averaging..

Section V. Thermally activated motion of dislocations past localized oﬁstacles.
. : [t}

A review of steady-state mot;on due to thermal activation of dislocations

(2) past a regular array of localized obstacles and (b) Friedel's approximazicn
Tor random obstacles (c) plus analyses to te presented nhere for ihe first

time on results based on simulated computerized experiments for steady-sizie
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‘thermally-activated motion_of'dislocations past random lodalized obstacles.

Section VI. Summary: A brief discussion on possible analytical approaches
to the statistical'problem of d_islc_:cation motion past dispersed localized-

obstaéles.
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II. Historical Introduction. Although a few rather inCompleté éonceptS'
had been discussed in earlief:reports, it is now génerally.agreed that the

presently accepted viewpoints regarding dislocations were first announced in

three papers developed-indepeﬁdently in 1934 by Téylor(l), Orowan(z) and

Polanyi(3'. These papers suggested that the then experimentally known

plastic properties and slip behavior of metal single crystals required the
presence and motion of line imperfections now designated to be dislocations.

‘Whereas the existence of dislocations could be inferred indirectly by several

available experimental techniques, they were first "seen" by transmission

(W)

electron microscopy in 1956 by Hirsch, Horne, and Whelan and independently

by Bollmann(S). "It is interesting to ﬁote that some atteﬁpts to develop
ahélyﬁical aescriptions and'preAictions of plastic phénomena in crystalline
raterials iﬁ tefmslpf dislocation theory'preceedéd'the dévelopm nt énd
anplication of transmission electron microscojy; ’On'the'other hénd,both

experimental and theoretical interest in dislocations was markedly stimulated

by the introduction of this new experimental technigue. As attested to in

(6-1L)

-

nunerous monographs and symposia on dislocation theory. , ‘rather suo-
stantial progress has now Eéeh méde in identifying_many of the priﬁciples
that serve to esteblish a firm preliminéry framework for the theoreticel

treatment of the dynamics'ofvdiélocation motibn'in crysﬁal;. Despite the

- excellent progress'that has already been made{ however, ruch yet femains to

te cdone not only with respect to the versatility bf disiocatign venavior and

ire large number of different types of reactions that they can undervexe

(viée refs. 15 and 16), but also with reference to two general proslens

ol major importance that need be solved in order to provide more comprenensive
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and realiétic.models:féf diSlécation motién;  These Aeeded.advaﬁces cohcern
(a) tae ihtroductibn of physicallf acéeptablé statisficai approaches_fdr more
accuraté rati§nalization'of individuél'disiécétioh mechanismé and.(b) thé
Synthesié and stochasﬁié treatmeht of the'totai effect of all‘pOSSibievmeché
anisms 80 .as fo-obfain tﬁe nét Velociiy of dislpéatioﬁs. VA review §f-tﬁé
rathér limitéd progress that hgs_becn médé.to daﬁe'pn'the iatter topic was
présented;in a recent syﬁposium (171). A brief introducfion and review of the
fofmer toéic will be preéented in thé following séctibns of this papér. In

view of the limited space and time, the following discussion will necessarily

‘have to be brief. For this reason the authors chose to consider only one

. type of dislocation mechanism, namel& that of the motion of mobile glide

dislocations past simple localized barriers. ,This’éelection, was made not
only because of its importance to dislocation theory but also because it

exposés‘very effectively:the need for statistical approaches.
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III, EleﬁéntaﬁyvDisiééatiéﬁuébgééﬁ£§; Plastic‘deer&ation in crystals is
known'to‘be thé'réSult of shéar‘displagéménfs of éntiré blocks of a crystal
with réspecﬁ'to 6nevanothér;'_Such'éhéér.displacéméﬁté take placé in specific
crystallographic directions on definité crystallographic planés rather then
in‘the‘direction‘and on thé plané of the greatest resolved shear stress.
"The opefétivé modés oflslip directions andvplanés are ché;acteriZed Ty lbw
crystallograph;c indices indicating that they réfer ﬁo those directions and
vlanes ﬁhat apﬁroach the highest atomic densities. The specific slip plane
- and direction tﬁat first respoﬁds t§ the applied stress as it is increased
is that paif of the operative form on which the resqlvgd shear Stresé is
~greatest.‘.T‘ne slip response t6 the appliedvsﬁress on parallel slip plahes,
howevér; is>statiSticallyiextremely heterégeneous despite the fact'that.the
resolved shear stfesé'is the same on all éuch rarallel planes. An example
of such block moticn is shown in Fig. 1 which rgfers'to a slightlyvdeforﬁed
'and etched crstal of MgO. "Etching causes‘sﬁrface'pitting at points of
emergence of dislécations from the body.of the cfystal; Obviously, éfter
deformation dislocations are heterogeneously-distribﬁtéd on sets of parallel
slip planes. |

Glidé dislocations are nost easily defined as crystéllographic line
iméerfectiohs that demark thé bounaaries between slipped &arcas, s,_aﬁd &s

yvet unslipped areas, u, of a glide plane. The consequent’topologj dexands

that dislocations cannot terminste within the volume of a crystal tut they
must elther form closed loops- within the volume of the crystal cr terminate
on ihe crystal surfaces. The éiffercnce in slip displacemcnt between the

51lipped and unslipped regions is krnownas the Surgers vector, o. It Is usuully
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equal to the atomic spacing along the line of greatest atomic density in th

slip plane.

Examples of slip dislocations are shown in Fig. 2.

(a)

(®)

vector comvonents b, and

Zdge Dislocation: The dislocation line, AB, is perpendicular to its

—r
1 1=t

Burgers vector, b, a fact which serves to define the slip plane ZFT'L’.,

A sufficiently high shear stress 1 on the slip plane in the direction of

b will causé the dislocation AS to move normal to itself extending tne
slipped region.

Screw Dislocation: Screw dislocations are distinguished from edge

dislocations by the fact that the dislocation line, such as JX, is

-parallel to its Burger's vector. But it too will tend to move perpen-

<+

dicular to itself so as to extend the slipped region under sufficiently
high shear stresses T on the slip plane in the direction of its Burgers

vector. Since, however, the screw dislocation line and its 3Burgers

vector are parallel, the slip plane is not unicuely defined. If special

varriers prohibit the continued motion of & screw dislocation on its

-

original slip plane, it might, under appropriate conditions, cross-slip
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onto other planes that intefsect the original sl

theé screw disloéation JK.

the Burger vector, b, be the same along the entire length of any

general curved dislocation. In the illustration of Fig. 2, segment

£3 of the dislocation is irn edge orientation whereas segment JX of the

seme dislocation is in screw orientation, Alcng the segzent. frem K

©0 3 the total Burgersvector can be decomposed int
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S,'respectively., Sheaxr stresses on the siiz
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plane in the direction of 'the Burgersvector will tend to cause the diz-
location to sweep over the unslipped region u by moving normal to itself.

(&) Thne force ¥ acting normal to a unit length o a dislocation can be

t-

easily evalhated oy apolylng the princip le of virtual work. Bg. 1

(see F-o. 2) glves the wo,k W’ done on an edﬁe or a screw dislocat;on

of COnbtant length L as it sweeps out the entire area of £He Sll Waﬁe.
The first equality of Eq. 1 gives the work to move a glocation in te*“;
of the applied stréés f; thé aréa on ﬁhich it acts,a;d the dis placeuezt
b, of the upper relatlve to the lower portion of the crystal. It‘
‘aemonstv tes that the work is tb times the area swept-out by the dis-
1ocatidn,5b; The éecond eduality of.Eq. 1l gives the work iﬁ‘terms of the
forcé.F,“per unit length of a‘dislocation, times the length L,‘and the
distance D that the diélocation is moved. As atresult,'the force acting

on a unit length of dislocation when subjected to a stress 1 1s-given

An,atomisﬁic picture of dislocations for the case of a simple cubic
lattice is illustrated in Fig. 3; -Dislocations are now seen ToO te lire
centers along vhich the atoms, as illustrated, are im pe”fec ly erranged
relative to their sites in the ideal‘crystali Awey from the central ccre
of the dislocation: llnes, however tae éuom*c=arrangementvremainslthat for
an ideal crystal éxcepting for small elastic displa . ;eﬂts of the atons
frog their usuel relaﬁive positions in‘the'ideal_crystal. It has Deen

convernient to descrive the increase in the elastic strain enerzgy of tne
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the elust;c strai in energy over the mzjor vo‘ume of the cryst remains-un—'
changed. Chanées in straln ener ;y dhrlng dlslocau’én moticn are exclusively
due:to changes in'bond‘angies_and "e¢at‘ve Posit tions ©f only‘those 'ﬁoms
along,the'cdre of ﬁhe’disloéatibn lines.‘ With a'few éxceptibns, é;g;,:
dla¢onds, etc., such changes in strain energy are usually ne;l;g:bly émall;
B In bhls qualltatlve way, dlslocatlon theory ‘confirms the experimental obsef—
vation that the'pléstic yield strength'of face-centered cubic metallic
crystals of high perfectloﬂ ann*oaches negllglbly small values. As will be
shown later, it also accounts for sl‘n on a Sllp plgne in a given crycta“lo-
graphic direction and for the fact that plastic yielding QcCurs when the
resolved shggr stress reaches a valueithat is sufficient fo push dislocations
‘paSt varidﬁs types of béfriérs that they might encounter.

An uhderstanding3of'the'énergiés of dislocations is signifiCant
evaluation.df'their behavior unaer stresses. A detailed descripticn of the
efféét of vgribus fécﬁors that‘entér»ﬁhe_quantitaiive evaluztion of the
energies ofldislocatibns is indeed & veryAcoméiicated subjeét._ Some pre_

: liminarf and useful éoncepts, however, arevgained from a crude evaluation of
the easily estimated energy 01 a szngle stralght screw lelocation cente“ea
in en elastically 1sotrop1c crystal.

Floures 2b and 3d illustrate that a screw diSlocation resgltsvin &,

spirel ramp of atoms zbout the dislocation core.' Such & spiral ramp'mlbnt be
V1su¢llzed to result from making an anproprlately oriented r al saw cut from
<he surface to the center of a'solid cylindrical single crystal, disvlacing

<ze cut (showa in Fig. L) by one Bur~er 's vecucr D, we-hlng the mating suriaces
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of the crystal tOgcther and’finally 1ett1ng the eyl linder relax elactically.

-

As stown in Vig. b, a . um1ng the validity of Hooke's Law ond clastic ico- =
tropy, th ‘elastic strain Y; and‘strcﬁs_fg are givea by Eqc. 3 and b, where
G is the'sﬁearlmodulus of elasticity. The total line encrgy pér ﬁnit‘lng
of.the'sérew dislocation Fv:_of'Eq; 5; afises (al from>theglong range elastic
s~ra11—ewerby ové“-a revlon from the radius of the dislccation cbré‘Cf atout
b to the outer radius R of the crystal’ (b) plus F865 fhe'energy of the
dislocation coré from r = O»to:r'=3b. Because of the szall volume of the

‘dislocation core, the core energy is generallf much“ess than that of tue

surrcunding volume of the crystal desnlte the vossibly hlerr energj density

[N

n the core. It can be shown that the energy per unit length of an edge
dislocation where v is Poisson's ratio is given by ro = TS/(l—v)_= 3/2 T,

v , : : - S
which is only slightly greater than that for a screw dislocation. Vnereas,

o

the energles of dislocations in isotropic media increase linearlyxwith G,
tﬁey are rot fixed quentities butvdependyhot only on the crystel dizmeter,
but also.whether.the dislocafidn is in écrew”or'eige §rientation.
nore, thé eﬁergy of curved dislocationsgdecreaseg cdue to elastic interactions
bétﬁeen'the various seohents oL curved disliocation, as their radius o
curveture decreases. .The énergy.of’dislocétions also decrease in tre

3

proximity of dislocations of onp051te signs (vide Fig. 3e). For the following

an'7"ses tre slthors will adopt t“c convernient s”oxLHGt on that the lin

erergy per unit length of a dislocetion nas The substantially constant velue .

— a2 = - .c\ '| K - TS 23 -

sexriiess O2 ele St ¢ aniso O“} tre erystel orientation ol Tie 4is-
ooz~ o .. “ts5 redius of curvaitur Avarat o] 3t B T P P
idgavien Lirne, LTS raGluds Ol cgurvacure, corysial. 3lZe, sullale eIlells, and

* P S - ae - 34 ~ =59 ] - -~
an and dénsity oF surrounding dislocations.
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As previously'“e ioned, d;u¢oc tions in almost PerfCCu crystals of

face—centered cubic metalu beéln 10 move under vanisnlingly smal p; ied.

}—'o
l

stressésL .gbyiously;'viscous'drag‘and iﬁtticé fric tion effects nmust be
extrémely}sﬁall in tﬁeée_éasesf Much highér siresses, “uwevé - are reguired
to iake'diélbcations mb#éfin oﬁhcr iéss pérfect; a110jca metal c“/ﬁ 1s ¢
the:same_bésé metals.:‘Sﬁgh éfreéts must arise from the.presencebof costacles
té the mdtidn‘of diéldéations. Alfhough.vérious ﬁyjes ot obstacleé have
been lceqt--¢ed (15, 16) it will rot bé possible to describe the Qarious
claéses’and their ﬁnique effects, in_this report. For the prééent'objective,

it will be sufficient to consider only the presence of local obstacles to

the motion of a dislocation. Under small applied siresses 1, the forwerd

motion o a dislocation when it‘contacts_the local cbstacles as shown &t

points F end B_ of rig. 5. The line energy of a dislocation is pro?crticnal

to its length & as given by Eg. 9. Eence, a dislocation arc attempts to

[N

ts minimum length. Consecuently, the force along the lengtn of the
isl ior ine tension, is given by Zc. . Any smeall arc R4S of t=z
dislocation, or line tension, i 5. 10, A 11 grc R cf. t
is tion line bet e obstacles cted upon by two forces. The
dislocation line between th ob cl is acted upon by two fo Th
first term of Zg. 11 is the fdrce 15 per unii length of cdislocaticn tires

tne lquo“ Rd9 acting normal to the dislocation lirze as & result of the

zoplied stress. The second term of Zg. Tl is the force on the dislocaticn

iire due to thae line tension. Under mechanical equilibrium trese terms are

.

: sl [ N Y

. E Y VS S aR - T A= B . ~ L
&5 CI 1lla-lZel OL28T&aCLes SuUlli &8 wie 3Urzln e ls o

PR T - P . . S e orianimy e am E i e e ERU P omn [ R
sSgoute &lllis, wo2 presence Co conzrens "“ec*,..vavéa, LONUETIEElILCLE Tl TETULILNE
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dislocations, eétc., each exhibit urnique .orce displacement,
Al » . : . +

~ s -

Tor the cutting of the obstacles.

)

Por the ana*yceu to Te done here the czimple

. 4 E .. - . . e
rectangular F-x diagram shown in Fig. O walch

b

5 believed to approximatie

(i

that for tZe "cutting' of forest dilslocations tareading the slip planes by

%

glicde éislocations moving in the slip plares, will Te used. Vzen a resolved

shear stress is applied, the dislocaiion conteacts cbstacles Pj, P2, and ?3,
in Fiz. 6a, and bows out into circuler arcs. The radius of curvature of these

arcs is given by Eg. 12.(See Fig. 5). As the applied shear stress is increased,
the radius of curvature of the arcs decreases and hence the angle ¥, included .

Detween the two arms of the bowed cut dislocation &t P decreases. Ultimately,.

23
‘et some critical valve of the angle V , the force on the obstacle is just

sufficient to overcome the strength or the obStacle.‘ Taus 27 cos v /2 is

a2 measuvre cr the st‘e“;tn of an obstacle in te&“s of the line energy of a
dislocation. This critical force is given by FC in Zg. 13 and the corres-
conding obstacle force-displacement diagram is shown in

trhe obstacle-dislocation interaction distarnce. The *esultant worx done

(Eq. )L) for mechanically cutiing the obstacle is shown by the shaded ragion

{!)
F

gure 7 shows an actual example of dislocations in g0 cowing under

911

(%

[y
-

s

siress between small precipitates, which are bvelleved to be magnesium nitrice
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TV, Tffecy of Dignersed Locallzoed Thioiocles On

of Cryvstals: Tie y¢eld stress 1s freguently defirned as thet strezz ut
which small prescribed plastic strains are first ovtaired. In the present

context 1t will e convenient to

_needea to cut oasﬁaclés; ét-OOK all of the wo:?'must be dcne #echan;CAlly.

in this section three elternate estlmateS'will ve nmede of.the,stress ngces;ary

to mechznically force a d¢slocatwon to traverse a siip p;ane at COK:

(2) In the first estimate the obstacles will_be assumed to be Aistributed
in ‘2 sguére array on the slip plane..

(5) 4 more realistic distribution of randcmly.po iticred obstacles will
be assumed in the second approximation. Eowever;'in_li 1 of a cerslete
statistical conéidergtion éf.the proﬁlem, the analjsis will bve tased

on Friedel's (19) approximation.

,\
0
e’

inally_reSults,jaccurate to within the limitetions of the assursticrs
mede, obtained by t,e ‘compuser simulated ex er*mentS’cf

Makin (20,21) will e compered with the more appreximate enelyses.’
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DAY - T f FRPE P N - oy — - - —~y T =
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cbstzcles form a regular scuare arrey is seldom vallid. Occasionull
e PR Ty = 5 > 12 A} 3 <~ P S PRSI
they are clustered as in cold-worked metals, wiere the forest disloceations «

are mostly concentrated in the entanglements ceomprising the cell wallcs.

[

sually they are more or less randomly distriduied as in the case of
solute atom strain fields andé radiation-induced sirain cen
nl

riedel (;9) was’ fl”St to introduce elementary concepts of siatisilcs

<+ r
ostacles. As

(o

to the motion of clslocatlon past randomly c’strlbuu;d jote’ int
the applied stress is decreased the radius of curvature cf the borea—out
arcs of disloceation arrested’aﬁ loéal obstacle increaseéf 'CCnéequently
the éverage cord disténce, 2; tetween adjaéent obstacles subtended by a
dislocation arc increases as the ;tress decreases. TFriedel attempted

estimatg the influence of this effect on the yieli stress by éssuming thet
‘the a&erage corfiguration migat ve epproximated as'shown in Pig. 9. =e
assuned thnet vwhen thne stress became i gﬂ‘enough ©0 cause t
to cut the obstacles &t A, 3, c etc., the dislccetion edvenced Lo ihe next
set of obstacles eg., B' ete., where the areabswept out Der obstacle, LT,
is pproxiﬁated by Zg. 16. As requireé oy the simple geoxeiric relaticnznis

of Fc. 17, for wesk obstacles, wiere n << 2%, ire mesr cord lengin between

0
8]
=
§
!
[¢)]
ﬂ
H
O
(9]
o]
ry
ts
[0
(0]
Lol
[¢]
3
£
..l
[&]
02
t
(&)
jol
(22
2]
’.l
c!
(3
[¢]
[0
}-2
<
m
[

T 22 0 ) -
~ o - </2
—_— = oy -~ ;
gy \CCS Ry, e L
P <
Id = T A S B S RN = - = ) ~ -~
o e et e o Tmm e TS e -
28 TCLOGULCLELLTD Lo SLOWL I Tne ILNTLy JA4ZLed Llne L SLID. Lo wWIers LU
~ sred with BRI T i T R B e D e R OO T el -
~3 HESAC Wl o CLLU SLVEDL S&tllEr I0r - LT v Ll




(-c;)

~15- : o L2L-120

the yield stress 13 nlighly seacitive to the distridution of costaclec,

Of the same obstacles, the diflcrences beécome most marked for very wesx

’ . . )
Ay - = T 3 (A P L T PR e S i e enes
ovstacles (¢ - 1807, his coupuricon revéuls ihe imporilunce that muct

eing lower for the random crronzement WhHGR COIDE L0 the sguarce &rrd
‘being lower Tor the randon Tement when compared 1O the sg € 7

Le ascribed 1o & consideratica of the siatistics of the problem. since

tne yield strass for randoml

22 A ma e oa S e - - T . 3 - K -~
Cistribu wea weeXx obstaclzs 1s meny times

less than that ca lculateu"O“ a sguare array.

Coﬁwa:er simulated-exne*::erua o: Toreman and Mekir Beceause of its
iﬁhe rent ccmpl EXlty no ex,.c+ anaTy éai forxﬁlatlon for the statistigal
E“éa’KEHVYOL a dlSlOC&t;Oﬂ mov*ug t;rougn e randcm erray of local cu-
stacles has yet been presentgd. Cn_the otherhand, ?dreman and MeXin
(20,2l)lhaﬁe shown that it is possible fo obtain an éccurate sclutica
To this pro.lem by reans of & computer simulatec exuer;m"*t Tneir
approaéh cqnsiéted-of lay*n; downle,OOO coﬁputer’ﬁele“zed rendonly
pcsitioned obstacles ¢n é slis plane. (This.gave resiults that wers
W¢thin 5 thét given ‘for. a reandenm errey comsisting of 2,000 points

4 &iclocation line was considered to stert at the Tottom of the slip

— .‘_.. - - . < . : P -y S - 3 P i - v e
a2t mirror images of those on the operative slip plene. VWren & small
S emny o s S5 e e . rv A A O e
crezs was crrlied the dislocation contacted and bowed out belween
S - = - g -, ~ia s ra— 'ﬁ R B, S ;-\-,;‘.-4- -—I‘,~ S~
géjacent obstacles. The prozrem was so writlen as to perzit Tha dis-

- - o = 1Y - FES ., . SR SN IR | - R SO
~C22TICN TG Cun E:.\. taersicre DESE a2 initial "f gontecied coztec_es
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oy Activeted Motion of Dislocuticns

s discuzzed in See. IV, at 07X dislocaticsns cen . only te forced

e © A md AT e T 22 e ) » PR N sy -
Dasy oostucles Uy dlroct mecnanlca* acvlon due o tzne &l
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10y tenseratures pard of the work needed to cul Zocelized custacles ig

WSo'guoU_-ca by tr;rmal quctuatiQns in enerzy. Tze Trecuency of ﬁhérﬁ&l
fluctuaticns is usially'expresSed.in férms.of iransition—state reacticn
klnetics;'a§ exampiif b Ey*1“b s reaction rate theory‘(EZJ, acéofding
Fte) ﬁhich_

v"g-v éxp - g/kT : ] ) . L (é;)
where v is an attem?t frequency and kT hes its usual significance of the

Boltzmann consc nt times the gosoluue te;ueratu”e. The ferm'g refers to
the additionel isctzermel and con stent pressure work that need be supplied

by & thermel flustueation in order to cut the cbstaclie. Accordingly, g ic

known to be the Gibbsian free energy for activation. Tae eveluaiion of g

for the simnle rectangular F-x diagreaxw Zor cutting that was zdopted her
_ : applied
ig shown in Fig. 11, Unéer-en’ stress T < 7_ the dislocavion Tows cn

eitker side of an oustacle to suctend the angle ¥ > Y - s0 that the dislccaticn

P .. o e Tae . I A P R s £ : m Amd et mn A T fe o
secones :._c._-e*'xua“x_; arresued. =ICer & TEerliolk o1 Tire to v deterrmined later

e Tiuetuwetiin in free enerzy Y'esu“c,s in cutting the  costacle. Cre weri of
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is the Debye frequency. Granato, Lucke, Schllpf and leuton co (23),

have shown that somewhat higher attempt frequen01es are often zppropriate;

H

furthermore, Lothe (24) has submitted'additiohal alternate arguments fo:
this viéwpdiht; .Sihéé“the'frequency of activation'depends expohedtiall'_

on the free energy for actlvation and only llnearly on the atteumpt fre-

quency it will not introduce signifieant error to the proposed analysis tc
assuhe v to be constant. .'

In terﬁs of‘thevprevious discussion, evenvwhen the applied stress is
less than that heeded for.yielding at OOK,.the dislocation canbyet cut
ohstacles by the‘aid of thermal fluctuations. Since v' is the average
frequency for'a‘suocessful thermal fluctuation, the,motion of the dislocation
is arrested_at each obstacle‘for the time‘t=l/u'-for cases where cosy/2 rereins
constant. _After this lhterval of time, the dislocation.cuts the cobstacles

and moves forward to a new advanced position. The freguency for the reverss

[ . R e [

actlvatlon, 1 e., for motlon 1n the oppos1te direction aéalnsu the stress, is

so small that it can be neglected. Furthermore the inertie of dislocaticns

prot [ e b [

is so small that tlmes devoted to their acceleratlon free fligat, and stcozease

II . HE

at the next obstacle can, to a good approxlmatlon be neglc ted relative to

their wait time for thermal.actlvatlon (17).

Since thermally actlvated motlon of dlslocatlons is time deper dent it
is convenlent to express the results in terms of the velocity or dislocaticrne

DA | i

as determlned by the applled stress (now de51gnated as the flow iress,, -
1. K A i i .

the temperature, and the obstacle strengths and their distributicnz. In iz
[} L i ol

following paragraphs of th1s section three dlfferent tytes ol analyses will
be outlined, namely, (a) that for a regular square array of obs:;ci\:,

(b) that for Frledel's approxlmatlon for randomly distributed custoolos S



Caee N )

(c) newly obtained data, presented here for the flrst tlme, on computer
51mulated experlments for thermally activated motion of dlslocatlons past
randomly dlstributed obstacles.‘

(a) :Regular Square Array: As shown by Flg. 8 for the square array the -
‘dislocatlon advancesuas.aiunlt a dlstance Ls»ln“the period of a single
thermal fluctuatioa;’_Therefore,-the'averagélvelbcity-of the dislocations

in a'regular.square array,'designatediby-subscripts s, is given by

v

g = VL, exp —_—-—-(cosw / - cds@/2)7

-Qs vL exp - (cosw / -1 L b/.r)‘ | : (22)

where the second equality'follows from F1g.»8
(b)AAFrledel s Approx1mat10n. As shown in Fig. 9 the dlslocatlon advances,
_on the average, & distance h for each successful thermal fluctuation
|

for the Frledelisteady—state approximation. Therefore, using subscripts

F to'deSiguate Friedel's approximation-

A vh exp - ngf(cos.wé/2‘- cos $/2) -

L 1/3 ’
. .L'b 2/3 -
vF,— vL .(,FQ; ) exp’-vgzg-(cos $ /2 —'(T L b/ ) : }(23)’__

where the second equallty follows from the 1ntroduct10n of Eqs 19 and 20.
The 51gn1f1cant dlfferences in the calculated velocltles of dlslocatlons
for the cases of regular square arrays and for Frledel's approx1matlon for -
a random dlstrlbutlon of obstacles is seen dlrectly from Egs. 22 and 23.
At T =:0.K the results agree with those documented in Flg. 10. Whereas tne
T, VS i~relatioaship ds'linear;at constant,dislocatlon Yelocity and {S decreases

to r;v?:O for the critical_temperature given by ch/ZPd '(cos v, /2)/(& L v/v 5.
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Except for cos wc/2=1, Tp is substantially lowér than't; at OOK, especially
for weak obstacles and decreases af first moré'rapidiy than Té with increasing
‘temperatures; (in-cdntrast'to Té,'which is zero for all temperatures above

T finally becomes asymptbtic’to zero for constant values of the dis-

e’ TF
location velocity.)
(¢) Computer Simulated Expériﬁénté on Thermaily Activated Motion of

Diéloc@tidné. Preliminary data on the thermally activated motion of

dislocations pastlocalized obstacies,'asfdeduced'from computer simulated

eiﬁeri@ents,fhave become.availablé recently._ These data willibé_pre—
sented here for the first time in brief outlinéAfofm; more g;tenSive
‘and detailed coveragerof this subject wi;l'be'the.basis for a more
conprehensive future sfﬁdy-and:report.‘

' Several interesting details of the thermally activated cutfihg of
locAlfzed obstacles by the disipcation aré 1ucidiy exposed iﬁ these
computer simulated éxperiments.” furﬁhermbré, within the limits of the
_simpiifyiné assuﬁptions that were gdépted, the computerized experiﬁents
present what is belie§ed to be én gccuréte éta;istical répresentation
of the resulfs that afe obtained, heglecting, of cqﬁrsé, interactions
betwéen various glidé dislocations that might be present in a real
caée as well gs‘complications,arising from the operationhothér pos-
sible velocity controiling mechanisms. Thus, these data nbt'only pro-
Yide 8 guidé for formulgting an analyticél approach to thevStatistigal
trégtment of the subject"but also givé the simulated cdmputérized ex-
pefi@éptal data for checking the écguracylgf analytical aﬁbrbximaﬁibns

s

that might be designed for the solution of?this pféiiem in the future.
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Analyses were conducted on a CDC 6600 dlgltal comnuter. The coﬁ-
vuter was pro"rammed to lay down 1n1t1ally 999 randomly distributed
point obSuacles,.of the'type under- dlscus31on;von a.square area. A
 dislocation line was- 1n1t1a11y positioned at the bottom of the square
s;ip plane area. In order to obtain reasonable boundary condltlons at.
the sxdes of the selected Sllp plane area, the orlglnal random pattern.
of obstacles.waS’reflected across each s1de'boundary_1n,a menner iden-
tical_vith.that ado@ted by Foreman ‘and Makin: .Thus all dislocation
'arcs at‘the-tWO»side boundaries of'the siip plane:always ecquired'a
zero.siope.' Iu order to determine the steadyéstete=velocity'of the
dislocetion, each’computeriied erperiment was conducted holding the
h streSs.as well as the obstacle strength and temperature constant. The
range: of physically 1nterest1ng stresses, obstacle strengths, tempera-
'turesg-and velocities whlch were investigated are shown in Teble 1.
Also slown in Table 1. are the nondimensiouallforms'of the various para-
meters which were_used'in'this.anal&sis. | |
| Vhen’the constant stress T < T was epplied the dislocation wes

progr ammed to bow out between the obstacles to its constant radius of

curvature, R = P/Tb. If the angle Y between the two brancaes of the
dislocatiou that-contect an obstacle were ;ess than-ué, the progrem
permitted'thefdislocatiOn to cut andﬂbass the obstacle witﬁout delay.
For obstacles at which ¥ uas greater then wc’ however, it weas deme:ded
that thevdislocation remain arrested at that point Tor the time inter-
-val needed to assure thernal actluauloﬁ vast that obsuaclc Flor eaexn

new'configuration of the dislocation as it swept across tne slip plane,



velocity
stress

temperature

obstacle strength -

(relative) .

-20=

TABLE I -
© SYM3OL NONDTMENSIONAL FORA
o F ML
: 2
A .A/hs
t vt
v . v/Lsy,_
T TL_b/2r
T 2ra/xT
cos ¥, /2 ———— e

L =~ = average area per obstacle

requency (constant)

' = line tension (constant) .

@ = width of rectangular force - displacement diagram

X = Boltzmann constant

T. = absolute zero flow stress

- 10"

0.2t -0.87_
o o

"as needed

;9,)675,.&5,;325
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the'femaininngaitetiﬁe‘for‘a succeszui thermal fluctuatiénlwés deter-
nined for each obstacle contacted by the 'dfsld?:aﬁtionvl’ine.. Thus the
next obstacie ﬁo be"éﬁt 5y the diSloééiion_éould»be'identified as that
for'which'theireﬁéiningjti@e‘of wait ﬁas:the ieést. Each time one db_
N:;;;é w;s'du{.the'éaiué.éf Y, for the fwb adjécentfobétacles, changed.’
Adjaéeﬁt:obstacles, at'which the w'valués Became less than wc,'Were‘cut
without addi;ional-delay as demanded byvthé program!dés’:'lgnf Dependéﬁt
on'ﬁhe obstaclé strengths and'gppiied strésses,'a.séries.df adjacent
oBstacleé would frequently 5e hunzipped" folioﬁing some:thermally act-
_ivatéd cuttinés."Afﬁer determining the new_dislocation poéition'the -
résidﬁal‘times of wait fof_all'obstacleSycbhtactéd oy the dislocation
were fédetérmiﬁed to.identify that obstacle émong those ﬁow cbntaéted
which would be first cut. o
The determination of’the reSidu§l timebfbf thermally activaﬁed cut-

iné éf an cbstacle Was based on the éppropriate extrapolation of Eq. 21
f@f”thgscase wheré g = 2rd (cos¢c/é —>cdsw/2) is a function of time,
~.since_cosw/é might decrease'wifh time. The previously adoptéd deter-
ministic interpretation of Eq. 21 is retained for'this extrapolation so
that the total wait‘timé't, following COntactﬂbetweén the dislécation
and anxobstaplevat tv=ro; for a sgcceséful thermai.fluctuationvis given

by,

td -

g. (2%)

‘ t ' E .
hi =;]’v exp—QFd(ccswwc/Q - cos P/2)dt
o - kT ~ .

Tor cdses wheré cos w/2 remains constant this expression reduces to tihe

simple case given by Eq. 21, where v' = 1/t.
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'.A more cohvenient;form of Egq. (2&).can readily be formulated so as
to vermit. direct evaluati§n of the residual wait times for all obstaclés
contacted by a.dislocéﬁipn,line. Consider_thé time at ﬁhich’the jth
activaﬁion nas jﬁst been compieted. The dislbcation will then have cut
by thérmal ;ctivation-j obstacles and may have.cut_additional obstacles
by "uniipping". Assume that the ﬁth‘obstacle now'on the dislocation was

first contacted at the ith activation where i<j. Therefore, for each

obstacle p on the 'dislocation line, according to Eq. 24,

?

1= = v(ae)  exp-E(cos y /2 - cos v /2) Eq. (25)

Eq. 25 gives the residual wait times, (At)

D j+l'f°r eéch obstacle p on
s .

the dislocation line from which the mihimum value can be determihed énd
thatbébstécle.cut by the diélécation'can be identified. In {his menner
the dislocation moves ‘in g'point by’poinf fashion through the array. As
thé_diélocation_approaches the top of the_arigy the experiment is termi-
nated:A Dﬁfing the dislocétion motion the area,swept ocut ty the dislo-
cafion ﬁnd the total eiapSEd:time are‘tabulated as shown in Fig. 12.

The average dislocation velocity is taken to be the slope of the. area

vs. time data divided by the projected dislocation length.

Initially twelve different randomly selected arrays,of 969 obstaCleé

egch wefe exanined to ascertain whether this nﬁmber of obstacles was
sufficiert to provide representative average results. The critericn o
thg everese dislocation velocity was_employed Tor this evaluaticn

Preliminary results showed that the variations in éislocation va

. I

cities among the series of twelve randem distridution tacl

N TR
OI Coo8Tac

@]

-~ ~ \ P~ ~e P o — > - 3 ey o 5 -
were exXamined cecane enbarrassingly sigrnificant for low valu

y

o -~ -—
3.07 Tne
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stress and also lor hlgh values of the stress, espe01dlly at high. ob—

sta le strenguns. For values,of,TL v/2r less than 0. 05 th radius of

curvature of the dlslocatlon became 1] larbe tﬂut in some re“lons the

dislocation subtended only a fcw obSuacles within the slip plane area.

Under these conditions many ‘more than the selected 999 obstac es are

required to,obtain a good.sampling; Consequently for the data reported

‘here only stresses abtove 1L b/2T = 0.05 were investigated' alihough the -
. s : ) 1QUs

veriance in dislocation velccities was' large over all conditions

tested especially at high stfesses,‘fst/2f,and 't.higk cbstacle

strengﬁhs, cos'¢§/2, it was ﬂot'deehed_to EeveXCessive.'

In ofder te-provide”afreaSOnably accurete and'cemmon tasis for
comparing the effect of tueverlous factors that snec1f1c afraj among
the twelve was selected for detailed evaluation which'geve abcuﬁ the

mean QlSlOCat on veloc1ty for the ratner strlngent concstlonc o

,COS'¢C/2 = 0.9 and T/T = 0.8, Therefore_the deta reported here,

although . they may be of somewhat questionable sbsclute accuracy, never-
theless’ should provide reasonably good interreal consistency regardiang -

the effects of obstacle strengths, stress, and temperature on the

dislocation velocity since all reported data refer to one somevwn

averzze random array of obstacles.’
Vzen the stress is first applied, the dislocation advances

instenteneously so as to ccntact a series of cbstacles in "zero
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‘

2t different times.. ThisvsuggeSted that in order to provide'fof the
appropfiate steady-staﬁe initial cbndit}ons; the disiqcation must be
permitted to advence paét the first set ofvpontacted oustacles befére «
any accurate evaluation of the dislocation éelocity_in terms ot
elapsed time and area swept out might'be naeée. It was founa, however,
that the diélocaﬁion velocities calculate@ without correction scattere
~on either side. of those for=which corrections for the initial conditions
" were made. It appears’fhat in lerge measure this,observ;tibn zight be
attribﬁted to variation in the velocity of the dislocation as it
“travels over the élip plane; évidently’this veriation is'greater than
the ﬁffeéts of-the initial conditions. Undoubtedly thié ancmaly could
be resolved‘by.emﬁloying a much greater number of cbstacles. For th
Vprééént intent, however, it was considered no£ td te too -serious to
neglect corrections for initial conditions.

The Vista System of the CDC.6600'computéf permitted direct viewing
of théAdislocation‘moying by thermal activation.through e forest of
obstacles. Several interesting features of thermally activated dislccetion
;oﬁion were recorded in a movie which is described in the eappencéix o=
this reportixlfhe'Vista Systen was slso.extrerely Helpful in fqrmulating
ané ’deougging' fhis progran. - . . : L

Cver regions where cbstacles were greater than the average distance

epert the dislocation speeded up &and it slowed down where trhe density

= o e AT o P P S - T - [ - K3 - o -~ —~— e
I ofsial.les Wes nagrner then gverage. 20r sirdng odstacies (Cua % /i = L)
. C
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and high applied stresses (T/TO>>'}8) the dioiocation would terd to
ehcirclo regions more'densely’populaued*with'obstaclés and the'positivo
and.negafive-brancheé'of'the'encirclinﬂ dlSlOCatlon wouLQ annihilate

each other leaving & closed Gislocstion 100D pehind. Suck ‘dislocation
ioops“eVentually disappEared dueito thérmai.écfiVation and self anni;i‘-
ation;“ Fig. 13 shows a'dislocation'in the ea;iy.stégéo of.motion through

a random array from Whioh_a"closed loop has been left behind. The

dar& triangle in Fig 13 (at an obstacle on the loop) d wotes th t

obSuaclé which is goxng to be cut next oy thermal aCt’V ion} To gid
in-debogging-the program and to follow the_history of each obsteacle
during the moﬁioﬁ'of thé di310cation over ﬁhe slip plane, their
vertlcal coorolnates were usual graﬁmed to,réduoe.to zero regard-
less of whether they were cut as a result of thérxai activation or
unzipping. The progranm \as thus observed to be faulty whenever

isolaﬁed obstacle'poin s tbat were 1ot encircled by closeu'a¢510cau-o“
loop wer e left on the traversed slip Dlane. |

-

SA haéty guess might suggest that the sequence of outtlng obstacles

I

in.avgiven-random distribution sh ould be independent of the .temreratur

As sacwn in rlg lh however this guess is in correct. Two dislcocaticns

‘are shown in each of six sequeniial frames. Tre the rral’y activated

motion of both dislocations were stuclcc at - L/T = 0.4 for custacle

-strengins designated by Y = G5°. The ai sloca tion showzn oy the solid
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The triangle below the o‘slocat;on lines identified that point at

waich cutting of an oostacle will occur next. Over frares 1 to b

]

the same obSuaele is next cut 1nuene wdent of temperature differences.

1 b}

n frome 5, the triangle to the leff{ identifies the point that would

t3)
ct
}J-

0
next be-aétivated at 2Pd/kT_? SQ whereas the triangle to.the rizht
illustral : that a different point wouléd be activated next at 27 a/eT = 1.
In freme 6 the next points to be activated are alsozseeﬁ to dependé cn
ZFQ/kT;_ The va rlatlon of the sequence W1tn waich oostucles were cut
was common to'all of the computer simulated experiments on thermally
'activefed moﬁidn of disloeations thaﬁ were conducted.

For the pufpose.ef'future‘analyses; ﬁhe unzippihg'ratio, u,.
.given by-the‘fraction of obstacles that were unz1pped was also determinred.
ASVShown in Fig. 15 the unzipping ratio was independent of the tempereture,
decreased with increasing obstacle streﬁgtﬁ, and varied in a sigmoidel
Tashion from O tdvl as r/r increased from O fo 1. It is important to
recognize, however, that except for u abnroachl g i as T/T approached
1, the dislocetion remalned arrested for a pefiod of time at the ebstaele
before it was unzi pped;

Fo; the obstaele strength of cos wc/2 = 0.675, édislocation
velocities are given in Fig. i6 in terms of &n (Q/st) as a function of
tre reduced tem erature éid/kT fo? each of a_series of stressesrrep-’
resented in dirensionless form By TLSb/Qf. S;xll'r_trends were 09
Jor eil otner otsiacle Trengihs thst were Invesiligated insc

~ e L -t S92 - P K 3 ) ~ b e e e
LOLarlinn., OL Tne CLSAOCE&TLICn VELOCLLLY Qecreasel &umlsyr Llirngary wWilno
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4]

the reciprocal of the tenperature for each constant value of the sires

Although the theoretical justification of the Tollowing formulaticn hes

not Leen established, the data agree well over the full range of

conditions that were investigated with Eq. 26,

N
fo%

r
i

|

{cos wC/E - £ (<L ©/2r)"} Eq. (26)

s

X

=]

v/LSv‘=.c(TLSb/2F)m(l/l—u) exp -

Where _
¢ = constant = 6.9
m = constant = .63
.ﬁ'=-unzipping‘ratio

For the range of conditions that were examined, £ and n seem to be
i

dependernt only on the obstacle strength and then only nildly so

as

[}

newn in Figs. 17 and 18, respectively.

The yleld stress at 0°K can be deduced from the computer simulated

experiments on thermelly activated cutting of cbstacles with & dislocation.

&

T Lb cos wc/Z
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confidence in the nominal validity of the approac

rye

cetermine the thermally acpivated motion off dislocations

oostzeles. In addition it should be observed tha

is identicel to the empirically derived £it oft the Foreman and iakin data

‘given by Za. (19b).

% s

that wes used to

" In order to correleté the computer simuleted analyses it will

prove convenient to define a critical temperature, Z_, as that which

will result in a selected dislocation velocity, v, when Te applied

stress term of the exponential is Zero. Accordingly

A TN T T
2rd _ {7 e {53 {l:u_)}

cos ¢c/2

Eq. (238)

Intrcducing this value for 2Fd/chbcos wc/2 permits Eq. (26) to be

rewritten in the convenient form

- v
Y - f s te
kT J = Ll - T } (EQ. (c;
.0 ' c

All of the data obitained from the computer simulated experiments

- =~ [ S oM Al Ao ¥ —
in zTerms oFf t/t_ vs. T/T in Fig. 19. Although T
(o} o] 0O
(&
R - -l W o ma T P Y Y om S TR A
linearly with cos v /2, the reduced relationskips

-~ - A N - -4y . .
TS o Pans Vot ndaA At o ausevems-T o= T N omean,
L) . Lo T4CT TLAY SJTrlelel S auniioHin GC O ggrees

aric L inlrease

~.

for tze series of chstacle strengihs that were investigated are summarized

i
i
|
!
|
i
Il
‘
|
|
!
i
‘
|
i
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0.875 constitutes a tribute to nis remar
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VI. Discussicn: Xo apologies will bve presented for utilizing the rather

ca iy SR B S ) 2 £ B iy I T
naive and simplistic approximatiocons fTor dislocation structure of cryctals

A " NPT RS ] pd 3 A e d Gt e U L T RIS
and ©or the dynamics ol cislocaticn motvlon that were employed in tne zre-

ceding sections of this report. Furthermore, no excuses will be olfered
Tor the omission of extensive additicanal knowledge on dictlocutiocn theor,

that is rcleveat to the objective of this paper. The authors' major

(2]

thrust concerned the indoctrinai4on of ,;thehaticql statistician; in.a e

cf the most‘elementary aspects.of dislocation théory:in1order to illustrata‘

the need for their.pfofessional ¢xpertise'for_the essential future develop;

mént ot aiélocation theory within the needed.stgtistical ffamework;
Although :orelaccurate nukerical'resﬁlts could nagve teen oitgined

for the line energy model of a dislocetion by teking into coansideration

(2) elastic eanisotrcyy, (b) possitle &lslocation disscciaticn and stacking

Tault enefgy,_(c) the curvetiture of &islocations and interactlions between

-

branches of the same dislocation, (d) the differences due to orienteition end

+

s S A . ;
che negnitucde ¢of edge and s

crew componenis, such second order corrections,

&3 given in e recent puslicaiion (25), would have constituted diversions

'_l

that wowld nct nave aliered the mejor analyticel prineiyp

es tael were

- -

trhe barriér: to the moticn of a dislceation are excliusively simple Zocalizad




h

for rendeomly distributed cbstacles, serves to e"o

2 m P T T o 3 : Eny s ~ - D25 e 3
L3S &re operaivlive ol onle ine. Lone acuual Qyrnamnlcs Ol ClgloLailon

8]

on ihe. net effect of the 1m;10aneo“o interactio
&l such overative mecnuu‘sma. A retionel and satisfectory statisticzl

zoprcach 1o tre synthesis!of a seéries of mecihanism is yet very incomdlete

erd should prove to present a WO”Z:] crhallenge T0 the metaemetlical stetiz-

ticians. Inproved anelytical epproaches to the sirple case of disiceaticns

cutting a distribution-of localized point obstacles, which was discussed in

'U
'd
2]
'J-
ct
(4]

thévpréVioﬁs sections of this report mlbht servé uO uncbver ar

treatments for the more reélistic cases.
A'cpﬁparison'of-the"results thet are nre ctéd wnen localized obstacles

are'disﬁributeé in a squafe'array with those given oy riedel's approximetion

P

i

. . _ -
o the assumed cistribution of cbstacles as well as the great effect on

3
ct
)
[¢]
(@]
ct
vy
4]
]
o)
Y
3
£
’J
ct

0}

0\

the results cbtained by using stetistical methods. O

ol

}_,J

I3 indeed survrising that Friede

's epproximete results azres so wel

with those os::;:ed oy ccmsuter 51mulated experiments. There seems to be

= wend v 2y i O SR 2 PR X + 2 Ea P ET PN PR = e
23 wet only ;Lqupleue statistical jJustificetion for the assunsl geometry
: :

T e anme Trae aQvEsatad b - l -~ cw 2 iy Ny - e
o] Lame o Wl T LT corntactel opstacles are on an OI':LE,.;.‘-::.‘__J STUX (= e T
cin e i amn . <3 . . v e an
cislocation lire each an eguael aversze cord cdistence L anart and that the
PR i~ A e oy - } & o . a - - ~-
Average srez sWelnt out ver activation is always ecual to the aversge ares

-l - \ -— - -
A~ ey Ay v LA A e W s FR-Te T o e A e A2 e T S me
R R =L R O = L R I AR SR e AV A P N i L T e e i
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¢ prozatility; < of Tinulnz oo

»oint oostarlies wocks correctly expressad thc
Chytacle in clement of area dA in terns of the ared previously swent out

e ‘disglocaticon w1v“out contacting an obstacle as

- e emplcyed ccmnw*brlzed exver-ﬂeﬁts‘for the yield strezs tc juztify tre
sorewnat arbitrary conditions that e emplcoyed. Furihe rmere he alzo estinmeted

- ~ o ~

the probeability of unzipping in terns of the provacilivy of passage of

dislocation s through cords joilning obstacles. Although some of the statisticel

wpiricel and cannot be fully justified

as opened the way for mcre rational

on-the movion of disloceations throuzsa
e forest of locelized obstacles can easily be programmed so as to include
sccurately the complete statistical content of the provlem. The resulis of

such anelyses represent the most reliable data currently aveiletle,

o~ = - cat s E U ~ oA - K . TR = I R mra A Dapt v =
.ore TLne ccomrier simualeted eXoIriner nts a”e *ﬁvad.a:--e -0 LOErRiIIYLLE Tl

2 - e 2 m - MY PR b T R I .
cislocetion moticn that have sietvistical SLgnirLiceance.

< Y

&ty Hocke, they can serve as empirical guides 10 the formulaticn of

sme=F rad ant v T av g Trese rneeld vsT Le rore socurste o
PRSI DR VD o S PRSI I e T O LTU vvrvh-/ Ce INOTre il ._j CCVC_V A
O S S .a AR Ty s oaean a0
oI olE T2 LCTLCM Ol & LIS ClERLULonL Len L2 TOALETNSC LY oTelle ¢ Tis
- - - e [ T h e et e T T i AT A R T S -~ -
R T e e B A T e R R D B T S N -
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[ o == AT A ARd el A Ve D T3 et m A Al e ot e
CTLErETion O 2.l Vviglie QIsafladicn mecnellems, 1T Widl LII5U oe neceicary

rvler question regariing the meilion of & dislocation

[¢]

T chbstacles are changed. Avrroximete anslytical ireziment of

these examples by Xocks (29) gave enalogous resulis.

o+
ry
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ct
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ct
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1

An zyproximate treatment for

I~
[
Iy
H

cation past a sguare array of obstacles_having & rancdom spectrum of st

renk (31,32). More recently a trestment of therrelly

spectrum of activation energies was presented by  Ledusch (33). Ssverel
cuesticns concerning the statistical formulation of these enproaches nave

- . ~mmA Wyt s ) SR SNV : ' e A
Secen posed Ly Xocks (30). Wherezs boith renresent some progres

t

!

S

m
'y
3

3

O

m

'

!
¢

the 1l statistiical treatment for thermelly activated moticn o dislocaticns
zlized cotstecles, neither hgs ettexmpted a completely rigorcus

Zorimilation of tne problenm.
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1. Disloeation etell pits inm slip bands of plestically deformed
single crystal of MgO. Four sicdes of square crossecticnel arca
speciren are shown sicde by side.

2. Glide dislocations.

epresentatvion cf dislocations.

L.
.
¢t
QO
3
'_I.
[4)]
ct
'J
(¢]
a1

L, Strain energy of a screw dislocation.

5. Redius of curvature of a édislocation.

6. Cutting of point ocbstacles.

T. RBowing out of pinned éislocation in MgO.
8. Square array analysis.

9. Friedel's analysis.

10. Yield stress at 0°K vs. qbstacle strength.
11. Rectangular fcrce-~displacerient diagrem.

Area swept out by glide dislocetion vs. elapsed time.

sl
13. Glicde dislocation moving through random erray of point cbstacles.

Closed loop left behind. IZext activation at dark triangle on
loop.

o

<

4

i/kT. TFor solid éislocation line 2I'd/kT = 50; for dotted

sloc n 2Ta/kT = 1.

15. Fraction of obsteacles unzipped vs. obstacle strength and applie
stress.

k3

o~

16. Results of computer experimentis for cos ”A/Z = .67
z or & seri

averzze dislocation velocity vs. 2Ta/«T 7 3

levels.
17. Velues of parameter £ (see Bg. 26) for four obstacle sirenstas.
28. Vslues of parameter n {seg By 26) for four obstacle strengiis.
8. %ft ws. T/T for fcur ovEvacls sbrengtrs.

ctivation for two dislocations at different values of
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PLAN VIEW

(c) CURVED DISLOCATION

GLIDE DISLOCATION

XBL 717-7050

FIG. 2¢
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+ ATOMS ABOVE SLIP PLANE
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(d) PLAN VIEW OF SCREW DISLOCATION
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(e) POSITIVE AND NEGATIVE EDGE DISLOCATIONS

 ATOMISTIC REPRESENTATION OF DISLOCATIONS
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FIG. 3d,e
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2
(3) Ye = b/2 7rr 6 T, = %7 In R/b+ Ige
4) T = GYe=Gb/27mr (7) Ty~ Gb%/2
R . ;
(5) Ty =£ veTyemrdr+ye  (8) Tp~6b/(1-v)2

STRAIN ENERGY OF A SCREW DISLOCATION

XBLTI7-70Q51

FIG. 4



=Ll
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RADIUS OF CURVATURE OF A DISLOCATION
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FIG.5
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13) Fc=2Tcosy./2 (14) WORK: AT 0°K = 2T'd cos ¥, /2

CUTTING POINT OBSTACLES
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FIG. 6
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. T=T/bR
Ls/2R = cos ¥/2

WHEN :
| Y= ‘Pc

(s) Iolshb

- = 'COS V. /2
2T e/

- SQUARE ARRAY ANALYSIS

~ XBL717-7054

FIG. 8
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(18) L‘Z = 2h

(17) R%= (R-h)?+ Q% |
FOR h<< 2R (WEAK ODSTACLE ASSUMPT(ON)
2%~ 2Rh = 2R2S/1

(1) - £ = Ls/(TLgb/2Tr)"3

AND_ . _TbD _ /TLb 3
(19) cos¥/2= /2R = 5T -( 5T ) |
CALSO o

_b\I7z
(20) h = l_s/£ Ls(Tleib)’3

FRIEDEL'S ANALYSIS

XBL 7l 7-705 S

FIG. 9
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APPENDIX

A compﬁter(éenerated movie, "Dislocation Motion Through a Random Array
of Point Obstacies," waé produced using thé CDC €600 Vista Syétém.‘ The
three.significént.expérimentai pérameteré; expressed in dimehsioﬁless
uﬁits,.i.e.,'temperature (2T'd/kT), applied stress (T/TO), and relative
obétacle'strength? (cos wc/2), were.varied to iilustféte the following
phéﬁomena{ | | )

{l) At low stress levéls‘(T/To <0.5) the dislocé%ion remains rela-
tively straighf and 50ves in a point by poiﬁt.fashion'thrbugh fhe array.
The diélocation Velocity increases through regiéns of low’obstacle density
ahd'slows dowﬁ'in regions whefe Obstacies are closer together than the
average separation.

- (2) kAt'higher stresses (T/T; >Q.5), ﬁhég 3 partiéular obstacle is
pasSea_by thérmal activiatibn,'the.force on adjacent obstacles often exceeas
the 6bstacle-resistance‘and they are cut instaﬁtaneously. They are
"unzipbed." |

‘a(3). In general, for,differgnf valués 6f‘the temperaﬁufé parameter,
2Fd/kT, the activation sequence‘was différent; This is illustrated byb

superposition of the Jumping segquences of two dislocations at different

~values of 2I'a/kT.

(k) TFor high stresses (T/TO >0.8) and strong obstacles (cos wc/E = 1)

" the dislocation assumes a configuration analogous to cumulus clouds, pene-

trating the arfay deeply along paths of easy movement (low obstacle

densities). Dense obstacle groups are often encircled by the dislocation

| vénd closed ioops left”behipd’whén positive and negative bfanches of the

dislocation meet and annihilate. Theése loops collapse and disappear with

.time by thermal activation and self-annihilation.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes

-any warranty, express or implied, or assumes any legal liability or

responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights. -
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