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LOW-TEMPERATURE DISLOCATION MECFJrnIS~S 

John E. Dorn 

Inorganic Materials Research Division) LawTence Radiation Laboratory". 
and the Department of Mineral Technology, College of Engineering} 

University of California, Berkeley, California 

April 1967 

INTRODUCTION 

The objectives of this paper are (1) to place in perspective the 

present status of knowledge on the plastic behavior of metals and alloys, 

(2) to point out some of the weaknesses in current theories, and (3) to 

suggest some interesting areas for :u.ture researche In order to confine 

this presentation to tractable dimensions,. certain important and very 

interesting topiCS." such as mechanisms for strain hardening and mechanisms 

for high temperature diffusion-controlled flow} etc., will not be dis-

cussed.. Even for the low-temperature mechanisms that 'i.rill be emphasized 

he:re,o' it will not be possible to recount all details of interest. Con-

densation of this vast subject will be accomplished by adopting a simple 

_ classification of dislocation mechanisms that will provide a frame of 

reference within which the details for different mechanisms of the same 

class :L'1volve only variations on the same theme. 

CLASSIFICATION OF DISLOCATION MECFJrnISV.s' 

The yield strength of imperfect crystals is determined by the re-

solved shear stress that is needed to move glide dislocations across their 

slip planes. If there were no obstacles present". dislocations would sweep 

through crystals at infinitesimally low stresses. All real crystals, how'-

ever) contain obstacles. It is the nature and distribution of such ob-

stacles that determines the plastic behavior of metals and alloys4 
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The fact that glide dislocations are line imperfections that move 

on slip planes of a three-dimensional crystal demands that the obstacles 

they encounter must pel'force also have geometrical characteristics. 

Consequently obstacles might be classified as localizedf linear) and 

volumetric as suggested in the first column of .Table 1. Typical examples 

of each major type of obstacle are listed in the third column: (1) 

Localized obstacles serve to arrest dislocations over limited lengths 

between which the dislocations bow' out under applied stre sses. (2) 

Linear obstacles arrest entire dislocation segments along a line .. 

(3) Volumetric obstacles involve energy dissipative mechanisms arising 

from interactions of stress fields of moving dislocations with various 

lattice phenomena over the volume of the lattice~ 

The virtue of the proposed classification extends beyond its 

geometrical origin: Although each major class of obstacles exhibits 

somewhat different dislocation mechanisms , individual mechanisms 

w'ithin one class have .a. common basis.. Distinctions betw'een mechanisms 

in anyone class appear as interesting variations of a conunon theme. 

Mechanisms need be classified, not only in terms of the geometry of 

the obstacles that dislocations must bypass or surmou.nt) but also 

relative to their response to thermal fluctuations: Thermally 

activated mechanisms are facilitated by thermal. fluctuations in 

energy whereas athermal mechanisms are much more highly resistant ,to 

the effects of such fluctuations. All mechanisms are athermal at 

the absolute zero of temperature since) here, the probability for any 

thermal fluctuation is zero.. By their very. nature as volumetric 
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energy dissipative processes for ~Dving dislocations, Class III 

me'chanisms are intrinsically athermal and remain so under all environmental 

conditions. These mechanisms suggest that the velocity, v, of a 

dislocation is linearly related to the force Tb acting on the dislocation 

according to 

v = B'tb 

where 't is the appli,ed stress" b the Bu,rger"s <vector aIld B, t,s the 

mobility. 

Mechanisms of Class I and Class II can be further grouped into 

two major subclasses, thermally-activatable and ather mal mechanisms. 
" 

Thermally activatable mechanisms are those in which thermal fluctuations 

can assist the applied stress in nucleati,ng the. forward moti,on of a 

segment of the dislocati,on. .Each unit eyent;i:n a therI)18.11y, activate.d 

process takespla~e with afre.quency dictated by the Boltzmann 

expression, namely, . 

U{!J structu~~ 
VI,., = ye, 

kT . 

where v is a fundament~l frequency of the mechanism in question, U is ' 

the additional energy that need be supplied by a thermal fluctuation 

to cause the dislocation to su.r~ount the obstacle .. and kT, is the 

Boltzmann constant tires the absolute temperature,. 'The applied 

stress does work on the dislocation as it surmounts an obstacle so 

that the ener~ U that must be supplied by a thermal fluctuation 

decreases as the applied stress is, increased. The actiyation energy is 

always mildly sensitive to T as dictated by the variation'of the 
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shear modulus of elasticity and therefore U varies with temperature. 

For the localized obstacle mechanisms~U also depends on substructural 

details. The frequency of the reverse reaction, is n.eg1igibly s1lJa.11 

at low temperatures because excessively high thermal fluctuations 

would be required to ·movedi.s10cati.ons· .against the f<;>rce act;t.ng on 

them due to the applied stress·. The plastic she~T st.rEl.~n :rELte, Yo, 

for a single isolated thermally:' activate.d :mechan:i:sm is:' gi"Ven by. the 

well-known expression 

U 
• - kT Y .= NAbv t. = NAbv e 

where N is the number of points per unit·vOLume where thermal 

fluctuations can stimulate nucleation of slip, and A is the average 

(3) 

area swept out by ·the dislocation per successful' event. The-·terms N, 

A, arid v also depend on the details of the mechanism. Thermally 

activated mechanisms are characterized by a rapidly decreasi?g stress 

with increasing temperature for constant strain-r'ate: tests, a,nd by 

an increasing stress with increasing strain rate for constant· 

temperature tests. 

Athermal mechanisms of Class I anq. Class II fall i'.!ltG two. groups·., 

One group is inherently athermal since the energy for nucleati?g 

forward slip never reaches a maximumv·alue. This occurs in short-

range order hardening. As a segment 'of a dislo~ation in a short-

range ordered alloy bows ,out' the energy continuousiJ::y increaS'es due 

principally to the disordering that is induced across the slip plane. 

For this type of mechanism therefore deformation must be 'induced 

.. 
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exclusively mechanically by a sufficiently high stress to cause 

disordering. Here the yield stress is insensitive to the strain rate 

and decreases with increasing temperature proportional to t'he 

product of the degree of order and the ordering energy. At high 

temperatures, however, fluctuations in short range order take place 

by diffusional processes which permit local advances of the dislocation 

and thus lead:to thermally activated creep. But this subject is 

beyond the intended scope of the present report. A second,' group of 

mechanisms is environmentally athermal. Typical examples are the' 

surmounting of long range stress fields and the breaking of attractive 
\ 

junctions. These mechanisms are inherently thermally activatable 

since the energy to surmount such, obstacles has a .max;tmum value, 

But at low temperatures and stresses, thermal fluctuations of sufficient 

energy are so infrequent, that they are ineffectual in assisting the 

nucleation process. Consequently deformation here must be induced 

almost exclusively by mechanical means~ and therefore the yield stress 

is insensitive to the strain rate and it decreases very modestly 

with increasing temperature proportionally to the shear modulus of 

elasticity. The breaking of attractive junctions etc. are, however, 

thermally activatable at higher stresses and temperatures. 

Some mechanisms are thermally activatable under some condit~ons 

and athermal under others. For examPle, dilute and weak Cottrell-

atmosphere solute-atom locked dislocations are, thermally activatable; 

but more concentrated and stronger Cottrell-atmos1?here solute ... 

atom locked dislocations are athermal and in many i,nstances the 

,.; .. 
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. . 

dislocations are so tightly bound that they 9annot be torn away from 

. their atmosphere:' even at very high stresses. Suzuki locking constitutes" 

a second example: Weak Suzuki locking of partials having a narrow 

stacking fault ribbon are thermally activatable but under otherwise 
'.'.:! ' 

similar conditions, in alloys that have. low stacking .faUlt energies,"" ..... , .. 

the unloc.king mechanism is athermal. The :t·ransition of Cottrell 

locking from a thermally activatable to. an athermaJ. ·mechan:j::srrl'. is 

principally due to the height, of theactivati'on energy barrier' 

whereas this transition for Suzuki locking arises· from the :fact 

~.' .' " 

• ,- I > • ~, 

··that high thermal fluctuations in energy can .only,occur over small 

,volumes of the crystal. 

An' example of' some of the types of phenomena that'are observed 

is illustrated by the experimental.'l"data summarized .in ~ig. la. 58 

Over the low temperature range (IT') a ther~lly activated mechanism, 

namely intersection of dislocations, is observed. Above T an 
c 

athermal mechanism that 'is insensitive to temperature and strain 

-rate is operative. Although the details of the athermalmechanism 

are yet under discussion it must in large measure consist of bowi.ng 

. . 59 '60 
out of dislocl;l.tions from entanglements ", breaking of att'ractive 

. 21-23 . 
junct~ons , and perhaps surmounting some long range stress fields ~ 

The stress at the absolute zero for the thermally actiyated 

range represents that needed to surmount obstacles·' without aid from 

thermal fluctuations. At yet higher stresses·" Class III types of 

viscous athermal mechanisms,F.ig. lb, are the only ones that remain 

,; ,; ,', 

", 

,.... ' .. ' . '. 

I,' ", 

.' , 

" ~ . 
. Q 
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effective for determining the velocity of dislocations and the strain 

. 61 rate. 

The major objectives of investigations on dislocation mechanisms 

are (1) to provide a basic understanding of the varied plastic 

behavior metals and alloys undertake, (21 to so formulate pla,stic 

behavior to permit these concepts to be utilized in engineering 

applications and (3) to provide a basis- for development of new and 

superior alloys having special desirable properties-. The achievement 

of even the' first objective is a' -ma.jor undertaking primarily because, 

a number of mechanisms of each Class of Table 1 is always simultaneously 

operative. Furthermore in many instances it is not always clear how 

the effects of several mechanisms might be satisfactorily treated in 

a unified way, Only the most modest introduction
62 

of statistics 

has been atte~ted for simple cases of single mechanisms in spite of 

the fact that the need for statistical approaches is so obvious. On 

the basis of the inherent complexity of t~e whole problem it is 

_ indeed remarkable that any progress could have been made. Fortunately, 

for certain restrictive conditions and over limited ranges of conditions, 

one identifiable mechanism often seems to predominate. Before di,scussing 

these issues it will be necessary to first describe and characterize 

prototype exa~lesof each of the two classes of therm,ally acti.vated 

mechanisms and some of their interesting variants. 

CUTTING LOCALIZED OBSTACLES 

A prototype exa~le for cutti'ng localized obstacles i.8" given by 



" ; 
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Seeger's approximation for'the intersection mechanism. 5 Statistics 

are neglected and the obstacles are assumed to form a regular "square" , ' 

array (subscript "s") of R, on a side as shown in Fig. 2a. Under a s 

resolved shear stress ~* the 'dislocations contact obstacles and arc out s 

between them as: given' by, ~:" =' r/bR where r is the average line energy, 

and R is the radius of curvature.' Consequently a forceF ',acts on s, 

the obstacle, which is, assumed to be r,igid. For the present the 

force-displacement diagram for 'cutti~g ofF,ig. 2b wi-ll be, assumed, : 

~here the strength of the' obstacle' is given in terms,' of theli,ne. 

energy, r, ·times a strength factor, ~, namely F =ar. 
sc 

If F : >ar 
s, -

the obstacle will be cut, athermally; but when F<ar, cutting will' . s - ,',,' 

, take place only with the aid of a thermai 'fluctuation:i,n ene,rgy' of . 

:- . ,' . 

(arp-:t:*bR, D) 
\I b 's " ,. I, S ' . s 

" .. 

y =...£.. R,2b ( 0 :\ ,e -. kT. , .. 
'"R, sTJ , (4f 

. s ' s ' 

where N '" p / R, ,. P' being .the density of ~ide'dislocations, A '" t 2 and 
s' , c" S 

\I '" \I b/9., where \I is the Debye frequency. o so, 

If, following Seeger,',s approach, 'it be assumed that the athermal 

, , 

behavior arises exclusively from long range stress fields of dislocations, 

a very simple analysis is obtained: Let, for example the longrapge 

stre'ss fields exhibit a maximum average amplitude ~~ over a fraction 
, ' 

f of the slip plane. '.Then the effective stress promoti~g thermal 

\ " , 

fluctuations is given by, ~* =~ - ~G where ~ "is the externally " s s, s 

..... '. ". 

""., , : 

. '; ~ 
'.' . 

. '-::. 

" -, . 
" ," 
',' ,', 

'.' . 

. ! 

• 'r" . ; 

. '.' '. ~ :; 
.' 

•.•. , I .,",: " ~. '. . 

" . 

" . 
, '. 

. /. 

,c, . 

.', .' t: ~: 
, . 

. t·· .. ' 

. ~. : 

" , 

. ", 
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applied stress, and the dislocations will glide freely over the 

fraction 1 - f.of the slip plane. On this basis Eq. (4) reduces to 

a -< T < T - . c 

T.< T c 

where T defined by c 

arD = kT .R.n c 

is the critical temperature above which thermal fluctuat~.ons· in energy· 

. greater than arD occur as frequently !is is nee.ded, t0ma:i:ntain the .. 

imposed strain rate even when,* ~ O. 

To this approximation the mechanical behavior for cutting a 

simple type of localized obstacle might be. interpreted as shown in. 

Fig. 3. The stress to induce flow at the absolute zero i:s, giyen by' 

, = 'G + ar /b~ and increases with 'G o 0 . s and the reciprocal of the 
o 0 

mean' spacing of obstacles ~ namely 1/ ~ . 
. '. . s 

. 
The effects of y and T on 

,'(Fig. 3a) appear to agree, at least qualitatively, with the experimental 

data recorded in Fig. 1. 

On the basis of this model higher strength alloys might be made 

in the following ways: (1) By increasing 'G :which'uniformly elevates' 

the , - T curve,. (2 )by increasing the densi tyof obstacles L e. 

decreasing ~ (fig. 3b). If only this is done strengthening will be . s . 
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limited to' temperatures be1ew Tc' (3) by intreducing strenger ebstacles, 

i. e. ' increasing' ex (Fig. 3c) ~, For this case the strengthening is 

extended to' higher temperatures since T 1's linearly related to' ex . But ' . 
. " ,c 

,when ex is increased above 2 ,dis1ecatiens will b'ew through ebstac1es 
, 24 

athermally by the Orowan' precess 'at abeut the' stress TB: = r /bR = 

2r/bt thus limiting the 'maximum achievable stress at lew temperatures, s, 

as shewn in Fig. 3c., 

, , 
, ' 

YARIATIO~S'~OIvl THE IDEALIZED PROTOTYPE 

Rarely de' Eqs. (5} depict th~ exper:j:mentally ob.se;rved tr'endl? w~.th, 

satisfactery accuracy. "Four facters serve to' contribute, to' deviatiens 

t:rem the idealized case: (1) Usually the ferce-displacement diagram 

differs frem the simple case assumed in Fig. 2b. (2) Obstacles 

never ferm a regular array as assumed in Fig. 2a. Occasienally, 

they are 'clustered as e.g. when ferest dislecatiens in entanglements 

are cut. Usually they are mereer less randomly distributed as in 

the case ef tetragenal strain centers er Guinier-Pres1;.en zone.s~ 

(3) Almest always several kinds ef ebstacles are present, a,t ene: tin:te,., 

Even in'the simple example ef cutting ferest dislecatiens in sing].e 

crystals ef pure f.c,c. and ,b.c.c. metals repulsive, trees and e.ttracti,Ye 

junctiens need be censidered simultaneeus1y. (4) The interactiens 

ef the same ebstac~es with dislecatiens is eften highly dependent 

en erientatien, size and merphelegy ef the ebstacle and alsO' en 

whether the dis1ecatien be in screw or· e,dge, erientatien as is the case 

fer' cutting threugh stress' fie,lds due to' substitutiena1 alley strengthening • 

. " ... 

. ' .:. 
"" :. 

..... 

" ;, 

f 
k 

i 
t 
i 
[ 
i, 
i 
r, 
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Although these complexities do not change the. general format of the 

approach to the cutting mechanisms that was given in the preceding 

section, they modify :and often drastically so the expected trends. 
, , l 

A. Force.,..Displacement Diagrams for Cutting Localized Obstacles 

The force-displacement diagram ·for cutting localized obstacles' 

shown in Fig. 2b is approximated only for the simple ca,se. of inte.rsection 

of undis sociated basal-glide dislocations in h. c . p.. systems with 

unreactive forestdislocatd.cns. For all other types of obstacles' 

more compl.icated diagrams"are obtained. The case of cutting noninter-. 

acting undissociated forest dislocations by dissociated glide 

dislocations, will serve as an example; Befo.re a pair of jogs can 

be produced, the cdiss~ciated glide dislocation IllUstfirstbe constricted, 

Fig .. 4a; Although the details of how the constriction and Jo,gging 

sections of the force-displacement diagram might be. merged is not well 

known, the approximate representation given in Fig, 4b. cannot be. 

seriously in error. A crude line-energy model for.theforce-di,aplace.ment 

diagram for constriction of modestly dissociated di.slocations
63 

suggests that· 

/ 
F'" 2/3 r 11 c 

x . 
Il - O.18(~.+ 9.ri _0_) J2 

x x -x o 0 

x' ","x X 

O.18Gx + 1 ... o~. + 9.n ~)F 
o 

x o x~b (6a) 

x ";'.x < b (6b)' 
o 
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..... ' ..... " . :' 
'The force to producet·wo jogs' is estimated to be 

, . ~ . 

.", . 

( 6c.) 
. '. '. ", .' 

. Consequently the force~dh,pl~ce1Jlent dt.e.gram ,1'0r, gli.de. dislocations , 
. . . -

haying an· equilibrium' d'issoCiation of Xo = 5b for cutt:tng a repulsive. 

forest' dislocation is. in ·Fig. 4b. 'Whereas, the total ene!gy., ~m is . 

. the total. area under the: curve,_ the energy, U, that 'must be supplied 

by athernal fluctuation ,to cause cutting when a st.ress· '(~ is applied 

is given by the cross-hatched area . Numerical' int,egrati:C¥n of F.i:g, 4b. 

gives Fig. 4c which illustrates, ·that for these. cases :f:ree. ene!gy of 

activation no longer dec.reaseslinearly with the stre~~: '(~. as was 
. . J 

the case for the simple'- prototype ~ The strain rate is giyen by, 

(71.' 

which 'reveals that·U increases linearly with, T ;for. given va,lue$ of y 

and p. Whereas U-='O and '(* has its 'maximum vi3.lue 1'* at 'the absolute . s sm 
. " 

zero of temperature, U .has its maximum value .of U' where '(*- 0, m' . . s, 

\ 

'{ . 

, . 

.:.; . 

, . 

; . 

.. ' .. 

at a critical. t'emperattire T defined by' 
c 

U . m 
-~ 

2 c· Y = p b V 0 :" e . (8) 

T increases linearly with U . and logarithically, with yip. ,.' For 
c m . 

tests at constant values of. y and l 'p 

.. ~ 

, . U Iu 'e: TIT 
. m, c 

~ -"(9) 

'<., '1': " 
. ,,' 

',. 

"" 

'., 
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Consequently Fig. 4c represents a norrnalized T~ - T curve for cutting a 

regular square distribution of localized obstacles for constant values 
. 

of·y and p. The value of U can be determined from the experimental m . 

values of Tc for two strain rates according to 

" 

(;Lo 1.' 

e . 

. where the bracketed terills ae:;;ignate that Urn should be corrected for 

the differences in the .shear modulus of elasticity w;i;th. temperature~ 

The effects of modifications of the force .... displacement dtagraI1l ·for . . ' : 

cutting obstacles on the. T* ... Trelationship' is illustrated i.nF:l:.g. 4c •. 

Estilffi.tes of the force-d~splace.ment diELgra:ms :for cutting a wide. 

variety of localized obstacles are now. available. 

B, Randomly~Distributed Loca,lize.dObstacle$· 

Localized obstacles never present themselves inre.gular sq,uare 

arrays: Occasionally they are clustered as in the case of dislocation 

intersection when entanglements develop; nevertheless these obstacles, 

are somewhat randomly distributed in the entangleme..'1ts. In other 

cases, e. g. the presence. of tetragonal strain 'centers" the aispersio:q. 

of localized obstacles approaches a random distribution.. If a sq,uare 

array of obstacles gave trends that closely agreed with th.e .:more 

realistic random ,distribution '.the issue would be unimportant., But 

. ! 
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,. enough progress has been made ,on statistical treatments of the 

problem to suggest that the differences are not always trivial. : .... . : .. ~' 

As the applied stress is increased, dislocations bow to smaller 
. ',', 

, radii of curvature causing, the aver,age link lep.gth, ".[, between the 
, . '. 6' , ,,' 

obstacles to de,creas:e.,' "Fri:edel 2 estimated the e,ffect 9f-r* on 1 by"': ' 
. " '..,.:. 

assuming steady, state cutti,ng" such that for each, obstacle that ws,:;;, -:," ,"-

:". ,' .. 
.. 

cut ,the average area R,2, Fig., 5, was swept out'", For weak obstacles f 
' , ".', s'.. ,,', "" 

o ~ 0'; . 

'. '~ . ... ... 

".[ decreases with"i'tlcreas'~ng -r* according to 
"i • .< , • 

(11) " '. ",\', 
.i. ,".. • 
, , 

·f: '0" ; 

'" «" 
,' ..... 

The, athermal yield stress, at thea.bsolute zero, gi'ven by, -r* 1 b = af;',,· ".';-,':' , 
.... 

for the Friedel statistical model is contrasted with that predicted 
; ..... -.' - { . ":.' 
. , ,,~ \ .. 
, '" .••. ., •• 0. 

:", ':,',': \ " -J"';, ":.: .-:.,. 
for a square array inF.ig.5c. On the same graph are shown the , ' ...... ' 

.' ' ~ . 

point's obtained from comp~terizede.xpe~imerits by 'Fo~eman and Makin64 ':., :'~:';:':,: .. :':':,,; :',' ;" 

on cutting randomly distributed obstacles. The two approaches 'lead. 
, , 

to similar re~~ts whi,ch r~veai' that the . atherma.l flow, stre:;;s, ,for ~ 

random distribution of obstacles'fs substantially, lower than that 

predicted for a square array. 

The distribution of, obstacles' also has "a pronounced influence 
l, 

on the -r* - T relationship deduced for the thermally activated 

cutting mechanism. Both the, average number of obstacles contacted 

by the dislocation, N = 'p/I, 'and the aver,age frequency of ,vibration, 

v = v 0 b/1, are functions of the' stress for, the random distribution. 

For weak obstacles the shear strain rate becomes 

....... - . 
.. ' :'.' ..... , .,'. , . 

".:. 

: .... ,": .. " 

. ~ .'. 

. .... 

.... 0 •• 

'" . 
" " ,~ . .~ 

", :.:,:'\' 

" .: 

',' .' 

i 
I 
I 

, ! 
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e, 

U 
-kT 

(12) 

where the average area swept out per activation is taken to be t 2 and 
s 

where the activation energy (assuming the ,force-displacement di,agram 

of Fi g. 2b) is given by, 

U=llrD (131 

The bracketed stress term in the preexponential expression 9f Eq., C12 L 

demands that for any finite value Of the strain ,rate ; ~, the' stres,s ,* 
can never be zero and therefore, in contra.st to the square array 

model, T is infinite. A comparison, Fig. 6, of the ,* - T relationship c 

predicted by Friedel's model with that deduced for'a square array of , 
I 

obstacles reveals the importance that must be ascribed to a cons:i,dera.ti,on 

of the statistics of the problem: Randomly di~spersed obstacles. give 

much lower stresses over the lower temPerature range than is obtained 

from square arrays. Over';the higher teIIlI'erature range, however, 'the 

stress, ,*, for the rando'm distribut:Lon of obstacles lies above that 

predicted for a square array model and decreases very slowly with 

increasing temperature. 

65 ' , 
Kocks has recently presented a detailed statistical approach 

to the problem of cutting randomly distributed obstacles. His method 

, '66 
of approach has been adopted by Guyot and Stephansky. They consider 

an obstacle at 0 of Fig. 7 contacted by an originally straight 

dislocation AB. Under, a stress 1"*, R makes an angle p, with its 
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original configuration provided there are no obstacles in area Al and 

some in dAl , The .force on the central obstacle is. given by Eq. (16) 

and reaches the cutting force.at a critical value of ~c' given by 

Eq, (17), where ~ is the complement of ~ /2. The important feature c c 

'. is that the force on the obstacle doeS' not depend directly on the 

length ~s' as assumed in ,the. square a.rray 'model and not on the average 

link length, I, as assumed by Friedel, but rather on the angles. ~l and 

~2' Therefore the' probability that an obstacle will be cut is equal to 

the probability there are no obstacles in Al and A2 or any iarger 

area when (~i + ~2)/2 exceeds ~c. The probability that there are no 

obstacles in Al and A2 is given by the well-known expression P = exp -. 

{(Al + A2 );.97- s}. The probability for cutting an obstacle., Pc' deduced 

from this approach is given in F.ig. 8 as a function of 'J../R = 1'*b'J../r. 

Obstacles for which a > 2, are not cut but may be by-passed by the 

Owowan mechanism. 

Whereas it was assumed that a single cutting would permit the 

-dislocation to move only over the average area 'J..2 in the square array 
·s 

and Friedel's models, it has been demonstrated, by Kocks and by the 
, 

computerized experiments of Foreman and Makin, that a larger area is 

swept out. This arises.because once a cutting has been achieved 

there is a certain probability the di.slocati.on can. unzip past the 

next neighbors etc. An approximate calculation s.ll.ggests· that the area 

.swept out per cutti~g i.s giyen by 

. 'J..2 . 
. J. S 

:t:-jP 
c. 

./ 

\ 

\ 
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where i equals one, plus~,the number of ,obstacles that were cut by 

unzipping, and j is the number of new obstacles contacted by an advance 

of the so-released dislocat.ion segment. Since j is greater than unity, 

,Ai becomes infinite at some critical stress. This stress is conveniently 

defined as the athermal yield stress. Detailed analyses have shown' 

that i' and j depend on the stress. The calculated ,values of jP , where 
c 

yielding takes place, are also recorded in Fig. 8. These data provide 

the basis for dete'rmining the, athermal yi,eld stress,. The .results 

agree well with Foreman' and Makins curve, Fig. 5, up to 0. "" 1.2 and 

fall 'somewhat below this curve for yet higher values of 0.. 

These results emphasize the need for 'more complete and accurate 

statistical treatments for cutting localized obstacles-., 

C. Effects of Add:i,tional Facto,rs 

The general problem of plast~c deformation arisingfroIll cutting 

of'localized obstacles is complicated by the intrusion of several 

factors. One concerns the fact, that almost invariably several ki,nds, 

of obstacles having quite different force-:-displacement dtagraIllS 

are present simultaneously. 

The original concept on intersection in singJ,e crystals of 

pure f.c.c. metals suggested that their plastic: behavior could be 

ascribed to the cutting of repulsive trees imbedded in a long range 

internal stress field. Under these circumstances the Seeger's super-

position principle that T = 'r*+ Ta is applicable; but only T can 

,be measured directly and it is often difficult to separate accurately 
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"T* from TG ~ Furthermore, when 'Se.eger' s superp?sition principle is 

applied, speci'al\assumptionsare required in order to account for 

': ~ 

, :., -, . 

, "'. ~ 

.... " 

. . 67 
the observed constancy of the Cottrell-Stokes, patto ove.r St.ages II'" 

·1 ." 

and III. 

An alternate, su,gge,sti.-on' has, be.en -ma,de . that the crystal cannot 

support long range stress fields aue to relaxatron of stres'ses: by. 

, ' 68 
motion of dislocations on secondary slip planes. It has therefore 

been proposed that i,ntersection .involve,s principally the cutting of 

repulsive tr.ees and attractive junctions, the long range stress 

fields being negligibly small and the attra.ctiye, junction cutt~,ng 

being largely responsi'ble' for the apparent, athermal,behavior. It'is 

obvious that in this event the Seeger's superposition principle 

., ". 
..•. 

,.r'. "., 

./ ' .. 

, " 
:~. . ..... ,' 

. , ' ' ... ' .... : ·;.t.:: .. · .. 
. ~ "'. ' 

\ " 

. ~ .. 
'"'" .' ,' . 

. ~ ... ' 

:: .... 
.. ,t.' ... :~. 

,j. 

:" '. ' . 
. ' . 

'. " \. 
':.': ' 

, .', 
. , : .. :,'~' .... 

Co' , 

cannot be applied with rigor. ,'The yield stress over the higher' , , , ., 

." ., ': .... : . 
temperature range· will yet be influenced by the presence of som.e. 

repulsive trees located near' the attractive junctions and will thus<' 

affect the apparent athermal' stress, level., Furtherm.ore." such a.n, 

apparentathermal stress level, TA, cannot be e~rapolated into the _ 

lower temperature range to give a meaningfUl L* = T - LA because if 

the weaker repulsive trees are not instantly penetrable,most of 

the stronger attractive junctions must yet::remain unbroken. In fact, 

in this model, the motion of glide dislocations must proceed first 

by thermally activated c~tting some of the repulsive trees which then' 

releases sufficiently long dislocation segments to facilitate activated 

:cutting of attractive junctions. ' A simple non-statistical 'model 

for this meChanism, reveals that the preaicted trends of '( ,versus T 

. ,,;. 

.. 

.~: " . 

.. :., 

." ":' 
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for the repulsive tree-attractive junction model do not differ 

greatly from that for the repulsive ,tree~lo,ng range stress field 

model. Furthermore the Cottrell-Stokes ratio is inherent to the model. 

On the other hand the interpretation of 'the data are uniquely different 

for each of the two possibilities. 

Because entanglements, form so as to lower' the'energyo{ the 

crystal, it follows that thermally activated cutting of repulsive 

trees as well as attra.ctive junctions, probably involves mati,on of 

the dislocation against the attractive stress field of the enti:l"e 

entanglement. This effect introduces an athermal long range stress, 

component that warrants additional detailed consideration. 

Rather good progress has been made. in quali.tat:i;vely, 'rat:i;.onalj,zi,ng. 

7-12 . 9-12 some of the effects of solute atoms, 'tetragonal defects, 

, 't t d d' d h 15,16,24-26 th 'ld t gth preClpla es an lsperse p ases on e Yle s ren s 

of alloys. Inasmuch as no~ajor advance has been made in tnese areas 

since they were last sUmmarized, details will not be reviewed here 

_ again. It is appropriate, however, to recons;tder the validity of some 

of the simplifications that have been Inade to facilitate analyses. 

Although some improvement in the accuracy of the 'force-displacement 

diagrams for cutting stress fields due to isolated strain centers is 
\ 

needed, the major issues seem to be concerned more with the statistical 

features of the problem. The stress fields due to lattice strain centers 

decrease very rapidly in height spread over larger areas. of the slip 

plane as their distance from the slip plane increases.. It has 

therefore been customary to neglect the effects of all strain centers 
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lying a greater distance away than ene atomic plane en either side 
,- " 

ef the slip plane. On this basis F. :! 'b//2; where c is the cencentratien .. s " . 
. . 11' 

In a number' ef examples there is experimental ef strain centers. 
. .~: . 

! . 

cenfirmatien ef this simplificatien relative to. the varie,tion ef .* 
with rc. .At higher temperatures and therefere correspendingly lewer 

values ef .*, hewever, the weaker and breader stre.ss ·fi.elds: ef ':llJOre 

- '. - . . ~ i . . ,. 

. -' ," 

distant stra:ln centers: -:mus:t be :felt by the di~·lecati:ons:\ The ·ve.ry· : .. ' . .···f' . 

difficult statistics· o.f this preblem has been almest cempletely neglected •. " j , 

Superpesitien ef stress fields due to. clusters· o.f strain. centers 

near the slip plane can. give ·ri·se to. lecal 'regiens: hav;tng quite. di;fferent' . . ... : 

ferce-displacement diagrams from those ef the iselated centers, 

Clusters more remotely displaced frem the slip plane, can. contribute. 

to. leng-ran ge' stress' field intere,ctipns' with dislocatiens·. Coupled' 

with these issues 'is the ~urther need fer censidering the effects ef 

, .' ',. 
:. ' 

, .... 

.' . . ' ...... 
'. 

'. 

dislecatiens-lecalized ebstacle interactiens en the preexpenential ".~ , .'.: ';'. .... 

expressien in the strain-rate equatien. In terms· cf these co.D'lI11ents· 

. 17-20 
-it is quite understandable why the radie,ti'On daI!lage preble!J} is so. 

difficult to. cepe with in detail. 

In general the. presence ef :repulsi\e~ tre.es, and f3,ttrf3,cttye juncti.ons' 

have been neglected in problems of alley s:trengthe~ng, For cases cf 

streng tetragenal strai.n centers where. C ~. 10-7 this emissien 'is 

justified ever the lewer temperature range.ef the thermally activated 

regien since the distance !I. between the repulsive trees and attractive 
s 

junctiens is much greater than that fer the strain centers. Nevertheless 

the presence ef attractive.juncticns sheuld have significant effects· cn 

, ; . 

,', ,,' 

'., ,' .. , '/. 

" " 
'" ........... . 

• ~ • :.' )" < 



-21-
UCRL-17521 

, . 

the yield stress at higher temperatures. 

. The problem is somewhat more complicated for isotropic strain 

. centers (e. g. sUbstitutional alloy strengthening) si'ncE! they interact 

appreciably only with the edge components of dislocations. Thus the 

motion of screw cOIqJonents is effectively resisted only bY' forest 

dislocations whereas the edge c01llponents are held up principally bY' 

the stress fields of .the isotropic strain centers, No theory· has 

yet been formulated that takes these issues into consideration .. 

Furthermore, alloying often alters· the stacking fault en~rgy and thus 

modifies the force-displacement diagrams for .cutting trees,. In 

addition tendencies toward short-range ordering or clustering ;Lnfluence. 

the athermal stress level. These individual factors· are not easily· 

isolated experimentally. There is indeednee.d for a cOJJ)p:rehens-ive 

theory that takes· these signif:i:cant factors pertaining to suhstituti.onal 

solid solution strengthening into detailed cons·;tderati:on .. 

. LINEAR OBSTACLES' 

A. Prototype Model 

The Peierlsmechanj;sm will serve as the protQtype:model :for 

thermal activation of dislocation motion past linear ohstacles •. A 

rather complete review of thismechanism35 has been given recently and 

therefore only the major features need be presented here to provide 

", ·1; 

the basis for discussi.on. 

The energy of a dislocation line is least when it li.es parallel 

to rows of atoms on the slip plane (Fig. 9) •. As it InOvesfrom one 
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valley to the next the core energy and thus the line energy changes 

periodically as shown. The Peierls stress 'p is that which is required '; : 

to push the dislocation mechanically past the steepest part of the hill " 

whereupon it will advance from one valley to the next, etc .. Thus ... 
'po 

is the yi~ld stress at the aosolut,e ze(ro .. Under a stress i* < ip the., 

. dislocation will ~ve part 'way up the hill to Al A
2

. At the absolute· 

zero no further. motion can take place. But at higher temperatures 
. '.:: " 

'< , •• , ~". 

, t', 

..... "' " ... ' ' 

.: <'1 
'. " 

': 
, .... 

;" r,' .', 

. ... ' .... 
.).' 

'.' ~ 

.:.:; .. 
~ .. ~( .. 

'. : .. "... '.,. ~' .. 
~ : " . 

,-.,' 

.' . , 

thermal fluctuations· in enen'::r can push the dislocati.on. locally (e .•. ·g. :, 

B of Fig. 9), toward the next ·yalley. The fluctuation iJ1 ene!.gy· ,:,. ,.', 

, "", 

need'ed to nucleate a pair of kinks, I$, due ta the increased -en~gy at 

the now longer dislocation line less· the work supplied by. the st.re~$.~·: ". 

,*' in sweeping out the additional area. ;For a sutfi.ci'.ently ·Y.igorqus. 

fluctuation, (eo g~ D of ;Fig; 91. ·the energy reacnes; a 'll,l8,xi~ <Yalue~ . 

' .. .. 
.', -.' 

, ',', 

< -., 

" 

" !' ;.;. 

. .... .". 

" .: ", oJ ,. 

All fluctuations in energy eq:t:ial to or greater than this: va.l)..l.e. will 
'. ': ..... 

nucleate a pair of kinks·. .These then .may.e. apart under the a,ctl'On of 

the applied stress, the,reby a~vancing the dislocati:on s,egment of 

_ length, .Q., a distance a to the next valley i.n the slip plane. The , , 

energy required to nucleate in this way a pair of kinks U diyided by 
n ' 

twice the energy of a single, complete kink, Uk" is a simple function . 

of T*/T , as shown in Fig. ·9:!,b. ' A simpl~ line ene,rgy calculation 
p 

shows that the kink energy !.s. given by 

. . 21'rUk · 
~.= 5.1 ar . 

o 

, ab 1/2 

(+' .. J. 
o 

" ' 

'. ".,.' 

-. '.,' 

,.". ,,<:. 
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illustrating that the line energy of a dislocat±on can be deduced 

from experimental determination of the Peierls st'ress and the, kink 

energy. 

The strain rate is read:i.:ly formulated as 

U .U 
, \I b 

Y ~ (r}{ta) b {-%-} (2;) 
n p~ab2\) n 

- kT --
0 kT e = e 

2w2 

where (~1 are the number of segments of 

activated 4 (.9.a) is the area swept out., 

dislocations that can be 
\! b 

( ~ } is the freQ.uency of 

vibration of a critical loop (F.ig, 9aI and C?/2w) are the number of 

(20) " 

segments "along R, at which nucleation can take place. The Q.uant:i;ty w' 

has been shown to be almost independent of T* and can be; approJCiI]l8.ted 

by 
2af 1/2 

w,'~ 'IT (~) 
2'bT ' 

p. 

As T increases, Un increases and reaches a value of 2Uk at Tc where 

, - ;:*/T = 0, whence 
. P' 

y = 

ConseQ.uently for a given strain rate 

where G /G merely correct for the change in the shear -modulus of 
c 

(21) , 

(22) 

(23) 
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elasticity with temperature. ' The kink energy can be deduced by 

determini.ng Tc for two different strain rates, namely 

e 

The experi.~rentallY' dete.rlllined act;tvat;Lon "Volume. is . 

v = kT 
a· 

='kT 

,-;\, : 

. (24) 
:.; 

.:- . 

;: . 
. ' . 

. ,': , .. ,'; . 

.. ' :. (25) 

where the theoretical activation 'Volume (F.ig. 9c I if?:giyen by. 

au 
~(a,~) ,= .v* 

Thus far, all investigations that seem to confirm the Peierls mechanism 

have shown that v ~ v*. 
a 

I 

A typical example of confirmation of the Peierls .mechanism is 

given in Fig. 10 where it has been assumed that, = ,* +. 'Ao The 

experimental data are shown as 'points and the solid lines represent 

the theoretical curves. Whereas 'p was deduced from the value of ,* 
. , 

at OOK, 2U
k 

'Was obtained from ,T
cl 

and Tc2 ' .. The line energy, deduced 

' . . . ' 
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from Eq. (19), is ro eo (2.5) Gb2 /2, 1. e. only slightly higher than 

the crude theoretical estimate. In addition other details for the 

model seem'to be quite well satisfied. 

B.. Yariant$ of the· Prototype Li,near Ob.sta,c1e Model 

Variants of the linear obstacle model d±f;t"er from each, other wi,th 

respect to two features~ namely the effect of stress on the actiyat:):on 

energy and the effect of stress on the preexponentia1 term in the. strain 

rate expression. 
. 37 

For example, Friedel' s we11-for.mu1ateq.mechanism 

of slip resulting from cross slip of 1issociated dislocations on the 

basal plane to perfect glide dislocations on the pd,-sm plane. is' 

illustrated in Fig. 11. On the basis of this J'!lodel 

y = e T*bkT (211 

where N is the number of screw, segments,. ofdj:;slocations- on the basal 

plane per unit volume each having a m:!e.n length L , A is the area 
'. s: 

swept out per activation, and 

x 
9.n --:?- . o 

x 1/2 
(6 0) ,.'n b . 

where Re is the recombination energy per unit length and U c is the 

(28a) 
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constriction energy for an equilibrium separation, x , of the partial 
o 

dislocations on the basal planes. This relationship is uniquely 

different from that for cutti!lg localized obstacles' and also that tor 

'the Peier1s mechants'lJ1.F·riede1"s theory infers" $:n .agreement with 

several e.xperimmta1resul.ts, that when the -resolved shear stress on 

the basal plane is zero, prismatic slip can only· .take place at 

rather hi gh temperatures. As the temperature 1:s· decreased, the 

yield stress for pris1Il8.tic slip increases· ·rapid1y, and be.comes i'nfinite1y 

high even somewhat above the absolute zerO. However" the ·va1ue.s of U 
c· 

and R can be reduced' by the effects of shear stresses acting on e 

blocked screw dislocations on the basal plane. This illustrates why 

prismatic slip 1Il8.y. be observed in po1ycrystal1ine ,a.ggr,e.gates .eyen. at 

quite low temperatures. 

C. General Comparisons 

The above-menti.oned formulation of Friedel ''13 cross-s,l;tp .'1!lechani,sl!} 

has validity only when the two partials of the dissociated d:i:,slocation 

,are distinctly separated.' Eqs. (28a} and C28b 1 are no longer 

appropriate for cases where the stacking fau~t ene!gy is so h:f.,gh. 

that x ~ 0.5 to 2b. In this event it seems more appropriate to 
o 

imagine that the core energy of a screw dislooation is decreased 

slightly by this minor separation of its partials rather than assuming 

that a true stacking fault is present. ·This strongly impltes that 

before such a mildly dissociated screw dislocation can be:moved,'on 

the prism.plane of a ~.c.p. 'metal its core ene!gy''Ill\lst be increased 

" 

.,. 
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somewhat. Such a screw dislocation will then exhibit a periodic 

variation in energy as it is displaced from ·row to' row of atoms. in'; 

the prismatic plane. In this case the plastic behavior for prismatic 

slip can be expected to ,agree reasonably well with that for the Peierls 

mechanism where the ptoential energy hill 'may not be too dissimilar 

from the quasi-parabolic hill already analyzed by Guyot and Dorn. 35 

The above described psuedo-Peierls mechanism provides· an acceptable 

interpretation of the effects of alloying with. Li on the prismatic 

slip in Mg as illustrated inF.ig. 12 ~ ; There is· an apparent transiti.on 

from the Friedel cross-slip mechanism in pure,Mg and Mg + 6 at. ~ Li· 

to a Peierls type of 'mechanism forMg +10 at. % Li andMg + 12 at. % Li .. 

suggesting that Li. additions serve to increase the stacking fault 

energy in Mg. 

There a.re· threemajo:r poj;ntsof dif·ference between the true 

Peierls mechanism and the' psuedo..J'eierls·me.chanisIl).; (1 L Where.as. the 

true Peierls mechanism-applies to any dislocation in any orientation 

parallel to close-packed rows of atOms on the. slip plane., the. pseudo~ 

Peierls mechanism applies only to dislocations in s:ereW o,rientati.on 

that;dissociate very little on secondary planes. (2} Whereas the 

true Peierls mechanism.is expected to be operative in the early stages 

of straining some prestraining is required to place dislocations' 

in screw orientation before the pseudo-PEderls' mechanism can be 

controlling. The rate of strain hardening is expected to be high in 

the microstrain~region. (3) Whereas the activation energy for the 

true Peierls mechanism should depend only on the shear st·ress on the 
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slip plane, that for the pseudo-Peierls mechanisms will depend also 

on the shear stresses on the secondary planes of dissociation. 

The I>icture concerni~g ~he plastic behavior of b.c.c. metals at 

low temperatures is now rapidly peing..··resolved. There ,are three 

principle, schools' of', thought {. On~'contends that the, plastic behavior 

. ' of b. c • c. metals arises from 'tetr~gonal strain centers due to 

interstitial impurities" a secona that b.c.c. ··.metals o~ey. thePeierls 

i, ,;," 

... 

,mechanism and a third that their deforma,tion 1::s, dependent on recombin~ti.on 

. of mildly dissociate.d dislocations, L e,. by a recombi.nat;i:,on ··l)lechanism.' 

Although the validity of the first 'mentioned .mechani-s'm has· b.een 

'. 

.,-
" . 

. . . 

.; .... 

.' .' 

, .,~ 

demonstrated exprrimentally. in· a number o'f other examples , :j:t has not 

yet been shown that T* for b.· .. c ,c. 'metals .incr~ases lin~arlY· wi:th Jc as , 

... ; .,."-, 
.. ", 

should be the case if' . impurities were controlling the def0rrn.atj;:'m~ , .' 'I • ' . 

. ',' 

Furthermore it alone cannot account for the observed etfectl?' of o..rientat~on '. 
, " 

on yielding of b.c.c·. metals. In 'many cases· there is good experi'mental 

confirmation for the validi.ty of the Peierls'1l1echanism but .again the' .. ~< 

effects of orientati.on cannot be' explained on the basis of this 

mechanism alone. It currently appears that the recombi,nati.onmechani:sm ' 

will eventually prove to be the most reliable because it can account' 

for orientation effects, high initial rates of strain hardening and for 

any ,given orientation T* .... Trelationships that are Peierl::;.:..li.ke. 

It is: 'evident, however, that the DlOre macroscopic formulation of the 

mechanism in terms of stacki~g-faul t, recombinati:on and constriction 
. . 

energies will have to be replaced by a 1!lOre detailed atonUstic 

picture of cores of siightly 'dissociated screw d:l:slocations· and the . . , 

. . ';.' 

" ' 

...... 
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changes in core configurations and energies under general states of 

stress, 

The activation energy-for cutting localized obstacles depends on 

the statistics of their distribution. In contra'st that for nucleating 

slip past line obstacles is completely determined. by the line configuration', 

Consequently :the strain rate for dislocation motion past a series ot 

different kinds of line obstacles depends essentially on the rate of 

nucleation past the most difficultly surmountable obstacle, Usually 

it is assumed that the superposition T = ,* + 'A holds as it should 

if 'A arises from long-range stress, fields. Up to.the present, however, 

that has been no adequate theoretical treatment of cases involving' 

both localized and linear obstacles. On occasions the preexponential 

term is not strongly dependent on the stress Ceo g. the. Peierls 

mechanism) and then a finite T results for linear obstacles at c 

which ,* = O. But in other cases a finite T is not obtained either 
c 

because of the stress dependency of the activation energy 'Ce~:g. cross, 

slip) or·. the' stress dependency' bf, the pree.xponent 1al terJ!;l. 

, " . 
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Obstacles 

11. Localized 
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Table 1. Classification of Mechanisms 

Type of 

Me,chanism 

Thermally activated. cutting 

"'k~ {T*, s~ruct. ,T} 
..... : Y =.y e' . 

.. 0 
. ~ . .-., 

-u depends on stati·stics· 
.... - ..... - . - ... - ... -,' ...... - . - - .. 

Either or both 

" '"\ 

Athermal· 

TG = TG G/G . 0 0 
.'.'. 

.. ' 

... 

r 
" 

Representative Examples 

. (inco~iete listing). 

Repulsive dislocation trees 
Solute atom stress fields 

.Tetragonal strain centers 
Guinier-Preston zones 

. ;. '.~ .. -,: .. 

·Rad.iatton Dazr.age 
Coherent precipitates 

.Attractive junctions . 

In.c·oh erent precipitates 
Long Range. stress fields 

.. 
;. 

.: . 

t' 

. ~ . '; 
. c " .. 

. ,-\ 

Reference 

.~ 

1 - 6 
7 ,.. 12 
9 - 12 

.13 - 16 

.1.7 :-:- 20 
15 ~ 16 
21 - 23 

24 - 26 
27 ,.. 29 
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W 
o 
I 

c:: 
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~ 
t-< 
I 
I-' 
-.:j 
V1 
f\) 

I-' 
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2. Linear 

~. Volumetric 

·:: .. 

Table 1. Continued 

Therw~lly activated 

y = y e o 

u· 
- kTh*, T} 

U not dependent on statistics 

Either 

'. 

LA = LA (order) ! 

. , 

Athermal 

y = SL 

-~- .-:.,... 

Peierls mechanism 
Cross-slip 
Recombination 
Psuedo-Peierls Mechanism 
Cottrell-Lomer dissociation 

Fisher unlocking 
.... Suzuki unlocking·--

~~ . . . . " . - . ". 

Short Range Order 
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