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LOW-TEMPERATURE DISLOCATION MECHANISMS
John E. Dorn
Ihorgaqic Materials Research Division, Lawrence Radiation Laboratory, .
and the Department of Mlneral Technology, College of Englrearlng,

University of California, Berkeley, Callfornla

April. 1967

INTRODUCTION

.The obJectives of this‘paper‘are (1) +o place‘in ?erspective the
presentvstatus of knowledge on'thé plastic behaviér of metals and alloys,
(2) to point out some of the weaknesses in current theories, and (3) to
suggest some interesting areas for future research¢ In drder to confine
this presentation to traétable dimensions, certain Iimportant and very
interesting topics,_sﬁch as mechanisms for strain hardening and mechanisms

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

cusseds Even for the low-temperature mechanisms that will be emphasized

ere, it will not be possible to recount all detalls of interestd Con-
densation of this vast subject will be accomplished by adopting a simple

classification of dislocation mechenisms that wlll provide & frame of

‘reference within whieh the detalls for different mechanlisms of the same

class Involve only varlations on the same theme..

CLASSIFICATION OF DISLOCATION MECHANISMS

The'yield strength of Imperfect crystals is determined by the reQ
solved sheaf stfeés that is needed to move glide dislocations across their
slip planes. If there were ﬁo obstacles present, dislocétions would sweep
through crystals at infinitésimally low gtresses,. Ali real crystals, how-
ever, contain obstacleé. It ié the nature and distribution of such ob-

stacles that determines the plastic behavior of metals and alloys.
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The fact that giide dislocations are\line imperfections that ﬁove
on slip plahes of a fhree-dimensional erystal demands that the obstacles
they encounter must perforce also have geometrical characteristics.
Consequently obstacles might be classified as localized, linear, and
volumetric as suggested in the fifst column of Table l. Typlcal examples
of each major type of obstacle are listed in the third colums: (1)
Iocallzed obstacles serve to arrest dislocations over limited lengths
between which the dislocations bow out under applied stresses. (2)

Linear obstacles arrest entire dislocation segments along a line.

(3) Volumetrle 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 elassification extends beyond 1ts
geometrical origin: Although each major class of obstacles exhibilts
somevwhat différent disiécation mechanisms, indlvidual mechanisms
within one class have .2 common basis. Distinctions between mechanisms
in any one class appear as Interesting variatibns of a common theme.
Mechanisms need be classified; not only in terms of the geometry of
the obstacles that dislocations must bypass or surmount, but also
relative to their response to‘thermal fluctuations: Thermally
activated mechanisms are faéilitated by thermal fluctuations in
energy whereas athermal ﬁechanisms are mﬁch'more highly resistant to
the effects of such fluctuations. Ali mechanisms are athermal at
the absolute zero of temperature since, here, thé.probability'fbr any

thermal fluctuation is zero. By their very nature as volumetric
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energy dissipative ﬁrqcesseé for moving dislocations, Class III

mechanisms are ihtrinsicaliy athermal and remain so under all environmental
conditions. These mechanisms suggest that the velocity, Q; of a
dislocation is-linéarly related to the force Tb acting on the dislocation
‘.baccording to - |

v = Btb

- where T is the aﬁpiiéd strgss,:b the-Burger*s;vectOf énd BAis~the
o mobility. |
| Méchanisms~of Clgss T end Class II can be further gfouped into
;_Thermally activatable mechanisms are those in which therm&l-fluctuation; .
cén assist the applied sﬁrésskin nucléating‘thé'ferﬁara motion of a
segment of thérdislocation. ~Each unitveyént'in 8 thermal}y'activated
process takes'pléée,wiﬁhvéﬁfféquenéy dictated by thé Boltzmann

expression, namely,

_ U{t, structure, T} S
- KT ol ._f (2)

where v is a‘fundamenfal freqﬁeﬁcy of the mgchanism in qﬁeétion, U isiﬂ 2
' the additional energy that need be supplied Ey_a thermal fluctuation- ?
“to cause the dislocation to sufﬁount the obstacle‘ﬁhd kT, is-the'

ﬁolfzmann cénstaﬂt times the'ahsolute temperaturef “The gpplied

stress déeé work on tﬁevdislocation'as‘it surmounts an obstacle s§‘

that the éﬁergy U that must be supplied by a thermal fluctuation

decreases as the applied stress.is inCreaséd.4 The activation enérgy is

elways mildly sensitive to T as‘dictated by the variation‘of the
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shear modulus of elasticity'ahd therefore U varies with temperature.
. For the localized obstacle mechahisus;U also depends on substructural
details. The frequency of the reverse reaction, is negligibly small

at low temperatures because excessively high thermal fluctuations

. would be :eduired to-movevdislocations:ggainst the force acting on

them due to the applied stress. The plastic shear strain rate, %,

for & single isolated thermally activeted mechanism is- ghven by the

well-known expression

v .= NAby" = vy e - (3)

ﬁhere N is the number of points per unit-fqlﬁme where thermél
fluctuations cean sfimulate_ﬁucleation of élip, and A is the average
area swept out by-the.dislogation per éuccessful‘event. The-terms N,‘
A, and v also'dependvon theldetails of .the mechanism. Thermally
activated mechanisms are characterized by a rapidl& decreasing stress
with_increasing temperature fof constant ;train—rate;tests, and by

an increasing stress with increasiﬁglstrain rate for.constant'

temperature tests.

Athermal mechénisms of Class I and'CIass II,fall inte two groups.
One group is inherently'éthérmal éince the énergy for nucleating
forward slip never reaches a maximum value. This occurs in short-
renge order hardening. As & segment of a dislocation in a short-
range ordered alloy bows’ouf the energy continuousity increases due
priﬁcipally_to’the disordering that is induced across the slip plane.

For this type of mechanism therefore deformation must be induced

238
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' exclu51vely mechanically by a sufficiently hlgh stress to cause

dlsorderlng. Here the yield stress is insensitive to the strain rate
and decreases with increasing temperature proportional to the

product of fhe degree of order and the ordering energy. At high
temperatures, however, fluctuatlons in short range order take place

by diffusional processes which permit local advances of the dlslocatlon

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

‘ beyond the intended scope of the present repert. A second group of

mechanisms is'ehvironmentdlly athermal. Typicel examples are the
surmounting of long rahge stress fields .and the breaking of attraeFive
Junctions. These mechanisme are inherently thermally activetable
since the energy to surﬁounﬁ'such.obstacles has e:maxiﬁhm.valueﬁ

But at low temperatgres and.stresses, thermsl fluctuatlons of sufficient
energy are so infrequent, that they are ineffectual in assisting the |
nucleation process. Consequently deform@tion'here musf be induced
almost exclusively by mechanical means, and_therefore the‘yield stress
is insensitive te the strain rate and if'decreases very modestly

with increasing fempefature proportionally to.the sheaf modulus of
elasticity. The breaking of attractive junctions etc. are, however,
thermally activatable at higher stresses and'temperatures.

Some mechaniems are thermally acﬁivatable undervsome conditions
and athermal under others. Tor example, diiute:and weak Ccttrell-
atmosphere solute-atom locked dislocations are. thermally activatable;
but more concenfrated and‘stropger Cottreil—afmosphere.solﬁtea

atom locked dislocations are aﬁhermal and in many instances the
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‘dislocations are so tightly bound that they cannot be torn away'frbm i>

_their etmosphere-even at very high stresses. Suzuki locking constitutes;-i;"%‘ﬁﬁf

& second exampleé Weak Suzuki locking of partials having a narrow

stecking fault ribbon aré:thermally activatable but under otherwise '71}?‘

it

.similar conditions, in alloys that have. low étackipg fault ene?gieg’\,ffffjall7t

the unloqkiﬁg mechanism is athermal. The transition of Cottréll'v
: locking frém 8 thérmally activgfablé to;an athermal-mécﬁanismzis
- principally due to thé height of the activation ehergy»bafriéf o
whereas this transition for Suzuki locking ériséé frqm.the fact
.~ that high thermal fluctuations in energy éan,only.océu} over small":f“hf
,vdluﬁes of ﬁhé crystal.
An'exaﬁple of some of-the typeé'of phenomena that'aré,obsgrved
is illustrated by.the experimeﬁtalldata sﬁmmariéed‘in Eig; la.58
Over the low temperature range GIf) a tﬂermally activated mechanism,
némely intersection.bf‘dislocations, is pbgervgd._.Above TC an
athermal mechanism thaé-is insensitive to temperature and strain
~rate‘is operative. Although the'details'of the athermgl mechanism
are yet under di;cuséién it must in large measure consist of bowing
vout of dislocatibns froh.entangleﬁents;59;6o Breaking of attractivé
junctions,2l—23 and perhaps surmounting some long range stress fields.
The stress at the‘absolute ;ero for the thefmally activated
range represents that needed to surmount obstaclesfwitﬁout aid from
thermal fluctuations, At yét higher‘stresses} Class III'tyjesvpf ‘

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

év

w
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effective for determining the velociﬁy of dislocations and the strain
rate.6l | |

The major objectives of investigations on dislocation mechanisms
are (1) to provide a besic understanding of the varied plastic \
_behavior metals and alloys undérté.ké, (2) to so formulaté plastic
behavior to permit thésé concépts»to bé utilizéd in énginéeripg
applicatibns and (3) to ﬁrovidé a basis for developmént ofvnéw and
superior alloys having'sﬁécial desirablé propertiééu The achiéveménﬁ
of even the first objective is d¥major 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
thg effects of several mechanisﬁs might‘be satisfactorily treatéd in
e unified way, Only the most modest introduction62 pf statistics
has been attempted for simple cases of singie mechanisms in spiﬁe of
the fact that the need for statiétical approacheé is so obvious. On
the basis of the inherént complexity of the whole problem it is
. indeed remarkable that any progress could have been made. Fortunately,
for certain resfrictive conditions and over.limited rangés of conditions,
one idenﬁifiable mechaﬁism often seems to predominate. Before discussing
these issues,i£ will be. necessary to first describe and cﬁaractérize‘.
protot&pe exampies‘of each of the tw§ ciassés of therm&lly activated

mechenisms and some of their interesting variants.

- CUTTING LOCALIZED OBSTACLES

A prototype example for cutting locaiized‘obstacles is giyénlby



Seeger's approximation for'the intersectien mechanism.
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> Staﬁistics

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

array (subscript "s")hef 28 on a side as shown in Fig. 2a. Under a

between them as given by t¥

. and R is the radius of curvature.

resolved shear stress T: the dislocations contact obstacles and arc oﬁf

="T/bR where T is the average line energy.:‘

- Consequently a‘force‘staets on

" the obstacle, which is assumed to be rigid.

For the present the

force- dlsplacement dlagram for cuttlng of Flg. 2p will be assumed,

where the strength of the obstacle is given in terms of the llne

energy, r tlmes 1 strength factor a namely F

the obstacle will be cut athermally; but when F

=.al, If F 1>

< aP, cuttlng wxll

~take place only w1th the &ld of a thermal fluctuatlon in energy of

magnltude.U = aPD‘s'Tz bst or.greaterrt

(alD-1¥bL D) - -
( FIATI N S - .

Then by Eq. (3)

PR

kT

where N = p/z s PV belng the den51ty of gllde dlslocatlons, A = zg and .

v o= v, b/z where Vo is the Debye frequency.

Ir, following Seegerls.approach,'it be assumed that the.athermal‘

behavior arises exclusively from long range stress fields of dislocations{ o

a very simple analysis is obtained:

Let, for example the long range

stress fields exhibit a maximum average amplltude TG over a fraction

f of the slip plane. Then the effective stress promoting thermal

NI PO

~ fluctuations is\given.by‘rg, ﬁ

T
S

Te

where T
P ..s

is the externally

,(A)hlﬁ

&~
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’

- applied stress, and the dislocations will glide freely over the

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

f_'", pbzvo S L B
L ST T e TR TR MR PaTif . 0o
A P S R S
. where T, defined by o
SRS - pb2vo
olD = ch n (5¢) -

B
is the criticalltempératdré'above which thermal fluctuationsfih energy
" greater than aID occur as frequently asiis needed to maintain the -
imposed strain rate even when T* = 0.
To this approximéﬁion the mechenical behavior for éutting a

simple type of iocalized‘obstacle'might be interpreted as shown in.

Fig. 3. The stress to induce flow at the absolute zero is gilven by’ '

i ¢ ond the reciprocal of the
o o

mear:. spacing of obstacles, namely 1/25,' The effects of y and T on

T, = T *+ aro/bzs aﬁd-igcreases witb_r
T‘(Fig. 3a) appear to agree, at least Quélitatively; with the eiperiméntal
: data recorded in Fig. l..
On the basis of this modéi higher stfength alloys migh£ Ee made"
- " in the following ways: _(l)”By incréasing g ﬁhiéhjuniformly eiévates'
the 1 = T curve;'(2).by iﬁéreasing the density of obstaclesli}e} |

decreasing 2 (fig. 3b). 1If only this is done strengthening will'be'



‘limi§ed to temperatures below Tc,‘(3) by introducing stronger obstacles,
s i.e.'increasihg'a (Fig. 30);« For this case the strengthening is

extended to higher temperatures since Tc is-lineariy related to o. 'But‘ii

- when o is increased above 2, dislocations will bow through obstacles &

athermally'by the Orowan’processeh at about the'stréss T, = /bR =

B

2F/b2 thus llmltlng the maximum achlevable stress at low temperatures,'

as shown in Flg 3e..

YARIATIONS-‘FROM THE VIDEALI-ZED PROTOTYPE

Rarely do Egs. (5) deplct the experlmentally observed trends w1th..

‘ satlsfactory accuracy. - Four factors serve  to contrlbute to dev1at;ons
from the 1deallzed case: (l) Usually the force-dlsplacement dlagram
 .differs from the sinple case assumed in Fig. 2b. (2) Obstacles

never form a regular array as assﬁmed io Fig. 2a. Occa51onally

they are clustered as e. g ‘When forest dislocatlons in entanglements _L
~are cut. Usually they are more: or less randomly dlstrlbuted as in
vthe case of tetragonal strain centers or Guinier-Preston zones,'

(3) Almost always several kindsAof obsﬁacleS»sre prsssnt.at ons;timsr

Even in the simple example of cutting forest dislocations in single

crystals of pure f.c,c. and b.c.c. metals repulsivé.trees and attractive -

Junctions need be considered simultaneously. (L) The interactions .
of the same obstacles with dislocations is often highly dependent'
on orlentation, size and morphology of the obs»acle and also on

whether the dlslocation be in screw or. edge orlentatlon as is the casé

 for cuttlng through stress fields due to substltutlonal alloy strengthenlng

UCRL-1T7521

.0

o e P Y ST m Pt st e aor—n - .




-11- UCRL-17521

Although these complexities do not change the‘genefal format of the
approach to the cutting mechanisms that was given in the preceding

section, they modiﬂy’and often drastically solthe expécted trends.

-A. Fofce—Displacémént Eiagrams for.Cutting Localizéd Obstacles
The forcendispiaceﬁént diagrém-for cutting ldcdlized obstacles -
shown in Fig.-2b‘is appquimatéd only fér.the simplé casé.of intefseciion
of undissociafed‘basélfglide dislocatioﬁs’in h.c.p. systems with
:‘unfeactive foreég:dislocatibns., For all 6ther types of obstacles-
ﬁore coﬁplicaﬁed aiagramsfaré obtained. The case of cutting noninter- "
acting undissociated forest dislogations.by dissociated glide |
"dislocations, will serve as'anlexample: Beere e palr of Jogs can
be produced, therdissqciaﬁed glide dislocaﬁioﬁ must first be constricted,
- Fig. lLa. ‘Although the details of ﬁQW»the constriction and jogeging
sections of the féfée—displacément'diagram might be‘mergéd is not wéil )
known, the apprpximate Feéreéentatioﬂ'givén in Fig, 4b. cannot be

seriously in error. A crude line-energy model for the force-diaplacement

‘diagram for constriction of modestly dissociated dislocation363
suggests that
' / x EESER - ' .
. - _ :___ o 2 "
F,=2/3T /1~ [1-0.18(35+ 1< _X)]_ x, = x2%  (6a)
: S S 0 o
/ A . N X X X :
5 e : -X - Toy2 _ . :
F, =2/3 7 /1~ [1-0.18(3 R ) ] x, = x < (6v)

o)



'. '!.. -12-. . : ) . - ’
o - UCRL-17521 -

The force to produce two jogs is estimated to be

2

'Cbnsequently the forcéPQisplacemenﬁ diaéram-forﬂgliﬁe.diélqcations'_-
hayiﬂg'an-eqﬁiliﬁrium'dissoCiationiof *o = 5b for cutting a fépulsivéi
fo}est'dislocétion is.in Fig. bv. 'Wheréas‘the total ené:gy, Qﬁ"is

- the total area under thé:curve,.the enérgy, U; that must be supplied

by artherhal fluééuaﬁion.to pausé cutting yhép_a strésé‘rilis applied
is.given by the cross—hatcﬁed aréa. Numerical~int;gration of Fig, bb

.gives Fig. 4¢ which iliustratés~that'f9r thésé,casés-frée.énérgy‘of o
-activation no ionger degreasesAliﬁéafly wiﬁh the strégg :z_aé was |

the case for the‘simplefprototypé;\'Thé“strain rate is given by,

0

Chety e B g

which reveals that U increases linearly with T for given values of §

and p. Whereas U'=f0'and T: has its maximum value sz at ‘the absolutebA_:uj

zero of temperature, U has its maximum value.of.Uh, whefé rz = 0,

at a critical temperature Tc defined by .,'
B o U

: ~RT . S
y=ped2v e . S (8)

T, increases linearly with U, end logarithically‘wiﬁh'§/p.ijor

tests at constant values Of y andp

 .;U/ﬁm1= T/T, “*f_'; j; y | - ‘ I €°))

\
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Consequently Fig. 4c represents a normalized Tz,— T curve for cutting a
regular square distribution of localized obstacles for constant values
,Qf»Y and p. The valuepof Um cen be determined from the experimental

values of T 6 for two strain rates according to

v _ Um {Tcl}
- T S
Y1 e el. .o (o)
—ra = - o 3 - ) . e o . O .
,kTCQ

i

- where the'br&Cketéd'térnﬁ_déSién&té that.Um should be correcfed for(
the differences iﬁ thé‘shéér;modulus of elasticity vithztempérature,
The effects of modifiéations of the forcé~displacement diggr@m for

cutting obstacles on-thelr* - f felationship'is~illusﬁrétéd in Fig, be.
Estimtes of thé’forcé-displacemént diagrams for cutting a wide'_ |

variety of localized obstaclesvare now. available.

B, Randomly;Distribuﬁéd Localiied]Obstacles
Localized obstaéies nevef present théméelvésfin'régular squaré‘

arrays: Occasionally théy'are clusteréd'as in the casé Qf aislocaticn
intersection when entangleﬁents develop; névertﬁéless~thésé'obstacles,
are somewhat-randomly diétribute@ in the entangléménts, In other
cases, é,g; fhé preséncé of tétr@gonal straip'centers;'thé dispersion
.of localized obstaclés appfoaches.a random distribution, If d squaré
array of obstacles(gavé trends.that closély agreéd with thé;more

realistic random_distributionithe issue would be unimportant. But

b



‘*enough progress has been nadecon statistical treatments of the

' problem.to suggest that the differences are not always tr1v1al.

As the epplied stress 1s increased, dlslocatlons bow to smaller .55

rad11 of curvature causing the average link length 2, between the

obstacles.to decreas;e._.'-‘FrJ.,edel6 estlmated the effect of r* on %L by Q;”'
assuming steady state cutting, such that for each.obstacle that was '

cut the average area 2:,'Fig.-5, was swept out,u'For_weak obstacles;_f{*;f

% decreases with increasing t* according to -

..—. R . 2/3 arg? 1/3

The athermal yield stress at the absolute zero, given by t* T b = ar,

for the Friedel statisticel model is contrasted with that predicted -/ v @ . 7.

 for a square array in Fig. Sc.” On the same'graph are shown the
points obtained from'compﬁterized'experiments by Foreman and Makin

on cutting randomly distributed obstacles. The two approacheS'lead

_to similar results which reveal’ that the athermal flow stress for a f!{f}“

random dlstrlbutlon of obstacles is substantlally lower then that

predicted for a square array.

The dlstrlbutlon of obstacles also has .a pronounced 1nfluence

Y

on the r* -7 relatlonshlp deduced for the thermally actlvated
cutting mechanism, Both'the-average number of obstacles contacted '
by the dislocation, N'éio/i,'and the'average frequency of~vibration,
v = vob/I, are functions of the stress for:the random distribntion.:A’
For wesk obstacles the)snear'straln rate becomes

Y

0




LN

~15-

.  UCRL-17521

. U 2/3 '

VDb - == pv bZ 1¥py - =

' 2 o) kT _ o ‘s KT
v= e T 273 AT e (12)

Nwhere the average area swept out per actlvation is taken tovbe.zg and

where the actlvatlon energy (assum ng the force~displacement diagram

- of Fig. 2b) is given by

o S - T*be_ 2/3.
U =.0aID - 1%¥ZbD = ID{q = 21/3 C——F—E)- Yoo (131

The bracketed stress term in the preexponentlal expre331on of Eq. (12)

~demands that for any flnlte value of the stra¢n rate, Y, the stress T*

can never be .zero and therefore, in contrast to the square array

model, Tc ;s infinite. A comparison, Flg 6, of the t* - T relationship
predicted.by Friedel's model with-that deduced for'e square array of
obstacles reveals the importance that must be ascfibed to a consideration
of the statisticsvof'the problem;v Randomly-diepersed otstacles give
much lower stresses over the lower,tempereture range than is obtained

from square arrays. Over.the higher temperature range, however, the L

stress, t*, for the random distribution of obstacle5<lies above that

predicted for a'square array model and decreases very slowly with
increasing temperature.

Kocks65

has receﬁtly presented a detailed statistical approach
to the proplem of cutting randomly distributed obstacies. His method
of approaeh has been adopted by Guyot and Stephansky.66 Tﬂey consider
an obstacle at 0 of Fig;tT contacted by an originallyvstraight |

dislocation AB. Under. a stress t*, R mekes an angle ¢, with its
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original configuration provided there are no obstacles in area Al and’

some in @A,;. 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 wc/2. The important -feature

-is that the force on the obstacle does not'depend directly on the

link length, 2, as assumed by Friedel, but rather on the angles-¢l and

@

length 25, as assumed in.the square array model and not on the average

' ¢2. Therefore the'probability*that an obstacle will be cut is equal to

the probability theré aré no obstaclés in Al'and A2'or any larger

area when (¢i + ¢2)/2 exéeeds ¢,- The probability that there are no
obstacles in Al and A2 is given by the‘well—known expression P = exp -
{(Al + A2)/ﬂzs}. The probabiiity for cutting an pbstaclé, P,, deduced
from this approaéh is given in fig. 8 as é funétion of 2S/R = r*bzs/r.
Obstacles for which a >.2’ are not cut but may be by-passedvby'the
Owowan mechanism.

Whereas it was aséumed that a single cutting would permit the
dislocation to move qniy over the average area‘gg in theAsquare array
and Friedel's models, it has been demonstrated, by Kocks and by the
computerized e#periments of'Foreman and Makin, that a largér aréa is
swept out. This arises because once a cutting has been achieved
there is a certéin probabilify the dislocation can unzip past'the : .

next-ﬁeighbors ete. An appfoxinate calculation suggests that the area

swept out per cutting is given by

. .izg' ;
) Ai‘ = T35 o . : . (:18)
C. L. .
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Qhere i equals one, plus:.the number of obstacles that were cut by
unzipping, and j is fhe number of new obstaclés conﬁacted by an advance.
of the so-~released dislocapion.segméntl Sincé J is gréatér than unity,
AAi becomes infinite at some critical stress. This stress is conveniently
defined as the athermal yiéld stressﬂ Détailéd analyses,havé shown
thgﬁ 1 and J depend on the stress. Thé ca;culatéd-values of ch, where
yiélding takes place, are also recorded in Fig. 8. Thésevdata provide
the b;sis for determining the athermal yiéld stress¥ The.résults

agree well with Forémaﬁ'ana Mekins curve, Fig. 5; up to u = 1.2 and
fall ‘somewhat below thisvcurvé for yét‘highér~valués-of O, |

These results emphasize,the need for'moré-compléte.and accurate

~statistical treatments for cutting localized obstacles.

¢, Effects of Additional Factors

The.genéral problem of élastic deformation arisiﬁg from cutting
» of - localized obstacles“;s complicated by fhe intrusion of several
factors. One concefns the>fact.that'almosﬁ.invariably several kinds
“of obstacles having quite different forcefdisplacemént diggrams
are present simultaneously.’

The original concept on intéréection in sihgle crystals of
pure f.c.c. metals suggéstedvthat their plastic: behavior could be
ascribed to the cutting 6f repulsive treesvimbedded in a long range
internal stress field.. Under these circumstances the Seeger's super-
position principle thaﬂ T =¥+ TG'iS applicabie; butvonly-r can

“be measured directly end it is‘dftgn'difficult to separate accurately
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TT* from TGt Furthermore, when Seeger s superposition pr1nc1ple is

"7‘applled, spe01alxassumptlons are required in order to account for f

l':the Observed constancy of the Cottrell—Stokes67 ratio over Steges Il'jf;
':i,fand I, | | L

An alternate suggestlon ‘has been‘mB,de ‘that the crystal cannot .h#;

-support long range stress flelds due to relaxation of stresses-by,“

' motion of dislocations onvseoondsry slip planes.68 It has therefore’xkﬁ

‘been proposed that 1ntersect10n 1nvolves prlnclpally the cuttlng of i:

: repulsive trees and attradtive Junctions, the long range stress

fields being negligibly small and the attractive Jjunction cutting

N being largely responsible for the apparent. athermal behavior. It'is_;”?iff'f

obvious that in,this event the Seeger's superposition princlple o ?§f“;“;‘ﬁ
‘cannot be applied with'rigor. "The yleld stress over the hlgher ‘l"’i.;;;Lg§75l
temperature range: w1ll yet be influenced by the presence of some o
repulsive trees located near the attractlve Junctions and will thus’
affect the apparent athermal~stress.letel. Furthermore, such an
_apparent athermal stress level, Tps cannot be extrapolated into the ;;'
lower temperature range to give a meanlngful * = 1 - TA.because if

the weaker repu151ve trees are not instantly penetrable, most of

the stronger attractive Junctlons must yeti remain unbroken. - In fact,

- in this model, the motion of glide dlslocatlons must proceed first

by thermally activated cutting some of the repulsive trees which then
releases sufficiently long dislocation segments to facilitate activated
-cutting of attractlve Junctions. A simple non-statistical model

for this nechanism, reveals that the predlcted trends of © versus T
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for the repulsive tree-attractive Junction model do not differ
greatly from ﬁhat for the repulsive tree¥long range stress field
v_model. Furthermore fhe CottréllnStokés ratio is inhérént to the model, .
On the other hand the intérprétation of'thé data'are~uniquély differént '
‘ffor each of the two possibilities,

| Becausé éntangléménts-form so as to lower‘the“eﬁergy‘bf'the
érystal, it follows that thermally activatéd-cutting of repulsivé
 trees as well as attractivé Junctions probably infolvés motion of
the dislocation against the attractivé stréss field of the éntire
" entanglement. ‘This éffect introduces an athérmal long range stress
component that warranfs additional detailed consideration.

Rather good progréss has been made .in quélitativélyqrationaliziﬁg«

- T " Qe
some of the effects of solute atoms,'_lg.tetragonal defeots,9 1e

15,16,2L-26

precipitates and dispersed phases on the yield strengths
of alloys. Inasmuch as no;major advence has been made in these areas

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

;
v

again., It is appropriate, howéver, to réconsidér the valldity of some
of the simplifications that have been made to facilifaté apalyses.
Although some-improveménf in the accuracy of the fﬁrééudisplacement
diagrams for cu@ting stress fields due to‘isoiated 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 la?ger_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 one atomic plane on either side

of the slip plane. On this basis = b/Y/2c where ¢ is the concentration ,l‘;f;,7 s

- of strain centers.“In a number- of examplesl;-there is experimental
" confirmation of this simplification rélative to the varistion of t*
with /E, At higher temperatures and therefore cOrtespondingly loﬁer
values of 1%, howaver the weaker and broader stress f;elds of -more

o distant strain centers‘nmst be felt by the dlslocatlons\ The-very

difficult statxstlcs of thzs problem has been almost completely neglected. .i*}fx_‘

Superp081t1on of stress fxelds due to clusters-of straln.centers

near the slip plane can givetrise-to local regions having quite different . |

-force—displacement disgrams fromvthose of the isolated centers,
‘Clusters more renotely displaced from.the.slip plane; can contribute
to long—range'stress'field.intefections-with'dislocations,. Coupled-

. with these issues is the further need for considering the effects of:
dislocations-localized obstacle interactions on the preexponential

expression in the strain-rate equation. In terms of these comments

~1t is qulte understandable why the radlatron damage problem 17-20 is so
difficult to cope with in detail.
In general the presence of repulsiwtrees, and attractive Junctions -

have been neglected in problems of alloy'strengtheningﬁ For cases of
strong tetragonal strain centers where ¢ zthfY this omission.is
Justified over the lower temperature range.of the thermally activated

region since the distance z between the'repulsive‘trees and attractive

Junctions is much greater than that for the strain centers. Nevertheless.

the presence of attractive junctions should have signlflcant effects on
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~ the yield stress at higher temperatures.

- The problem is somewhat more complicated for isotropic strain

‘centers (e.g. substitutional alloy strengthening) since they interact

appreciably only with the edge components of'dislocations. Thus the

motion of screw components is effectively resisted only by forest

_ dislocations whereas the edge components are held up principally by‘_i' :

the stress fields of the isotropic strain éenters, No theory has

yet been formulated that takes these issues into consideration.

‘Furthermore, alloying often alters the stacking fault energy and thus
'vmodifies the force-displacement diagrams for cutting trees. In

addition tendencies toward short-range ordering or clustering influence -

the athermal s@ress level. These individual factcré are not easily

isolated experimentallyq Theré‘is indeed need for a comprehensive

theory that takes these significent factors pertgining to substitutional

~ solid solution strengthening into detailed consideration.

'LINFAR OBSTACLES
A; Prototype Model
The Peierls-nwchaﬁigm ﬁill sérve as the prototypé~modél for
fhermal activation of dislocation motién past linear obstaclésf. A

35

rather complete review of this mechanism™ has been given recently and :

therefore only the major features need be presented here to provide
the basis for discussion.
The energy of a dislocation line is least when it lies parallel

to rows of atoms on the sliplplane (Fig. 9). - As it moves from one
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valley to the next the core energy and thus the line energy changes
periodically as shown The Peierls stress rp is that which is required1»-

. to push the dislocation mechanically past the steepest part of the hlll

e

- whereupon it will advance from one valley to the next etc. Thus Tp _;

'is the yield stress at the ebsolute-zerog_'Under a stress ™ < rp.thé 'quTTVHI

1

zero no further motion can take place. But at higher temperstures

. dislocation will move part way up the hill to A A At the absolute;iilffija'-.v

- S !

thermal fluctuations in energy can push the dislocation locally Ce;g.fesfh‘

B of Fig. 9). toward the next-valley. The'fluctuatien in enexgy

needed eo nucleate a pair of kinks is due to tHe iﬂcreesed'ene;gy of.yffif_
"the nov longer disloeaﬁiop line less~the wofk suppiied by the stress ;?ﬁ_\'
T*'iﬁ sweeping out. the additional area. For a sufficiently-vigorous .

fluctuation, (e.g, D of Fig. 9] the energy reaches a maximum value, . . -.. .77

All fluctuations in energy equal to or greater than this value will ;r*"::.
nucleete a pair of kinks, These then nmye.apert under the action of.

- the applied stress, thereby aqvaneing the disloeation,segment of

iength, £, a distance a to'the next valley‘in the slip plane.' Thee

energy required to nuc;eate in this way a pair of kinks ﬁn divided'by;- L
twice the energy of a singletcomplete kink, Uk,_is a simp;e function.:';{f

" of T*/Tp, as shownhin Fig. 9+b. ' A simple liﬁe energy calculation

[

shows that the kink energy is given by

| (‘19)'
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-~ illustrating that the line energy of a dislocation can be deduced
_from experimental determination of the Peierls stress and the. kink
venergy.-

The strain rate is readilyvformulaﬁed as

'n 2 n :
. == = plab®v - T R
‘ 2w? v .

where (%J are the number of segments of dislocations that can be

. v
activated, (&) is the area swept out, Q—%—} is the frequency of
vibration of a critical -loop (Fig. 9a) and (&/2w] are the number of
segments..along & at which'nucleation can take place. The quantity w

has been shown to be -almost independent of t* and can be approximated

by
1/2

BT S - (2
. .

- “l 2ar
w5

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

- 2u

. X

. pRad®v T kT R :

,Y:-______._.Q.e c:'t R o (22)
s ow? : <
Consequently for a given strain rate

U a Gl : L ’

20 T G - .
k ¢ :

where Gc/G merely correét for the change in the shear modulus of
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- elasticity with temperatuie.' The kink energy cen bé deduced bj

. -determining T_ for two different strain rates, namely

K o
. ool KT . .o .
Y1 “taeh e cl et
= -
] Y2 20 - (28) _‘
KT, o
The eiperimentally’déﬁefmiﬁed acfiyationuvolume4is o -
s famil g amlenl
Va T T A T= - A
vhere the theoreticai acﬁivatidﬁ*volume (Fig. 9el is given by .
, UL
U ~2Uy 9('2'6;} SR | Dok
B s R AN CO R
‘ e . . . PN
- ) _ .." . . p

Thus far, all investigations that seem to confirm the Peierls meqhanism
have shown that vy ® vE,
A typical_example of confirmation of the Peierls mechanism is

given in Fig. 10 where iﬁ has been assumed that t = t* + Tpe The

experimental data are shown as points and the solid liﬁes represent

the theoretical curves;_'Whereas rp wa.s deduced from the value of t*

Y

and T
ke

at 0°K, 2Uk vas obtained from.Tclr 2{ QTﬁe 1ine energy, deduced
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from Eq. (19), is I = (2.5) Gb2/2, i.e. only slightly higher than

the crude theoretical estimate. In addition other details for the

model seem'to be quite well satisfied.

B. Variants of the-PrototypevLineér Obstacle Model
Variants-of the linear obstacle model differ from each other with

respect to two features; namely the effect of stress on the actiyation -

’energy and the effect of stress on thé preexponential term in the strain

rate expression. For exémple, Friedel‘s37 well~formulated mechanism

of slip resulting from cross slip of dissociated dislocationé on the

basal plane to perfect glide dislocations on the prism plane is

illustrated in Fig. 11, On'the basis of thié model

23/2(rRe3)l/2

Pi‘i <
Hlo

NL' Abl4t*2y -
S o)

. T*OKT » \

(D

vhere N is the number of screw segments of dislocations on the basal
plane per unit_voiume each having a m2an length.Ls, A is the area

swept out per acti&ation, and

. r X
‘R, =3¢ fn (28a)
T x 1/2
' v - ;O
- U, =35 %, (in3) (28v)

vhere Re is the recombination energy per unit length and U, is the
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i
constrictién energy for an equilibrium separation, X of the partial
dislocations on the basal planes, This rélationship is uniquely
differént from that for chttipg localizéd obstaclés and also that fof
‘the Peierls mechanism, 'Friedél*s théory inférs; in agréement with
several experimental résnlts, that when the résolvéd shéar stréss-on
the basal plané is zéro;‘prismatic slip can onlygtaké placé at
. rather high tempéréturés. Aé~the témpératuré ts-décréaséd; the
yield stress for ﬁrisnmxic slip in;réasés~rapidly~dhd becomés infinitély
high even somewhat above the abéoluté zéro. Howéver, thé~valués of Uc--
and Re can be reduced by the effects of shear streéses acting on
blocked screw diélocations qﬁ thg basal plane. This illustratés vhy
prismatic slip may be observed in pblycrystalliné.gggrégatesieyén_at

-

quite low temperatures.

C. 'General Comparisons
The above-mentioned formulation of Friédel's crossnslipvnkchanism

has validity only when'the tw§ parfials of the dissociatéd diélocation
| “.are distinctly‘separated;: Eqs. (28a) éné (28b1 are no longer
appropriate for caées where the stacking fault éne:gy is so high

that xb = 0.5 to.2b. In this event it.éeemg more appropriate to
imagine that the core energy of a screw dislooation is decreésed
slightly pylthis minor éeparation of its partialé rather than assuming‘
that a true st;cking fault is presént. -This strongly implies that -
before such a mildly dissociated screw dislocation can bé'nbvédnon

the prism_plane of a h.c.p. metal its core eﬁergy«must be increase@
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sdmevhat; Such a screw dislocation will then exhibit a periodic
vériation.in energy as it_is-dispiaced from-réw to row of atoms.ip:

fhe prismatic plane. In tﬁis'casé the plastic béhavior for prismatic

© slip can be expectéd to‘agreé réasonably wéll with that for the Peierls
kvnmchanism where the ptoéntial énérgy hill nm& not be too dissimilar
ffom the quasi-parabolic»h&ll alréady analyzéd by Guyoet a.n.d.Dorn.35

The above describedvpsuedo—Peiérls mechanism providés-an acceptable
interpretation of’the effécts_of alloying with Li on the prismatic |

slip in Mg as illustratéd in:Fig. l?,i Théré is an‘apparént transition
 .from the Friedel cross-slip méchani$m>in puré.Mg and Mg + 6 at.% Li-
%o a Peierls typelof'méchanism for Mg + 10 at.% Li and Mg +12 at.% Li -
.suggesting that Li additionsiser#e to increase the stackingAféult |
energy in Mg.

Théré aré~tﬁr§é'mador points of différéncé-betwéen thé true
Peierls mechanism and the'psuédOHPéierlsﬁmechanism; Cll_ﬂhereasvthe 
true Pelerls mechénism~appliés to anyvaislocation.in anyﬂoriéntation_
pérallel to cl;se—packéd rows Qf atoms on the slip plane, the pSéudOa .
Peierls mechanism applies‘onl& to dislocations in scréw §rientatibn . ‘
that .dissociate very little on secondary planes. (2) WheréaS»thé
true Pelerls mechanism is expected to be opéraﬁiﬁe in the early stages.
of straining some prestraining is requiredlto place Qiélpcatibnsu
_in screw orientation before the pseudb?Peierls'mechanism tan bé
controlling. The rate of strain hardening is expected to be high in

ﬁhe microstrain:rééidﬁ.v (3) Wheréas the'activation énergy for the

true Peierls mechanism should depend only on the shear stress on the
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" slip plane that for the pseudo-Peierls mechanisms will depend also ‘
'J on the shear stresses on the secondary planes of dissociation.

The plcture concernlng the plastic behav1or of b.c.c. 'metals at

o low temperatures is now rapidly being.resolved There_are three

‘prlnc1ple schools of-thoughta‘ One contends that the.plastic behavior .

1nterst1t1al 1mpur1t1es, a second that b.c. c metals obey the Pelerls Vl_?f{ff

mechanlsm and a third that thexr deformatxon Is dependent on recombination-.';fﬁﬂ'?f

J':of mildly dissociated dislocations, i ea by 8 recombination?mechanism{

' Although the validity of the flrst mentloned mechanrsm has been
demonstrated experlnentally in a number of other examples, it has not
.yet been shown that T for blc,c,-metals 1ncreases lmnearly~w1th./5 as,_v

should be the case if impurities were confrolling the deformation, _

Furthermore it alone cannot account for the observed effects of orientation't_g

.on yielding of b.c.c. metalsu In many cases~there is good experimental '
confirmation for the wvalidity of.the PeierlS'ﬂechanism but.again the
effects of orientation cannot be'explained on the basis of this
mechanism alone., It currently appears that the recomblnatlon mechanlsm
will eventually prove. to be the most rellable because it can account

for orientation effects, high initial rates of strain hardening and for'
any given orientation.r* ~ T reletionships that are Peierls;like.

It is: ev1dent however, that the more macroscoplc formulation of the
mechanism in terms of stacklng-fault, recombination and constrlctlon_""
energies will have to be replaced by a more detalled atomlstlc

\

plcture of cores of sllghtly dissoc1ated screw dislocatlons and the
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- changes in core configurations and energiés under general states of
stress,
The activation enefgy for cutting localized obstacles depends on

the statistics of their distribution. In contrast that for nucleating

-8lip past line obstacles is completely determined by the line configuration} e

Consequéntiy the strain raté for dislocation motion past a sériés‘of l

~ different kinds of line obstaclés dépends-esééntially-oh thé raté ofi
nucleation past thé most'difficultly surmoﬁntgble bﬁstacle, Usually

it is assumed ?haﬁ the superposition t = 1% + TA‘holds'as it should
if_TA arises from.long-range stress-fiélds. - Up to,the.présént, however,
that has been no édéquaté ﬁheorétical tréatmént of casés involving
both locali;ed énd linéar obstaclés. On occasions thé preexponentiai
term is not strongly'dependént on’phe stréss (e,g..the.Péierls
mechanism) and then a finite Tc results %or linear obstacles at

which 1™ = 0. _But in‘other-casés a finiﬁé Tc is ﬁot obtained either”.:
because of,the étress_dependeng& 6f tﬁé activatioﬁ epergy1Cé;gf cross.

slip) or.the stress dependengyzof;thé'preexponential term,
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Table 1. Classification of Mechanisms

Types of
_Obstacles

Type'of

* Mechanism

Representative Examples

: :(inconpieﬁe listing)

Reference|

1. Localized

Thermally aétivated_cﬁtting'

Ll KT

'_—U.depends bn-ététiStiéSL !

g, struct., T}

Repulsive dislocation trees
Solute atom stress fields

- .Tetragonal strain centers
Guinier-Preston zohes =

e et

T WO I
.A. '.

12} - -

' Either or both

"Radiation Damaée_
Coherent precipitates
-Attractive junctions .

vlis - 16

Ay

v . 21 - 23
Aﬁhermal-' . - Incoh erent precipitétes 4 24 - 26
- ot Lopg Range stress figlds 27 - 29

e = Teo G(q : ) L

_Os-

T2$LT-Ta0N



Table 1.

Continued

2. Linear Thermally activated Pelerls mechanlsm 30 - 35
: . . o Cross-slip . 36 - 37
.. - ET{T*, T} Recombination . © .38
Y=Y, € Psuedo-Peierls Mechanism f
: Cottrell-Lomer dissociation 39
U not dependent on statlstlcs - : ' o '
Either . Fisher unlocking = Lo
T - 'ﬂ”Suzukl unlocklng _ S b
- Tp (order) / { Short Range Order k2 - 43
S u‘Long Range Order. by
3. Volumetric Athermal o . Thermoelastic 4s - L8
. ' . " Phonon scattering 49 ~ 50
y = BT s Phonon viscosity 51 - 54
. f%i ‘nuElectron V130031ty« 55 ~ 56
. Relativistic o7

~BOE-

TSSLT-T¥0N
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:
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A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
.report, or that the use of any information, appa-
ratus, method, or process disclésed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report..

As used in the above, "person acting on behalf of the
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mission, or employee of such contractor, to the extent that
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